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Foreword

Nanotechnology is the manipulation of matter with at least one dimension sized
from 1 to 100 nanometers. Nanotechnology as defined by size is naturally very
broad, including fields of science as diverse as surface science, organic chemistry,
molecular biology, semiconductor physics, energy storage, microfabrication,
molecular engineering, etc. The associated research and applications are equally
diverse, ranging from extensions of conventional device physics to completely new
approaches based upon molecular self-assembly, from developing new materials
with dimensions on the nanoscale to direct control of matter on the atomic scale.

Scientists currently debate about the future implications of nanotechnology
which may be able to create many new materials and devices with a vast range of
applications. On the other hand, nanotechnology raises many of the same issues as
any new technology, including concerns about the toxicity and environmental
impact of nanomaterials, and their potential effects on global economics, as well as
speculation about various doomsday scenarios. These concerns have led to a debate
among advocacy groups and governments on whether special regulation of nan-
otechnology is warranted.

Nanomedicine can be defined as medical application of nanotechnology.
Nanomedicine ranges from the medical applications of nanomaterials and biolog-
ical devices, nanoelectronic devices and biosensors and possible future applications
of molecular nanotechnology. Nanomaterials can be functionalized to interface with
biological molecules and structures as the size of nanomaterials is comparable to
most biological molecules and structures. Nanomaterials can be useful for both
in vivo and in vitro biomedical research and applications and integration of
nanomaterials with biology has led to the development of advanced diagnostic
devices, physical therapy applications, analytical tools, contrast agents, and drug
delivery vehicles. The expansion of nanomedicine is a radionanomedicine which
relies on the labeling of radionuclides onto nanomaterials. The key advantage of
radionanomedicine is a possibility of using low amount of nanomaterials for
theragnosis. Nanotheranostics, the merger of diagnostic and therapeutic function as
a system using the benefits of nanotechnology. Since treating cancer is not similar
in all cases, it requires therapy to be adapted to the patient’s specific biomolecules.
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It helps identifying biomarkers to gain better understanding of the diagnosis and in
turn treating the specific disorder based on the precise diagnosis. By mostly uti-
lizing the unique properties of nanoparticles to achieve biomarker identification and
drug delivery, nanotheranostics can be applied to noninvasively discover and target
image biomarkers and further deliver treatment based on the biomarker distribution.

Nanomedicine strives for delivering valuable set of research tools and clinically
useful devices and its industry sales reached $16 billion in 2015, with an average of
$3.8 billion investment in nanotechnology R&D every year and increase of 45% per
year global funding for emerging nanotechnology. Global funding for nanotech-
nology increased by 45% per year in recent years, with product sales exceeding $1
trillion in 2013. As the nanomedicine industry continues to grow, it is expected to
have a significant impact on the economy.

Nanomedicine affects almost all the aspects of healthcare. Nanomedicine helps
to engineer novel and advanced tools for the treatment of various diseases
and the improvement of human biosystems using molecular nanotechnology.
Cardiovascular diseases, neurodegenerative disorders, cancer, diabetes, infectious
diseases, and HIV/AIDS are the main diseases whose treatment can be benefitted by
using nanomedicine. Nanoparticles are directly injected into the tumor and are
activated to produce heat and destroy the cells of the tumor either by x-ray, light, or
magnetic field. Gold nanorods are being used to carry chemotherapy drugs into the
tumor and locally excite it by infrared rays. The heat induced is helpful to destroy
cells of tumor as well as encapsulate drugs. In recent years, the intercrossing of
nanotechnology in stem cell biology and biomedicine has led to an emerging new
research field, known as stem cell nanotechnology. Stem cell nanotechnology is
defined as the application of nanotechnology in stem cells research and develop-
ment, and it is characterized as highly rapid in development, highly interdisci-
plinary, and highly controversial. During the last decade, I have seen a number of
successful applications of nanotechnology methods to basic neuroscience and to
medical practice. It is expected that the development of novel nanotechnologies will
result in important insights on the brain mechanisms, and eventually provide better
medical care to patients.

Pharmaceutical nanotechnology for drug delivery using nanotechnology plays a
major role in the future of pharmaceutical research. Interestingly, pharmaceutical
sciences are using nanoparticles to reduce toxicity and side effects of drugs and up
to recently did not realize that carrier systems themselves may impose risks to the
patient. Nanochemistry is the combination of chemistry and nanoscience.
Nanochemistry is related by synthesis of building blocks which are dependent on
size, surface, shape, and defect properties. Nanochemistry is being used in chem-
ical, physical, and materials science as well as engineering, biological, and medical
applications. Nanochemistry and other nanoscience fields have the same core
concepts but the usages of those concepts are different. Nanoconstruct synthesis is
dependent on how the surface, size, and shape will lead to self-assembly of the
building blocks into the functional structures; they probably have functional defects
and might be useful for photonic, electronic, medical, or bioanalytical problems.
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I have been fortunate to observe and witness the superb activities of nuclear and
molecular imaging research at the Seoul National University under the direction of
Prof. Dong Soo Lee as a visiting professor since 2010. His biology, chemistry, and
physics groups have dedicated to innovate, radiolabel nanomaterials and image
animals for the pharmacokinetic studies. I am very proud of them for the production
of the first book on radionanomedicine which helps scientists and physicians in the
field of nanomedicine as well as nanoengineering. I am sure that this book stim-
ulates research workers in nanomedicine to improve studies in the arrangement,
characterization, and abuse of nanoparticles, nanowires, nanotubes, nanorods,
nanocrystals, nanounits, and their congregations as well as applying radio-
nanomedicine in clinical practice in the following decade.

E. Edmund Kim, M.D., M.S.Irvine, USA
Professor of Radiological Sciences, University of California, Irvine
Professor of Molecular Medicine and Biopharmaceutical Sciences

Seoul National University, Korea
Professor of Oncology, Kyunghee University, Korea

,
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Preface

I designed this book to suit the needs of the scientists and the physicians in the field
of nanomedicine and nuclear medicine. Nanomedicine is about application of
nanomaterials for medical purposes and includes all the endeavors of in vivo and
in vitro application for clinical use, and is mostly done by scientists and engineers
and nuclear medicine is practiced everyday in the clinic by many nuclear medicine
physicians in collaboration with radiopharmaceutical scientists and nuclear medi-
cine physicists. Radionanomedicine is combined efforts of these people to solve the
unsolved problems in the current practice of medicine, which ranges from oncol-
ogy, infection/inflammation, heart and brain diseases, and others.

Scientists in nanomedicine and nuclear medicine would like very much to
understand how to coordinate the lessons/know-hows to implement the current
understanding of nanomaterials and their behavior in the human body to be useful
for therapeutic/ theranostic purposes. I, as a nuclear medicine physician, recognize
that the inherent principles in nuclear medicine, tracer technology, shall solve the
issues with which nanomedicine are confronted now. Clinical application of
radionanomedicines, i.e., radiolabeled nanopharmaceuticals or radionanodrugs, will
enable imaging simultaneously with therapy in everyday routines and we will open
these entirely new opportunities by looking into the disciplines about both fields of
science/medicine in more depth now.

I envisioned that simple endeavor to synthesize the knowledge which are being
produced and established everyday in nanomedicine and nuclear medicine will help
myself, my colleagues in nuclear medicine, radiochemistry, and nanomedicine to be
enlightened with eureka in scientific comprehension. After reading the manuscript
for editing/proofreading, I experienced this joyous enlightenment in this book and
am now very much eager to share this feeling with the future readers of this book.
I am going to explain to my fellow scientists and physicians how to achieve this
goal using this book.

This book was weaved with two crossing lines in horizontals and verticals, the
former of which is the synthesis of nuclear and nanomedicines and the latter of
which are ranged from the materials used as exogenous inorganic or organic or
endogenous (of exosomes), how to modify the surface with radiolabeling
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capability, how to make materials authentic using click and robust manufacturing,
and how to finally use the materials for targeted delivery and/or imaging while
understanding essences of bodily response, either physiologic or immune, consid-
ering all the factors affecting the host–material interactions. The entire possibility of
using radionanomedicines for clinical molecular imaging and/or therapeutic/
theranostic use is highly expected to be learned by the readers as far as they take
efforts to read any chapters of this book. You will find complementarity and
planned redundancy in chapters and sections, guidance of which was introduced by
myself at each of the seven sections. I wish the readers full of future prospects of
radionanomedicine.

The integrity of making this book depended on chapter authors and indispens-
able works of Dr. Minseok Suh. I appreciate his efforts in helping to edit.

Seoul, Republic of Korea Dong Soo Lee
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Chapter 1
Introduction

Dong Soo Lee

Abstract Radionanomedicine is a novel discipline of combined nuclear and
nanomedicine. Nuclear medicine has an almost one century of history since its birth
and has been successfully applied for clinical application. Clinical nuclear medicine
ranges from therapy with imaging theranostic to hybrid imaging such as positron
emission tomography/computed tomography (PET/CT), PET/magnetic resonance
imaging (PET/MRI), single photon emission computed tomography (SPECT)/CT
or gamma camera imaging. Theranostic application of nuclear medicine is recently
emphasized by the urgent needs raised by individualized or personalized medicine.

Radionanomedicine is a novel discipline of combined nuclear and nanomedicine.
Nuclear medicine has an almost one century of history since its birth and has been
successfully applied for clinical application. Clinical nuclear medicine ranges from
therapy with imaging theranostic to hybrid imaging such as positron emission
tomography/computed tomography (PET/CT), PET/magnetic resonance imaging
(PET/MRI), single photon emission computed tomography (SPECT)/CT or gamma
camera imaging. Theranostic application of nuclear medicine is recently empha-
sized by the urgent needs raised by individualized or personalized medicine.

Nuclear medicine is based on the tracer principle or tracer technology, which
enabled the birth of clinical nuclear medicine despite radiation hazard of radionu-
clides for therapy and especially imaging. Very small amount of radionuclides or
radioisotopes are used for clinical human use and this makes the use of trace
amount of pharmaceuticals which does not raise any concern of pharmacologic
effect. According to the regulations widely accepted by drug agencies, microdosing
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studies are allowed for less than 100 ng amount of radiopharmaceuticals. This
amount can be given to human volunteers without preclinical studies in animals.
The allowance is because of two issues; there should be the difference between
human being and animals either large or small, and this amount per humans with
normal body weight must not cause any problem with experimental systemic
injection. The other way of knowing the distribution of novel drug with this amount
is injecting it and doing mass spectrometry. Radiolabeling of a novel radiophar-
maceutical shall allow tracing the tracks of injected radiolabeled radiopharmaceu-
ticals in the human body and this is the basis of tracer technology of nuclear
medicine.

Nanomedicine is recently coined term which indicates the emerging field of
medicine using nanomaterials. Nanomaterials are the composite chemicals having
nanometer-sized superstructures larger than biomacromolecules. Peptides or anti-
bodies have the dimension of a few nanometers to tens of nanometers in their long
diameters but are not called as nanomaterials. Living organisms are using those
biological materials for running bodily chemical or physiological functions and we
call them biologics. In contrast, nanomaterials were first named based on their
unique ingenuity of fabrication to make a homogeneous artefactual superstructures
made of inorganic materials. Now nanomaterials consist of inorganic to organic
materials, which implies that as well as we could fabricate new larger nanomaterials
we could understand their behaviors in biological milieu. Thus, the term nano-
medicine immediately implies that people started to use nanomaterials for human
being for diagnostic or therapeutic purposes. Systemic injection of nanomaterials
should be without any toxicity and with desired biological effects. Even the com-
bination of biologics and nanomaterials are very often proposed for clinical and
human use.

The barrier of nanomedicine against popular clinical human use is the concerns
about the possible toxicity of nanomaterials. Or in other words, the possible toxicity
is in fact the lack of knowledge about the behavior of nanomaterials in vivo. We
already know that cadmium is toxic in certain amount but we don’t know the
perpetual effect of cadmium of CdSe quantum dots if injected in vivo or in humans.
Possible toxicity can be prevented by not using the nanomaterials of interest;
however, lack of knowledge does not let us advance or withdraw attractive novel
nanomaterials. Sometimes, the side effects of nanomaterials are easily unraveled
even with its plausible mechanism of toxicity. Carbon nanotubes are examples, in
that the shape of carbon nanotubes were toxic to the alveolar epithelial cells because
of the shape, which immediately reminded medical doctors of the toxicity of
asbestos and silica. Textbook knowledge leads us to be concerned about pneu-
moconiosis, which almost thwarted the hype of fancy possibility of using carbon
nanotubes in humans for clinical purposes.

However, many other nanomaterials are not composed of frankly toxic sub-
stances such as iron oxides, carbons (graphenes), silica and other inert-looking
substances. The only concern is the amount of these nanomaterials and again the
lack of understanding the fates of these nanomaterials in vivo or in humans after
systemic injection. Targeted delivery is always hoped and proven by animal
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experiments and proposed with great potentials for human and clinical utility.
Problem was always that investigators could not reveal the distribution of these
nanomaterials repeatedly after systemic administration. Development of how to
measure silica or graphene was not an easy task and only the measurement of high
molecular weight metals was possible with inductively coupled plasma mass
spectrometry (ICP-MS) but with limited success to predict the whereabouts or
kinetics of the nanomaterials. The substance themselves can be toxic or does betray
the expectation that they will reach targets in vivo but we did not have very good
methods to trace or track the trails.

Trace amount use and tracer capability of nuclear medicine are the two beauties
of its fundamental advantage, which enabled its use for so many clinical situations.
Globally, for example in 2015, 20 million procedures (imaging and therapy) in
North America, 10 million in European Union and the vicinity and 5 million in Far
East Asia were performed. Globally up to 40 million procedures are taking
advantage of the trace amount of radionuclides and radiopharmaceuticals for use
and tracer capability for imaging and targeted delivery. We could now see the
chance of using the advantages of nuclear medicine to be refined for use with
nanomedicines. Here nanomedicines are the generic name for nanodrugs, collec-
tively called as a group. If nanomedicines are radiolabeled, they are now radio-
nanomedicines. In contrast, radionanomedicine is the combined nuclear and
nanomedicine. Radionanomedicine is using radionanomedicines for in vivo imag-
ing, targeted delivery and hopefully therapy. Recently, combined therapy and
diagnostics came to be called as theranostics. And the ultimate feature of radio-
nanomedicine is radionanomedical theranostics. The emphasis on theranostics
instead of diagnostic imaging is due to the realization that there are full of many
variations of too many imaging entries in clinical use and that the therapy is off the
point that it is not personalized nor individualized. Recent emphasis on precision
medicine is one example of this collective awareness. Useless and harmful bio-
logics or small molecules are delivered to the patients carelessly, and post-hoc
decision is reached that the treatment regimen was not helpful to most of the
patients.

Radionanomedicine can rescue the dilemma of the novel therapeutic drugs
composed of nanomaterials, or nanomedicines. Regulations about biologics are
going to be applied similarly to the nanomedicines. The only difference is that we
do not know well but also cannot predict easily the perpetual fates of
nanomedicines in vivo after systemic administration in humans. By labeling
radionuclides to these nanomaterials or nanomedicines, we can trace the biodis-
tribution in vivo after systemic administration and begin predicting the fates of
those radionanomedicines in vivo. This eventually will individualize the choice of
patients in whom we expect the biological or radiation effect upon the disease
of interest such as cancers. For cancers, so many tyrosine kinase (TK) inhibitors or
monoclonal antibodies had been developed and clinically in use, but shotgun type
of therapy is so prevalent to result in the patients’ agony and pharmaceutical
company’s profit. Elucidation methods of bodily fates of small chemicals and
biologics are well established and metabolomics are the newest name for that
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endeavor, and now nanomedicines are going to be understood in detail so as to
enable the investigators predict easily the fate, success of targeted delivery and side
effect.

Tracer kinetic analysis is now well established in nuclear medicine and indi-
vidualized dosimetry upon this kinetic understanding is underway. Every new small
molecular radiopharmaceutical or biologics used to go through the elucidation
procedures of biodistribution and radiation absorbed dose distribution and expected
administered radiation to the target of interest. Nuclear medicine can easily adopt
the nanomaterials and do the same way to reveal the possible advantage of using
nanomaterials instead of biologics. It is an easy expansion of the discipline’s
principle, nevertheless the exploration of new opportunity. Nuclear medicine will
discard immediately the radionanomedicines if the adopted nanomaterials are toxic
or do not behave as we expected or too cumbersome to handle. Compounding
radiopharmaceutical with radionuclides at bedside is a common practice in nuclear
medicine and even the production of the nanomedicines and compounding proce-
dure using radionuclides at bedside are prolonged, then again nuclear medicine will
not adopt the radionanomedicines.

As time goes by, chemistry and chemical engineering come to be more and more
versatile to fabricate nanomedicines in good manufacturing practice (GMP) and
supply radionanomedicine precursors to the clinic, and then nuclear medicine
physicians will be glad to use them after an easy labeling for theranostic, thera-
peutic or diagnostic imaging purpose. Individual radiation dosimetry and deter-
mination of the appropriate dose to the patients and optimal time schedules are
going to be devised soon. That is the way how radionanomedicine shall enter the
clinical arena. Clinical radionanomedicine is the next discipline when several
successful radionanomedicines are approved and compounding procedures come to
be popular in clinical practice. Platform technology is to be developed for real-
ization of this expected clinical future.

Radionanomedicine is the ultimate future of nanomedicine. Nanomedicines are
not going to be adopted easily in clinical medicine with so many unknowns.
Radionanomedicines, if successfully meet the criteria of approval for biologics, will
soon appear at the clinic, and nuclear medicine physicians are going to accom-
modate the procedures and get very much familiar in using them, then again
nanomedicines might come back on their own to become independent drugs for
clinical use. The trap of lack of knowledge will be overcome by radionanomedicine.
We need to take efforts to make things practical and understand the details and
always vigilant for the possible human and clinical use of these huge pools of
materials that humankind never encountered in their long history of evolution.

With the themes passionately explained above, keeping in mind the advantage or
beauty of radionanomedicine, I edited this book as follows. This was extended
endeavor I and my colleagues published the first review article in 2015 in
Nanomedicine, nanotechnology, biology and medicine [1]. After that, the concept
was refined again and again in many presentations at global congresses and con-
ferences of either nuclear medicine society or nanomedicine society. Systematic
description of the problems which have been solved and more problems which need
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to be solved were the first trial of this new book about a novel discipline. The only
remaining thing after this fully-equipped book was published is that in the era of
in vitro companion diagnostics, whether radionanomedicine will also need to be
with in vitro companion diagnostics or radionanomedicine will act as an option of
in vivo companion diagnostics for the novel therapeutics which will be developed
and approved for any clinical use. In vivo companion diagnostics are going to be
explained in another book in due time, and now is the time to enjoy the
well-dispersed problems and solutions and moreover the expanded imaginations to
comprehend the reason for success or failure of novel theranostics, therapeutics and
diagnostic imaging in vivo in this book.

Here the book was composed of several sections. Each section contained several
chapters written by different authors. The chapters are mutually complimentary and
not exclusive but a little redundant. The redundancy was intentional and went
through a meticulous editing by myself and my young colleague radiochemists and
nuclear medicine physicians. Here follows the details.

Radionanomedicine can be classified to the one which use exogenous radio-
nanomedicines, i.e. radiolabeled nanomedicines or nanomaterials and another
which use endogenous radionanomedicine. This is quite a convenient classification
to understand the bodily response to the administered nanomaterials while body
responds to the exogenous materials in one way and the endogenous materials in
another way. The response of bodily immune system can change biodistribution
and even cause adverse reaction to the exogenous materials but the response of
immune response to the endogenous materials might be more sophisticated.
Understanding of the resulting fate of exogenous or endogenous materials should
depend on different way of reasoning.

Among the exogenous materials, iron oxide, gold, quantum dots, silica or other
materials have been the majority since the dates of the advent of nanomedicine but
most recently, emphasizing in vivo usability, new materials came to be the focus of
attention. Graphenes and porphysomes were the examples and we detailed the
explanation. In the chapters of inorganic nanomaterials, theranostic porphysomes
and organic nanomaterials, one can meet the comprehensive review of the progress
of hope to use these radiolabeled nanomedicines for possible human and clinical
use. Radiolabeled iron oxides, radiolabeled gold, radiolabeled quantum dots, or
radiolabeled silica and others are going to make a path to clinical translation one
day and their preliminary application to small animals in vivo are to be found in this
section. The theranostic applicability of porphysome of photodynamic and beta
ray-emitting radionuclides will be understood by reading the special chapter of
porphyrin and phthalocyanine radiolabeling. One will be able to understand how
many radionuclides can be easily chelated with porphyrin which will later be the
constituent making nanoparticles for simultaneous beta-radiation and photodynamic
therapy.

In the following chapter of graphene, the great but still unexplored possibility of
using graphene oxide or radiographene was explained in great abstraction from the
recent developments and trials to use these novel materials for biomedical purposes.
Every detail will cast a concern of lack of knowledge and at the same time a hope of
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using these materials for imaging tools as well as for therapeutics. Final fate of
graphene or radiographene was unexpectedly amusing that living body can handle
it metabolically. Organic nanomaterials are bodily ones but made of extrinsic
materials mostly polymers or liposomes/micelles. Scientific and pharmaceutical
community already cumulated lots of long-term experiences of using these classical
nanomaterials. Radiolabeling of these nanomedicines might expand their use and
thus looking back the successful use of drug-loaded nanomedicines will help the
readers to imagine and draw a picture of future of using radiolabeled organic
nanomaterials even including albumin. Understanding the role of albumin is still
underway. How to use radiolabeled organic nanomedicines for theranostic purposes
are to be investigated further.

Interestingly recently, we came to know that there are endogenous counterparts
of liposomes. Almost all of a sudden, these lipid bilayered extracellular vesicles or
exosomes produced endogenously by every kind of cells are circulating in the body
in health and diseases, and the exosomes are to find their appropriate position to
explain their roles in physiology. Extracellular vesicles, if they have the chances to
be used as carriers of familiar biomolecules from one cell to another, shall have
capability of being used as therapeutic or theranostic nanomedicines. What remains
to be understood is the whereabouts of these exosomes in the body after systemic
injection. The chapter of ‘extracellular vesicles’, a great synopsis with assuring
promise to the understanding the reason of existence of extracellular vesicles in
body are followed by technical details of new methods of radiolabeling of extra-
cellular vesicles, the facts revealed about biodistribution elucidated using these
methods and the consequent prediction of the future use of these exosomes for
therapy and theranostics. In the strict description of the literature reports which tried
to figure out the distribution of systemically administered exosomes, one should
find the revelation that fluorescent dyes are not appropriate for finding or quanti-
fying the distribution of exosomes. We still don’t know whether the membrane
labeling of intact exosomes or intracellular labeling of exosomes is appropriate
method to make us be able to estimate the biological effects when we injected
therapeutics-loaded exosomes. Notwithstanding validation of therapeutic potential,
the quantitative and/or qualitative distribution of endogenous or administered
exosomes should now be investigated. After long years of struggle to understand
the physiology or pathophysiology of exosomes and their subsets, and hopefully
before so long, the exosomes, either radiolabeled or not, will find a way to con-
tribute to clinical nanomedicine.

It is well known that surface characteristics are crucial in determining the in vivo
behavior of nanomedicines. And there have been so many improvement of the
surface modification technology so far. The next move to the future facile use of
nanomedicines depends upon the optimization of surface modification of exosomes.
Along the surface modification one can also bind chelator which later chelates
radionuclides, which will yield radionanomedicines. These radionanomedicines are
going to be used for further characterization of biodistribution, quantification of
successful targeted delivery and clearance from the body. Investigators feel really
curious of the consequences of the surface modification or even radiolabeling in
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terms of in vivo behavior of radionanomedicines. Readers are going to enjoy the
comprehensive summary of the existing methods using a variety of gamma, beta
and even alpha emitting radionuclides. Further concern to modify surface to let the
nanomedicines to reach the target using further modification or binding targeting
ligands led us to adopt earlier the click chemistry. Click chemistry is once over-
viewed here because it is the critical finishing stroke to modify the surface of
radionanomedicines. This click chemistry technology and its importance were
going to be further elaborated in the next section.

The next section was entitled ‘Targeted delivery with Click chemistry’. We have
clinically-proven technology called nuclear medicine, where we are able to use
trace amount of radionanomedicines and image and quantify the radio-
nanomedicines in every organs and tissues using tracer kinetic on PET or SPECT
associated with CT or MRI. What remains is to make radionanomedicines properly
for clinical use. Targeting molecules are a lot, ranging from small molecules such as
mannose or galactose, via biomacromolecules such as monoclonal antibodies,
affibody, avibody, nanobody, aptamer, aptide, and natural or non-natural peptides.
These molecules are going to endow radionanomedicines the superb targeting
capacity if they are bound on the surface of nanomedicines upright and robustly.
And thus preservation of ligand functionality, that is to say, targeting capability
using click chemistry was detailed again. Readers can refer to this chapter to browse
the copper-dependent or copper-free methods of click reaction to bind ligands upon
nanomedicines to choose one the most suitable for their purpose. Bioorthogonal
reaction is recently coined term which explains the existence of desired chemical
reaction which is totally ignored by the body and physiology. If we use
bioorthogonal reaction between two parts of radionanomedicines, even the binding
reaction can be done in vivo after administration of parts separately. This orthog-
onality in theory sounds very attractive and the readers will find the reality and
progress of applying this technology in the following chapter. Finally for easy and
successful clinical application, we need platform technology and this nano-platform
technology, while guaranteeing their consistency in producing the final product
even up to GMP grades.

As was mentioned above, tracer principle of radionanomedicine allow us to trace
in vivo biodistribution of radionanomedicines after injection systemically via many
chosen routes using whole body imaging and quantification. Introduction of rele-
vant and available instruments and their principles were detailed in preclinical PET/
CT, SPECT/CT and PET/MRI. One can easily survey their choices even though he
or she is not familiar with nuclear medicine technologies. Tracer kinetic analysis
will enable us to discover the mechanism of targeting and excretion and sort out the
better fabrication, modification and multiplexed binding of ligands and chelators
afterwards. This imaging and quantification on PET and SPECT supplies a great
opportunity to facilitate the discovery of the clinically most desired composition of
radionanomedicines.

Now in the next two sections entitled ‘Factors Affecting Biodistribution and their
Consequences’ and ‘Immune Responses to Nanomaterials’, the readers can estimate
the best guess of the behaviors of nanomedicines or radionanomedicines in vivo
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considering the best knowledge of the factors and their consequences and bodily
responses to the parameterized characteristics of nanomedicines and radio-
nanomedicines. The contents in the chapters would be a description of the efforts to
understand the in vivo behavior of nanomaterials from the different perspectives.
People used to develop new nanomaterials first and feel happy with the implication
of these nanomaterials which might be used in humans for clinical purposes. And
they are frustrated with the general dis-knowledge of our field of the behavior of
nanomaterials in vivo. The accumulation of the reports in the literature should have
been understood in reasonable way and readers can encounter the description
meticulously prepared. Size and shape was critical for the clinical application of a
type of silica nanoparticles and the radiating tracks of novel endeavor to develop
other nanomedicines were supposed to take place based on this knowledge.
PEGylation or newer zwitterionic modification is now popular practice to make
nanomaterials biocompatible, more specifically hydrophilic, hiding from the trap-
ping or immune responses of the body. The stealth effect of these modifications was
once coined to exaggerate the hope to deceive the bodily non-immune or immune
surveillance system. This idea is going through reality testing and the readers can
get the summary of the progress including the most recent achievements.
Nanomaterials were not inert in systemic circulation and recent proteomic analysis
even enabled fingerprinting of the constitution of wrapping plasma proteins around
nanomedicines. In our long tradition of developing new radiopharmaceuticals using
small molecules or biomacromolecules, it was customary to add the biodistribution
data made of histograms associated with representative, gamma camera, SPECT or
PET images of the small animals. For nanomedicines and radionanomedicines, the
same customs are repeatedly exercised by many investigators; however, in the
chapter ‘Excretion and Clearance’, readers can now learn the framework regarding
how to comprehend the behavior of novel nanomedicines and radionanomedicines
in vivo. Caveat was that we should not automatically assume that liver uptake is the
clearance by mononuclear phagocytic system. Hepatobiliary clearance was
repeatedly reported in the literature but without proper emphasis on their signifi-
cance. Renal or other peripheral clearance by non-phagocytic cells should be kept
in mind to correctly interpret the excretion and clearance.

Immune response to the exogenous or endogenous nanomaterials must be
explained with the best knowledge of versatility of diverse immune surveillance
system of human as well as animals. Doxorubicin-containing liposomes had been
clinically used for more than 2 decades now and taught the scientific and medical
community very well, and thus we understand the details of the immune response to
the challenges by exogenous drug-containing liposomes systemically administered
to patients. Interestingly, first-line of response was non-specific reactions including
complement and other cascade protein system in the plasma. This was followed by
less-specific humoral immune response of IgM. We now know the first encounter
can elicit mild to serious even fatal reaction to the similar kind of liposomal con-
structs and second injection will meet humoral or other well-known adaptive
immunity of the body. In the meantime, most recently, the understanding of innate
immunity and adaptive immunity and their differentiation was totally changed.
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Innate immunity could have been trained, i.e. enhanced response to the second
encounter by innate immune cells. Beside this, the important Kupffer cells were
repositioned as resident macrophages and circulating monocytes are no more the
exclusive supplier of macrophages in tissues. The imaginary scenario on which
nanomedicines and radionanomedicines will meet bodily immune system was
included in the chapter ‘Innate Immunity’. I wish readers might learn the frame-
work of how readers should estimate the nanomaterial-immune interaction and do
their own thought-experiments about the disposition of radionanomedicines in vivo.

Molecular imaging is struggling to find a way to the clinical use during the
15 years since its composition of independent society and scientific activity. This
field had achieved the goal that we now have every instrument for small animal
imaging. Currently clinically used molecular imaging are the ones already available
when the discipline of molecular imaging was formulated in 2002, i.e. neuro-
transmitter receptor or transporter imaging or abnormal protein imaging such as
amyloid or tau. Thus, molecular imaging, in narrow sense, imaging of the cellular
and molecular processes elucidated by molecular biology technologies. Engineered
fluorescent proteins contributed a lot to the advancement of molecular biology and
molecular imaging and in vivo translation was tried every time to study important
molecular processes. Bioluminescent proteins followed and now application and
adoption of nanomaterials for similar purposes became prevalent. The most popular
ones are those using quantum dots, surface enhanced Raman scattering dots,
upconversion nanoparticles and graphenes. In vitro, ex vivo or topical application
of these nanomaterials is popular and promising but for systemic application, we
need to make these nanomaterials as multimodal with radiolabeling or choosing
magnetic particles. This was detailed in the chapter of ‘Molecular Imaging’.

Last chapter is the highlight entitled ‘Theranostic Use’. In fact, our eternal goal
is to intervene in the bad pathophysiological processes of the diseases in humans.
Imaging or diagnostic tools are already saturated and the introduction of nano-
materials and their clinical and human use was applauded by the experts and the
public expecting better therapeutics even forcing us to take the risks of using these
materials to humans. Therapeutic use of radionanomedicines labeled with
DNA-breaking or cell-killing beta or alpha ray emitting radioisotope mandates the
understanding of individualized radiation dosimetry and dose-biologic effect
relationship. Thus in the last chapter, the authors described the current knowledge
of nuclear medicine therapy which is also called molecular radiation therapy. The
readers can have lessons and be equipped with the rounded knowledge acquired
from trials-and-errors in the fields of radiation therapy and nuclear medicine ther-
apy. Based on this whether the final goal of better treatment customized for indi-
vidual patients will be achieved or not adopting radionanomaterials should now be
determined. The conclusion taking shapes in everyone’s mind might all be different
regarding this matter, however, the task or contribution of this book is supplying the
bases to contemplate the possibility and the obstacles inherently borne in this
discipline and not admonishing or feeding the conclusion. The future of radio-
nanomedicine depends on the many following investigators’ hands and brains.
I now add the final comment, here, the success of one field called *medicine, in
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our case radionanomedicine, relies on the successful clinical human application to
help people. Not on the exotic, unusual, fancy, fantastic novel materials with
impetuous prospects.
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Part I
Exogenous Radionanomedicine

Chapter 2: Exogenous Radionanomedicine: Inorganic Nanomaterials
Chapter 3: Porphyrin and Phthalocyanine as Theranostic Nanomaterials
Chapter 4: Graphene-based Nanomaterials
Chapter 5: Organic Nanomaterials: Liposomes, Albumin, Dendrimer, Polymeric

Nanoparticles

Exogenous radionanomedicine is the simplified phrase representing radio-
nanomedicine using exogenous nanomaterials. Nanomaterials used to be exogenous
in that they were fabricated in laboratories not by nature. In vivo use of exogenous
nanomaterials requires their cleanliness without any toxic substances, nor patho-
genic infectious agents nor pyrogenic materials. Among exogenous nanomaterials,
organic ones already began to be used two decades ago with doxorubicin containing
liposomes (Doxil®) and currently this went public with the cease of patent-ship.
Albumin joined, dendrimer, or other polymers are struggling to enter into the
success in application to clinical use. In the meanwhile, very small silica
nanoparticle, with the encouraging characteristics of inertness with rapid renal
excretion, called C-dots are in clinical trial for treating brain tumors now. Other
inorganic materials such as iron oxide, gold, and various forms of particles not
made of any frank toxic substances such as lanthanide-doped upconversion
nanoparticles or surface-enhanced Raman scattering dots are sincerely being
investigated but yet without any tangible roles in clinics. Radiolabeled inorganic
nanoparticles such as iron oxide or gold or even CdSe quantum dots might be able
to be used in vivo when they were used in trace amount (1016 particles or less)
according to the regulatory guidance of microdosing test for first in humans. And
this can be a breakthrough for any nanomaterials reported to be implied for their
potential for clinical utility. This spectrum of exogenous nanomaterials was
described in Chaps. 2 and 5 with the selected reports in the literature so that the
readers can feel the progress of the discipline of nanomaterials sciences.



Porphyrin and porphysomes and their cousin phthalocyanines have a unique
position in that porphyrin is a component to constitute endogenous substance of
heme. And interestingly, it makes a complex to yield sizable nanomaterials. The
labeling of porphysomes with radionuclides and their implied use for in vivo
delivery of radionuclides are detailed in Chap. 3. The readers are recommended to
pay attention to the theranostic capability of these materials. In addition, recent
introduction of graphenes and radiographenes raised great hope for the possible use
as drug carrier or radionuclide carrier. Explicit understanding of in vivo behavior of
graphene oxides having inherent heterogeneity of size and shape and contents of
functional carboxyl or hydroxyl residues requires much further investigation.
Radiolabeling of these materials shall elucidate the potential of graphenes in vivo in
human and possibly in clinics. Surveying all these nanomaterials in this part is
supposed to help clarify the significance of the old and new exogenous nanoma-
terials, which leads to the following parts.
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Chapter 2
Exogenous Radionanomedicine:
Inorganic Nanomaterials

Carolina A. Ferreira, Shreya Goel and Weibo Cai

Abstract Roles of nuclear medicine and molecular imaging in cancer diagnosis
and therapy are constantly evolving. Single-photon emission computed tomography
(SPECT) and positron emission tomography (PET) imaging allows the investiga-
tion of not only morphological but also functional characteristics of tumor tissues
and possess distinct advantageous characteristics, such as high specificity and
sensitivity, excellent quantifiability and virtually no tissue penetration limit.
Nanoparticles, as multifunctional materials, hold the potential of being
surface-engineered, conjugated to numerous targeting agents while carrying ther-
apeutic or diagnostic agents and, thus, can provide the platforms needed for
enhancing imaging and therapy efficacy and specificity; hence a large number of
nanocarriers have been radiolabeled with a vast array of SPECT and PET agents for
preclinical studies. In this context, radiolabeled nanoparticles hold the potential to
deeply impact the science of clinical practice, from disease diagnosis to patient
management. This chapter provides a comprehensive overview of the methods of
synthesis, radiolabeling and further applications of the most commonly used
nanoparticles in radionanomedicine.
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2.1 Introduction

Molecular imaging and the development of molecular agents aimed at the visual-
ization of in vivo intracellular events without any molecular or cellular disturbance
can be excellent tools to study disease mechanisms as well as in vivo pharma-
cokinetics of targeted therapeutic and imaging probes. Nuclear medicine, including
nuclear imaging and treatment of diseases with radiolabeled tracers, has been
well-established in preclinical and clinical settings for decades [1]. Currently
available targeting strategies for cancer therapy and imaging usually rely on the use
of monoclonal antibodies and peptides, which are often limited by insufficient
delivery to tumor tissue, due to heterogeneous expression levels of tumor cells
receptors, as well as dose-limiting off-target side-effects. To ensure that toxicity
levels are low but the therapeutic effect remains maximized, it is essential to deliver
the desired agents to the correct site, at the appropriate concentration at the right
time [2].

Nanocarrier systems (NS) could serve as the platforms needed for enhancing the
delivery of imaging probes and therapeutics to the tumor sites, thus enhancing
imaging and therapeutic efficacy. Nanoparticles (NPs) are structures, nanometers in
size [3] and, as such, can extravasate from the endothelial cell layers to the tumor
site, while carrying large therapeutic and diagnostic cargos such as small molecule
drugs and radioisotopes [4]. Multifunctionality is the key advantage of nanoparticles
since nanomaterials, in contrast to traditional agents, have an extremely high
surface-to-volume ratio that provides chemically active sites and easily tailorable
surface bioengineering to achieve enhanced biological outcomes, such as increased
blood circulation time, target specificity, reticuloendothelial system (RES) evasion
and therapeutic delivery [5]. Also, NPs can be constructed to have tunable properties
(optical, electronic, magnetic, and biological), sizes, shapes and chemical compo-
sitions. By integrating a variety of functional components such as imaging agents,
targeting ligands and therapeutic compounds into the nanomaterials, they can be
precisely tailored for personalized targeted theranostics of diseases [6]. Thus, the
combination of an ideal size range with an ability to be conjugated with distinctive
targeting ligands makes nanosystems excellent candidates to break the physiological
barriers and access different diseased tissues in a controlled manner [7].

It is worth mentioning that a NS can accumulate at certain tissue sites through
two different targeting mechanisms: passive and active. Passive targeting relies on
enhanced permeability and retention (EPR) effect arising from the anatomical dif-
ferences between healthy and non-healthy tissues. The EPR effect exploits (i) leaky
tumor vasculature for greater extravasation and accumulation of nanoparticles at the
tumor site, as well as (ii) inefficient lymphatic drainage at those sites to allow
prolonged retention of such molecules in the targeted tissue [7]. This type of
targeting enables non-specific accumulation of molecules and can occur in other
diseases besides cancer, such as infection and/or inflammation [8]. In contrast,
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enhanced accumulation and retention of the NPs at the diseased site via active
targeting mechanism relies on specific ligand-receptor or antibody-receptor inter-
actions. Several studies reporting NPs modified with specific ligands such as
monoclonal antibodies [9] folic acid and peptides [10–12] as well as aptamers [13]
have been reported to date. Successful targeting depends on the selection of the
right targeting moiety, considerations for which include the expression level of
receptors, its affinity and specificity for the receptor, and ease of conjugation to the
nanoplatform. Despite the advantages gained from NP utilization, there are still
challenges that need to be addressed, such as, the uptake of NPs by the RES, in
which NPs are rapidly removed from the circulation through the liver or spleen,
thereby raising concerns about NP toxicity in these tissues. Furthermore, NP
aggregation can cause them to be trapped in the liver or lungs due to capillary
blockage [14]. Polyethylene glycol (PEG) modification of NP surface can alleviate
many of these limitations and, thus, this approach has been extensively used for a
variety of material types. An excellent review on NP PEGylation for imaging and
therapy has been published elsewhere [15].

While a great variety of materials have been proposed in the development of NS,
different imaging techniques have also been used for imaging NP-based tracers,
including magnetic resonance imaging (MRI), as well as optical and nuclear imaging
modalities techniques such as fluorescence and bioluminescence, single photon
emission computed tomography (SPECT) and positron emission tomography
(PET) [1]. In this context, nanomaterials have been extensively explored to be used
as carriers for therapeutic and/or diagnostic radioisotopes. A radiolabeled
nanoplatform must be designed to incorporate high radiostability and high specific
activity in the final product. For that, a radiolabeling method must, ideally, be quick,
safe and efficient, with minimal effect on the intrinsic properties and pharmacoki-
netics of the NP vector [16]. The most commonly used radiolabeling methods rely
on the use of exogenous chelators, such as 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA), 1,4,7-triazacyclononane-1,4,7-triacetic acid
(NOTA), p-isothiocyanatobenzyl-desferrioxamine (Df-Bz-NCS) and diethylene
triamine pentaacetic acid (DTPA), which establish stable complexes with the
radioisotopes through coordination. Since the coordination chemistry is different for
every isotope, the selection of proper chelator is crucial [17]. It is important to
mention, however, that the conjugation of the chelator into the NPs could potentially
alter one or more in vivo parameter, such as biodistribution, elimination pathway,
absorption and metabolism of the final nanoconstruct [18]. Also, concerns about a
possible detachment of the isotope in vivo have compelled the need for developing
improved radiolabeling techniques. Hence, chelator-free radiolabeling has been
proposed, in which intrinsically radiolabeled NPs are synthesized using different
methods, such as specific trapping, cation exchange, proton beam activation and
synthesis using hot-plus-cold precursors [19]. Intrinsic radiolabeling of NPs has
been shown to be an attractive alternative for an easier and more realiable radiola-
beling of nanomaterials [18–21].
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Among the different materials that have been developed, inorganic NPs have
many favorable properties such as easy fabrication, tunable size, generation of heat
or reactive oxygen species (ROS), X-ray absorption, and energy transfer properties
[22]. Herein, we will provide a brief review on the types of inorganic NPs that are
being studied for radionanomedicine applications.

2.2 Magnetic Nanoparticles

Magnetic NPs (MNPs) comprises a class of extensively studied nanomaterials that
have been used in a diverse range of biomedical applications, such as imaging, drug
delivery, cancer therapy (hyperthermia) and cell labeling [23]. The advantages of
MNPs are based on their large availability and unique combination of physical and
chemical properties, including facile synthesis methods, easily-modified surface
chemistry, and magnetic responsiveness. MNPs are also advantageous due to their
established good biocompatibility in comparison to other multifunctional nano-
materials with low degradability and in vivo elimination rate [24]. Furthermore, the
ability to enhance proton relaxation of specific tissues, enable their detectability by
MRI, an imaging technique that allows acquisition of morphological and anatom-
ical data without tissue penetration limitation [25]. Most importantly, if the ability
to respond to a magnetic field is explored, MNPs can be useful theranostics tools
[26].

Depending on the constituents of the contrast agents, magnetic NPs can be
categorized into (i) superparamagnetic iron oxide NPs (SPIONs) based T2 contrast
agents, and (ii) paramagnetic gadolinium (Gd) or manganese (Mn) based T1 con-
trast agents [16]. The three main categories of biologically suitable iron oxide NPs
(IONPs); magnetite (Fe3O4), maghemite (c-Fe2O3) and hematite (a-Fe2O3), can
be further classified as standard superparamagnetic iron oxide (SSPIO)
(*60–150 nm) or ultra-small superparamagnetic iron oxide (USPIO; approxi-
mately 5–40 nm) NPs [27]. Size parameters not only determine their biological
behavior but are known to affect their magnetization capacity, dispersibility, and
stability in solution. To be useful for theranostic purposes, IONPs must be
monodispersed, with high magnetization, large susceptibility and small hydrody-
namic size to avoid the mononuclear phagocytic system, but still large enough to
not affect its magnetic properties [28]. Since IONPs tend to agglomerate in solution,
the strategy of using coating materials such as organic polymers (PEG, chitosan,
polysorbate, polyaniline), or surfactants (sodium oleate and dodecylamine), and
others (liposomes, inorganic metals) have been successfully to date, resulting in
improved in vivo behavior [26].

Different SPION formulations are currently approved for clinical use such as the
Ferridex I.V.® or Endorem® for spleen and liver imaging [29], Ferumoxytol® for
iron replacement therapy, and Combidex® for imaging lymph node metastases [30],
as well as Gastromark®, Resovist® and Sinerem® as MRI contrast agents [31]. PET/
MRI is a rising hybrid imaging technology that combines excellent soft tissue
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contrast and excellent resolution provided by MR with high sensitivity and quan-
tification of radiotracer metabolism provided by PET. Also, unlike the conventional
PET/CT where imaging information is acquired in sequence, PET/MRI allows
simultaneous image acquisition [32], leading to largely improved diagnostic out-
comes. Moreover, PET/MRI systems have been successfully conceived for
small-animal imaging [33, 34], accelerating the research for novel bimodal mag-
netic radiotracers [32, 35]. In this context, radiolabeled magnetic NPs have gained
much attention lately as dual-modality imaging agents due to their ability to act not
only as imaging tracers for PET or SPECT but also as MRI contrast agent [33].
Approaches involving chelator-free and chelator-based radiolabeling have been
reported in an array of differently designed and surface-functionalized IONPs with
different radioisotopes, suited for both SPECT and PET.

To date, IONPs have been radiolabeled with various types of suitable radionu-
clides for SPECT imaging. Technetium-99 m (99mTc), the most commonly used
radioisotope in SPECT in its reduced form (99mTcO2), can react with electron donor
groups and can, be linked to IONPs through the –COO− group of chelating agents
DTPA and NOTA or –NH2 group of chitosan and modified PEG [36]. Madru et al.
[36] developed 99mTc-labeled IONPs (radiolabeling yield * 99%) for SPECT/MRI
imaging of sentinel lymph nodes, by conjugating the reduced state of 99mTcO4− to
the functionalized PEG coating on the IONP surface. An impressive uptake value of
200%ID/g (percentage of injected dose per gram of tissue) was found for
99mTc-IONPs SLN tissue, whereas less than 2%ID/g was found in the liver and
spleen. IONPs have also been labeled with multiple other radioisotopes for SPECT,
such as 125I [37], 131I [38, 39], 111In [40, 41] and 188Re [42] and further review can
be found elsewhere [43].

The increasing availability of PET imaging isotopes together with the opti-
mization of the radiolabeling methods, as well as its greater sensitivity when
compared to SPECT, have contributed to the greater success of PET imaging in
clinical and preclinical settings. In this context, several PET radioisotopes have
been used to radiolabel iron oxide NPs, such as 64Cu [44–46], 68Ga [47], 18F [48],
11C [33], 89Zr [49], 69Ge [50]. For example, 64Cu-labeled SPIONS conjugated with
DOX and functionalized with cRGD were developed for targeted theranostic pur-
poses [45]. The targeted NPs had significantly higher tumor accumulation when
compared to non-targeted SPIONs. The MRI r2 relaxivity of the SPIO nanocarriers
was measured to be similar to that of the Ferridex®; an FDA approved SPIO-based
MRI contrast agent. De Rosales et al. [46] directly radiolabeled SPIONs with a
dithiocarbamate bisphosphonate (DTCBP) that binds to both 64Cu and the NP,
leaving the nanosystem polymeric coating (dextran) unaffected. Using the lym-
phatic system as in vivo model, the popliteal lymph nodes of a C57BL/6 mouse
were located using T2*-weighted MR images (Fig. 2.1a). PET imaging confirmed
the uptake of NPs in both popliteal and iliac lymph nodes (Fig. 2.1b, c). Hence,
[64Cu(DTCBP)2]–Endorem was a successful PET–MR dual-modality imaging
agent that accumulated in draining lymph nodes.

Following the emerging concept of intrinsically radiolabeled NPs, in a study
by Boros et al. [49] IONPS were successfully chelator-free radiolabeled with

2 Exogenous Radionanomedicine: Inorganic Nanomaterials 17



89Zr through iron bonding and heat-induced methods. Thermodynamically and
kinetically stable 89Zr–USPION were studied in vivo in a subcutaneous acute phase
response inflammation model, and results validated the potential of 89Zr–USPION
as a PET/CT tracer of tissues enriched with activated macrophages. In the same
manner, through a chelator-free radiolabeling method, Cui et al. [51] took advan-
tage of the high affinity between Al(OH)3 and fluoride anions and labeled Al(OH)3
coated IONPs with 18F. High radiolabeling efficiency of 97% was achieved and,
after tail vein injection, a rapid accumulation of the radiolabeled IONPS was found
in the spleen and liver as confirmed by in vivo PET/CT and PET/MR imaging.
However, due to the unstable Al(OH)3 shell, [18F]-fluoride was progressively
released from NPs in vivo, resulting in a considerable bone accumulation demon-
strating suboptimal radiolabeling stability. Our group further demonstrated the
feasibility of chelator-free radiolabeling of SPIONs with Germanium-69 (69Ge) [50]
and Arsenic-72 (72As) [52]. Water-soluble poly(acrylic acid) (PAA) modified
PEGylated SPION was used for both studies. While the high affinity of germanium
for metal oxides was explored for the 69Ge labeling, 72As labeling involved
occupation of vacant FeO4 tetrahedral sites in magnetite NPs by AsIIIO3 trigonal
pyramids and AsVO4 tetrahedra, yielding highly stable complexes in both scenarios.
PET/MRI lymph node mapping in vivo was demonstrated with 72As-SPION and
69Ge-SPION, as can be seen in Fig. 2.2. Accumulation of 69Ge-SPION@PEG in
the popliteal lymph node is evident at 0.5, 2, and 20 h p.i. (Fig. 2.2a, marked by

Fig. 2.1 In vivo PET/MR imaging studies with [64Cu(DTCBP)2]– Endorem in a mouse.
a Coronal (top) and short axis (bottom) MR images of the lower abdominal area and upper hind
legs showing the popliteal lymph nodes (solid arrows). PET/CT images showing the uptake of the
radiolabeled nanosystem in b the popliteal (solid arrow) and iliac lymph nodes (hollow arrow) that
can also be identified in c whole-body images. Adapted with permission [46]
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green arrows), with uptake found to be 7.5 ± 2.5, 12.5 ± 3.1 and 28.0 ± 5.2%ID/g,
respectively [50]. At 2.5 and 15 h p.i., lymph node uptake of 72As-SPION@PEG is
seen with values of 12.5 and 13.2%ID/g, respectively (Fig. 2.2b) [52]. PET
observations were further confirmed by MRI, as demonstrated in Fig. 2.2c that

Fig. 2.2 In vivo lymph node imaging with PET after subcutaneous injection of
a 69Ge-SPION@PEG or b 72As-SPION@PEG into left footpad of the mouse. c In vivo lymph
node mapping with MRI before and after injection of Ge-SPION@PEG. Adapted with permission
[50, 52]
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shows the darkening of the lymph nodes after injection of cold Ge-SPION@PEG. It
is possible to affirm, thus, that radiolabeled IONPs have emerged as imaging sys-
tems with a clear capacity of allowing non-invasive quantitative imaging results
with the great advantage of supporting simultaneously multi-modality imaging.

2.3 Gold Nanoparticles

Gold NPs (AuNPs), or colloidal gold, can be defined as suspension gold metal
particles, in the nanometer scale suspended in a fluid, usually aqueous medium that
can be synthesized to have between 3 and 200 nm in diameter. In the molecular
imaging field, AuNPs have been extensively applied due to their unique optical and
electronic properties, as well as its high stability and biological compatibility.
AuNPs can also be easily surface-modified, synthesized with a controllable mor-
phology and are considered bio-inert and nontoxic [53]. Many subtypes of gold
NPs, classified according to their size, shape, and physical properties, including
gold nanorods, nanospheres, nanoshells, nanocages as well as gold
surface-enhanced Raman scattering (SERS) NPs have been developed and pre-
clinically investigated for molecular imaging [54].

The most commonly used method of AuNPs synthesis, the cluster beam method,
was developed more than 50 years ago and involves citrate reduction of HAuCl4, as
suggested by Turkevich et al. [55]. The dissolution of Au(III) salt or Au(I) complex
to Au(0) by a reducing agent, in the presence of Lewis base ligands, usually results
in monodispersed particles with controlled average diameters of 10–60 nm. For
smaller AuNPs (*5 nm), other types of reducing agents can be used [56] while for
larger particles, a method described by Goia and Matijevic [57] used. Other
methods of synthesis and optimization protocols, including electrochemical
oxidation/reduction procedure and two-step seed-mediated surfactant-assisted pro-
tocol have been proposed [58].

It is important to highlight the significance of the optical properties of AuNPs,
considering that their absorption and emission are within the visible range of light.
Because the light scattered from AuNPs is in the visible portion of the electro-
magnetic spectrum in accordance with their plasmon bands, an effect known as
“localized surface plasmon resonance” (LSPR) that happens when an electromag-
netic wave passes through, it is possible to optically track the position of individual
NPs, paving the way for imaging applications [59] and, thus, AuNPs have shown
potential as contrast agents for optoacoustic cancer imaging [60]. Furthermore,
since SPR peaks of gold nanostructures can be easily tuned between visible and
NIR windows by simply changing the shape and size of AuNPs, they have been
variously harnessed for fluorescence (FL), photoacoustic (PA) and Raman imaging,
as well as for photothermal therapy (PTT) [61–63]. The biggest advantage of
AuNPs in imaging lies in their multiplexing ability. The inherent optical properties
and high X-ray absorption coefficient allow their use as multimodal contrast agents,
with widespread applications in optical, MR, CT and radionuclide imaging [27].
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To this end, AuNPs have been radiolabeled with a number of isotopes for use with
SPECT or PET, and more in-depth information regarding the application of radi-
olabeled AuNPs can be found in recently published review papers [1, 16, 64, 65].

Macrocyclic chelating ligands are usually used for the labeling of AuNPs with a
SPECT or PET radionuclide [1]. Ocampo-Garcia et al. [66] evaluated the potential
of 99mTc-labelled gold NPs (*20 nm) with good radiolabeling yield (>95%) and
good stability in human serum, conjugated to the HYNIC-Gly-Gly-Cys-NH2

(HYNIC-GGC) peptide and thiol-mannose, as agent for sentinel lymph node
(SLN) identification. Biodistribution studies and in vivo SPECT/CT images of
Wistar rats demonstrated a clear lymph node uptake (11.58 ± 1.98%ID at 1 h) that
remained constant for 24 h with low accumulation in the kidneys (0.98 ± 0.10%
ID) and insignificant uptake in all other organs. AuNPs have also been labeled with
PET isotopes through chelator-based methods [67]. For example, Xie et al. [68],
reported gold nanoshells coated with PEG2k-DOTA radiolabeled with 64Cu for
tumor diagnosis. The radiolabeling efficiency was 81.3%, and PET imaging
demonstrated that AuNPs showed higher accumulation at the tumor site, mainly at
20 and 44 h p.i. [68]. In an interesting study performed by Chen et al. [69], the
kinetics of renal clearable Au NPs were analyzed by dynamic PET imaging of
ultrasmall (*3 nm) 64Cu–NOTA–Au–GSH. It is possible to observe, in the PET/
CT image (Fig. 2.3a), a predominant uptake of NPs in the bladder (yellow arrow)
and kidneys (red arrows). The NPs demonstrated rapid renal clearance (�75%ID,
24 h p.i.) and drastically reduced hepatic uptake. The elimination half-life of *6
min was found to be over 130-times shorter than previously reported for similar
NPs [70], thereby indicating the superiority of PET in accurately assessing the
in vivo pharmacokinetics of intravenously injected NPs [69]. In another study [71],
AuNPs conjugated with Cetuximab (a specific antibody against EGFR) were
radiolabeled with 89Zr using desferrol as a chelator agent. The nanoprobe pre-
dominantly accumulated in the liver (red arrows) and in the A431 tumors implanted
in both legs (green arrows), as shown in Fig. 2.3b. Maximum tumor uptake was
observed at 48 h p.i., with a 12.0 ± 2.3 tumor-to-background ratio. The radiola-
beled NPs proved to be a successful PET imaging agent and a potentially thera-
peutic alternative approach [71].

Nuclear bombardment, radiochemical synthesis, and post-synthetic radiolabeling
are some chelator-free approaches that have been proposed for AuNPs radiolabeling
[72]. Using the hot-plus-cold method, trace levels of radioactive (hot) precursor
64CuCl2 were mixed with non-radioactive (cold) gold chloride copper acetylacet-
onate precursors during the synthesis [73] to yield 64Cu-alloyed AuNP
(64CuAuNPs). This strategy resulted in a good radiolabeling stability, without any
degradation or transchelation in mouse serum up to 48 h, as well as improved
in vivo stability when compared with 64Cu-DOTA. Mice bearing EMT-6 tumors
were used to assess the passive targeting capability of 64CuAuNPs and tumor
metabolism was also evaluated in comparison to 18F-fluorodeoxyglucose
(18F-FDG) (Fig. 2.4). 64CuAuNPs demonstrated similar tumor accumulation
(4.93 ± 0.32%ID/g) as that of 18F-FDG (4.59 ± 0.43%ID/g). Additionally,
enhanced tumor-to-muscle (T/M) ratios were observed (3.99 ± 0.89, 11.9 ± 2.08
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and 16.2 ± 1.07%ID/g at 1, 24 and 48 h p.i.) [73]. Similarly, Zhou et al. [70]
demonstrated a one-step thermal reduction synthesis of NIR-emitting ultrasmall
radioactive glutathione (GS)-coated luminescent [198Au]Au NPs, with rapid and
effective renal clearance, as visualized through two different imaging modalities
(SPECT and optical imaging) [70].

As discussed in this section, a large number of studies support the use of
radioactive gold NPs as potential theranostic agents. However, a few limitations
regarding their use in biological applications have been found, such as low stability
in vivo [22] and lack of active tumor targeting [74]. In order to solve this problem,
PEG [74] coating of AuNPs and surface functionalization with different types of
biomolecules and ligands, such as peptides [75], DNA [76], RNA [77], antibodies
[78] has been extensively undertaken [74]. A thorough review covering all aspects
of bioconjugation of AuNP and their in vitro and in vivo characteristics can be
found elsewhere [79]. Perhaps the biggest challenge in using AuNPs for in vivo
purposes is their slow kinetics of elimination and considerable accumulation in the
liver and spleen. This potential concern with the use of AuNPs is evident

Fig. 2.3 a In vivo PET/CT imaging of 64Cu-NOTA-Au-GSH and cold NOTA-Au-GSH at 2 h p.i.
Yellow arrows indicate the bladder and red arrows mark the kidneys. b A431-bearing nude mice,
48 h p.i. of 89Zr -AuNPs–PPAA–Cetuximab–showing coronal (upper) and transaxial (lower) PET
images Color scales, expressed as %ID/ml, indicate radioactivity uptake levels in tumors (green
arrows) and liver (red arrows). The bladder is indicated by ‘B’ and the spleen with ‘S.’ Adapted
with permission [69, 71]
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in the study performed by Sadauskas et al. [80] reporting only a 9% decrease in the
amount of gold present in the liver up to 6 months after AuNPs (*40 nm) were
intravenously injected. Another report has demonstrated inflammatory and apop-
totic responses in the liver after administration of AuNPs [81]. Nephrotoxicity is
always a concern upon AuNP administration, since AuNPs have been shown to
enter renal cells and accumulate in the kidney tissue [82]. Therefore, despite their
promising potential in molecular theranostics, in-depth evaluation of their phar-
macokinetic profiles and long-term toxicities in vivo, is warranted.

2.4 Quantum Dots

Semiconductor quantum dots (QDs) have attracted much attention in the last two
decades due to their unique optical and electronic properties, which are not
observed in either isolated molecules or bulk materials [83]. QDs often described as
“artificial atoms” or “particles with physical dimensions smaller than the exciton
Bohr radius”, are semiconductor crystals of nanometer size (2–10 nm) composed of
groups II–VI or III–V elements [84]. Virtually any semiconductor metal (e.g., CdS,
CdSe, CdTe, ZnS, PbS), as well as alloys and other metals (e.g. Au) can be

Fig. 2.4 a Representative PET/CT images at 1, 24 and 48 h p.i. of alloyed 64CuAuNPs, and
18F-FDG at 1 h in EMT-6 tumor-bearing mice (green arrow T: tumor). Reproduced with per-
mission [73]
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employed to make a quantum dots [85]. Structurally, QDs are comprised of a
shell-coated semiconductor core, and a capping agent to improve water solubility.
The QDs core, usually made from cadmium selenide (CdSe), absorbs incident
photons generating electron-hole pairs that rapidly recombine emitting a photon of
less energy [86]. The quantum confinement, or physical confinement of excitons,
presents QDs with many unique features that favor their biological use over con-
ventional fluorophores for fluorescence imaging [87]. Conventional dye molecules,
such as organic dyes or fluorescent proteins, present major limitations, including
poor photostability that can result in photobleaching, as well as phototoxicity
through the production of toxic radicals that prevents long-term visualization of
labeled compounds in living cells [88]. Photostable QDs, on the other hand, are
advantageous for having size- and composition-tunable emission from visible to
infrared wavelengths, large absorption coefficients and high levels of brightness
[84]. Moreover, QDs can be used for combinatorial optical encoding [89], a
technique that makes use of a large amount of fluorophores that are combine to
encode several molecules at the same time; or multiplex imaging, in which QD is
targeted to specific tissues that can be imaged at the same time, since (i) a single
wavelength of excitation can be used to concurrently excite multiple probes of
different emissions (ii) size and composition can be tuned to make QDs with a wide
range of absorption and emission wavelengths from the visible to NIR regions [87,
89, 90]. The QDs size can be tuned by various methods; for example, through the
Ostwald ripening process in which the growth rate is dependent on both the tem-
perature and the amount of limiting reagent [91]. The shape of QDs can also be
controlled, and more information about synthesis parameters can be found in the
literature [92]. For more information about the types and applications of QDs as
biological imaging agents, including for optical imaging technology, please refer to
literature [93–96].

To make QDs water soluble, which is important when considering biological
applications, QDs are often encapsulated by amphiphilic molecules, such as PEG,
triblock copolymers, octylamine-modified polyacrylic acid, oligomeric phosphine
and copolymers of alkyl monomers and anhydrides [97]. Functionalization of QDs
with several molecules, such as nucleic acids, peptides, proteins, antibodies, and
enzymes have been reported [23]. Detailed information regarding QDs’ surface
modification and conjugation with biomolecules can be found here [23, 98, 99].

Since optical imaging is mainly limited by poor tissue penetration even in the
NIR (700- 900 nm) window, QD-based materials have been explored as potential
imaging agents for both SPECT and PET. Felber et al. [100] attempted to radiolabel
QDs with [99mTc(OH2)3(CO)3]

+ using a new coating ligand containing a terminal
thiol group, a PEG linker and 2,3-diaminopropionic acid (DAP) chelator
(HS-PEG-DAP) and although the radiolabeling yield was high (� 95%), the
complex was unstable in serum and coating ligand detachment was found, in which
the quantum yield decreased from 10 to 7% after one week. In contrast, Park et al.
[101] investigated the possibility of radioiodination of QDs using Bolton-hunter
reagent. The authors were able to successfully radiolabeled QDs using
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125I-sulfo-SHPP and biodistribution results from gamma counting and SPECT/CT
imaging were in agreement with previously published papers [101].

Following a research trend, several studies have been reported indicating that
QDs can provide a multifunctional nanoplatform for multimodality imaging and
therapy that is especially suitable for synergistic optical/PET imaging combining
the sensitivity, quantification and limitless tissue penetration of PET with high
resolution and specificity of optical methods [102]. Cai et al. [103] reported the first
targeted dual-modality fluorescence/PET probe based on QDs. QDs and
RGD-functionalized QDs (RGD-QD) radiolabeled with 64Cu via DOTA, with
labeling yields greater than 90% for both. With small-animal PET and NIRF
imaging in athymic nude mice, it was possible to observe a relatively high uptake of
QDs in the liver, spleen, lymph nodes, and bone marrow. The tumor uptake of the
two QD compounds was significantly different at all time points studied, except at
1 h p.i. (Fig. 2.5a). 64Cu–DOTA–QD showed an uptake less than 1%ID/g in the
tumor tissue, suggesting low EPR effect, while active targeting (64Cu–DOTA–QD–
RGD) lead to a significantly higher tumor uptake (2.2 ± 0.3, 4.0 ± 1.0, and
4.3 ± 0.5%ID/g at 5, 18, and 25 h after injection, respectively) [103]. From that
point forward, several other studies have demonstrated the use of radiolabeled
QDs for tumor-targeted PET imaging as well as for multi-modality purposes
[97, 104–109].

Although the majority of studies make use of chelators, the stability of
chelator-based radiolabeled moieties in living animals can be a problem. For
example, in the study by Cai et al. [103], PET and NIR fluorescence imaging data
of mice injected with 64Cu-labeled NIR QDs, were in good agreement with each
other at earlier time points of investigation, after which the distribution of 64Cu
(PET) and the QDs (optical imaging) showed significant differences [103, 105].
Therefore, efforts have been made in order to achieve a chelator-free QD radiola-
beling strategy. Intrinsic radiolabeling allows a variety of radionuclides to be
incorporated into the QDs, such as those of 64Cu, 111In, 59Zn, 81Se and others [18].
Sun et al. [110] designed self-illuminating chelator-free 64Cu radiolabeled QDs, and
evaluated their Cerenkov luminescence and PET imaging capability in vivo. Ion
exchange between 64Cu+ and the original cation was used to trap 64Cu into ionic
QDs, and nearly 100% radiolabeling yield and high radiostability were achieved. In
vivo PET imaging studies in U87MG tumor-bearing mice showed *5% ID/g
uptake in the tumor (1 h p.i.) that increased and peaked to 12.7% ID/g at 17 h p.i
and over 10%ID/g remained in the tumor tissue at the 42 h time point. Cerenkov
resonance energy transfer (CRET) imaging showed similar pattern with high tumor
uptake, suggesting the feasibility of using 64Cu-doped QDs for both CRET and PET
imaging (Fig. 2.5b, c). Other papers on intrinsically radiolabeled QDs have been
published [18, 20, 111, 112].

While CdSe-based QDs have been widely investigated, their use in the clinical
settings is hampered by limitations such as toxicity of Cd ions in the core of QDs,
heterogeneous biodistribution profiles and concerns about the metabolism and
clearance behavior of the QDs [93]. An interesting paper regarding renal clearance
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Fig. 2.5 a Whole-body coronal PET images of mice at 1, 5, 18, and 25 h after injection of 7–
14 MBq of 64Cu- DOTA–QD or DOTA–QD–RGD. b Whole-body coronal PET images of
U87MG tumor-bearing mice at 1, 17, 24, and 42 h after intravenous injection of 250 lCi of
64Cu-doped QD580. c Whole-body luminescence images of U87MG tumor-bearing mice at 1, 17,
24, and 42 h p.i. of 250 lCi of 64Cu-doped QD580 (Ex: Closed; Em: Open). Arrowheads indicate
tumors. Adapted with permission [103, 110]
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and biocompatibility of QDs has been reported by Choi et al. [113]. Development
of biocompatible QDs together with a reduction in QD toxicity can thus accelerate
the use of these NPs in tumor imaging improve the possibility of clinical translation.

2.5 Silica Nanoparticles

Since the first report of the use of silica in biological applications [114], silica
particles have attracted increasing interest due to their remarkable potential as
nanoplatforms for imaging, therapy or both. In fact, Therasphere®, a system
composed of silica microspheres associated with Yttrium-90 has been successfully
used in the clinic as a therapeutic agent for hepatocellular carcinoma and colon
metastasis derived from hepatic cancer [115–117]. More recently, dye-doped
ultrasmall silica NPs (SiNPs), called Cornell dots (or C-dots), were approved by the
United States Food and Drug Administration (FDA) as an investigational new drug
(IND) and have entered clinical investigation in melanoma patients [118]. The
C-dots, of around 7 nm in size contain the Cy5 dye enclosed in its interior and the
cyclic cRGDY peptide ligands, as well as the isotope 124I attached to its surface.
This type of SiNP has shown excellent biological properties such as specific
accumulation in tumor tissues with high affinity and avidity in avb3
integrin-expressing melanomas and the capacity of being renal clearable with rel-
atively high efficiency [118]. In a micro-dosing clinical trial, these Cy5 dye-loaded
C dots were labeled with 124I for PET/CT imaging of integrin-expressing lesions.
The tracers were well tolerated, exhibited good in vivo stability, reproducible
pharmacokinetic signatures consistent with renal clearance, and preferential accu-
mulation at the target site [119].

Unlike many other nanomaterials, SiNPs do not possess a novel property, except
for the increase in surface area that is natural to every nanomaterial. SiNPs also do
not have any special optical or magnetic properties, such as light absorption or
magnetic field interference. However, SiNPs present a major advantage of having
very well-defined and easily tunable properties such as crystallinity, size, mor-
phology, and porosity [120]. In addition, chemical groups on the surface of SiNPs
allow various well-established functionalization steps granting precise control of
drug or chemical loading, PEGylation, conjugation with active targets and, con-
sequently, the modulation of in vivo behavior [121]. Other features including easy
and inexpensive synthesis, water dispersibility, high stability and biocompatibility,
scalable synthetic availability, large pore volume for efficient and enhanced
immobilization/encapsulation of drug molecules or biomolecules makes silica NPs
particularly suitable for a diverse range of biological applications [122]. Also, silica
is “generally recognized as safe” (ID Code: 14808–60–7) for oral administration by
the FDA since 2010, which improves the chances of clinical translation of any SiNP
formulation [123].

There are two major types of SiNPs: solid SiNPs (SSiNPs), and mesoporous
silica NPs (MSNs) with interior channels and an exterior particle surface, which can
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be advantageous over solely solid NPs [124]. These NPs can be synthesized
through well-established procedures to produce particles within a narrow size range
and nearly uniform composition. More information regarding silica synthesis,
parameters control and characterization methods can be found in the literature [121,
125, 126].

Kumar et al. [127] designed SSiNPs conjugated with a near-infrared fluorophore
(DY776) and 124I for PET and optical imaging in vivo. The injected NPs showed
high sequestration in the spleen (*58%ID/g within 5 min p.i., increasing to 61%
ID/g at 24 h), liver (46%ID/g), lungs (from 9.6% to 4.7%ID/g) and kidney (1.93–
1.22%ID/g at 24 h p.i.). The clearance studies of the injected NPs indicated that
almost all (100%) of the NPs were eliminated via the hepatobiliary pathway by day
15, without any sign of toxicity [127]. Tang et al. [128] reported a simple method to
synthesize monodisperse and size-controlled SiNPs for dual modality lymph node
imaging. The group showed that when the size of conjugates is as small as 20 nm
(ultra-small silica NPs [USSiNPs]), they are rapidly taken by lymph nodes in vivo
and investigations of the lymphatic trafficking were carried out using 64Cu-labeled
NPs for PET/CT imaging in normal C57BL/6 mice. In the PET/CT images, it is
possible to clearly visualize the left popliteal lymph nodes (P-LN) in as early as
12 min p.i..The signal increased rapidly in the left P-LN from 3.5 to 9.8%ID/g at 12
and 62 min p.i. respectively, indicating efficient lymphatic draining of the NPs. The
group further demonstrated that the SiNPs could be actively targeted to the lym-
phatic metastases by being conjugated with a DNA aptamer (AS1411), validating
the potential role of SiNPs in the noninvasive tumor staging field [128].

Further improvement in the morphology of SiNPs was achieved by designing
hollow MSNs (HMSNs) with a large interstitial cavity and a mesoporous shell [16].
Chen et al. [129], reported the in vivo tumor-targeted PET/NIR fluorescence (NIRF)
dual-modality imaging and enhanced drug delivery of HMSNs. As-synthesized
HMSNs could load up to 1129.2 mg doxorubicin per gram of HMSN, which was 3–
15 times higher previously reported for MSNs. The NPs were radiolabeled with 64Cu
using NOTA as a chelator, conjugated with NIR fluorophore ZW800, PEGylated and
further conjugated with TRC105, a chimeric monoclonal antibody against CD105,
for targeted delivery to CD105 overexpressed on tumor vasculature. Through PET
imaging of 4T1 tumor-bearing mice injected with 64Cu-HMSN-ZW800-TRC105,
rapid and high tumor accumulation (8.5 ± 1.1%ID/g at 0.5 h p.i.) was observed that
peaked at 9.9 ± 0.9%ID/g at 4 h p.i., demonstrating enhanced specific tumor
accumulation (Fig. 2.6a) [129]. In contrast, the tumor uptake in mice injected with
untargeted tracer (64Cu-HMSN-ZW800) was found to be only one third of the tracer
containing TRC105 (Fig. 2.6b) at all the time points examined, suggesting that
well-chosen targeting ligands could indeed enhance tumor accumulation of NPs.
These data were further confirmed by blocking studies results (Fig. 2.6c) [129].

Schaffer et al. [130] validated the ability of SiNPs to be intrinsically radiolabeled
to a vast array of radioisotopes (89Zr, 68Ga, 111In, 90Y, 177Lu, 64Cu), at pH = 7.3,
70 °C and incubation times of up to 1 h. Labeling yields of more than 99% could
be obtained, with the labeling characteristics and stability of the binding depending
on the oxophilicity and hardness of the radioisotope, respectively [130]. However,
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Chen et al. [131] reported, through in vivo radiostability tests, that chelator-free
89Zr binding to non-porous SiNPs was weak and the isotope detached from the NPs
within a day of intravenous administration, with images showing relatively high
accumulation in the bones (“free” 89Zr is an osteophile). Interestingly, in the same
paper, the authors demonstrated that MSNs, since the mesochannels protected the
isotope from transmetallation by intrinsic protein chelators in the body, could be a
more reliable platform for radiolabeling oxophilic radiometals when compared to
dense SiNPs [131]. The same group synthesized CD105-targeted, dendritic,
biodegradable mesoporous silica NPs (bMSNs) with hierarchically organized,
spoke-like porous network, that could self-degrade over time [21]. Intrinsic 89Zr
labeling demonstrated excellent yields (�94.7% and 98.6% for CD105-targeted and
non-targeted MSNs, respectively). In vivo biodistribution studies in mice with 4T1
xenografts showed a quick accumulation of the the NPs in the targeted group, with

Fig. 2.6 In vivo tumor-targeted PET imaging. Serial coronal PET images of 4T1 tumor-bearing
mice at different time-points post-injection of a targeted group: 64Cu–NOTA–HMSN–ZW800–
TRC105, b non-targeted group: 64Cu–NOTA–HMSN–ZW800, or c blocking group: 64Cu–
NOTA–HMSN–ZW800–TRC105 with a blocking dose (1 mg/mouse) of free TRC105. Tumors
are indicated by yellow arrowheads. Reproduced with permission [129]
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an uptake value of 4.5 ± 0.6%ID/g at 0.5 h p.i that peaked at 6 h p.i. (11.4 ± 2.1%
ID/g) and remained in the tumor tissue for up to 48 h p.i. In contrast, the NP tumor
uptake based solely on the EPR effect (passive targeting) was approximately three
times lower (peaking at 3.6 ± 0.3%ID/g) [21]. Further review on nonporous silica
NPs [132], USSiNPs [122] and HMSNs [133] for nanomedicine application can be
found elsewhere.

2.6 Other Nanomaterials

2.6.1 Carbon Nanotubes

Carbon nanotubes (CNTs) are hollow-structured nanomaterials made of graphite
arranged and ordered in a very precise manner, conferring them with a variety of
properties such as ultra-light weight and high aspect ratio. Every carbon atom on
the NP surface can serve as a conjugation site for a range of ligands, which can be
explored for multifunctionalized biological applications [134]. For that, these
nanomaterials, ranging between 1 nm-1 µm, have been employed as optical
imaging probes, therapeutic agents and drug nanocarriers [135]. Furthermore, the
strong absorption in NIR and far NIR (NIR II) windows (750–1000 and 1000–
1700 nm, respectively), allows deep tissue imaging with high resolution, enhanced
contrast and minimized autofluorescence and photobleaching, leading to wide-
spread applications in optical and photoacoustic imaging, photothermal imaging
and therapy [16]. In addition, CNTs are suitable Raman probes for biological
sensing and imaging, owing to their extremely large scattering cross-sections,
allowing strong resonance Raman scattering [136]. Wang et al. [137] were the first
use a radioisotope (125I) to investigate the biodistribution of CNTs in vivo. Since
then, CNTs has been radiolabeled with several radioisotopes such as 14C [138],
111In [139], 99mTc [140], 86Y [141] and 64Cu [142]. For example, Liu et al. [142]
developed 64Cu-DOTA-labeled single-wall carbon nanotubes (64Cu-DOTA-
SWNTs) functionalized with PEG and cRGDyk peptide. Results indicated a
longer blood circulation, superior hydrophilicity and reduced RES uptake when
compared with previously reported studies [143]. Conjugation with the peptide
conferred integrin avb3 specific uptake in U87MG glioblastoma xenografts (*13%
ID/g) (Fig. 2.7a), attributed to the multivalency effect of SWNTs, which was further
confirmed by the unique Raman signatures of the nanoprobes [142]. Chelator-free
radiolabeling has also been reported, in which alpha-emitters (225Ac3+) [144] and
positron-emitters (64Cu2+) [145] were loaded and confined inside the carbon nan-
otubes by simple sonication. This radiolabeling method could have the advantage of
preventing radioisotope translocation and leakage, by protecting the radioisotopes
from transmetallation, and consequent off-target toxicity in vivo. Despite the fact
that several groups reported the use of radiolabeled CNTs, the progress in
CNT-based probes for nuclear imaging has relatively slowed down in the last few
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years, attributed possibly to the potential toxicity of carbon nanomaterials over
long-term. Nonetheless the development of CNT-based imaging agents still has
room to grow when it comes to multimodality nuclear imaging applications [136].

Fig. 2.7 a Micro PET images of U87MG tumor-bearing mice post tail-vein injection of 64Cu-
labeled SWNT-PEG2000 and SWNT-PEG5400, respectively. The white arrows point to the tumors.
b Hexamodal in vivo lymphatic imaging using PoP–UCNPs in mice via FL, UCL, PET, PET/CT
and Cerenkov luminescence (CL) imaging (photoacoustic imaging not shown). Yellow arrows
indicate the location of the lymph nodes (C) Micro-PET/CT images of nude mice-bearing U87MG
glioma xenografts acquired at 1, 6, and 24 h after i.v. injection of PEG-[64Cu]CuS NPs. Yellow
arrow: tumor; orange arrow: bladder; Red arrow: standard. Adapted with permission [142, 158,
162]
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2.6.2 Upconversion Nanoparticles

Upconversion NPs (UCNPs) are a relatively new class of nanomaterials that have
been studied for biological applications. UCNPs have numerous features that make
them well-suited for therapeutic and diagnostic applications. First, their unprece-
dented frequency conversion capability is commonly absent in traditional fluor-
ophores [146]. During the upconversion process, the trivalent lanthanide ions, when
embedded in a proper inorganic host lattice, sequentially absorb multiple photons in
order to produce higher energy anti-Stokes luminescence [147]. In a simpler
manner, when UCNPs are excited by a NIR source (e.g., 980 nm), they emit
higher-energy photons in the ultraviolet (UV) to NIR range. Furthermore, they
present other several advantages such as negligible autofluorescence background,
high resistance to photo-bleaching, deeper tissue penetration and less light scat-
tering [148]. The basic structure of UCNPs consists of an inorganic host matrix
(fluorides, oxides, heavy halides etc.), a sensitizer (to enhance UCL efficiency;
Yb3+) and an emitter (Er3+, Tm3+ and Ho3+ dopant ions). Doping is a commonly
used method to incorporate different functional lanthanide (Ln) ions in the NPs to
achieve multifunctional properties. UCNPs doped with Gd is an example of a tracer
agent that has been used both for MRI and optical imaging [149]. Moreover,
another theranostic application of UCNPs relies on the combination of photolu-
minescence (PL) imaging with other imaging modalities besides MRI, such as
computed tomography (CT) [150], SPECT [151] and PET [152]. Although only a
few studies have been reported so far, UCNPs have been radiolabeled with 68Ga
[153], 64Cu [154] and 124I [155] through a chelator-based method and with 153Sm
[156] and 18F [157] through a chelator-free radiolabeling strategy. In an interesting
study, Rieffel et al. [158], demonstrated the ability of UCNPs as multiplexing
imaging agents, in which a hexamodal porphyrin-phospholipid-coated UCNP
(PoP-UCNP) system was developed. A simple incubation post-labeling method was
carried out by making use of the high affinity of copper for porphyrins resulting in
>80% labeling yield. 64Cu radiolabeled PEGylated PoP-UCNPs could then be used
for fluorescence, NIR-to-NIR UCL, PET, CT, Cerenkov luminescence, and pho-
toacoustic tomography (PAT) for in vivo lymphatic mapping (Fig. 2.7b).
Altogether, these studies show the vastly improved imaging potential of simple yet
higher-order upconversion NPs for multimodality imaging [158].

2.6.3 Copper Sulfide Nanoparticles

With different types of inorganic nanomaterials available, copper sulfide (CuS) NPs
have become an appealing choice because of their good biocompatibility,
low toxicity and reasonable price. In addition, unlike the Au-mediated materials, the
p-type semiconductor CuS possesses a d-d transition band showing NIR absorp-
tion (700–1100 nm) and, thus, does not depend on the dielectric constant
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of the surrounding medium [159]. With this inherent characteristic, CuS NPs are
able to absorb light in the NIR region and directly convert it to thermal energy to be
used in thermal ablation of tumor cells. Recently, CuS NPs, with advantages of high
stability and high photothermal conversion efficiency, are being highlighted as
promising multifunctional agents that can integrate both imaging and therapy
[160]. More specifically for nuclear imaging, a prudent approach to utilize low
specific activity 64Cu for PET imaging is to synthesize intrinsically radiolabeled
NPs using a radioactive precursor (64CuCl2 solution). Adopting this strategy, 64Cu
atoms are built inside the crystal lattice of the normal nanocrystals, resulting in high
radiochemical stability. Intrinsically radiolabeled 64CuS NPs are one such class of
nanoplatforms, which can easily be prepared by metathesis reaction of 64CuCl2 and
Na2S. The simplicity of the procedure allows synthesis of clinically relevant doses
of the radioactive 64CuS NPs in an adequately shielded facility with minimum
radiation exposure to the personnel involved [161]. Zhou et al. [162], for instance,
synthesized *11 nm diameter [64Cu]CuS NPs to be used not only for PET/CT
imaging but also for photothermal ablation purposes. PEGylated [64Cu]CuS NPs,
exhibited high radiolabeling efficiency and stability, even without the use of any
chelators. A high tumor uptake was found for these NPs in a U87MG human
glioblastoma tumor model, as a result of passive targeting (Fig. 2.7c). Signs of
hyperthermia-induced necrosis (e.g., loss of nucleus, cell shrinkage etc.) were seen
in tumor tissue as a consequence to NIR laser irradiation. In general, this
proof-of-concept study revealed the potential of CuS NPs to act as a promising
multifunctional moiety for image-guided photothermal ablation of cancer [162].

2.6.4 Others

Zinc oxide (ZnO) NPs of a wide variety of nanostructures and miscellaneous
semiconducting, optical, and piezoelectric properties, have also been used for
biomedical purposes, especially due its the low toxicity and biodegradability
property, as Zn2+ itself is an intrinsic element in a healthy adult involved in various
involved in various aspects of metabolism [163]. Owing to its intrinsic fluores-
cence, ZnO NPs have been used for not only optical imaging [164], but also for
bioimaging techniques such as MRI [165] and PET [166]. Novel red fluorescent
ZnO NPs were developed by Hong et al. [166] followed by successful conjugation
of 64Cu and TRC105 to these ZnO NPs. PET scans following the injection of [64Cu]
NOTA–-ZnO–PEG–TRC105 in 4T1 tumor-bearing mice revealed a high radioac-
tivity accumulation in the tumor, liver, and the abdominal area. However, other
tissues exhibited negligible accumulation leading to good tumor imaging contrast
[166].

Recently, a few groups have found that atomically thin transitional metal
dichalcogenides (TMDCs) nanosheets are also promising in the biomedical field
[167]. Chou et al. discovered that sulfur-terminated molecules could be used to
modify MoS2 nanosheets to acquire better physiological stability and
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biocompatibility [168]. Applying their high absorbance in the NIR region, MoS2
[167], WS2 [169], and Bi2Se3 [170] nanosheets have been utilized in photothermal
therapy of cancers. In a noteworthy study performed by Cheng et al. [171], FeSe2-
decorated Bi2Se3 nanosheets were developed for theranostic purposes, combining
four imaging modalities together with photothermal and radiotherapeutic properties.
FeSe2 NPs were gradually converted into Bi2Se3 nanosheets, with the addition of Bi
(NO3)3 and further functionalized with PEG. 64Cu labeling was straightforwardly
executed by mixing 64CuCl2 with FeSe2/Bi2Se3–PEG at 37 °C for 1 h under
constant shaking, resulting in a labeling yield of 95%. Taking advantage of the
increased r2 relaxivity of FeSe2, the X-ray attenuation capability of Bi2Se3 and its
NIR optical absorbance, together with the chelator-free radiolabeling with 64Cu,
in vivo multimodal imaging using four different imaging modalities (MR/CT/PA/
PET) was performed showing efficient tumor uptake of the nanosystem. Similarly, a
tetramodal (PET/MR/PAT/PTT), 64Cu labeled theranostic agent based on iron
oxide decorated self-assembled MoS2 nanosheets was developed by the same
group, in which strong PAT signals and clear darkening effects in T2 weighted MR
images indicated passive tumor retention of the nanoconstructs. PET imaging was
also carried out demonstrating the feasibility of visualizing in vivo tumor (ap-
proximately 6%ID/g accumulation) with this moiety. Furthermore, after 14 days of
i.v. injection of the nanosystem and irradiation with 808 nm laser, complete tumor
resection was observed [172]. These studies emphasize the potential of using
transitional metal dichalcogenides for multimodal image-guided cancer therapy.

Another emerging example of novel NPs for molecular imaging was reported by
Ai et al. [173] and Zhan et al. [174], utilizing Gd2O2S:Eu nanophosphors for
dual-modality imaging. Radioluminescent lanthanide-doped nanophosphors
(RLNPs), such as the Eu3+ doped gadolinium oxysulfides used in these reports,
have gained increased attention in the biological imaging field due to their unique
properties such as high photochemical stability, adjustable fluorescence emission,
low photobleaching and large Stokes shift [175]. Gd2O2S:Eu

3+ NPs are strongly
UV or X-rays absorbers, and because of their re-emission of red light with a high
quantum yield, they are suitable to be used as optical luminescent and radiolumi-
nescent (RL) agents [176]. This type of nanomaterial can also be used as an MRI
contrast agent due to strong transverse relaxivity of Gd [177]. With that in mind, in
the study performed by Ai et al173], Gd2O2S:Eu NPs of approximately 13 nm in
size were synthesized and chelator free radiolabeled with 89Zr, by taking advantage
of the oxophilic nature of the isotope and the plenty O2

− donors on the NP surface
leading to a NP concentration, pH and temperature dependent labeling yield of
*43% at pH 7–8 and *76% at pH 9–10. A proximity between the scintillation
source and the emitter allowed an improved in vivo RL efficiency. The study results
underline the ability in using these nanophosphors in integrated multimodal PET/
RL/MR studies.

A summary of the NPs and references can be found in Table 2.1. For a complete
and in-depth review of multifunctional radiolabeled NPs for imaging or therapy,
please refer to the following papers [2, 22, 27, 178–182].
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Table 2.1 Summary of radiolabeled inorganic nanoparticles employed for in vivo molecular
imaging

Type of
nanoparticle

Radioisotope Labeling
method

Imaging modality References

Iron oxide
NPs

99mTc Chelator-based SPECT/MRI [36]
125I SPECT [37]
131I [38, 39]
111In [40, 41]
188Re [42]
64Cu PET/CT/MRI [44, 45,

46]
68Ga PET/MRI [47]
18F PET/CT/MRI/FL [48]
89Zr Chelator-free PET/CT [49]
69Ge PET/MRI [50]
72As PET/MRI [52]
51Cr SPECT [183]

Gold NPs 99mTc Chelator-based SPECT/CT [66]
89Zr PET [71]
64Cu PET/CT [69, 70]

Chelator-free PET/CT [68, 73]
198Au SPECT/FL [70]
111In SPECT/CT [184]

Quantum dots 99mTc Chelator-based SPECT [100]
125I SPECT/CT [101]
64Cu PET/FL [103]
18F [104]
64Cu Chelator-free PET/CL [110]
65Zn SPECT [183]
111In SPECT/FL [185]
109Cd [18]
125mTe SPECT/CT/FL [186]

Silica NPs 124I Chelator-based PET/CT [119]
64Cu [128, 129]

Chelator-free [130]
68Ga [130]
89Zr [130, 131,

21]
111In [130]
90Y [115–117,

130]
(continued)
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2.7 Conclusion and Future Perspectives

In a broad sense, it is possible to ascertain the major role of nuclear molecular
imaging, specifically PET and SPECT, in the diagnosis and management of tumor
processes at the molecular and cellular levels. It also allows noninvasive visual-
ization and monitoring of therapeutic responses and disease progression.
Furthermore, molecular imaging has the advantage of allowing in vivo character-
ization of the genetic changes involved oncogenesis, holding a predictive capability
for selection of optimal molecular therapeutic regimes, promising the best out-
comes, on a per-case basis (i.e., personalized medicine). In both SPECT and PET,
the intensity of the imaging signal is proportional to the amount of the tracer and the
ability to image physiological and functional processes, guided by the pharma-
cokinetics and biodistribution of the radiotracer, which provides vital information
not available from conventional imaging techniques. However, insufficient signal
intensity, lack of stability, nonspecific interactions, and low circulation half-life are
still limitations that must be overcome. With that in mind, NPs may serve as the

Table 2.1 (continued)

Type of
nanoparticle

Radioisotope Labeling
method

Imaging modality References

Carbon
nanotubes

125I Chelator-based SPECT/CT [137]
99mTc [138]
111In [139]
14C PET/CT [140]
86Y [141]
64Cu [142]

Chelator-free [145]
225Ac [144]

Upconversion
NPs

68Ga Chelator-based PET/CT [153]
64Cu [154]
124I [155]
18F Chelator-free [157]
64Cu PET/CT/FL/Cerenkov

Luminescence/PAT
[158]

153Sm SPECT/CT [156]

[151]

CuS NPs 64Cu PET/CT [162]

ZnO NPs Chelator-based PET/CT/FL [166]

MoS2/FeSe2/
Bi2Se3

Chelator-free PET/CT/MRI/PAT [171, 172]

Gd2O2S:Eu
NPs

89Zr PET/CT/RL/MRI [173, 174]
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carriers needed for enhancing the delivery of radionuclides, as well as therapeutic
agents to the tumor sites, thus enhancing imaging and therapeutic efficacy.
Inorganic NPs, more specifically, offer unique sizes, high surface-to-volume ratio
and physiochemical properties that allow the conjugation of several therapeutic and
diagnostic agents, including radiotracers, through distinct synthetic strategies. Their
controllably designed surface chemistry can also enhance its targeting to disease
sites using a wide variety of probes as well as its tailorability to be adapted for
multipurpose applications.

Indubitably, the radiotracer plays a major role in the success of diagnostic
accuracy optimization. An ideal nanosystem must have no toxicity, be targeted with
optimal selectivity and specifically accumulate in the desired tissue with a high
signal-to-noise ratio, must have improved in vivo pharmacokinetics with negligible
accumulation in the RES organs and rapid and complete clearance from the body.
For that, the selection of both the isotope and the targeted carrier are of major
importance. In addition to a large amount of types of NPs being employed for this
purpose, a wide range of radioisotopes and labeling methods have also been
developed. Although, in the early years of development of molecular imaging
agents using NPs, SPECT radioisotopes, such as 99mTc, seemed to be the choice of
a majority of the reports, this pattern is rapidly changing due to a larger availability
of PET isotopes and established radiolabeling procedures, which coordinates with
the tendency, of migrating to PET in the clinical settings, because of its superior
sensitivity and resolution of PET when compared to SPECT technique. Despite the
advances in the last decades, clinical translation of NP-based systems is still
challenging, especially due to the intrinsic heterogeneity of human tumors, both
genetically and phenotypically, as well as the fact that intra-tumoral distribution of
NPs is influenced by several different factors such as interstitial fluid pressure,
blood flow, diffusion and stroma thickness, which leads to variable and unpre-
dictable tumor permeability. Thus, efforts from the scientific community, as well as
funding and regulatory authorities, must be undertaken to harness the full potential
of nanotheranostic moieties in the clinical settings.
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Chapter 3
Porphyrin and Phthalocyanine
Radiolabeling

Venugopal Rajendiran, Sanjana Ghosh and Jonathan F. Lovell

Abstract There have been substantial improvements in radiopharmaceutical
chemistry with respect to designing new diagnostic and therapeutic agents for
combatting diseases. Porphyrin and phthalocyanine derivatives have been explored
in this field because they possess unique photophysical properties, can accumulate
in human and animal tumors, and their metal complexes are both thermodynami-
cally and kinetically stable. A wide variety of radiolabeled metalloporphyrins and
metallo phthalocyanines can be prepared that are stable in biological media.
Radiolabeled compounds have been employed in preclinical applications for
nuclear imaging, biodistribution studies, and photodynamic therapy. This chapter
provides an overview of radiopharmaceutical applications of porphyins and
phthalocyanines including small molecule and nanoparticle-based approaches.

3.1 Introduction

3.1.1 Background on Porphyrins and Phthalocyanines

Porphyrins are a class of intensely colored naturally occurring compounds that play
a vital role in numerous biological functions like photosynthesis and oxygen
transport, to name just two. The term porphyrin is derived from the Greek word
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porphura, which means ‘purple’. The basic tetrapyrrole skeleton is found in natural
pigments like hemin, chlorophyll and bacteriochlorophyll. The structure of por-
phyrin consists of a heterocyclic macrocycle made from four pyrrole subunits
interconnected via methine bridges (=CH–). The simplest form of porphyrin
molecules is porphyrin itself (Fig. 3.1a).

The tetradentate porphyrin core provides space for metal coordination with a
diameter of up to 0.37 nm. When metal atoms coordinate, deprotonation of pyrrole
nitrogens occurs that results in two negative charges. The macrocyclic ring system
of porphyrins exhibits aromatic character and is highly stable, as are their transition
metal ion coordination complexes. For example, the stability constant of ZnTPP
(tetraphenylporphyrin) is 1029 [1]. Porphyrins can form complexes with almost all
metals. There has been much recent activity in the use of porphyrins for tumor

Fig. 3.1 a Porphyrin macrocyclic system. b The structure and labelling scheme for simple
metallophthalocyanines. c Schematic illustrations of various biomedical applications of radiola-
beled metalloporphyrin and metallopthalocyanines
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imaging and therapy [2, 3]. The advantageous photophysical properties of por-
phyrin derivatives have led to roles in many biomedical applications, particularly in
photodynamic therapy (PDT) and molecular imaging. The characteristic of some
tetrapyrroles to accumulate in tumors is used for these applications [4].

The history of porphyrins in PDT has been described in the literature [5–7]. In
1912, Meyer-Betz observed the photodynamic effect by injecting himself with
hematoporphyrin and subsequently exposing small regions of skin to light. In 1924,
Policard observed natural porphyrin fluorescence in experimental tissue. In 1961,
the tumor-localizing properties of a hematoporphyrin derivative (HPD) and its
detection by fluorescence were discovered by Lipson and photosensitization of
porphyrins for eradication of experimental tumors in animals was reported later.
The preparation of HPD as reported by Lipson was the basis for the subsequent use
of Photofrin® for PDT.

Phthalocyanines (Pcs) are structurally related to porphyrins but do not occur
naturally. The term was coined in 1933, by Sir Reginald Linstead, who also
determined the structure [8]. The structure of Pc is similar to that of porphyrins and
Fig. 3.1b shows the structure for simple metal-Pcs [9]. Pcs have found numerous
applications from colorants to catalysts. Pc derivatives of different charge and
lipophilicity can be prepared by the addition of the appropriate substituents on the
benzene rings of the macrocycle [10]. One application of note for Pcs is the use of
tetrasulfonated phthalocyanine (PcS4) which has been used clinically as Photosens
[11]. Recently, Pcs have been explored in numerous theranostic application [12].

Porphyrins and Pcs have been used extensively for photosensitizers and radio-
labeling [13]. Cu-phthalocyanine was described as a 64Cu chelator that accumulated
in rodent brain tumors as early as 1951 [14]. These molecules are useful for use as
radiochelators, for image-guided PDT, and for building more complex structures
with imaging capabilities for disease detection.

3.1.2 Radionuclides for Labeling Porphyrins
and Phthalocyanines

The radioactive decomposition of radionuclides into subatomic particles or protons
allows for sensitive imaging and tracking. With nuclear medicine technology such
as positron emission tomography (PET) and single photon emission tomography
(SPECT), compounds labeled with c or positron emitting radionuclides are viable
for whole body in vivo imaging [5] (Fig. 3.1c). Radiolabeling can enable quanti-
tative whole body imaging of compound distribution. Various techniques for
radiolabeling are illustrated in Fig. 3.2a the radionuclide is attached to a nanopar-
ticle surface by an exogenous chelator; (B) the radionuclide is entrapped in an
enclosed compartment; or (C) nanoparticles are manufactured from
pre-radiolabeled building blocks [15]. The specific localization and sensitizing
ability of porphyrins for tumor imaging and biodistribution studies are generally
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maintained with radiolabeling. Radiolabeled porphyrins can thus provide a
non-invasive means for deep tumor detection and image-guided PDT.

Hematoporphyrin, one of the most common photosensitizers, has been explored
for radiolabeling. 99mTc pertechnetate and stannous chloride were used to radiolabel
hematoporphyrin and derivatives and it was thought that the radiolabeling occurs at
the carboxylic chains of the porphyrin. The 99mTc-labeled species was stable in
biological conditions. Hematoporphyrin labeled with 57Co and 64Cu coordinated in

Fig. 3.2 The various techniques for radiolabeling of nanoparticles are illustrated. a An exogenous
chelator is incorporated into the nanoparticle formulation and subsequently radiolabeled. b The
radioisotope is entrapped into an enclosed compartment within the nanoparticle. c The building
blocks are radiolabeled and subsequently the nanoparticle is synthesized. Permission obtained
from [15]. Copyright (2012) by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the tetrapyrrole core lacked significant tumor localization, whereas hematopor-
phyrin labeled with 109Pd was shown to accumulate in the tumor [16]. Sulfonated
metallophthalocyanines were studied as potential radiopharmaceuticals for tumor
imaging and later as candidate drugs for tumor PDT [17]. Table 3.1 shows appli-
cations of derivatives of porphyrin and Pc radiolabeled by different metallic
radioisotopes.

3.2 Coordination Chemistry of Metalloporphyrins
and Metallophthalocyanines

Many naturally occurring porphyrins are metal-bound and do not show toxicity
towards living organisms in the presence of light. Also, it was observed that the
introduction of a metal into the porphyrin molecule does not destroy the tendency
of the porphyrin to concentrate in tumors [18]. Understanding coordination
chemistry of metalloporphyrins and metallopthalocyanines is important for their use
in radiolabeling for biological applications. Porphyrin and many derivatives readily
form complexes with a variety of metals by deprotonation of one or two, of the
pyrrole NH protons and the resulting metal complexes are thermodynamically and
kinetically stable [19]. Usually, it tends to form a planar four-coordinated com-
plexes with square-planar geometry. In addition to this, it has a tendency to form
some 5–8 higher coordination geometries during the course of addition of extra
ligands. Amongst all, the most studied complexes are four coordinated
square-planar, five coordinated square-pyramidal and six coordinated octahedral
metalloporphyrins [20]. Scheldt studied the influence of occupied or unoccupied
3dx

2
−y
2 and 3dz

2 orbitals on the bond lengths of metal-porphyrin nitrogen (M-N) and
metal-axial ligand (M-L) [20]. Detailed discussion on stable oxidation states of
metal ions in metalloporphyrins and optical absorption spectra of metalloporphyrins
were reported by Dolphin et al. [21]. Like porphyrins, the coordination chemistry of
metallophthalocyanines also received attention and have similar structures as
metalloporphyrins [22].

3.3 Porphyrin Radiolabeling

3.3.1 Cobalt-57

Transition metals often play a major role in designing metalloporphyrin PET
imaging agents. 57Co, with a half-life of 271.8 days, was chelated in porphyrins and
employed to detect tumors in vivo over thirty years ago [23]. Two 57Co porphyrins,
Co(III)-Corproporphyrin (CoCorp) and Co(III)-Uroporphyrin (CoUro) were used as
tumor specific agents. Tumor distribution of CoCorp and CoUro showed that the
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Table 3.1 Applications of derivatives of porphyrin and phthalocyanine labeled with different
metallic radioisotopes

Compound Radioisotope Half-life Application References

Porphyrin 57Co 271.8 days Tumor detection [24]

Porphyrin 64Cu 12.7 h PET/CT [15]

Porphyrin 64Cu 12.7 h Tumor detection [27]

Porphyrin 64Cu 12.7 h PET [31]

Porphyrin 64Cu 12.7 h Synthesis of bimodal
imaging agents

[85]

Porphyrin 64Cu 12.7 h PET [32]

Phthalocyanine 64Cu 12.7 h PET [80]

Phthalocyanine 64Cu 12.7 h PET [17]

Porphyrin 188Re 16.98 h Radionuclide therapy [79]

Porphyrin 10B (known to be stable) Boron neutron capture
therapy (BNCT)

[86]

Porphyrin 111In 2.80 days Tumor imaging [87]

Porphyrin 111In 2.80 days Cancer detection [88]

Porphyrin 111In 2.80 days Labeling HPD [89]

Porphyrin 111In 2.80 days Tumor detection [65]

Porphyrin 111In 2.80 days Tumor detection [67]

Porphyrin 111In 2.80 days Imaging of lymph
nodes

[66]

Porphyrin 111In 2.80 days Monoclonal antibody
labelling

[69]

Porphyrin 186/188Re 186Re(t1/2 = 90 h),
188Re(t1/2 = 16.9 h)

Tumor radiotherapy [76]

Porphyrin 67Ga 78.26 h SPECT [45]

Porphyrin 68Ga 271 days PET [47]

Porphyrin 68Ga 271 days PET [48]

Porphyrin 68Ga 271 days SPECT [45]

Porphyrin 67Ga 78.26 h Human melanoma
detection

[90]

Phthalocyanine 67Ga 78.26 h PDT [10]

Porphyrin 99mTc 6 h Tumor imaging [57]

Porphyrin 99mTc 6 h Fluorescent imaging
for tumor detection

[60]

Porphyrin 99mTc 6 h Tumor localization [55]

Porphyrin 99mTc 6 h Tumor imaging and
diagnosis

[59]

Porphyrin 99mTc 6 h Tumor imaging [59]

Porphyrin 140Nd 3.37 days Tumor therapy; PET [71]

Porphyrin 18F 109.77 min Tumor detection [91]

Porphyrin 18F 109.77 min PDT/PET [92]

Phthalocyanine 65Zn 244.26 days PDT [82]
(continued)
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CoCorp had 7% uptake, comparable to the 9% found for a 67Ga citrate approach. In
another approach, 57Co labeled hematoporphyrin 1 was developed and examined
for biodistribution studies in BWI0232 adenocarcinoma-bearing mice [24]. In vivo
distribution studies indicated that 24 h after intravenous administration, the ratios of
tumor-to-blood and tumor-to-muscle could discriminate tumorous tissues.

N

N

N

N

HO

OH

O

O
OH

OH

Co*

1

3.3.2 Copper-64 for Porphyrin and Porphysome

Copper radionuclides have received attention in the field of radiopharmaceutical
research because of their favorable physical properties and availability [25].
Decades ago, attempts were made at tumor localization in mice bearing varieties of
tumors by using several 64Cu labeled porphyrins [26, 27]. The biodistribution
of 67Cu radiolabeled 5,10,15,20-tetrakis(4-carboxyphenyl)porphinato(67Cu)
(67Cu-TCPP) was examined in rat lymph nodes, surrounding muscle, fat and
blood [28]. Later, synthetic porphyrins such as N-benzyl-5,10,15,20-tetrakis
(4-carboxyphenyl)porphine (NbzHTCPP) 2 and N-4-nitrobenzyl-5-
(4-carboxyphenyl)-10,15,20-tris(4-sulfophenyl)porphine (N-bzHCS3P) 3 were
employed with radiocopper for antibody-mediated delivery [29, 30]. An anti-renal
cell carcinoma (RCC) antibody and A6H conjugated copper-67 labeled N-bzHCS3P
was used for biodistribution analysis in human RCC xenograft-bearing nude mice.
67CuCS3P-A6H exhibited a tumor-to-blood ratio of over 16 after 45 h. Fluoro
substitution impacted pharmacokinetics of 64Cu labeled 5,10,15,20-tetrakis(penta
fluoro phenyl) porphyrin ((64Cu)-TFPP) 4 and this compound was used for PET

Table 3.1 (continued)

Compound Radioisotope Half-life Application References

Porphyrin 166Ho 26.8 h SPECT;
Biodistribution studies

[72]

Porphyrin 177Lu 6.647 days Tumor therapy [93]

Porphyrin 177Lu 6.647 days Cancer Radiotherapy [73]
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imaging 4 h after injection in rats [31]. Pharmacokinetic studies indicated that the
(64Cu)-TFPP (4) were mostly washed out from the circulation through kidneys and
liver.
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As shown in Fig. 3.3a, Zheng et al. modified a folate receptor (FR) targeting
fluorescent/PDT agent as a 64Cu radiolabeled porphyrin-peptide-folate (PPF) probe
[32] for PET imaging of cancer (Fig. 3.3b). The resulting 64Cu-PPF exhibited
selective uptake in FR-positive tumors in small animals on PET with a high
tumor-to-muscle ratio after 24 h (8.9). FR-mediated tracer uptake by the tumor was
further confirmed by competitive blocking studies (Fig. 3.3c).

There has been interest in developing nanoparticle-based 64Cu-labeled PET
imaging agents. Emerging nanoparticle approaches have potential for theranostic
and translational research [33–36]. Zheng and his co-workers developed multi-
functional 64Cu-labeled porphysome nanoparticles as radiotracers through a
post-labeling method for PET imaging [37]. 64Cu-porphysomes successfully visu-
alized tumors in an orthotopic prostate cancer model. The same group further de-
veloped multimodal imaging with porphysomes capable of both nuclear and optical
delineation of macro- and the microscopic tumors. These 64Cu-porphysomes had
the ability to detect small (<2 mm) prostate-derived metastases (Fig. 3.4) [38]. Such
multimodal approaches are gaining popularity for next generation diagnostic
imaging [39].

Recently, a porphyrin mesh polymer was chelated with 64Cu (Fig. 3.5a) to show
rapid renal clearance on dynamic whole body PET [40]. Experimental data indi-
cates that small porphyrin-polyethylene glycol (PEG) polymers can serve as an
effective multimodal marker of renal function (Fig. 3.5b–d). In addition to por-
phyrin mesh, surfactant-stripped 64Cu-labeled frozen pheophytin micelles for
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multimodal gut imaging was described [41]. This oral contrast agent passed through
the intestine harmlessly. Furthermore, multimodal nanoparticles using
porphyrin-phospholipid (PoP)-coated upconversion nanoparticles can seamlessly
labeled with 64Cu (Fig. 3.6) and be employed for PET imaging in a mouse model
simultaneously with five other small animal imaging modalities [42].

Li et al. developed all-in-one multifunctional nanoparticles with combined
diagnostic and therapeutic functions. This porphyrin-based organic nanoconstruct
termed nanoporphyrin was produced by using a single organic building block; a
porphyrin/cholic acid hybrid (Fig. 3.7a) [43]. The agent could be used for PET
imaging (Fig. 3.7b). To increase the sensitivity of this imaging agent, dual-modality

Fig. 3.3 a The structure design of the PPF (Pyro-PKM linker-Folate, molecular weight of 1800 g/
mol). Here the PKM linker (pharmacokinetics modifying linker) is the peptide sequence,
GDEVDGSGK. b Representative MicroPET/CT images (coronal images (top) and single
transverse slices passing through the tumors (bottom)) of KB tumor-bearing mice at 4, 24 h after
intravenous injection of 64Cu-PPF. c Images, including coronal images (top) and single transverse
slices passing through the tumors (bottom), obtained with pre-injection (0.5 h earlier) of 500-fold
excess folic acid for blockade. Permission obtained from [32]. Copyright (2011) by IVYSPRING
International Publisher
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nanoprobes for PET and MRI was constructed via nanoporphyrin chelation with
both 64Cu(II) and Gd(III) (Fig. 3.7c) [43].

Cai and co-workers developed a liposome-based sequentially activated nan-
otheranostic system [44]. This was prepared by encapsulating the hydrophobic

Fig. 3.4 64Cu-porphysomes as a PET agent. a Schematic diagram of the multimodal properties of
64Cu-porphysomes as a result of direct radiolabeling a fraction of the porphyrin-lipid bilayer of
preformed photonic porphysomes creating intrinsic multimodal nanoparticles. 64Cu-porphysome
selectivity in orthotopic prostate tumor models. Representative MicroPET/CT images of (i) axial,
(ii) coronal, and (iii) sagittal single slices through, b orthotopic PC3 tumor, c orthotopic 22RV1
tumor, and d healthy male mice at 24 h after i.v. injection of 64Cu-porphysomes. White arrows
depict prostate tumor; blue arrows depict bladder. Permission obtained from [38]. Copyright
(2013) by American Chemical Society
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Fig. 3.5 a Facile post-chelation strategy for inserting 64Cu into the porphyrin mesh.
b Representative PET images of mice 30 min and 2 h post intravenous injection of
64Cu-porphyrin-PEG mesh. Heart (H), Kidneys (K) and bladder (B) are indicated. c Dynamic
PET imaging reveals 64Cu distribution in indicated organs (mean ± std. dev. for n = 4 mice).
d 64Cu biodistribution of extracted organs 4 h after intravenous injection of 64Cu-porphyrin mesh
(mean ± std. dev. for n = 3 mice). Permission obtained from [40]. Copyright (2016) by Elsevier
Ltd.
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photosensitizer chlorin e6 (hCe6) into the hydrophobic bilayers and the hydrophilic
hypoxia-activated prodrug AQ4 N into the aqueous cavity of PEG-shelled lipo-
somes. The AQ4 N-hCe6-liposome showed hypoxia-dependent cytotoxicity and
effective photodynamic cell killing. 64Cu chelation was carried out with
AQ4 N-hCe6-liposome for theranostic PET imaging. Tumor accumulation of
AQ4 N-64Cu-hCe6-liposome was measured to be 4.7% injected dose per gram
(%ID/g).

3.3.3 Gallium-67 and 68

Porphyrins radiolabeled with Gallium-67 and 68 have been employed in various
radiopharmaceutical applications. 67Ga labeled tetraphenyl porphyrin (67Ga-TPP) 5
was employed for biodistribution studies and SPECT imaging in rats [45].
Pharmacokinetic data revealed that most of the complex washed out through
kidneys with low liver uptake. In another study, tissue distribution of 7,12-bis
(1-decyloxyethyl)-Ga(III)-3,8,13,17-tetramethylporphyrin-2,18-dipropionyldiaspartic
acid (ATX-70) 6 was examined in tumor-bearing mice [46]. Roughly 24 h after
administration, high tumor-to-skin and tumor-to-muscle concentration ratios were
observed.

68Ga-labeled, fluorine substituted 5,10,15,20-tetrakis(pentafluoro-13 phenyl)
porphyrin (68Ga-TFPP) 7 was prepared and examined in Swiss mice bearing
fibrosarcoma with biodistribution and SPECT imaging studies (Fig. 3.7d) [47]. The
complex was mostly washed out from circulation through kidneys and liver,

Fig. 3.6 64Cu-PoP coated UCNPs as multifunctional imaging agent. a Schematic diagram of the
PoP-UCNP structure. Core-shell UCNPs were transferred to the aqueous phase by lipid coating
with PEG-lipid and PoP. Radioactive 64Cu can seamlessly be chelated inside the nanostructure.
b Accumulation of PoP-UCNPs in the first draining lymph node is indicated with yellow arrows
on PET (left) and merged PET/CT (right). Permission obtained from [42]. Copyright (2015) by
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and exhibited enhanced target-to-nontarget ratio. A set of five porphyrin derivatives
(7–12) was labeled with 68Ga for PET imaging in tumor-bearing rats and exhibited
clear tumor visualization [48].
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3.3.4 Technetium-99m

Technetium-99m complexes are extensively used in nuclear medicine in the
diagnosis of many cancers and non-cancer diseases because 99mTc radionuclide has
favorable nuclear properties (140 keV, c emitters; t1/2 = 6:01 h), low cost and
ready availability [49, 50]. 99mTc-labeled simple porphin and hematoporphyrin
were employed for in vivo biodistribution studies [51, 52]. Later, various modified
99mTc labeled porphyrins were developed. On injecting 99mTc labeled
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meso-5,10,15,20-tetrakis(3,4-bis(carboxymethyleneoxy)phenyl)porphyrin 13 (T3,48CPP)
in tumor-bearing Swiss mice, the compound accumulated in the abdominal tumor
[53].

Chatterjee et al. reported 99mTc labeled meso-Tetrakis(4-(carboxymethyleneoxy)
phenyl)porphyrin and injected this into mammary-tumor-bearing rats, resulting in
tumor accumulation [54]. Siegler et al. described 99mTc-labeled hematoporphyrin
derivative for localizing neoplasms in tumor-bearing animal [55]. The scintigrams
and tissue distribution data demonstrated favorable tumor-to-organ ratios suffi-
ciently high for tumor detection. Porphyrin-phospholipid liposomes have been
labeled with 99mTc [56].

A water-soluble 99mTc labeled cyclam acid porphyrin (CAP), 5,10,15,20-tetrakis
(4-(4′,8′,11′-tris(carboxymethyl)-1′-(1′,4′,8′,11′-tetraazacyclotetradecane)amido-
methyleneoxy)-phenyl) porphyrin (14 a, b) was developed for tumor imaging [57].
In vivo distribution studies and scintigram imaging were performed in C6-gliomas
and N-nitroso-N-methylurea (NMU) induced mammary tumor bearing rats. These
compounds had high tumor-to-muscle ratios compared with 99mTc(V)-DMSA,
99mTc-Citrate and 201TlCl, suggesting that 99mTc-CAP has potential for cancer
detection. The same group reported water soluble dendritic porphyrins, termed 15a
and 15b successfully radiolabeled with 99mTc [58]. These were administered them
to Wistar rats bearing C6-glioma for scintigram imaging and biodistribution studies.
Tumor to muscle ratios of 15a and 15b were 8.0 and 9.7, respectively.

99mTc labeled 5,10,15,20-tetrakis(3,4-bis(carboxymethyleneoxy)phenyl) por-
phyrin (T3,4BCPP) 16 was developed for tumor imaging [59]. It is noteworthy that
in this compound 99mTc binds at the periphery of the porphyrin, a free-base por-
phyrin without metal substitution in the porphyrin core. By using this water-soluble
compound, biodistribution and imaging studies were carried out in C6-gliomas and
mammary tumor-bearing animals. T3,4BCPP showed higher tumor-to-muscle ratio
in both C6-gliomas, C3H/J mammary tumors and NMU-induced mammary tumors
compared with already reported chelates. Chu et al. reported an amino acid
histidine-coupled hematoporphyrin (His-Hp) 17 radiolabeled with (99mTc
(CO)3(H2O)3)

+ [60]. This was employed for biodistribution studies in mice bearing
S180 tumors and tumor uptake was observed.

JFig. 3.7 Self-assembled multifunctional NP. a Schematic illustration of a multifunctional NP
self-assembled by a representative porphyrin–telodendrimer, PEG5 k-Por4-CA4, composed of
four pyropheophorbide-a molecules and four cholic acids attached to the terminal end of a linear
PEG chain. b PET image of nude mice bearing SKOV3 ovarian cancer xenografts at 4, 8, 16, 24
and 48 h post injection of 64Cu-labeled NPs (150–200 ml, 64Cu dose: 0.6–0.8 mCi). The white
arrow points to the tumor site. c PET-MR images of tumor slices of nude mice bearing A549 lung
cancer xenograft at 4 or 24 h post injection of dual-labeled NPs. White arrow points to the necrotic
area in the center of the tumor. Permission obtained from [43]. Copyright (2014) by Springer
Nature. (D) SPECT images of 68Ga-TFPP (90 MBq, 22 lCi) in Swiss mice bearing fibrosarcoma
tumors 1 h post injection. Permission obtained from [47]. Copyright (2012) by Springer
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3.3.5 Paladium-109

Beta-emitting 109Pd labeled porphyrins have been used for various radiopharma-
ceutical applications [61]. 109Pd-hematoporphyrin or 100Pd-protoporphyrin were
explored in homograft rejection studies [62]. Water soluble 109Pd porphyrins were
also employed for biodistribution studies in mice bearing various types of tumors
[27]. Banerji’s group prepared a water soluble 5,10,15,20-tetrakis(3,4-bis(car-
boxymethyleneoxy)phenyl)porphyrin radiolabeled 18 labeled with 109Pd [63].
Biodistribution revealed high tumor-to-blood and tumor-to-muscle ratios (4.4 and
38 at 24 h post-injection). Moreover, the complex showed predominant renal
clearance (89%, 24 h post-injection). The same group developed 109Pd labeled
5,10,15,20-tetrakis(3,4-bis(carboethoxymethyleneoxy)phenyl)-porphyrin 19 [64]
and biodistribution data revealed efficient tumor uptake in Swiss mice bearing
fibrosarcomas.
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3.3.6 Indium-111

111In has received attention in radionanomedicine and has a physical half-life of
2.83 days [65]. An indium labeled water-soluble tetra-4-N-methylpyridyl porphyrin
tosylate (111In-T4NMPYP) 20 was prepared and evaluated for selective localization
in melanoma [66]. However, tumor uptake was low compared to 67Ga-citrate at
48 h. Indium-111-(111ln) was labeled tetra (N,N,N-trimethylanilinium) porphyrin
(TTAP) 21a, tetra(4-sulfonatophenyl)porphyrin (T4SPP) 21b and tetra(N-
methyl-4-pyridyl)porphyrin (TMPyP) 21c [66, 67]. Lymph node uptake was
examined and in rats, (111In)TTAP showed a maximum lymph node to muscle ratio
[66]. Lymph nodes in rabbits were visualized by gamma scintigraphy 48 h after
intravenous injection of labeled TTAP. Tumor uptake on nuclear scintigraphy
imaging of 111ln-labeled HPD was investigated in murine mammary adenocarci-
nomas and breast tumors in Sprague- Dawley female rats [65]. 111ln-HPD selective
uptake was observed in breast tumors.

Nakajima et al. reported a bimodal tumor imaging agent, 111In-labeled metal-
loporphyrin (111In-ATN-10) 22. It has both a non-radioactive manganese complex
in the porphyrin core and a chelating group attached in its side chain to coordinate
with radioactive 111In [68]. Three kinds of tumors were imaged with 111In-ATN-10
and tumors were well-visualized compared to 67Ga-citrate. Bedel-Cloutour et al.
reported five different monoclonal antibody labeled with hydrosoluble monosub-
stituted aryl porphyrins 23 [69]. The conjugates exhibited good mAb-labeling
efficiency, as well as preservation of immunoreactivity.
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3.3.7 Neodymium-140

The b-emitting and t1/2 = 3.37 days and availability of neodymium-140 make it an
interesting radionuclide for porphyrin labeling [70]. The biodistribution report of
the 140Nd-labeled 5,10,15,20-tetraphenylporphyrin ((140Nd)-TPP) 24 [71] com-
pound in vital organs of Swiss mice bearing fibrosarcoma showed that the complex
is mostly excreted through liver and kidneys.
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3.3.8 Holmium-166

b emitting with a 26.8 h half-life, 166Ho radionuclide is an interesting radionuclide
for targeted therapies [72]. 166Ho-labeled 5,10,15,20-tetrakis(phenyl)porphyrin
((166Ho)-TPP) [72] was administered to rats for biodistribution studies. The com-
plex was mostly cleared from the circulation through kidneys and the liver to a
lesser extent.

3.3.9 Lutetium-177

5,10,15,20-tetrakis(4-carboxymethyleneoxyphenyl)porphyrin 25 was synthesized
and coupled with a macrocyclic bi-functional chelating agent, p-amino-benzyl-
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid [73]. The porphyrin-
BFCA conjugate was labeled with 177Lu for biodistribution and imaging in
Swiss mice bearing either fibrosarcoma or thymic lymphoma tumors. 25 exhibited
specific affinity towards thymic lymphoma compared to fibrosarcoma.
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3.3.10 Rhenium-186 and 188

188Re generally exhibits the same chelation and radiolabeling chemistry as 99mTc
[74]. Gamma ray-emitting 188Re (t1/2 = 16.9 h, b = 2.1 meV, c = 155 keV 15%) is
suitable for imaging and b emitting 186Re (t1/2 = 90 h, b = 1.07 meV,
c = 137 keV) offer potential for local radiotherapy [75]. A novel water-soluble
porphyrin, meso-tetrakis(3,4-bis(carboxymethyleneoxy)phenyl)porphyrin, 26 was
developed with dicarboxylic acid groups as aromatic substituents in the periphery
[76, 77]. This b emitting 186/188Re compound was employed for biodistribution
studies in Swiss mice bearing fibrosarcomas and thymic lymphoma. Radionuclide
complex showed selectivity towards thymic lymphoma compared to fibrosarcoma.
Deng et al. reported a novel 188Re-labeled meso-tetrakis(4-sulfophenyl) porphyrin
(TPPS4) 27 [78] as well as a meso-tetrakis(3,4-bis(carboxymethyleneoxy)phenyl)
porphyrin (T3,4CPP) 28 [79]. These were evaluated after intravenous injection in
tumor-bearing mice. Both compounds exhibited good tumor affinity.
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3.4 Phthalocyanine Radiolabeling

3.4.1 Copper-64

64Cu labeled phthalocyanines (Pcs) have been employed for PET imaging agents.
64Cu labeled sulfonated metallophthalocyanines (PcS), 64CuPcS 29, was employed
for biodistribution studies in tumor-bearing rats using PET imaging [17].
Biodistribution results showed that tumor uptake was low (0.2%ID/g) and most
64Cu was taken up by the kidneys and liver (20 and 12%ID/g, respectively). Guérin
et al. reported various modified 64Cu labeled sulfonated metallophthalocyanines
(64CuPcSn) 30a-d and their biodistribution studies [80]. The amphiphilic deriva-
tives 64CuPcS2 and 64CuPcS3C6 (1–1.5% injected dose per gram, respectively)
exhibited the highest tumor-to-background ratios.

64Cu-labeled frozen micellar naphthalocyanines (nanonaps) were used for
whole-body PET imaging of the gastrointestinal tract [81]. Labeling was achieved
in just 30 min with over 65% radiolabeling when nanonaps were incubated with
64Cu in aqueous solution (Fig. 3.8a). The movement of the nanonaps through the
GI tract was monitored by using PET imaging (Fig. 3.8b). Serial whole-body
consecutive coronal images of the mouse are shown in Fig. 3.8c.
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3.4.2 Zinc-65

Lier et al. reported the effect of human serum components on the photodynamic
activity of radiolabeled zinc phthalocyanine (ZnPc) toward Chinese hamster
fibroblasts [82]. The association of 65ZnPc with serum low density lipoproteins
(LDL) and human serum albumin appeared to enhance the photodynamic effect of
this sensitizer.
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3.4.3 Gallium-67

Scasnar et al. prepared a series of sulfophthalocyanines (PcS) labeled with 67Ga and
studied the effect of the degree of sulfonation on biodistribution [10]. They sug-
gested that lesser sulfonated 67GaPcS, which had significant binding with the
various lipoprotein fractions, should be explored for PDT for cancer, whereas
increased sulfonation favored association to albumin and suitable for tumor
imaging. The same group studied the biodistribution and tumor uptake of
67Ga-labeled lipophilic Ga-TOPc and amphiphilic Ga-TOPcS in tumor bearing
C3H mice [83]. The amphiphilic 67Ga-TOPcS exhibited promising tumor uptake
and tissue distribution pattern compared to the highly lipophilic 67Ga-TOPc.
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3.4.4 Technetium-99m

The biodistribution of 99Tc-labeled-tetrasulfophthalocyanine 33 was evaluated in
tumor-bearing rats. Most of the radioactivity accumulated in the liver, kidneys,
ovaries and uterus while tumor uptake was mainly in the exterior cell layers [84].
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3.5 Conclusion

Numerous radiolabeled porphyrins and phthalocyanines and their radiopharma-
ceutical applications such as biodistribution, tumor uptake, PET/SPECT imaging
and PDT have been summarized in this chapter. Tumor accumulation depends on
many factors including the characteristics of the tumor, the porphyrin or PC, the
type of targeting groups and the choice of radioisotopes. Many radiolabeled por-
phyrins exhibit high tumor uptake that hold potential to be translated into imaging
or therapeutic agents for cancer applications.
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Chapter 4
Graphene-Based Nanomaterials

Je Min Yoo, Do Won Hwang and Byung Hee Hong

Abstract Graphenes are unique nanomaterials which was recently made compat-
ible for physiological milieu, and thus find a way to be used as nanocarriers. The
surface engineering abilities of nano-graphene oxides (nano-GOs) or graphene
quantum dots (GQDs) in their own outstanding photoluminescence property have
made it possible to be used for imaging or drug delivery. Though many successes
were not reported in the application of GQDs in vivo, toxicity and safety of GOs
in vitro and in vivo are being investigated. Interestingly, GOs are found to be
degraded in vivo. In addition to much effort to use GOs as drug carriers, there have
been recent trials to apply GOs for magnetic resonance imaging (MRI) and positron
emission tomography (PET) or even multiplexed imaging with MRI/fluorescence or
MRI/PET. The product has the composition of chelator-conjugated GOs loaded
with iron oxide nanoparticles, and a variety of radionuclides such as 68Ga, 64Cu or
125I and 131I and 177Lu were used for PET or SPECT imaging and for radionuclide
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therapy, respectively. Multiplexed imaging or theranostics will enable targeted
delivery, imaging in vivo with PET/SPECT and/or MRI and ex vivo confirmation
of the tissues in preclinical studies.

4.1 Introduction

Although scientific breakthroughs have brought advances in radionanomedicine
to enable nanoparticle-assisted magnetic resonance imaging (MRI) and
radionanoparticle-using positron emission tomography (PET), challenges including
the real-time imaging with respectable temporal/ spatial resolutions and the dis-
covery of less toxic probes with adequate stability still remain to be solved. To that
end, researchers continuously endeavor to discover novel candidates that can fur-
ther improve the techniques. Since its first historical discovery in 2004, graphene
has continually gained attention of scientists across diverse disciplines due to many
of its extraordinary properties. While the major research foci have been exploration
of graphenes’ electrical, mechanical, physical and chemical characteristics, recent
investigations are done on its optical properties along with the non-toxic and
environment-friendly nature. Especially, these unique characteristics have drawn
researchers’ interests in the field of biomedicine. In addition to the therapeutic
utility of graphene as carrier of drug delivery or near-infrared (NIR) laser-mediated
cancer ablation, a few recent studies have also suggested the potential role of
graphene-based nanomaterials as exogenous probes for molecular imaging taking
advantage of its unique feature. In this chapter, we will discuss the preparation,
toxicity and a few recent applications of graphene-based nanomaterials in
radionanomedicine.

4.2 Preparation of Graphene-Based Nanomaterials
for Biomedical Applications

Due to many of its unprecedented properties, the first historical discovery of gra-
phene by Andrei Geim and Konstantin Novoselov immediately drew significant
attention of scientists [1]. As it is an atomically thin material with unusual electrical
and physical characteristics, the initial focus of graphene research was on the
replacement of indium tin oxide for transparent electrodes, which can provide
flexibility to them as well.

In the meantime, researchers in the field of biomedicine have taken notice of
other important aspects of graphene: its environment-friendly and non-toxic nature,
as well as the outstanding optical properties [2, 3]. Above all, it should be noted that
dispersed graphene-based nanomaterials including graphene oxides (GOs),
graphene quantum dots (GQDs), and reduced graphene oxides (rGOs) are more
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frequently employed for biomedical applications while the term graphene refers to a
two-dimensional atomic film. GOs and GQDs are especially broadly utilized for
biomedical applications due to their high dispersibility and low cytotoxicity.
Briefly, GOs are synthesized through the Hummer’s method and GQDs can be
obtained by thermo-oxidative cutting of carbon precursors including GOs. Notably,
GOs and GQDs have various functional groups available for further modifications,
which can be utilized for specialized purposes and further enhance their dis-
persibility. Table 4.1 summarizes characteristic features of graphene-based nano-
materials for imaging applications [2]. The following sections will introduce a few
modification approaches of graphene-based nanomaterials.

Table 4.1 Characteristic features of graphene derivatives for bioimaging

Types Structure Optical properties Toxicity Imaging
applications

GOs Sub-10 nm to
micrometer
size range
Disrupted sp2

domain with
hydrophilic
oxygenated
group

Intrinsic
photo-luminescence
emission with UV
excitation, and
tunable emission
wavelength located
at the range of
UV–Vis

Typically more toxic
than GQDs, and
cell-line dependent
toxicity but no
significant toxicity
for both in vitro and
in vivo levels at low
doses

Fluorescence
(Intrinsic and
extrinsic) and
Raman imaging,
Photoacoustic
imaging (Extrinsic)

GQDs Few nanometer
(2–5 nm) small
sp2 domain
size and
oxygenated
groups at edge

Generally, non-toxic
(up to 1 mg ml−1).
Excretion through
both renal and fecal
clearance. No
significant toxicity
based on in vitro and
in vivo studies

Fluorescence
imaging (Intrinsic)

rGOs Large
connected sp2

domains than
GOs, with few
hydrophilic
group

A high
photoluminescence
quenching effect
with enhanced
absorption
cross-section in NIR
range

More toxic than
hydrophilic
graphene
derivatives.
Not-readily
biodegradable
without functional
moieties

Fluorescence
(Extrinsic) and
Photoacoustic
imaging (Intrinsic)

Yoo et al. [2], Copyright 2015
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4.2.1 Enhancing the Dispersibility and Stability Under
Physiological Conditions

In general, GOs are well-dispersed in water for several months without much
aggregation. In physiological conditions, however, they are more prone to aggre-
gate owing to the presence of ionic salts. To enhance the stability under these
conditions, modification with biocompatible polymers and nano-sized GOs are
employed [4–8]. Among many modification methods, grafting of polyethylene
glycol (PEG) is the most frequently used. Many reports have shown that PEG
grafting can improve the dispersibility and stability of GOs in biological buffers and
highly concentrated salts. PEGs can be grafted on the edges of GOs by the reactions
with carboxylic acid and epoxy groups. Other polymers such as polyacrylic acid
(PAA), polyamido amine (PAMAM), and dextran can be also conjugated on GOs
by the same reactions [4–6]. While as-synthesized GOs show a wide range of sizes,
reduction of the average size can be simply achieved by sonication. Many reports
show that high energy sonication can break down large GO flakes into nanometer
scale particles, as small as 10 nm, which show greater dispersibility in many sol-
vents including biological buffers [7, 8].

4.2.2 Graphene as Nanocarriers

Although micrometer-scale GOs are known to be toxic, their large hydrophobic
basal plane and oxygen-containing functional groups on the edges are advantageous
for both covalent and non-covalent chemical modifications with other molecules
including fluorescent organic dyes.

In 2010, Peng et al. employed fluorescein-labeled GOs for intracellular imaging
studies [9]. To prevent the fluorescence quenching and improve dispersibility,
PEGs were grafted to grant enough space between GOs and fluorescein. They
successfully utilized GOs–PEG-fluorescein system for intracellular imaging without
much toxicity. Similarly, Yang et al. utilized cyanine 7 (Cy7)-labeled GOs for
in vivo fluorescence imaging, which also could target tumor [10]. In addition, active
targeting of tumor cells could be done by introducing cancer targeting moieties on
the edges (Fig. 4.1a–c). As folate receptors are overexpressed on tumor cells, folic
acid can be employed as the targeting moiety. Through a simple Ethyl dimethy-
laminopropyl carbodiimide (EDC) coupling reaction, folic acid can be covalently
bonded to the carboxyl groups of GOs. Amine group-containing antibodies
including Herceptin and transferrin can be also easily conjugated with GOs through
the same reactions, thus enabling antibody-based targeting. Other molecules such as
vascular endothelial growth factor (VEGF), anti-endoglin antibody (TRC105),
b-cyclodextrin, and hyaluronic acid have also been employed on graphene-based
nanomaterials for active targeting imaging studies [11–13]. It should be also noted
that these systems successfully targeted tumor cells without significant toxicity.
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In addition to aforementioned covalent modifications, non-covalent methods
have also been frequently employed to incorporate different molecules on
graphene-based nanomaterials. In 2012, Hu et al. grafted inorganic quantum dots
(QDs) on rGOs. [14] Foremost, amphiphilic poly (L-lysine) layer was introduced
by p–p interactions, followed by the electrostatic interactions with
11-mercaptoundecanoic acid capped-CdSe/ZnS QDs (Fig. 4.1d, e). Similarly, Chen
et al. reported the grafting of bovine serum albumin (BSA) capped-QDs on rGOs
with polyethylenimine layer [15]. Both systems successfully showed decent intra-
cellular imaging abilities without appreciable toxicity.

4.2.3 Reduction of GOs to Make rGO

Although rGOs generally exhibit poor solubility and non-negligible toxicity, their
high absorption in the NIR region makes them well-suited for photoacoustic
imaging and photothermal therapies. rGOs can be prepared by chemical, electro-
chemical, or photothermal reduction of GOs, where chemical reduction is regarded
to be the most facile method to obtain rGOs [16–18]. In 2007, Stankovich et al.
reported the use of hydrazine-assisted reduction of GOs in aqueous conditions [18].
Although the insolubility of rGOs and the toxicity of hydrazine often require further
modifications for more practical applications, hydrazine is still the most widely

Fig. 4.1 Covalent modification and Non-covalent modification of graphene. a A scheme of a
nano-graphene sheet (NGS) with PEG functionalization and labeled by Cy7. b An AFM image of
NGS–PEG. c Spectrally resolved ex vivo fluorescence images of organs before injection and 1, 6,
and 24 h after injection of NGS–PEG–Cy7. d A scheme of sequential peptides and QDs
adsorption on rGO sheets. e TEM image of the QD–rGO. QD: quantum dot, rGO: reduced
graphene oxide. Adapted with permission [10]
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used reducing agent to produce rGOs. As rGOs feature a negligible amount of
oxygen-containing—epoxy, hydroxyl, and carboxyl—functional groups, surface
modifications on rGOs are performed through non-covalent interactions between
aromatic ring molecules and rGOs’ basal plane. Namely, Shi et al. reported in 2013
the grafting of hydrophobic alkyl chain-terminated PEGs on rGOs to achieve higher
dispersibility [19].

Recently, several groups utilized proteins as novel reducing agents, which can
assure better stability and biocompatibility as well. In 2011, Liu et al. utilized
gelatin as the reducing agent, which yielded well-dispersed rGOs in physiological
conditions [20]. Gelatin-rGO composite was employed as a novel in vitro imaging
agent, which was successfully internalized in cells without significant toxicity. In
2013, Sheng et al. reported BSA-assisted reduction of GOs, where BSA functions
as a surfactant as well [21]. Resulting BSA–rGOs was employed as in vivo imaging
probes as it exhibited great solubility in physiological conditions.

4.2.4 Photoluminescent Nano-GOs and GQDs

While GOs are known for their ability to quench fluorescence in close proximity,
GQDs exhibit faint, yet non-negligible photoluminescence. Typically, the quantum
yields (QYs) of solvothermally synthesized GQDs (5–10 nm) are below 20%
[22–24]. In 2011, Zhu et al. synthesized GQDs by solvothermally cut GOs in
dimethylformamide [23]. The resulting GQDs showed great dispersibility in
physiological conditions, with an average size of 5.3 nm and distinct green
fluorescence with 11.4% QY. The authors employed these GQDs for bio-imaging
studies without any significant toxicity. In 2012, Zhang et al. reported an electro-
chemical oxidation of graphite to produce GQDs [24]. Electrolysis of graphite
under alkaline conditions and subsequent treatment with hydrazine yielded GQDs
with green photoluminescence, with 14% QY. They also utilized GQDs for
bio-imaging studies on various types of stem cells without any appreciable toxicity.

Interestingly, the optical properties of GQDs can be modulated by various
surface modifications. In 2012, Li et al. reported microwave-assisted method to
produce GQDs, with subsequent reduction using NaBH4 [25]. Initially,
as-synthesized GQDs exhibited green-yellow fluorescence with 11.7% QY. On the
other hand, reduced GQDs showed blue fluorescence with an increased QY of
22.9%. Photoluminescence was found to be altered by either reduction or grafting
of exogenous molecules [25, 26]. They showed that both NaBH4 –assisted
reduction of GQDs and grafting of alkylamines yielded blue-shifted emission, with
increased QYs. In 2013, Wu et al. synthesized nitrogen-doped GQDs via bottom-up
method from L-glutamic acid as the precursor, yielding about 5 nm-sized GQDs
[27]. The authors employed the n-doped GQDs as an effective in vitro and in vivo
imaging agent with a QY reaching 54.5%.
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4.3 Toxicity of Graphene-Based Nanomaterials

A number of different carbon allotropes including carbon nanotubes (CNTs),
fullerenes, and graphene-based nanomaterials have been considered in various
biomedical applications. Nevertheless, previous studies consistently reported toxi-
city entirely different according to the types of materials, allotropes, despite their
similarities in the chemical compositions. While CNTs exhibit relatively high levels
of toxicity in many studies, recent investigations showed that most graphene-based
materials show negligible toxicities [28, 29].

4.3.1 In Vitro Toxicity

Regarding GOs and GQDs applied in biomedicine, several groups recently inves-
tigated their in vitro toxicity and cellular uptake on different cell types. The studies
generally agreed on the lack of significance toxicity despite internalization in the
cells, which make graphene-based nanomaterials candidates for diverse biological
studies [30–35]. On the contrary, studies suggested that certain forms of GOs and
GQDs can be damaging seriously to the cells [34, 35]. Micrometer-sized GOs were
found severely toxic on a number of different cell lines on a thorough cytotoxicity
screening study [36]. Large GOs and GO-based nanoplatelets induced significant
cytotoxicity and thereby could cause lung diseases [37, 38]. The toxicity of
graphene-based nanomaterials was believed to depend strongly on the particle size
and nano-sized GOs and GQDs was without significant toxicity [35, 38, 39].
Akhavan et al., however, proposed an entirely different mechanism of toxicity. The
authors suggested that the direct interaction between the edges of these
graphene-based nanomaterials and the cell membranes led to the cytotoxicity,
which was independent of the particle size and thus even nano-sized GOs and
GQDs could also induce lethal damages to cells [40, 41]. In addition, the toxicity
studies of other nanoparticles suggested that cellular internalization and cytotoxicity
also depended on the shape as well [42, 43]. To sum up, the mechanism of cyto-
toxicity of graphene-based nanomaterials still remains unclear and further studies
are warranted.

The effects of edge functionalization on cytotoxicity and membrane permeability
have also been investigated thoroughly. Edge modification with PEG and other
hydrophilic polymers have been the most widely employed technique to improve
biocompatibility in physiological conditions while reducing the cytotoxic effects
[7]. In 2014, Yuan et al. and Kong et al. modified GQDs with various functional
groups including PEG, NH2, COOH, and CO–N(CH3)2 and explored the effects on
their cytotoxicity and membrane permeability [33, 44]. Although their membrane
permeability differed among these GQDs variants by displaying 8, 13, and 19%
permeability respectively for GQDs with PEG, OH/COOH, and NH2 groups,
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all these variants showed only negligible cytotoxicity. Sasidharan et al. reported the
importance of functional groups in attenuating potential toxicity induced by
graphene-based nanomaterials without any functional groups [31]. They suggested
that hydrophobic interactions between the basal planes of graphene-based nano-
materials with the cell membrane likely provoke toxicity including apoptosis trig-
gered by elevated intracellular reactive oxygen species and the cell membrane
deformation. In the presence of functional groups, however, the hydrophobic
interactions can be hindered to some extent, thus preventing subsequent toxicity.
The presence of functional groups also plays a role in enzyme-catalyzed
biodegradation of large graphene-based nanomaterials, which will be highlighted
later in detail.

4.3.2 In Vivo Toxicity

For biomedical applications, in vivo toxicology and biodistribution of
graphene-based nanomaterials have been explored recently. In 2010, Yang et al.
studied the long-term in vivo biodistribution and pharmacokinetics of PEGylated
125I-nanographene sheets with (NGS) [45]. With systemic toxicology examination,
the authors confirmed the radioactivity of NGS in the blood and various organs after
intravenous (i.v.) injection. Notably, radioactive NGS decreased persistently in
most organs, which were presumably excreted by fecal or renal routes. On hema-
tology and blood biochemistry examination to investigate long-term in vivo effect,
NGS injection (20 mg/kg) did not show any significant damages in the mice until
3 months. In 2013, the same researchers carried out similar investigations with
functionalized nano-GOs through two other major administration routes:
intraperitoneal (i.p.) injection and oral uptake [30]. Interestingly, while oral feeding
did not induce any notable accumulation of nano-GOs in tissues, i.p. injected mice
exhibited highly accumulated nano-GOs in the mononuclear phagocytic (reticu-
loendothelial) system. Nevertheless, both did not induce any severe toxicity in
mice. More recently, Nurunnabi et al. carried out long-term in vivo toxicology and
biodistribution studies on mice treated with carboxylated GQDs through i.v.
injection [46]. The in vivo and ex vivo images showed that GQDs were distributed
mainly in the kidney, liver, spleen, lung, and tumor sites (Fig. 4.2). And these
accumulations did not elicit any organ lesions or damages, confirmed by further
analyses on mice administered with 5 or 10 mg/kg GQDs at 21 days. Although
some reports argue that high doses of large GOs can evoke severe damages in cells
[36], most studies have confirmed that nano-GOs and GQDs exhibit respectable
biocompatibility which can presumably be cleared out through kidneys without
significant accumulation.

86 J. M. Yoo et al.



4.3.3 Biodegradation

In addition to various in vitro/in vivo toxicity studies, some researches devoted
special attention to potential oxidative biodegradation of graphene-based nano-
materials by intracellular enzymes. In 2011 and 2012, Kotchey et al. reported two
studies on enzyme-catalyzed degradation of graphene-based nanomaterials.
Foremost, the authors utilized low concentrations of horseradish peroxidase
(HRP) to verify their effects on GOs and rGOs [47]. Obtained atomic force
microscopy (AFM) and transmission electron microscopy images as well as Raman
spectra concordantly showed that HRP caused the generation of holey GOs, which
resulted in debris of oxidized GO flakes in the end. Contrarily, HRP did not induce
any structural changes on rGOs, which implied that the presence of functional

Fig. 4.2 In vivo imaging and biodistribution of the carboxylated GQDs. a The in vivo imaging of
KB tumor bearing mice after intravenous injection of GQDs (5 and 10 mg kg−1). b and c ex vivo
images and quantitative distribution of isolated organs of mice at 24 h after injection. GQD:
graphene quantum dot. Adapted with permission [46]

4 Graphene-Based Nanomaterials 87



groups was the key for enzymatic oxidation. Indeed, the authors discussed that
GOs’ oxygenated functional groups promote weaker binding with HRP and thus
enabled it to be more dynamic, which ultimately brought its catalytic heme site in
proximity of GOs to induce oxidative degradation (Fig. 4.3). In 2012, the authors
performed similar studies with similar outcomes using myeloperoxidase (MPO),
which has a human analogue as human MPO [48]. The report encourages the use of
functionalized graphene-based nanomaterials for in vivo studies as they can be
readily degraded by peroxidase-related intracellular enzymes. However, experi-
ments must be carried out in a cautious manner as these in vitro outcomes may turn
out to be entirely irrelevant to the actual biodegradation processes in the body.
Besides the fact that oxidative debris of GOs can also be lethal to cells, the levels of
intracellular enzymes may be more dilute in physiological milieu in vivo.

4.4 Graphene-Based Nanomaterials for Biomedical
Applications

4.4.1 Therapeutic Applications

Graphene-based nanomaterials are known to exhibit high absorbance in the NIR
region, which gave rise to novel approaches for NIR laser-triggered selective
ablation of cancer cells [49, 50]. With appropriate modifications with targeting
moieties, graphene-based nanomaterials can specifically target malignant tumor
cells without damaging the healthy ones. Interestingly, graphene-based nanoma-
terials’ hydrophobic basal plane can be exploited for various synergistic therapies.
Some groups attended to the fact that hydrophobic anti-cancer drugs and photo-
dynamic agents could be easily loaded onto the basal plane of graphene-based
materials through p–p interactions. By combining the photothermal ablation with
either chemotherapies or photodynamic therapies, therapeutic effects came to be
higher [51, 52]. NIR-responsive hyperthermia was not only utilized for the direct
ablation of cells, but also employed as an external cue for controlled drug/gene
delivery by disorganizing a drug-loading matrix or endocytosed vesicles by NIR
laser [53–55]. Moreover, some groups also discovered unusual stem cell growth
and differentiation patterns on graphene substrates, which can be possibly employed
in stem cell engineering and/or stem cell-based therapy [56, 57].

4.4.2 Fluorescence Sensing and Imaging

In addition to the therapeutic applications, people have utilized graphene oxides
(GOs) for bio-sensing studies by exploiting their ability to quench fluorescence. For
the first time in 2009, Lu et al. reported the detection of fluorophore-labeled DNA
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Fig. 4.3 Enzymatic oxidation of GO. a TEM images of GOs incubated with horse radish
peroxidase (HRP). b AFM images with GOs incubated with HRP. c Simulated docking between
GO and HRP. AFM: atomic force microscopy. Adapted with permission [47]
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with GOs; the fluorescence of fluorophore-labeled single-stranded DNA is quen-
ched by GOs, where it can be instantly recovered by adding its complementary
sequence [58]. With further surface modifications on GOs, other groups also
reported the detection of other small biological molecules including protein kinases,
neurotransmitters, and metabolites with phosphates [59–62]. Rationally designed
GOs were also employed in the discrimination of Fe2+ and Fe3+ in living cells based
on the level of fluorescence quenching [63].

A number of studies focused on the graphene-based nanomaterials’ outstanding
optical properties for various imaging applications. As mentioned, GQDs exhibit
respectably high photoluminescence without the issue of serious toxicity or pho-
tobleaching, which can also be tuned by appropriate size/edge modifications.
Recently, many groups exploited these properties in various photothermal therapy
and drug delivery systems to yield in situ imaging upon therapies. Nahain et al.
used 20 nm-sized GQDs to track the successful targeting of overexpressed CD44
receptors in cancer cells [64]. The authors prepared GQDs-hyaluronic acid
(HA) conjugate to target the receptors, where their localization in the tumor tissue
could be monitored with GQDs’ intrinsic fluorescence both in vitro and in vivo
(Fig. 4.4). Anti-cancer treatment was subsequently achieved by loading doxoru-
bicin on the plane of GQDs, which was immediately released under acidic condi-
tions. In 2014, Ge et al. demonstrated more advanced photodynamic anti-cancer
therapy with a few nanometer-sized GQDs [65]. Notably, the synthesized GQDs
exhibited a broad absorption range with distinct emission at 680 nm. The authors
exploited these optical properties and utilized them as novel photodynamic agents,
which can generate singlet oxygen with respectable pH-and photostability in both
in vivo and in vitro trials. Moreover, they could simultaneously track the whole
process with fluorescence imaging.

In 2013, Zheng et al. utilized GQDs as a novel fluorophore to reveal unknown
biological functions [66]. In this study, the authors specifically labeled and tracked
the dynamic movements of insulin receptors in adipocytes with GQDs’ fluores-
cence to confirm the specific biological roles of a few neighboring proteins
(Fig. 4.5). Through the dynamic tracking, they found that two distinct proteins
regulate insulin receptor’s internalization and recycling in an opposite manner:
while TNF a improves the insulin resistance, apelin enhances the insulin sensitivity.
Although this study alone cannot bring momentous changes in diabetes treatments,
the report is remarkable as they utilized GQDs’ fluorescence to divulge unknown
cellular functions while previous researchers exploited GQDs’ fluorescence merely
on tracking drug delivery by monitoring successful targeting.
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4.5 Recent Applications of Graphene-Based
Nanomaterials in Magnetic Resonance Imaging

MRI is the most powerful technique for imaging tumors, the cardiac and nervous
systems as it enables high-resolution imaging in a non-invasive manner [67].
However, when a diseased lesion do not show distinct change in relaxation times,
MRI imaging does not help discover the diseased areas. MRI contrast agents are
employed to maximize the difference in relaxation time. Currently, most of the
commercial contrast agents are paramagnetic nanoparticles and metal ion com-
plexes [68]. Graphene-based nanomaterials do not exhibit intrinsic paramagnetism
and is not a candidate as a novel MRI contrast agent. However, functionalized
graphene-based nanomaterial possess oxygenated functional groups and cavities
that can load various drugs with conventional MRI contrast agents. In addition,
appropriate edge modifications can enable efficient targeting to specific regions.
Moreover, docking MRI contrast agents inside graphene-based nanomaterials can
also alleviate the toxicity concerns of heavy metal ions by decreasing the release
rate.

Fig. 4.4 Graphene based in vivo targeting imaging agents. a In vivo fluorescence images of
GQD–HA in mice after tail vein injection. b Fluorescence intensity from dissected organs. c and
d Bright field image and in vivo fluorescence image after GQD injection. e Time-dependent tumor
growth curves. HA: hyaluronic acid. Adapted with permission [64]
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4.5.1 Paramagnetic Ions Coordinated Graphene

Iron (Fe), manganese (Mn), and gadolinium (Gd) are representative paramagnetic
metal ions with high magnetic moments. When these ions coordinate surrounding
water molecules, the spin-lattice relaxation (T1) efficiently occurs. Since the T1
contrast depends on the net magnetization with respect to time, these ions can be
employed as adequate T1 contrast agents [69]. Nevertheless, as highly paramag-
netic metal ions typically exhibit high toxicity owing to the random coordination
with biomolecules, these ions are mostly used as chelated forms [68]. To that end,
functionalized graphene derivatives with cavities and oxygenated functional groups

Fig. 4.5 Dynamic tracking of protein of interest. a Confocal fluorescence images of insulin
conjugated GQDs (green, left) or with antibodies against insulin receptor (IR) (red, middle). b and
c Cellular distribution of insulin receptors after (b) 10 min or (c) 1 h incubation with
insulin-GQDs. Scale bar = 10 lm. Adapted with permission [66]
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can be decent candidates for chelating or burying the metal ions to decrease
potential toxicity.

In 2013, Kanakia et al. reported the use of dextran-coated graphene nanoplatelets
(GNP–Dex) with Mn2+ ions as enhanced T1-weighted MRI contrast agents [70].
The preparation of such complex was simply achieved by intercalating Mn2+ ions in
GNP–Dex, which was stable in the physiological conditions. Remarkably, the r1
relaxivity of GNP–Dex–Mn2+ system was 92 mM−1 s−1 (per Mn2+ ion), which
greatly exceeds that of clinical Mn2+-based contrast agents. In addition, the T1-
weighted phantom imaging also showed marked contrast enhancement.

In 2014, Gizzatov et al. employed functionalized graphene nanoribbons (GNRs)
to coordinate Gd3+ ion [71]. Highly carboxyphenylated GNRs were produced by
reductively cutting multi-walled carbon nanotubes (MWCNTs) using K/Na alloy,
which were subsequently functionalized with p-carboxyphenyldiazonium to yield
carboxyphenyl GNRs (average width 125–280 nm, average thickness 7–15 nm).
Obtained GNRs were successfully coordinated with Gd3+ ions to form Gd–GNRs
complex without additional surfactants. Notably, Gd–GNRs composite significantly
enhanced the relaxation rates of T1 and T2 (spin-spin relaxation) at 1.41 T, by
displaying r1 and r2 values of 70 ± 6 and 108 ± 9 Mm−1 s−1 respectively. The T1-
and T2-weighted phantom images further confirmed that the use of Gd–GNRs
composite results in better MRI contrasts, which greatly exceeds those of GNRs or
H2O-based images.

4.5.2 Paramagnetic Nanoparticles-Decorated Graphene

Currently, most of the commercial nanoparticle-based MRI contrast agents utilize
magnetic iron oxides (i.e. superparamagnetic iron oxide—SPIO) [72]. In general,
the mechanism of relaxation of superparamagnetic agents is different from that for
paramagnetic ion-based agents. Paramagnetic nanoparticles’ large magnetic field
leads to water molecule spin dephasing around the nanoparticle, producing trans-
verse relaxation T2 contrast. As graphene derivatives can be used as a template for
the growth of nanoparticles or efficiently conjugated with capped ligands, graphene
derivatives-paramagnetic nanoparticles can be easily prepared as T2 contrast-
enhancing agents [73].

In 2011, Chen et al. reported the first attempt to employ graphene-based
nanomaterial as a novel T2 contrast agent [74]. In the study, Fe3O4–GOs composite
was prepared by coating Fe3O4 nanoparticles with dimercaptosuccinic acid
(DMSA), which were subsequently conjugated with aminodextran (AMD). Finally,
Fe3O4–DMSA–AMD and GOs were covalently grafted by EDC coupling, which
yielded the final composite with an average size of 174.4 nm. Remarkably, the T2

relaxation rate of Fe3O4–GOs (per Fe concentration) was significantly enhanced by
exhibiting r2 = 76 Mm−1 s−1, which greatly exceeded those of other composites
without GOs; 24 and 21 Mm−1 s−1, respectively for DMSA–Fe3O4 and
AMD–Fe3O4.
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After two years, Shi et al. demonstrated the use of iron oxide nanoparticle
(IONPs)–GOs–gold nanoparticle (AuNP) composite for similar studies (Fig. 4.6)
[75]. The complex was prepared by the adsorption of IONPs on the surface of GOs,
followed by the growth of AuNP and subsequent PEGylation. Owing to the
complicated preparation steps, the complex exhibited wide distribution of size
between 200 and 600 nm. Originated from IONPs, the graphene-based complex
showed strong paramagnetic characteristics, which was confirmed from clear
T2-weighted image in the tumor region. Using similar methods, other groups
produced different types of paramagnetic nanoparticles in combination with GOs.
Peng et al. used manganese ferrite (MnFe2O4) nanoparticle-GOs complex that
showed very high T2 relaxation rate, r2 = 256.2 Fe Mm−1 s−1 [76]. The result was
exceeded by Chen et al., who utilized needle-shaped b-FeOOH nanorods-GOs
composite to yield the higher T2 relaxation rate, r2 = Fe 303.82 Mm−1 s−1 [77].

4.5.3 Graphene-Based Multifunctional MRI
Contrast Agents

Development of multifunctional MRI contrast agents that could enable simultane-
ous targeting, imaging, and curing has gained significant attention of researchers as

Fig. 4.6 Graphene based MRI imaging. a Schematic representation of paramagnetic nanoparticle
coordinated GO (GO–IONP–Au). b Scanning tunneling electron microscope (STEM) image, and
c, d energy dispersive X-ray spectroscopy (EDS) images of GO–IONP–Au. eMagnetization loops,
and f T2 relaxation rates with Fe concentration. g T2-weighted magnetic resonance images of 4T1
tumor-bearing mice before and after intratumoral injection of a graphene based contrast agent.
Adapted with permission [75]
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such materials may facilitate improved therapeutic efficiency. As functionalized
graphene derivatives are amphiphilic, they are structurally advantageous to play
such versatile roles. While their functional edges are available for molecular con-
jugation with metal contrast agents or targeting moieties, the basal plane is capable
of loading various hydrophobic drugs at the same time.

In 2014, Wang et al. reported mesoporous silica nanosheets–Fe3O4–GOs com-
plex as a multifunctional MRI agent [78]. The complex was prepared by coating
Fe3O4–GOs composite with aminopropyltriethoxysilane and tetraethyl orthosilicate
to form mesoporous silica nanosheets–Fe3O4–GOs. The complex was further
modified with interleukin-13-based peptide (IP) loaded with doxorubicin for effi-
cient targeting and chemotherapy. After i.v. injection of the complex, T2-weighted
image clearly visualized that the targeting was successfully done by IP moiety. The
doxorubicin was released by photothermal heating of GOs, which immediately
weakened the hydrophobic and electrostatic interactions between GOs due to the
presence of highly concentrated hydrogen ions. Similarly, by another group an
analogous multifunctional complex was loaded with 5-FU, a different type of
anticancer drug on Fe3O4–GOs composite [79].

Based on these progress in developing MRI contrast agents for imaging and
therapy, the use of radiolabeled multimodal graphenes will be detailed in the fol-
lowing section.

4.6 In Vivo Radionuclide Imaging of Radiolabeled
Graphene

Current various imaging modalities have their own unique properties in terms of
sensitivity and resolution, which has been taking advantage of being fit for relevant
experimental purposes. Although MRI provides definite soft tissue structural
information enabling high-resolution images, the low sensitivity in the detection of
interested tissue area still remains inherent limitation of MRI. Also, as for the
fluorescence imaging, fluorescence imaging has been extensively applied in
examining a variety of exquisite biological events with microscopic resolution.
However, the light absorption/scattering in biological tissues of fluorescence
imaging creates high auto-fluorescence background, leading to low target to
background ratio obliterating image quality and data misinterpretation.

Radionuclide imaging, has played crucial roles in practical application including
disease diagnosis, providing high sensitivity in the clinical as well as preclinical
areas. Moreover, greater biological and clinical accuracy are achieved through
quantitative and tomographic imaging, taking radioactivity’s advantage of depth
imaging [80]. Radio-graphene was recently named in a review article, which
focused on the broad usability of radiolabeled graphenes (GOs and GQDs) for
targeted delivery and therapy [81]. Many available functional groups exposed at the
edge of GO has enabled the easy radiolabeling of GOs for in vivo use. Bifunctional
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chelating agents such as isothiocyanatobenzyl-1,4,7-triazacyclononane-triacetic
acid (SCN–NOTA) can be simply conjugated on the carboxylate group of the
surface of GOs which will be used later to label radionuclides such as 68Ga or 64Cu
[82, 83]. It also has the ability to chelate other radionuclide, 177Lu for cancer
theranostic approach exploiting its emission of gamma ray and beta ray.

As another labeling method, click chemistry has been successfully adopted for a
simple and rapid labeling of GOs or GQDs in mild condition, showing that the
reaction between clickable moieties of esop and its corresponding azadibenzocy-
clooctyne group occurs within several minutes at room temperature [84–86].
Through this simple reaction, the well-defined and simple click reaction for mod-
ification of GOs shall aid in the development of a variety of radionuclide-labeled
graphene nanosheets capable of decorating multifunctional theranostic
biomolecules.

To date, researchers have attempted to develop graphene-based in vivo active
tumor targeting by incorporating specific ligands together with radioisotope label-
ing [87, 88]. Cai and his group used the 64Cu-labeled GOs on PET imaging and
achieved successful cancer targeting [87]. 64Cu–GOs labeled with monoclonal
antibody against proliferating endothelial marker, TRC105 (64Cu–NOTA–GO–
TRC105), showed specific targeting to the 4T1 breast cancers inoculated in the
mouse. A parallel study of tumor targeting used 66Ga-labeled nano GO (nGO)-PEG
for PET imaging [88]. Other reports followed to show again efficient tumor tar-
geting of GOs conjugated with monoclonal antibody (mAb) against follicle stim-
ulating hormone receptor (FSHR), which is ubiquitously expressed in tumor
vasculature. 64Cu–NOTA–GO–FSHR–mAb accumulated persistently in metastatic
breast cancer nodules in the lungs on PET imaging [89]. In addition, vascular
endothelial growth factor 121 (VEGF121) was conjugated with GOs by Shi et al. for
targeting VEGF receptor and could enhance the targeting efficiency of GOs to the
tumor [90]. Serial whole body PET images of 64Cu–GO–VEGF121 showed rapid
accumulation of graphene in U87MG tumor-bearing mice within 30 min. The same
group also used 64Cu–NOTA–RGO–IONP–PEG, finding that radiolabeled-GOs
cumulated passively in peripheral ischemic area. A reinjection of 64Cu–RGO–
IONP–PEG revealed accelerated blood clearance, and IgM against PEG was the
cause of this shortening of circulation [91, 92].

SPECT is approximately ten times less sensitive than PET. However, concurrent
imaging of multiple radionuclides of different energies is an advantage of SPECT.
Additionally, SPECT is widely available in clinics unlike PET’s dependence on the
availability of cyclotron, and SPECT radionuclides are simpler to prepare and usually
have a longer half-life than PET radionuclides. Cornelissen et al. explored feasibility
of targeting the HER2-overproducing breast cancer using anti-HER2 antibody-
conjugated nGO, radiolabeled with 111In-benzyl-diethylenetriaminepentaacetic acid
via p–p stacking on SPECT [93]. The pharmacokinetics of radiolabeled
nGO-trastuzumab conjugates were better when compared to radiolabeled trastuzu-
mab without NGO, clearing from circulation at a faster rate. Fazaeli et al. investigated
in vivo targeting and SPECT imaging of tumors with 198,199AU@AF–GO
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nanostructure, and found that 198,199Au@AF–GO had effective tumor targeting/
imaging as well as rapid clearance from the body [94].

The radioisotope 125I has a long half-life of 60 days, which enables to trace
long-term biodistribution and potential toxicity and was used labeling PEG–GO
[95]. There was an exponential decrease of the activity of 125I–PEG–GO admin-
istered in mice. Over the course of 60 days, this 125I–PEG–GO was gradually
excreted from the liver and spleen. While it would be possible that 125I would be
detached from 125I–PEG–GO, 125I–PEG–GO remained stable in plasma until
15 days and radioactivity of the thyroid radioactivity did not rise. Thus, radioac-
tivity was supposed to indicate where the GO was located. Further investigation is
necessary to determine the exact mechanism of graphene sheet clearance in vivo.
Nevertheless, those findings could provide great insight into advancement of GO in
drug deliver application.

One significant advantage of using radio-graphene is the ability to use very small
amounts of radioactive materials for in vivo radionuclide imaging, successfully
overcoming the dose-dependent toxicity issue. In contrast to MRI, which has a low
sensitivity, highly sensitive radionuclide imaging uses lower doses and can utilizes
least amounts of nanoparticles, leading to apparently lower toxicity [96].

The functionalization of graphene surfaces and graphene itself present many
opportunities for combined cancer treatment. In a recent study, a combination
approach was done, with rGO-gold nanorod functionalized with anticancer
chemotherapy drug. It successfully enhanced therapeutic effects, in addition to
dramatically regressing the tumor with amplified photothermal effects [97]. Ideal
candidates for combination therapy can be selected among antisense oligonu-
cleotides, chemical drugs, photothermal/photodynamic agents, and therapeutic
radionuclides [98, 99]. Furthermore, augmented therapy targeting DNA using
combination of doxorubicin and alpha particle could be made possible by gra-
phene’s capability of easy penetration of cell membranes [100, 101].

The localization and kinetics of GO can be traced in small animals or in humans
by radionuclide imaging especially using PET so as to elucidate targeting ability
and other organ distribution. Photothermal capability of GO combined with ther-
apeutic radioisotope such as 131I or 177Lu will synergize and this combination
enhance the effects of GO-based therapeutics in any disease of interest. 131I-labeled
rGO induced effective photothermal heating and cancer killing by high energy beta
ray emitted from 131I (Fig. 4.7) [102].

Radionuclide imaging is recognized as a more accurate and reliable imaging
modality than optical imaging, at least in terms of quantitation capability and
human application. These advantages will further enhance the advancement of
radio-graphene approaches in clinical application, and because radiolabeling of
graphene is simple and quick, harnessing radio-graphene platform for the targeted
cancer theranostics will be rapidly growing. Current lack of detailed knowledge
regarding in vivo characteristics will surely call for further studies using radio-
graphenes for in vivo tracking of GO-based therapeutic drugs. Radio-graphene has
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far-reaching applications and high multi-functionality versatile within biomedical
imaging purposes and provides new nanoplatforms for in vivo drug delivery and
therapy.
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Chapter 5
Organic Nanomaterials: Liposomes,
Albumin, Dendrimer, Polymeric
Nanoparticles

Keon Wook Kang and Myung Geun Song

Abstract Organic nanoparticles (NPs) as a drug delivery system have a relative
long history of development and many of them are now approved for commercial
use. The nano-carrier used for drug delivery should be eliminated from the body,
either by degradation or by excretion. While many inorganic nano-carriers are very
stable and difficult to metabolize, many of organic NPs are biodegradable.
Radiolabeling of biomolecules enables tracing these molecules in vivo.
Biodistribution and autoradiography studies validate tissue distribution of the
nano-carriers in animals. Nuclear medicine imaging such as single photon emission
computed tomography (SPECT) or positron emission tomography (PET) allows
non-invasive longitudinal monitoring of the in vivo pharmacokinetics and tissue
distribution of the nano-carriers even in human subjects. In vivo tracking of
nano-carriers using radionuclide imaging techniques enables a theranostic approach
as well, not just being a drug carrier. The combination of diagnostic and therapeutic
capabilities in a single drug delivery system can be used for precision personalized
therapies. In this chapter, we dealt with four different groups of biodegradable
organic NPs and their radiolabeled forms: liposomes, albumin-based nanoparticles,
dendrimers, and polymeric nanoparticles.
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5.1 Introduction

Organic nanoparticles (NPs) are made of organic molecules. Natural organic
molecules may exist in 1–1000 nm in diameter which are proteins aggregates, lipid
bodies, milk emulsions, viruses, antibodies, albumin and etc. Organic NPs are also
produced as a form of food, cosmetics and pharmaceuticals. Pharmaceutical for-
mulations are including liposomes, albumin, dendrimer, polymers and their con-
jugate forms [1].

Organic NPs as a drug delivery system have a relative long history of devel-
opment and many of them are now approved for commercial use. The nano-carrier
used for drug delivery should be eliminated from the body, either by degradation or
by excretion. Many inorganic nano-carriers are very stable and difficult to metab-
olize, so they could be deposited in the body for long time [2]. Thus, biodegradable
nanomaterials are preferred for drug delivery which needs to improve solubility,
extend the half-life, and reduce toxicity. In this chapter, we dealt with four different
groups of biodegradable organic NPs as nano drugs: liposomes, albumin-based
NPs, dendrimers, and polymeric NPs.

Radiolabeling of biomolecules enables tracing these molecules in vivo.
Biodistribution and autoradiography studies validate tissue distribution of the
nano-carriers in animals. Nuclear medicine imaging such as single photon emission
computed tomography (SPECT) or positron emission tomography (PET) allows
non-invasive longitudinal monitoring of the in vivo pharmacokinetics and tissue
distribution of the nano-carriers even in human subjects.

In vivo tracking of nano-carriers using radionuclide imaging techniques enables
a theranostic approach as well, not just being a drug carrier. The combination of
diagnostic and therapeutic capabilities in a single drug delivery system can be used
for personalized precision therapies. In vivo imaging of radiolabeled NPs prior to
therapy has a function of companion diagnostics to predict accumulation of NPs at
target sites. This predicts the potential therapeutic response and enable to select
appropriate patients and to determine the dose to obtain an optimal therapeutic
response. The therapeutic NPs can be administered, if the radiolabeled NPs are
accumulated in the target tissues sufficiently determined by prior in vivo imaging.
Biodistribution of tracing dose of drug is not always the same as that of therapeutic
dose. During the radioiodine therapy of thyroid cancer, sometimes imaging after
therapeutic dose shows more metastatic lesions than diagnostic imaging. So,
drug-loaded NPs can also be radiolabeled to verify their delivery to the tissue of
interest for monitoring in the initial or following occasions of treatment. Insufficient
accumulation of the NPs on the target could explain a lack of therapeutic response.
Increased accumulation of the NPs on the normal organs predict the adverse effects.
Thus, radionuclide imaging of NPs can play an important role in the management of
the individual patients in each session of treatment.

Nano-drug delivery system has the long biologic half-lives, typically in the order
of days. It is essential to select radioisotopes with long half-life for following-up
imaging to evaluate the effective therapy. For nuclear medicine planar imaging or
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SPECT imaging, c-ray emitting radionuclides, such as 99mTc (t½ = 6 h) and 111In
(t½ = 2.8 d) are used. For PET imaging, 64Cu (t½ = 12.7 h) or 89Zr (t½ = 3.3 d) is
preferred over 18F (t½ = 110 min) or 68Ga (t½ = 68 min). Some radionuclides such
as 166Ho, 177Lu, 131I, and 188Re emit both gamma and beta ray at the same time.
NPs labeled with these radionuclides can be used for simultaneous imaging and
therapy, so called radio-theranostics. Radionuclides emitting beta (90Y) or alpha ray
(225Ac or 213Bi) can be used for targeted radionuclide therapy.

5.2 Liposomes

Liposomes are spherical vesicles organized as the phospholipid bilayer resembling
cell membranes. Ever since their discovery in 1965, liposomes have been exten-
sively studied exploring their potential for diagnostic and therapeutic purposes [3].
The targeting property of liposomes is based on the enhanced permeability and
retention (EPR) effect, which is the increased vascular permeability found in tumors
or inflamed tissues [4]. Targeting efficacy and biodistribution are dependent on
factors such as size, composition, charge, and surface modification [5]. The size of
the liposomes is one of the key factor of affecting biodistribution. Liposomes are
primarily taken up by the liver when smaller than 70 nm, while taken up by the
spleen when larger than 200 nm [6]. Liposomes with a diameter of 100–200 nm
showed up-to fourfold higher uptake rate in the tumor compared to larger or smaller
vesicles due to increased circulation time [7]. Composition of the liposomes is
related with the in vivo stability. The addition of cholesterol to the phospholipids
results in increased rigidity and chemical stability of liposomes in physiological
conditions6. When conventional liposomes are administered intravenously, they
will be coated with plasma proteins and organized into the protein corona. The
protein corona covering liposomes acts as opsonins. Opsonins are circulating host
defense serum molecules which are attached to the surface of microbes or foreign
bodies, promoting their clearance by phagocytic pathways. Liposomes coated by
opsonins are recognized by the mononuclear phagocyte system and rapidly cleared
from the blood circulation [8]. Polyethylene glycol (PEG) can be coated on the
surface of liposomes to interfere opsonization. The first U.S. Food and Drug
Administration (FDA) approved liposomal formulation was PEGylated liposomal
doxorubicin (Doxil®). It was approved in 1995 [9].

Radiolabeled liposomes can be used to determine the biodistribution of lipo-
somal drugs and provide theranostic opportunity in combination with therapeutic
and diagnostic agents [10]. Vescan®, the first liposomal-based radiotracer formu-
lation was developed as an imaging agent [11]. 111In-based ionophore was loaded
within the micellar structure of the liposomes. Although Vescan® was not approved
by the FDA for commercial use, clinical trials provided a good understanding of the
patient’s liposome clearance rate and imaging in various tumors.

Various strategies have been developed for the radiolabeling of liposomes [12,
13]. The four major strategies are passive encapsulation [14], membrane labeling
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[15], surface chelation [16] and remote loading [17] (Fig. 5.1). Passive encapsu-
lation incorporates the radioisotopes within the liposomes during the formation of
their structure. This method is rarely used nowadays because of the low infusion
efficiency (<10%) of the radiolabeled compound into the liposomes. Membrane
labeling is a method that liposome membranes are labeled with radionuclides before
forming liposomes. The radioactive compound can be either covalently bound to
the membrane surface of the liposome or located inside of the membrane if
radionuclide containing molecules is hydrophobic. The main drawback of this
method is a tedious and laborious purification process. Radiolabeled lipid deriva-
tives can be formed into liposomes like the passive loading. Notably, noncovalent
loading of radionuclides can be released in vivo and then radioactivities represent
freed radionuclides as well as labeled ones. Thus this method might provide false
estimates of location of liposomes in the body.

Fig. 5.1 Schematic diagram of passive encapsulation, membrane labeling, surface chelation, and
remote loading methods for preparing radioactive liposomes. Reprinted from [13] with permission
from Elsevier
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The surface chelation and stepped remote loading approaches are featuring high
radiolabeling efficiency and retention. Surface chelation uses chelators that are
incorporated into the hydrophobic membrane surface of the liposomes during their
formation. This method has high-efficiency loading of the liposomes (>90%). In
vivo stability of radionuclides labeled on the surface of liposomes is dependent on
the radionuclide–chelator binding constant. When the radionuclides are exposed to
biomolecules in the blood, it might be released from the chelator if the biding is not
tight enough. The remote loading method is active loading and concentrating of
radionuclides into the internal aqueous compartment of the liposomes. It provides
both high loading efficiencies (>90%) and high in vivo stability because the
radionuclides are located inside of liposome.

During the development of liposomal drugs, 99mTc and 111In were popularly
used to monitor the fate of liposomes in vivo using tissue biodistribution studies
and scintigraphic imaging in earlier days, since their physical half-life is similar to
the biologic half time of liposomes [18–20]. Clinical studies provided insights in
the in vivo behavior of liposomes in cancer patients and guided the development of
liposomal drugs. Planar scan and SPECT imaging of PEG-coated and 111In-labeled
liposomes succeeded in visualizing tumor lesions in different types of locally
advanced cancer [21]. Clinical studies with this companion diagnostic imaging
showed that liposomes were well tolerated in all patients and accumulated in the
tumor in 15 of 17 patients (4 of 5 breast, 5 of 5 head and neck, 3 of 4 bronchus, 2 of
2 glioma, and 1 of 1 cervix cancer). The tumor uptake of liposomes were 0.5–3.5%
of the injected dose at 72 h which was estimated from regions of interest on gamma
camera images. The highest uptake were observed in the patients with head and
neck cancers [33.0 ± 15.8%ID/kg (percentage of injected dose/kg)]. Radiolabeled
PEGylated liposomes accumulate in solid tumors and remain there according to the
imaging findings at 7 days after injection. In addition, significant localization of the
liposomes was found in the tissues of the mononuclear phagocytic system (MPS a.
k.a. RES; reticuloendothelial system) such as liver, spleen, and bone marrow. Due
to the low sensitivity (*70%) for detecting tumors, no radiolabeled liposomes were
approved for diagnostic agents by the FDA.

Since liposomes localize in inflamed tissues, gamma camera imaging with
radiolabeled liposomes was also applied to image infectious or inflammatory
lesions. PEGylated liposomal formulation was used to detect inflammatory foci in
patients. 99mTc-PEG liposome scintigraphy were directly compared with those of
111In-immunoglobulin G (lgG) scintigraphy in patients with soft-tissue infection
(n = 3), septic arthritis (n = 3), autoimmune polyarthritis (n = 2), infected hip
prosthesis (n = 1), infected osteosynthesis (n = 1), spondylodiscitis (n = 1),
infected aortic prosthesis (n = 1), colitis (n = 1), abdominal abscess (n = 1), and
pneumonia (n = 1). Of the 16 proven lesions, 15 were detected by 99mTc-PEG
liposome scan which is similar to 111In-IgG imaging [22]. Radiolabeled liposomes
were also used to image inflamed foci in patients with rheumatoid arthritis. 99mTc
labeled negatively charged liposomes were injected to 6 patients with rheumatoid
arthritis intravenously [23]. All clinically involved joints could be visualized on
scan 20–22 h later exception of the small interphalangeal joints. These studies
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showed that scintigraphic imaging of infection and inflammation using radiolabeled
liposomes is safe, sensitive and specific.

PET imaging with radiolabeled liposomes has only been carried out in animal
models. 18F and 68Ga have been used to radiolabel liposomes and to image different
types of cancers. However, the short half-life of these radionuclides (110 and
68 min, respectively) is not optimal. Radionuclides with longer half-lives, like 64Cu
(t½ = 12.7 h) and 89Zr (t½ = 78.4 h) are needed to image the accumulation of
liposomes in tumors at later time points. PEGylated liposomes labeled with 64Cu
were used to evaluate PET imaging of cancer. Biodistribution studies were done
using two different molar level of PEG (5 and 10 mol%) on the surface of
PEGylated liposomes with remote loaded 64Cu in a xenograft mouse model with
human neuroendocrine tumor cells (NCI-H727). A significantly higher liposomal
uptake (%ID/g) was observed in small tumors compared to large tumors at the 24 h
(P < 0.001) and 48 h (P < 0.001) time points.

89Zr can track liposomes over a week after injection. To quantify in vivo
pharmacokinetics of liposomal NPs, liposome was labeled with 89Zr efficiently
using a method based on a rapid ligand exchange reaction between the
membrane-permeable 89Zr(8-hydroxyquinolinate)4 complex and the hydrophilic
liposomal cavity-encapsulated deferoxamine (DFO) [24]. These 89Zr-labeled lipo-
somal NPs showed remarkable stability in phosphate-buffered saline and serum
without leakage of radioactivity. Radiolabel retention of them in fresh rat serum at
37 °C for 24 and 48 h was 95 and 94%, respectively. In the PET images, the KB
tumor xenografts were visible at 6 h, and became clearer at 24 h, and then the
signals became weaker at 48 h due to washing out of radio-activity in the endo-
cytosed liposomes degraded over time. The pharmacokinetic analysis from the PET
images indicated that the radioactivity, at last, was gradually and in parts washed
out from the kidney and liver, or remainders were deposited in the bone over time.
The catabolism of the liposome-encapsulated 89Zr-DFO in the liver caused release
of 89Zr into the circulation, leading to its accumulation in bone.

Radiolabeling of drug-loaded liposomes enables a theranostic strategy which
allows monitoring the liposomes and their contents during therapy using radionu-
clide imaging. The combination of chemotherapy and radionuclide therapy will also
be possible, if the liposomes are loaded with chemotherapeutic drugs and also
labeled with beta emitting radionuclides, such as 90Y, 131I, 166Ho, 177Lu, and 188Re
or with alpha-emitters, such as 213Bi or 225Ac. Some radionuclides such as 131I,
166Ho, 177Lu, and 188Re, emits both beta particles and gamma photons at the same
time. Since beta ray can destroy nearby cells, and gamma ray can escape from the
body and be captured by gamma cameras, radiolabeling of liposomes with these
radionuclides will enable theranostic on their own.

188Re is a theranostic radionuclide because it emits both gamma rays and high
energy of beta particles (2.12 meV). Since its atomic radius and gamma energy
(155 keV) is similar to 99mTc, both radionuclides can be labeled with the same
chemical methods and are optimal for gamma camera imaging. Moreover, 188Re
can be conveniently produced by 188W/188Re generator systems. 188Re has been
embedded in PEGylated liposomal particles via N,N-bis(2-mercaptoethyl)- N′,N′-
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diethylethylenediamine (BMEDA) chelator for the treatment of human non–small
cell lung cancer cells (NCI-H292) in a xenograft tumor model [25]. The pharma-
cokinetics and the dosimetry of 188Re-BMEDA and 188Re-PEG-liposome were
revealed by SPECT/CT imaging and the concurrent biodistribution analysis.
Compared with 188Re-BMEDA, 188Re-PEG-liposome showed a longer mean res-
idence time, larger maximal concentration, and a slower pace of clearance. The
accumulation of 188Re-PEG-liposome at the tumor site remained detectable up to
48 h. The maximal absorbed dose to the liver, spleen and subcutaneous tumor
(300 mm3) was estimated at 4 Sv, 17 Sv, and 70 Gy, respectively. When the tumor
growth was monitored up to 21 d, only 188Re-PEG-liposome suppressed tumor
growth and extended life span of tumor bearing mice.

The high killing efficacy of alpha particles arises from the high linear energy
transfer (LET). LET is the amount of energy deposited per unit distance traveled.
Due to high LET, alpha particles therapy is independent of the cellular oxygenation
or cell cycle. The range of alpha particles in the tissues is short as 50–100 lm. So
their irradiation are well localized to the target cells, while surrounding healthy
tissues are minimally exposed. Immuno-liposomes labeled with alpha emitters,
213Bi (t½ = 46 min) were injected in mice with breast cancer metastases induced by
intra-cardiac injection of rat HER-2/neu expressing syngeneic tumor cells [26].
213Bi and the rat HER2/neu antibody was conjugated to a 100 nm diameter lipo-
some. Median survival times were similar to those obtained with antibody conju-
gated with 213Bi.

5.3 Albumin

Albumin is the most abundant plasma protein which is synthesized in the liver and
constitutes approximately 60% of total plasma protein. Its distribution is primarily
intravascular and its plasma half-life is 19 days [27]. Its molecular weight is
66.5 kDa and small enough to filter out through glomerulus in the kidney. Like
antibodies, albumin binds to the neonatal Fc receptor (FcRn) which is expressed in
proximal tubular cells, and is reabsorbed [28]. Albumin is a carrier protein for
steroids, thyroid hormone, retinoid, other lipophilic hormones, and lipophilic drugs
(Fig. 5.2).

When Evans blue-albumin complex was injected into tumor bearing mice via a
tail vein, it gradually accumulated in the tumor [29]. When Evans blue-albumin
complex was injected into the solid tumor, it was retained in the tumor for a long
period. This phenomenon is now called the EPR effect on the tumor. Many
nano-drug delivery systems, including liposome, use this strategy for the passive
targeting of tumors. Abraxane® is a NP albumin-bound paclitaxel (PTX) and
became the first albumin based antineoplastic agent approved by the FDA.

Radiolabeled human serum albumin (HSA) was used for the detection of protein
losing enteropathy [30]. 99mTc-HSA scan showed blood pool imaging reflecting its
intravascular distribution. In patients with protein losing enteropathy, radioactivity
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accumulated in the abdomen and migrated distally (Fig. 5.3). When 99mTc-HSA
was injected in a tumor bearing mouse, radioactivity accumulated slowly in the
tumor. It has not yet been elucidated why albumin accumulates in the tumor. Some
mechanism other than the EPR effect is suggested. GP60, a 60 kDa glycoprotein,
which is expressed on the plasma membrane of endothelial cells binds albumin and
enhances penetration of Abraxane® by endothelial transcytosis [31]. A secreted
protein, acidic and rich in cysteine (SPARC) is highly expressed in malignant cells
and secreted into interstitial space. Since albumin has an affinity to SPARC,
SPARC may play a role in albumin accumulation in the tumor [32].

99mTc micro-aggregated HSA has been used for bone marrow scan, since
<80 nm sized particles preferentially are taken up by macrophages in the bone
marrow, while bigger sized particles (200–400 nm) tend to accumulated more in the
Kupffer cell of liver [33]. Bone marrow scan help to diagnosis of bony metastasis or
osteomyelitis revealing defects in bone marrow which are replaced by tumors or
leukocytes. Recently 99mTc HSA nanocolloids are more frequently used for sentinel
lymph node (SLN) detection. Mapping lymph nodes on tumor drainage pathway

Fig. 5.2 The crystal structure of human albumin depicts multiple binding sites of hormones,
drugs, and metals. Reprinted from [28] with permission
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can guide minimal invasive surgery in cancers with early stage such as breast
cancer, melanoma, and etc. 99mTc nanocolloidal albumin was approved in Europe
for lymphoscintigraphy, bone marrow scintigraphy and visualization of inflam-
matory processes. Manufacturers declare in the technical leaflet that more than 95%
of the particles of nanocolloidal albumin are smaller than 80 nm. Three commer-
cially available 99mTc HSA nanocolloids (Nanoalbumon®, Nanocoll® and
Nanotop®) were compared for their size and radioactivity distribution [34]. The
ranges of particle diameter were 6.5–68 nm for Nanocoll®, 5.6–79 nm for
Nanotop®, and 12–122 nm for Nanoalbumon®. The size and radioactivity distri-
bution are similar between Nanotop® and Nanocoll®, and those of Nanoalbumon®

is bigger than the others. Smallest particles can pass SLNs, and more node tiers are
visualized, decreasing the accuracy of SLN mapping.

Combination of chemotherapy and radionuclide therapy based on albumin NPs
was tried to show synergistic treatment effect in a mouse model bearing murine
breast cancer 4T1 tumor [35]. HSA was labeled with radionuclide 131I through a
standard chloramine-T oxidation method, and then were added with PTX to prepare
131I-HSA-PTX NPs. 131I-HSA-PTX showed obvious tumor accumulation on
gamma imaging 24 h after intravenous injection. Compared to radionuclide therapy
(131I-HSA) or chemotherapy (HSA-PTX) alone group, the combination therapy by
131I-HSA-PTX was significantly more effective to decrease the tumor volumes.

Strategies labeling innate albumin in vivo were also tried using albumin binding
molecules [36]. Evans Blue (EB), an albumin binding dye, displays reversible
binding to serum albumin with IC50 in the micromolar range. A truncated EB was
labeled with 68Ga through 1,4,7-triazacyclononane-N,N′,N″-triacetic acid (NOTA)
chelator (68Ga-NEB). 68Ga-NEB was retained in the blood circulation and cleared
slowly but steadily from the blood in healthy volunteers. As a blood volume
imaging agent, 68Ga-NEB imaging clearly differentiated hepatic hemangioma from

Fig. 5.3 A serial 99mTc-HSA scans in a patient with protein losing enteropathy. Until 4 h,
radioactivity is within blood pool. At 24 h radioactivity accumulated in the right lower quadrant of
abdomen and migrated distally

5 Organic Nanomaterials: Liposomes, Albumin, Dendrimer … 113



other benign or malignant focal hepatic lesions. The radiolabeled EB was also
evaluated as a radiotherapeutic agent in a mouse model of glioblastoma. Two
injections of 7.4 MBq of 90Y-1,4,7,10-tetra-azacyclododecanetetra-acetic acid
(DOTA)-EB-RGD peptide eliminated the tumor xenografts.

5.4 Dendrimers

Dendrimers are a group of highly branched spherical synthetic polymers. Tomalia
and his colleagues described the stepwise synthesis of dendrimers in 1980s, and
coined the name of dendrimer meaning dendritic polymer [37]. They consist of a
core and several layers with active terminal groups. These layers are formed by
repetition of the polymer. The core is generation 0 (G0) and each layer will be G1,
G2, G3, and so on. Due to the high loading capacity of payloads and the capability
to control the polymer structure, dendrimers are favorable platforms for drug and
gene delivery. Through the modification of cores, interiors, and surface groups of
dendrimer, the properties of dendrimer can be optimized to reach favorable physical
characteristics, biodistribution, receptor-mediated targeting, and controlled release
of the payloads (Fig. 5.4) [38]. It can specifically target tumor cells by incorpo-
rating tumor-affine molecules. Dendrimers can carry gadolinium or radionuclides
for magnetic resonance imaging (MRI) or nuclear medicine imaging and therapy.

Fig. 5.4 Dendrimer architecture and targeting modalities. a Illustration of general dendrimer
architectural topology with the three architectural components: (i) core, (ii) interior and
(iii) terminal surface groups (Z). b Passive size-mediated targeting: dendrimer-based diagnostic
imaging and therapy delivery nanodevices involving (A) imaging moieties, (B) small-molecule
therapy components and (Z) low-toxicity terminal surface groups. c Active receptor-mediated
targeting: dendrimer based diagnostic imaging and therapy delivery nanodevices involving
(A) imaging moieties, (B) small-molecule therapy components, (C) receptor-mediated targeting
groups and (Z) low-toxicity surface groups. Reprinted from [38] with permission from Elsevier
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SPL7013 Gel (VivaGel®), dendrimers made from poly-L-lysine is in phase 3
clinical trials for prevention of sexual transmitted infections, such as HIV and
genital herpes [39]. It blocks viruses by making biofilm when it is topically applied
to vagina. For the drug delivery, docetaxel linked on PEGylated dendrimers
(DEP™ docetaxel) is in Phase 1 clinical trials for advanced or metastatic cancer.

The size, surface charge and solubility of dendrimers can be precisely controlled
by alteration of both the core and surface repeating units. There are different types
of dendrimers, such as polyamidoamine (PAMAM), polypropylene imine (PPI) and
poly-L-lysine. Among them, PAMAM dendrimers are the most intensively inves-
tigated for their biomedical applications. SuperFect® (Qiagen), well-known gene
transfection agent for cell lines is PAMAM dendrimers.

Biodistribution of dendrimers has been studied by administration of radiolabeled
dendrimers in animals. Charge has a crucial role affecting the biodistribution and
toxicity of dendrimers. The body distribution of 125I-labelled cationic PAMAM
dendrimers (G3 and G4) and 125I-labelled anionic ones (G2.5, G3.5 and G5.5) was
investigated after intraperitoneal or intravenous administration to rats [40].
Cationic PAMAM was cleared very rapidly from circulation. Only 0.1–1% was
detected in blood just 1 h after administration due to accumulation of dendrimers
(60–90%) in the liver. Anionic PAMAM showed longer circulation times.
Substantial amount (15–40%) of injected dose still remained in the blood 1 h after
injection. However significant amount (25–70%) of anionic dendrimers accumu-
lated in the liver as well. The cationic dendrimers were cytotoxic at the concen-
tration of 0.05 mg/ml while anionic dendrimers were not cytotoxic up to
concentrations of 1 mg/ml after 72 h of incubation with B16F10 cells. The toxic
effects induced by cationic dendrimers could be related with membrane disruption
due to interactions with negatively charged cell membranes [41].

The preclinical pharmacokinetics of G1 and G4 PAMAM were compared after
111In labeling via DOTA like chelator (pyridine-N-oxide DOTA) [42]. The G1 was
cleared fast from the blood, with only 0.51 ± 0.07% administered dose remaining
in the blood 2 h after injection. A high radioactivity uptake in the kidney at 5 min
rapidly decreased at 1 h after dosing. This rapid decreasing of radioactivity in the
short time intervals is related with elimination of the agent to urine. G4 revealed a
slower decrease of blood radioactivity over time. Two hours after administration,
4.33 ± 0.70% of the administered activity was still in the blood. G4 administration
led to significant and long-term radioactivity in the liver (20.56 ± 2.59%) and
kidneys (5.85 ± 0.58%) at 48 h post-injection.

The impact of PEGylation on the pharmacokinetics and biodistribution was
investigated after intravenous administration of 3H-labeled poly L-lysine den-
drimers to rats [43]. The larger dendrimer constructs (i.e. >30 kDa) were poorly
cleared through kidneys and showed extended elimination half-lives (t½ 1–3 d)
when compared to the smaller dendrimers (i.e. < 20 kDa) which were rapidly
cleared from the plasma into the urine (t½ 1–10 h). The larger dendrimers con-
centrated in the organs of the MPS (RES) such as liver and spleen later on.

Radiolabeled dendrimers can be used for imaging diagnostics. 64Cu-labeled
LyP 1-dendrimer designed for PET imaging of atherosclerotic plaque [44]. LyP-1 is

5 Organic Nanomaterials: Liposomes, Albumin, Dendrimer … 115



a cyclic 9-amino acid peptide and binds to p32 proteins on activated macrophages
[45]. Yet, the in vivo plaque accumulation of monomeric [18F]FBA-LyP-1 was low
(0.31 ± 0.05%ID/g). Multivalent peptides increase the binding avidity of targeting
biomarker [46]. To increase the avidity of LyP-1 constructs to p32, dendritic form
of LyP-1 ((LyP-1)4-dendrimer) was synthesized. 64Cu was labeled via chelator
6-BAT (6-[p-(bromoacetamido)benzyl]-1,4,8,11-tetraazacyclotetradecane-N,N,N′,
N″,N″′-tetraacetic acid) on (LyP-1)4-dendrimer for PET/CT imaging. Radioactivity
of the LyP-1-dendrimer was 1.1 ± 0.26%ID/g in the aorta of ApoE-null mice
having developed atherosclerosis on a high fat diet for 6 months.

Radionuclide-based theranostic strategy have been investigated by radiolabeling
of dendrimers with radionuclides emitting both beta and gamma ray simultaneously
such as 177Lu, 131I, and 188Re. Dendrimers were radiolabeled with 177Lu after
conjugation with DOTA [47]. Biodistribution studies of 177Lu-DOTA-dendrimers
in C57BL/6 melanoma-bearing mice showed a high uptake in liver (20%ID/g), and
spleen (18%ID/g). The blood activity decreased by half in 4 h through renal system.
The tumor uptake was 5%ID/g and remained constant over 24 h.

Chlorotoxin (CTX)-conjugated multifunctional dendrimers labeled with
radionuclide 131I were synthesized and utilized for targeted SPECT imaging and
radiotherapy of cancer [48]. Amine-terminated PAMAM dendrimers of G5 were
used as a platform. The dendrimers was conjugated with PEG, CTX, and 3-(4′-
hydroxyphenyl)propionic acid-OSu (HPAO). CTX selectively interacts with matrix
metallopeptidase 2 (MMP-2) which are specifically upregulated in gliomas. The
hydrodynamic size of them were 233.5 nm and the surface potential of the G5.
NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers was +25.9 mV. The dendrimer
platform was labeled with 131I using the chloramine-T method through the phenol
group of HPAO moiety. This theranostic dendrimer platform had an ability for
targeted SPECT imaging and radiotherapy of an MMP-2 overexpressing C6 glioma
mouse model.

G4 poly-L-lysine dendrimer was radiolabeled with 188Re via nitro-imidazole
chelating ligand (ImDendrim) [49]. Nude mice bearing hepatocellular carcinoma
HepG2 xenograft tumors were treated with a 0.1 ml of 188Re-ImDendrim at doses
of 37, 74, 92.5 and 111 MBq by a single intratumoral injection. After 3 and 24 h
post in situ administration of 188Re-ImDendrim, SPECT/CT imaging was done. At
24 h post injection of 188Re-ImDendrim, almost total administered radioactivity
was retained locally in the injection site. There were no significant diffusion outside
the injection area and no significant uptake in various organs including lungs, heart,
liver, kidneys and brain (Fig. 5.5). The cationic poly-L-lysine groups of dendrimer
limit its diffusion rate and showed high retention in the site of injection.
188Re-ImDendrim treated group showed significant anti-tumor property even with
the lowest dose of 37 MBq per mouse. In comparison, injection of nonradioactive
ImDendrim or free 188Re did not result in any anti-tumor effect. In situ introduction
of 188Re-ImDendrim is in phase 1 clinical trial for treatment of inoperable liver
cancers which are non-responding to conventional therapy.
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5.5 Polymeric Nanoparticles

Polymeric NPs are defined as submicron-sized solid polymer particles with matrix
type structure, in which a cargo can be encapsulated within the polymer matrix or
absorbed in the surface [50]. Their biocompatibility and biodegradability makes
them suitable for various biomedical applications. These applications include drug
and gene delivery, tissue engineering, medical supplies like sutures or wound
dressings, imaging agents, cosmetics, food and beverage. The most common syn-
thetic polymers are polyesters like polylactic acid (PLA), polyglycolic acid
(PGA) or their copolymer poly(lactic-co-glycolic acid) (PLGA).

Paclitaxel loaded polymeric micelle (Genexol PM) was approved for the treat-
ment of breast cancer, non-small cell lung cancer, and ovarian cancer in Korea.
Genexol PM consists of biodegradable di-block copolymers, methoxy poly(ethy-
lene glycol)-poly(DL-lactic acid) (mPEG-PDLLA). The copolymer residue
increases the water-solubility of paclitaxel and allows delivery of higher doses than
those achievable with paclitaxel alone [51].

PLGA is a particularly interesting material for the development of clinically
relevant drug delivery systems, due to its long history of safety in humans. PLGA is
biodegradable and undergoes hydrolysis in the body to produce the original
monomers, lactic acid and glycolic acid. Microparticle formulations of PLGA are
clinically approved for use in humans for direct injection. NPs composed of PLGA

Fig. 5.5 SPECT/CT images of tumor-bearing mice after in situ injection of 188Re-ImDendrim.
Reprinted from [49] with permission
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(BIND-014) is in phase 2 clinical trials for targeted delivery of docetaxel to
prostate-specific membrane antigen (PSMA) in metastatic prostate cancer [52].

PEG is a highly biocompatible polyether. It has been frequently used as a surface
modifier of NPs to reduce their cytotoxicity. Biodistribution studies of polymeric
NPs have shown that they are normally opsonized and removed from the blood-
stream by macrophages in reticuloendothelial system (RES) such as liver and
spleen very rapidly [53]. When they are PEGylated (attachment of PEG to mole-
cules or macrostructures), their half-time become longer and they migrate prefer-
entially to the spleen, while smaller particles concentrate in bone marrow. The
length effect of PEG was studied using biodistribution in rats and PET imaging in
mice. Various lengths of PEG chains (1.1, 2.0, and 5.0 kDa) was grafted to poly
(methyl methacrylate-co-methacryloxysuccinimide) (PMMA-co-PMASI) [54].
After preparation of polymeric micelles, DOTA ligand was introduced to polymer
terminal as a chelator for 64Cu. Diameters of the micelles with PEG of 1.1, 2.0, and
5.0 kDa were 9.7 ± 1.1, 17 ± 2, and 20 ± 3 nm, respectively. Biodistribution
studies and PET imaging was done after injection of 64Cu labeled polymeric
micelles. The 5.0 kDa PEG micelle showed a slow blood clearance, and 31 ± 2%
of the dose was still in blood at 48 h after injection. It was almost ten times higher
than that of 1.1 kDa PEG micelles and twice higher than that of 2.0 kDa ones.
Liver uptake of 1.1, 2.0, and 5.0 kDa PEG micelles at 24 h from the injection was
decreased in this order and to be about 4.0, 2.8, and 1.2%ID/g, respectively.
Excretion profiles showed that the urine activity of 1.1 kDa PEG NP exhibited a
significantly higher than that of the 5.0 kDa PEG derivative. This study showed a
trend that longer PEG lengths correlates with longer blood circulation lifetimes and
lower uptake in the liver.

Polymeric NPs has been studied for vaccine adjuvants replacing aluminum salts.
Radiolabeling can reveal the fate of subcutaneously administered polymeric NPs.
125I was labeled with poly(c-PGA-Phe), consisted of hydrophilic poly(c-glutamic
acid) and hydrophobic phenylalanine after adding tyrosine (Tyr)-residues for
radioiodination [55]. These NPs were 200 nm in diameter and had a negative
zeta-potential. 125I has a relatively long physical half-life of 60 days and enables
monitoring a long process of excretion of NPs. Gamma scintigraphic images and
biodistribution study were followed up until 11 d post injection to the mice. The
amount of c-PGA-Phe-Tyr(125I) NPs at the site of injection (SOI) gradually
decreased over a week. About 3% of injection doses were remained at SOI, and
little was detected in the organs and blood all the time. At 11 d post-injection, NPs
were detected from the excretion 14 ± 4 and 59 ± 1% from feces and urine,
respectively.

Radiolabeled polymeric NPs was studied for chemoradiation therapy.
Core-crosslinked polymeric micelles (CCPM) was prepared from self-assembly and
cross-linking of poly[oligo(ethylene glycol) methyl ether methacrylate]30-b-poly(2-
(methacryloyloxy)ethyl 4-oxo-4-(3-(triethoxysilyl)propylamino)butanoate) [56].
177Lu was conjugated via a chelator complex, DTPA-bz-SCN which was introduce
to CCPM. 177Lu emits beta ray for treating tumors. In addition, 177Lu can be used
for scintigraphy and dosimetry because it emits gamma ray. On the other hand,
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cyclopamine (CPA) which is a radio-sensitizer, encapsulated in liquid–lipid NPs
(CPA-LLP) for intravenous injection. The size of CCPM-177Lu was
33.1 ± 1.2 nm, and that of CPA-LLP was 48.2 ± 3.1 nm. For the combination
therapy, CPA-LLP was injected via tail vein, and CCPM-177Lu was injected
intratumorally in 4T1 murine breast cancer and Miapaca-2 human pancreatic ade-
nocarcinoma mice models. The combination of CPA-LLP and CCPM-177Lu
delayed tumor growth more than either monotherapy did alone.

The natural polymeric NPs are made of chitosan, hyaluronic acid, and etc.
Chitosan is a natural biodegradable cationic polysaccharide consisting of
D-glucosamine and N-acetyl-D-glucosamine. It is prepared by the deacetylation of
natural biopolymer chitin which is found in the exoskeleton of crustaceans.
Chitosan derivatives have been actively studied because of high viscosity, low
toxicity, superior mucoadhesive properties, and biocompatibility [57]. They are
suitable for drug delivery vehicle as well as biomaterials for tissue engineering.
Chitosan has been approved by the FDA for wound dressing, because it achieves
hemostasis and induces normal tissue regeneration [58].

About 300 nm sized glycol chitosan NPs (CNPs) were labeled with 64Cu to
monitor in vivo biodistribution of NPs [59]. A strained cyclooctyne derivative,
dibenzyl cyclooctyne (DBCO) conjugated with a DOTA chelator. Azide (N3)
group was introduce to CNPs. 64Cu-radiolabeled CNPs was synthesized via
copper-free click reaction between 64Cu-DOTA-Lys-PEG4-DBCO and CNP-N3.
64Cu-CNPs (0.25 mCi, 200 lg) were administered to SCC7 tumor-bearing mice.
Radioactivity in the tumor region gradually increased from 6.1 ± 1.3%ID/g at 2 h
post-injection up to 11.3 ± 1.25%ID/g at 50 h post-injection (Fig. 5.6). Liver and

Fig. 5.6 PET images (A) and quantitative analysis (B) of intravenously administered 64Cu-CNPs
in tumor-bearing mice. White circles denote the tumor. Quantitative analysis (%ID/g) for tumor,
liver, kidney, cardiac pool, and muscle based on ROI analysis of PET data. Error bars represent
mean ± standard deviation (n = 7). Reprinted from [59] with permission from American
Chemical Society
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kidney were organs of major CNP accumulation. The blood half-life for the
64Cu-CNPs can be estimated as 27 h by monitoring radioactivity obtained from the
cardiac pool of each experimental tumor-bearing mouse over time.
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Part II
Endogenous Radionanomedicine

Chapter 6: Endogenous Radionanomedicine: Extracellular Vesicles
Chapter 7: Endogenous Radionanomedicine: Radiolabeling
Chapter 8: Endogenous Radionanomedicine: Biodistribution and Imaging
Chapter 9: Endogenous Radionanomedicine: Validation of Therapeutic Potential

This interesting part deals only with extracellular vesicles. The findings of the
existence of extracellular vesicles are already decades old but the lack of analytical
methods prevented understanding the meaning of these endogenous structures in
various physiological processes. There is an explosion of the new revelations of the
important roles done by extracellular vesicles, their genesis, transfer, auto- or
paracrine/ endocrine effects, fates in vivo, and contribution to the pathology. To
indicate a few among many, the feasibility of using extracellular vesicles as drug
delivery vehicles or as alternatives of therapeutic cells are examples. The correct
understanding of the roles of extracellular vesicles in physiology and pathology will
be facilitated by tracing the whereabouts of extracellular vesicles using their radi-
olabeled counterparts in vivo and even quantify the biodistribution repeatedly
in vivo without sacrificing animals in preclinical setting and using tomographic
imaging in humans.

For this purpose, investigators needed to develop ingenious or simplest methods
to label extracellular vesicles with radionuclides and these are detailed in Chap. 7
and again the simplicity of the newly developed method of radiolabeling will lead
to earlier translation of therapeutic use of extracellular vesicles to clinical use. The
readers are recommended to find out the limitations of the popular fluorescent dye
labeling method for tracing the fates of exogenously prepared extracellular vesicles
in vivo in animal experiments, and the advantage of using radiolabeling. They are
also encouraged to understand further the limitations of using radiolabeled extra-
cellular vesicles for their biological roles after injection for intended therapeutic
roles for destroying cancers or regenerating the damaged tissues. Surface and
intraluminal labelings are all possible and the ambiguity is supposed to lie in the



current lack of knowledge about whether pharmacological effects are served by the
lipid–protein bilayers or the intra-vesicular contents or both. After browsing the
recent findings in the literature about biodistribution and imaging in Chap. 8, the
readers can now enter into the meditation of the possible use of extracellular
vesicles as therapeutics. How we validate the therapeutic success and how to realize
the therapeutic potential of extracellular vesicles, if any, follow. In Chap. 9, the
readers will meet the similar thoughts and realizations through experiments,
impetuous or meticulous, but based on so much curiosity.

Endogenous nanomedicine was coined by myself to name the entire pursuit to
this direction and endogenous radionanomedicine is the subdiscipline of using
radiolabeled nanomedicines. As was introduced in Chap. 1, endogenous radio-
nanomedicine is using endogenous radionanomedicines, i.e., radiolabeled
endogenous nanomedicines, again, i.e., radiolabeled extracellular vesicles for
therapeutic/ theranostic purposes.
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Chapter 6
Endogenous Radionanomedicine:
Extracellular Vesicles

Changjin Lee, Do Won Hwang and Yong Song Gho

Abstract Extracellular vesicles are bilayered proteolipids ranging from 30 to
1000 nm in diameter. All cells of three domains of life on earth actively shed
extracellular vesicles to the surrounding environments including various biological
body fluids. Moreover, extracellular vesicles harbor specific subsets of cellular
bioactive molecules including proteins, lipids, mRNAs, miRNAs, and metabolites.
During last decade, explosively growing evidences are supporting the emerging
roles of these complex extracellular organelles as endogenous and environmental
nanocarriers by carrying specific subsets of bioactive cargos: extracellular
vesicle-mediated intercellular communication is evolutionarily conserved phe-
nomenon. Furthermore, extracellular vesicles are novel targets for diagnostics and
therapeutics. Thus, a future comprehensive understanding of extracellular
vesicle-mediated intercellular communication including their complex pathophysi-
ological functions is critical to decode the secrets of life and to develop novel
extracellular vesicle-based diagnostics and therapeutics against hard-to-cure diseases
such as cancer. Here, we briefly review history, biogenesis, pathophysiological
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function, and biomedical application of mammalian extracellular vesicles that are
categorized into exosomes and ectosomes (also known as microvesicles). We also
discuss on perspectives for a future comprehensive understanding of extracellular
vesicle-mediated pathophysiological functions, decoding the secrets of life, as well
as developing novel extracellular vesicle-based diagnostics and therapeutics against
hard-to-cure diseases: isolation of extracellular vesicles, extracellular vesicle-
mimetic nanovesicles as novel alternatives to extracellular vesicle-based therapeu-
tics, and a holistic systems biology approach based on the concept of emergent
properties.

6.1 Introduction

Extracellular vesicles (EVs) are nano-sized bilayered spherical proteolipids
encapsulating various cellular components [1–11]. Cells of all domains of life on
earth actively release these vesicles to the extracellular environment including
various biological fluids. EVs are endogenous and environmental nanocarriers of
specific subsets of cellular bioactive molecules including proteins, lipids, mRNAs,
miRNAs, and metabolites (Fig. 6.1). Growing evidence in this emerging field has
shown that EVs are involved in intercellular, inter-species and inter-kingdom
communications: collectively, EV-mediated communication is evolutionarily con-
served phenomenon.

Despite recent explosively increased interest regarding their components, bio-
genesis, and pathophysiological functions as well as biomedical application
(Fig. 6.2), EVs are first observed, in the middle of 20th century, without recognition
of their physiological roles and evolutionally conserved cell biological properties.
Briefly, in 1946, platelet-derived particles were first observed from normal human
plasma [12] and designated them as “platelet dust” [13]. Later on, other investi-
gators independently observed EVs and referred them differently such as matrix
vesicles during calcification process [14] and prostasomes present in seminal
plasma [15, 16]. In 1981, Dvorak and colleagues reported that cancer cells shed
plasma membrane vesicles that carry procoagulant activity [17].

In 1983, studies on the biogenesis and physiological functions of EVs were
reported and detailed ultrastructural studies showed that vesicles formed in multi-
vesicular bodies are released by fusion of multivesicular bodies with the cell
membrane during the maturation of red blood cells [18, 19]. In 1996, these types of
EVs known as exosomes isolated from B lymphocytes exhibited their
antigen-presenting function in T cell responses [20]. Moreover, in 2002, Kim and
colleagues reported, for the first time, that sphingomyelin present in cancer
cell-derived EVs plays a critical role in angiogenesis, the new blood vessel for-
mation from pre-existing vasculature [21].

In 2007, discovery of EV-mediated lateral gene transfer, where mRNA in EVs
from donor cells were translated in recipient cells [22], have led intensive studies
focusing on EVs as genetic carriers able to modulate pathophysiological status of
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recipient cells. After this discovery, the presence of nucleic acids including
miRNAs and other noncoding RNAs in EVs and their influences on recipient cells
were also identified in various types of cells including cancer and stem cells
[23–27]. From the recent multiomics studies with conjunction of bioinformatics
approaches, a huge number of vesicular cargos including proteins, lipids, mRNAs,
miRNAs, and metabolites have been catalogued, which leads better understanding
of these complex extracellular organelles [9]. All these vesicular components
identified by multiomics studies have been deposited in a community web portal
database for EV research, EVpedia at http://evpedia.info [9–11].

Fig. 6.1 EV-mediated intercellular communication is evolutionarily conserved. In addition to
soluble intercellular communicators, mammalian cells release two different types of EVs, known
as exosomes and ectosomes, for intercellular communication. Cargo proteins of EVs are physically
and functionally interconnected each other to form complex nano-sized extracellular organelles
[1]. Reprinted with permission from [1]

6 Endogenous Radionanomedicine: Extracellular Vesicles 129

http://evpedia.info


6.2 Classification and Biogenesis of EVs

EVs are lipid bilayer-limited nano-sized vesicles, ranging from 30 to 1000 nm in
diameter [4, 5]. Although diverse nomenclatures represent for EVs derived from
three domains of life (archaea, bacteria, and eukarya) as reported in EVpedia at
http://evpedia.info (Fig. 6.3), mammalian EVs are generally categorized into
exosomes and ectosomes based on their biogenesis mechanisms: exosomes
(30–100 nm in diameter) that are released to the extracellular space after fusion of
multivesicular bodies with the plasma membrane, and ectosomes (100–1000 nm in

Fig. 6.2 EV-related publication trend. Number of publication on EV research explosively grows
during the last decade, showing that EVs are emerging biology filed. EVpedia (http://evpedia.info),
Copyright 2017

Fig. 6.3 Diverse nomenclatures represent for EVs derived from three domains of life (archaea,
bacteria, and eukarya). EVpedia (http://evpedia.info), Copyright 2017
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diameter), also known as microvesicles, that are secreted via shedding of plasma
membrane fraction (Fig. 6.4).

Exosomes carry various cytosolic proteins associated with endolysosomal
pathways due to their cytoplasmic origin while their cargos of ectosomes are similar
to the plasma membrane components of their parental cells due to their biogenesis
mechanism [28]. Exosomes, defined as a density of 1.13–1.19 g/ml, contain plasma
membrane and endosomal proteins: tetraspanins (CD9, CD63, and CD81), Alix,
and TSG101, which are commonly used as their marker proteins [29, 30]. However,
ectosomes, unlike exosomes, their density and specific markers are not well defined
[31, 32]. Since exosomes and ectosomes share various common physical and
chemical properties such as density, size, morphology, and cargos which results in
difficulties in isolating them separately, therefore, issues regarding different sub-
types, cargos, and functions of each type of EVs remain to be solved. In the past
few years, use of less strict term EVs has been recommended for any type of
vesicles found in conditioned medium of cultured cells and biological fluids unless
methods clearly separate these two main types of EVs [33].

Fig. 6.4 Exosomes and ectosomes, the two major types of EVs secreted by mammalian cells, are
generated by similar mechanisms (a) whereby their enriched components including proteins,
lipids, and genetic materials are deposited on specific local domain of membrane that undergo
internal or outward budding then pinching off (b). Reprinted with permission from [5]
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Electron microscopic approaches have been preferred for direct observation of
the morphology and size of EVs [20]. Transmission electron microscopic analysis
of EVs deposited on grids displays their broad sizes around 30–1000 nm in
diameter and cup-shaped morphological features [19, 20], although the shape is
now considered as an artifact induced by fixation and dehydration during the
specimen preparation. Indeed, they exhibited spherical shape when observed by
cryo-EM [28, 34]. Another important defining character of membrane-enclosed
vesicles is their floatation feature in density gradient analysis, although exact
densities of exosomes and ectosomes were not yet clearly identified [27, 31].
Analysis for these features of EVs derived from conditioned medium of cultured
cells and biological fluids must be validated to confirm the purified EV entities.

6.3 Biological Function of EVs

Although there is a long way to decode a comprehensive understanding of
EV-mediated complex pathophysiological functions, explosively growing evi-
dences are supporting the emerging roles of EVs as critical mechanisms for
intercellular communication in various biological events. Although their complex
diverse pathophysiological roles have been investigated in the field of cardiovas-
cular, diabetic, inflammatory, and neurodegenerative diseases, EVs have been most
intensively studied in cancer biology by far.

Cancer cell-derived EVs have played a significant role in cancer development,
progression, and metastasis in complex tumor tissue microenvironment. First of all,
cancer EVs are involved in angiogenic process to support the growth of primary
and metastasized tumors as well as to facilitate the complicate metastatic processes
[2, 21]. Furthermore, to promote tumor progression, cancerous cells have smart way
to evade the host immune system. Cancer EVs are enriched with immunoregulatory
factors so that their roles are escaping immune system. Cancer EVs can deliver
immune-suppressive cargos as a form of mRNA and miRNA to immune cells to
reprogram the condition of immune-related cells as supporters of tumor progression
[35, 36]. Vesicular cargos that induce apoptotic signals are directly delivered to the
activated immune cells or indirectly induces the proliferation of regulatory T cells
and immune suppressor cells. For instance, cancer EVs can directly transfer inhi-
bitory signals to cognate receptors on immune cells: negative signaling induced by
cancer EVs results in an abortive immune response [37]. Additionally, cancer EVs
downregulate the activation level of natural killer (NK) cells by NKG2D, activating
receptor for NK cells, and as a result, the cytotoxic capability of NK cells is
suppressed [38]. Cancer patients with downregulated antitumor immunity have high
level of cancer cell-derived EVs in their body fluid. Their cargos acquired from
parent cancer cells facilitates tumor growth by modification of surrounding envi-
ronment and interference of antitumor immunotherapies. Cancer EVs also play a

132 C. Lee et al.



role in downregulating the function of T effector cells: vesicular CD39 and CD73
are responsible for ATP-dependent adenosine production which results in negative
immune modulation of T effector cells [39, 40].

In addition, EVs also can manipulate the microenvironment locally to form a
pro-tumorigenic niche. Especially, vesicular miRNAs are involved in every step
from initiation to metastasis of cancer. For example, miR-200 family present in
breast cancer EVs plays crucial role in promotion of mesenchymal-to-epithelial
transition by transfer of miR-200 to non-metastatic cancer cells [41]. In addition,
the angiogenic miR-210 present in cancer EVs is targeted to the endothelial cells,
which resulting in promoting angiogenesis [42]. Moreover, oncogenic receptor or
proteins including mutant EGFR or KRAS are exchanged via EVs between cancer
cells to activate genes responsible for anti-apoptotic function in recipient cancer
cells [43]. In order to promote their survival and proliferation, cancer cells con-
tinuously communicate with their stromal cells and develop the appropriate
cancer-prone microenvironments. Cancer EVs activate fibroblast cells, which
degrades extracellular matrix and promote cancer-promoting cytokine secretion [44,
45]. Furthermore, cancer EVs regulate the neovascularization for tumor growth and
thrive [2, 21]. Because hypoxic condition around tumor requires provision of
oxygen and nutrition, cancer cells release EVs containing angiogenic signaling
molecules and stimulate angiogenesis by activating endothelial and stromal cells
[21, 46, 47]. EV-associated miR-9 secreted by cancer cells was taken up by
endothelial cells, which effectively suppressed SOCS5 expression, resulting in
activation of JAK-STAT signaling cascade involved in promoting tumor angio-
genesis [48]. Moreover, recent studies have demonstrated that EVs act as a key
player to drive a pre-metastatic niche formation by communicating with stromal
cells [49]. Different subtype integrin in cancer EVs was capable of determining
organ tropism, showing that a6b4 integrin EVs preferentially induce lung metas-
tasis. The similar interesting study suggested that highly metastatic pancreatic
ductal adenocarcinomas (PDACs)-derived EVs were preferentially accumulated in
liver tissue before PDAC liver metastasis and established liver pre-metastatic niche
[50]. These EVs were selectively taken up by Kupffer cells to secrete TGF-b and to
produce fibronectin from hepatic stellate cells, leading to forming fibrotic envi-
ronment and macrophage recruitment to eventually support metastasis in liver
tissue.

In summary, cancer EVs have played critical roles in regulating tumor survival
and fate ranging from tumor initiation to tumor metastasis by activating tumor
angiogenesis, and creating immunosuppressive and tumor-supporting niche envi-
ronments. Thus, the deep investigation of EVs or further controlling
cancer-associated EVs in cancer research could help understand the mode of action
on tumor development and progression.
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6.4 Biomedical Application of EVs

Over the past decades, there have been extensive researches carried out on EVs
as a potential diagnostic biomarker discovery and a therapeutic development
[51–53]. Disease-associated EVs are known to shuttle disease specific biomole-
cules such as abnormal RNAs and oncoproteins to the recipient cells, leading to
the reprogramming of recipient target cells. Since abnormal cells continuously
release the EVs which circulate in the blood stream, EVs that are likely to contain
disease-related markers can be simply isolated from the biofluids such as blood
and urine: EVs isolated from biofluids are harnessed as promising circulating
diagnostic biomarkers without invasive manner. In tumor development and pro-
gress, cells require multistage process of tumorigenesis: EVs as intercellular
communicators, facilitate tumorigenesis by transferring their chemokine receptors,
oncogenes, and oncoproteins. Recent studies demonstrated that differences
between their vesicular protein and nucleic acid cargos of cancer EVs and normal
cell-derived EVs make possible for EV-based cancer diagnostics [54–56]. It is
becoming increasingly clear that EV-associated miRNAs are potential diagnostic
and prognostic indicators against many different types of cancer by providing
evidence that vesicular miRNAs are positively correlated with the advanced
cancer stages [57, 58].

EVs hold the great promise in wide range of therapeutic application in alter-
native regenerative medicine, drug delivery system, and biosensing platform
including radionanomedicine. More details on EV-based therapeutic potential are
reviewed in the following Chap. 9, “Validation of Therapeutic Potential”. As for the
harnessing of EVs as drug delivery carrier, because original job of EVs is to deliver
the bioactive molecules to relevant target recipient cells in our body, EVs can be
used as drug delivery conveyor by loading exogenous chemical or nucleic acid
drugs into the EVs. When compared with other drug delivery systems, EV-based
drug delivery conveyer has substantial advantages such as the drug loading capacity
to vesicular lumen, long half-life in blood stream, membrane penetration ability,
intrinsic homing capability, and feasible membrane modification to increase blood
half-life and targeting capacity. The short interfering RNA (siRNA)-loaded EVs are
effective to induce cancer cell death via post-transcriptional gene silencing [59, 60].
Therapeutic functions of EVs have been reported predominantly in stem cells,
which exhibit the ability to induce angiogenic programs in quiescent endothelial
cells [61, 62], suppress apoptosis and stimulate cell proliferation [63, 64], deliver
immunomodulatory signals, as well as recruit and/or reprogram cells that are
required for tissue regeneration [24]. Stem cell-based therapy has also been
intensively investigated in its potential use for the treatment of degenerative dis-
eases. However, many challenges, such as undesirable cancer formation and ethical
issues still remains as unsolved risk factors. Because stem cell-derived EVs harbor
the biofunctional molecules of stem cells, those EVs have been considered as
alternative therapeutic drug to stem cell therapeutics. Especially, the therapeutic
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potential of mesenchymal stem cell-derived EVs have been widely investigated in
the fields such as pulmonary hypertension [65], myocardial infarction injury [66],
and acute kidney injury [67].

6.5 Perspectives and Conclusion

Over the past decades, there have been extensive researches carried out on cargos,
biogenesis, pathophysiological function, and biomedical application of mammalian
extracellular vesicles (also known as exosomes and ectosomes). Although a

Fig. 6.5 Emergent property of EVs at a single vesicle level (a) or at a systems level as a whole
(b). A holistic systems biology approach based on the concept of emergent properties of EVs is
critical to elucidate the complex pathological functions of EVs, to decode the secrets of life as well
as to develop novel EV-based diagnostics and therapeutics against hard-to-cure diseases [1].
Reprinted with permission from [1]
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progress in this emerging extracellular vesicle biology help us to understand the
complexity of intercellular communication networks, following issues are remain-
ing to be solved in more detail.

First of all, to facilitate the basic EV research and biomedical application of EVs,
it is critical that EVs should be specifically isolated from cellular debris and other
interfering components. The need for standard procedure to purify EVs is widely
recognized, however, ultracentrifugation-based techniques are still employed at
most, although other alternative procedures such as gel filtration, polymer-based
precipitation, and immunoaffinity-based chromatography techniques are currently
developed. Second, to overcome the major drawbacks for clinical use of EVs such
as low production yield and potential toxicity of naturally secreted vesicles,
EV-mimetic nanovesicle technologies should be further developed as novel alter-
natives to extracellular vesicle-based therapeutics, theranostics, drug delivery, and
vaccines [8, 68–76]. Lastly, EVs are too complex themselves in terms of their
structures, components, and biological functions. Furthermore, single cells produce
several different subtypes of EVs, suggesting that our body and environments are
full of a heterogeneous colloidal solution of complex diverse subtypes of EVs [1].
Thus, a holistic systems biology approach based on the concept of emergent
properties of EVs (Fig. 6.5) is critical to elucidate the complex pathological
functions of EVs, to decode the secrets of life as well as to develop novel EV-based
diagnostics and therapeutics against hard-to-cure diseases [1].
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Chapter 7
Endogenous Radionanomedicine:
Radiolabeling

Hongyoon Choi and Do Won Hwang

Abstract Recently, extracellular vesicles have received much attention as potential
therapeutics in a variety of fields ranging from cancer targeted delivery to regen-
erative medicine. In spite of promising results of therapeutic usage of extracellular
vesicles reported in various studies from small animals and in vitro investigations,
the basic physiology of administered extracellular vesicles in vivo have not yet been
fully understood. This issue limits clinical application of extracellular vesicles.
Recently developed imaging techniques of extracellular vesicles have provided
useful information including organ distribution and clearance of the injected
extracellular vesicles over time in vivo. Among several imaging techniques,
radionuclide imaging modality capable of tracing the radiolabeled extracellular
vesicles in vivo are promising in terms of clinical application, deep organ imaging
and quantitative biodistribution analyses. Here, we review the specific methods of
radiolabeling of extracellular vesicles and their initial results. We also discuss how
radiolabeling facilitates clinical translation of extracellular vesicles.

7.1 Introduction

Endogenous nanoparticles for the therapeutic delivery and diagnostic tracking are
mostly based on extracellular vesicles (EVs) [1, 2]. EVs, as naturally occurring
vesicles, convey various bioactive molecules and change the biological properties
of recipient cells [3]. And thus, their clinical application as therapeutics has
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received great attention. Increasing evidences demonstrated that EVs can be as a
drug-carrier used in cancer therapy [4, 5] as well as biomolecules-carrier in
regenerative medicine for diseases accompanied by tissue loss [6]. Furthermore,
they transport genetic materials such as microRNAs and proteins for therapeutic
purposes [4, 7, 8]. Although these promising therapeutic effects reported in earlier
proof-of-concept studies [4], most studies did not fully demonstrate the systemic
properties of EVs after in vivo administration [9, 10]. Limited knowledge on this
biodistribution of EVs is one of the obstacles in clinical translation of EVs as carrier
of targeted delivery.

Noninvasive imaging can provide valuable information on in vivo distribution
and kinetics of administered EVs. After in vivo administration of several types of
nanoparticles, various metabolic and clearance processes take place. This variability
in the processes of biological and physiological actions make clinical translation
more difficult, which mandates extensive studies of EVs’ biodistribution and
kinetics in a diverse situations. While the knowledge about physiology of EVs is
fundamental to successful therapeutic application, in vitro results do not always
reflect biological/physiological fates of administered EVs in vivo. For example, as
an essential and elementary study to predict the fate of in vivo administered
nanoparticles, serum stability test is usually performed in vitro. However, the
in vitro observations cannot be directly translated into the in vivo ones, i.e. stability
is vicarious. That is because clearance of nanoparticles in vivo mainly depends
upon the status of biological milieu at the time of injection as well as the milieu
difference between in vitro and in vivo [11, 12]. Understanding biodistribution of
EVs based on in vivo imaging of EVs is more than welcome to predict the role of
EVs as a novel drug-carrier [13–15].

In addition to bioapplication of EVs as drug carriers, stem cell-derived EVs have
attracted considerable attention as promising alternatives to stem cells considering
that EVs contain many biomolecules involved in tissue regeneration. EVs derived
from mesenchymal stem cells (MSC) or hematopoietic stem cells have facilitated
translational researches overcoming previous limitations of stem cell researches
[16]. Initial pioneering studies of stem cell transplantation showed regenerative
effects of transplanted stem cells for disease-associated extensive cell death such as
myocardial infarct [17–19]. Stem cell therapy was supposed to be due to the
plausible phenomena that stem cells differentiate into specific cell types in the
infarcted tissue for successful regeneration. However, despite this initial wishful
speculation, several following studies revealed that the therapeutic effects on
regeneration were mediated not by direct cellular trans-differentiation and regen-
eration but by paracrine effects of the transplanted cells [20–23]. Paracrine effects
are mediated by various factors secreted by stem cells, including cytokines,
chemokines, growth factors, and various biomolecules such as proteins and nucleic
acids [23]. EVs recently joined this group of factors or molecules. Even though a
variety of factors related to paracrine effects of stem cells have been elucidated, it is
not yet known which factors are essential and others are not; whether a factor affects
critically the tissue regeneration [24]. In tissue regeneration, EVs are also known to
affect cellular differentiation and modulation, and thus EVs are considered to be a
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good candidate for regenerative therapy [16]. Radiolabeled EVs derived from stem
cells will visualize clearly the localization and duration of stay at the target site and
the consequent reparative effect even at, for example, neurodegenerative lesion of
the brain.

For this future application and new therapeutic development, understanding the
physiology of administered EVs is crucial. EVs are originated from cells and thus
they have much less concerns of toxicity compared with other organic and inor-
ganic exogenous nanomaterials. Using any visualization or imaging methods, EVs’
biological action, metabolism and excretion is to be understood. These in vivo
physiological studies will be initially in small animals, and human-specific physi-
ology is beyond reach again as there are definitive difference between species. To
facilitate achieving this final goal of clinical translation, clinically applicable
imaging methods are desired. Radionuclide imaging is one of the most widely used
functional imaging techniques in the clinical setting, and it enables to investigate
kinetics to elucidate in vivo fate of EVs. We will review the advantages and
expectations of imaging of radiolabeled EVs in vivo and introduce currently
reported radiolabeled EVs.

7.2 Facilitating Clinical Use of EVs: Radionuclide
Imaging of EVs

To realize promises of clinical application of EVs, a better understanding of
biodistribution and systemic feature of administered EVs is needed [25]. Recently,
several methods have been introduced to reveal the physiology of EVs. One of the
most commonly used methods is direct labeling using lipophilic fluorescence dye
intercalated in lipid bilayers [26–29]. The overview of imaging methods including
optical imaging is described in another chapter. However, fluorescence imaging has
substantial limitation in light penetration depth. Thus, it is hard to visualize
biodistribution in deep organs as well as to accurately quantify the distribution of
specific organs. Most fluorescence imaging methods are not free from toxicity
issues. In terms of translation into clinical trials, another noninvasive imaging
technique would be needed to overcome these shortcomings.

A feasible method for human imaging for EVs is to image the radionuclide-
labeled EVs and MR imaging. Among them, by virtue of its superb sensitivity,
radiolabeling requires very low dose of EVs for image acquisition, which could be a
definitive advantage in facilitating clinical imaging. The usage of trace amount of
EVs for imaging is important also regarding safety issues. Even though cellular
originated EVs are relatively free from toxicity mediated by innate immune
response which produces reactive oxygen species [30], biocompatible nanomate-
rials such as liposomes also have concerns of cellular toxicity due to surface ligands
and/or the accompanying phagocytosis and degradation [31]. Degraded products
from EVs, though not intact EVs themselves, might become the target recognized
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by the bodily immune responses. Radiolabeled EVs requires trace amounts of
nanomaterials, much less than pharmacologic amounts, and therefore, in vivo
effects of radiolabeled EVs will be negligible and different from chemical and
biological properties of physiological amount of EVs [2, 32].

Radionuclide imaging for monitoring biodistribution and in vivo fate of EVs
could have facilitated more clinical trials for EVs as a drug-carrier and regenerative
therapeutics. Aforementioned concept of using just trace amount of EVs for
identifying kinetics and distribution is closely related to phase 0 clinical trial. The
clinical trial platform requires in vivo evaluation on drug effects and pharmacoki-
netics for proper target drug selection in drug developments [33]. Radiolabeled EVs
could be applied to this phase 0 model to select appropriate candidates among so
many subtypes of EVs for further trials. The physiology of EVs could be different
according to the cell origin, extraction methods and environmental conditions.
Among various subtypes of EVs, radiolabeled EVs could help select appropriate
subtypes of EVs for further therapeutic usage [34]. In order to reveal in vivo
kinetics and fate of EVs precisely, robust methods for radiolabeling is required.
Strategy for radiolabeling and proper selection of radionuclides in accordance with
purposes is needed.

7.3 Radiolabeling Methods for Extracellular Vesicles

7.3.1 Radiolabeling Using Streptavidin

Most of the EV imaging studies employed optical probes of fluorescence or bio-
luminescence. Applying previous bioluminescence labeling methods to radionu-
clide labeling, Morishita et al. reported 125I-labeled EVs [35]. Previously, they
developed bioluminescence reporter system for imaging EVs using Gaussia luci-
ferase (gLuc), a reporter protein that emits chemiluminescence, and lactadherin
located on the outer surface of EVs [36]. They applied this reporter system to
radiolabel EVs by employing the streptavidin and biotin. As these two molecules
are strongly bound to each other, they designed EVs with a fusion protein of
streptavidin and lactadherin. The fusion protein was made by replacing the epi-
dermal growth factor-like domain of lactadherin with streptavidin. The product
vector was transfected into the B16BL6 murine melanoma cells and from these
cells, EVs were collected that have the fusion protein in their outer membrane. For
radiolabeling, they incubated 125I-iodobenzoyl norbiotinamide with EVs and then
125I-labeled biotin was bound with streptavidin of EVs (Fig. 7.1). As radiolabel is
located at the membrane of EVs, it could trace the fate of EVs even after their
vesicle forms were degraded. Multimodal imaging can also be done if biotin is
combined either with luciferases, nanoparticles as well as radionuclides [37]. Other
radioiodine such as 123I and 124I could also be used for SPECT and PET imaging,
respectively. However, this method requires protein modification and vector
insertion and per se cannot be used in humans or in clinical applications.
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7.3.2 99mTc Radiolabeled EVs

As another simple labeling method without protein modification, the labeling based
on radionuclide trapping in EVs was developed [38]. The radiolabeling was per-
formed by 99mTc-hexamethylpropyleneamineoxime (HMPAO) under physiologic
condition. Because 99mTc is one of the most commonly used tracers in nuclear
medicine, it has merits in facilitating future clinical translation. The authors used
exosome-mimetic nanovesicles collected from murine macrophage cell lines, which
yielded much larger amount than the pristine EVs [13]. Purified EVs were simply
incubated with 99mTc-HMPAO under room temperature for 1 h (Fig. 7.2). To
remove free 99mTc-HMPAO and its metabolites, either a size-exclusion column,
PD-10, or exosome exclusive spin column with centrifugation was applied. The
99mTc-HMPAO-labeled EVs were used for the biodistribution study as well as
SPECT imaging. The method is based on previously well-known labeling methods
clinically used for WBC labeling [39, 40]. The highly lipophilic HMPAO penetrate
easily the lipid bilayers of the cellular membranes and be trapped by reaction with
glutathione which contains sulfhydryl groups. By this reaction, HMPAO is con-
verted to hydrophilic metabolites that cannot go out of the lipid bilayers. As the
study also revealed that EVs had glutathione as cells did, labeling of EVs with
99mTc-HMPAO was supposed to be stable until the integrity of the lipid bilayers are
maintained. Serial SPECT images acquired from this study are represented in
Fig. 7.3. SPECT imaging revealed high accumulation of EVs in the liver and spleen
and radioactivity increased in intestine as time lapsed. Interestingly, one could see

Fig. 7.1 Radiolabeled EVs using 125I-labeled biotin. EVs were extracted from murine melanoma
cells which expressed a fusion protein. It was made by replacing the epidermal growth factor-like
domain of lactadherin (LA) with streptavidin (SAV). 125I-iodobenzoyl norbiotinamide (Biotin)
was incubated with EVs expressing the fusion protein, which produced 125I-labeled EVs. Adapted
from [35] with permission
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the lymph node radioactivity, which was supposed to the homing of EVs derived
from macrophage cell lines. In contrast, EVs derived from neural stem cells did not
show any radioactivity in lymph nodes, which is added in the Supplementary
materials in the paper [38].

Another 99mTc radiolabeling was reported using 99mTc-tricarbonyl [41].
99mTc-tricarbonyl has been used for various radiolabeled biomolecules including
peptides and liposomes [42, 43]. It has a feature of nonspecific binding to amino
acids including histidine, methionine and cysteine. As EVs have various surface
proteins, the simple mixing them with 99mTc-tricarbonyl can easily produce
99mTc-radiolabeled EVs. The method was similar with 99mTc-HMPAO labeling.
They extracted EVs from erythrocytes by ultracentrifugation. Extracted EVs were
incubated with 99mTc-tricarbonyl complex solution at room temperature. After the
labeling, free 99mTc-tricarbonyl was removed by a desalting column. Using this
labeling method, SPECT imaging was successfully done and high accumulation of
EVs was found in liver and spleen. The distribution pattern was similar to
99mTc-HMPAO labeled EVs.

So far, the above two methods have been reported to radiolabel EVs with using
99mTc. Both methods were simple and radiolabeling was performed under

Fig. 7.2 Radiolabeling strategy for EVs using 99mTc-HMPAO. 99mTc-HMPAO has been widely
used for cell labeling as it is converted into hydrophilic metabolites in cytosol and trapped in lipid
bilayers. This principle was similarly applied to the radiolabeling of EVs. By incubating
99mTc-HMPAO and extracted EVs under physiologic condition, EVs trapping 99mTc could be
acquired. This radiolabeled EVs could be used for in vivo SPECT imaging. Adapted from [38]
with permission
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physiologic condition. Furthermore, 99mTc imaging is one of the most widely using
SPECT images. However, despite these advantages, the question still remains that
99mTc-HMPAO compounds could circulate and be excreted from the body when
EVs were metabolized and/or degraded. There is no guarantee that the radioactivity
we are observing is coming from the intact EVs administered. Relatively short
half-life of 99mTc of 6 h limited long-term monitoring of EVs and if EVs accu-
mulated slowly in the target tissues such as tumor, radionuclides with long half-life
would be required.

Fig. 7.3 SPECT images of 99mTc-labeled EVs. 99mTc-HMPAO labeled EVs were used for
SPECT imaging. a After the administration of the radiolabeled EVs, SPECT images were serially
acquired. EVs were mainly accumulated in the liver and spleen. The intestinal activity was
gradually increased for 5 h. b Quantification of radioactivity could provide in vivo biodistribution
information. Volume-of-interests were drawn on the serially acquired SPECT images and the
accumulation of EVs were estimated. EVs were mainly accumulated in the liver and spleen.
Salivary gland uptake was increased for 5 h after the administration. Adapted from [38] with
permission
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7.3.3 Multifunctional Radionuclide Labeling Methods
Using Click Chemistry

Radiolabeling using a chelator combined with radionuclide under physiologic
conditions was also suggested [44]. The method was based on click chemistry [45,
46]. As EVs have surface proteins, there are free amine groups presented on their
surface. This functional amine moiety can be taken advantage of simple clickable
radiolabeling of EVs under mild physiologic condition. To label bifunctional
chelator which can react easily with corresponding radionuclide, EVs were
treated with N-hydroxysuccinimide-azadibenzocyclooctyne (NHS-ADIBO).
N3-introduced chelators including NOTA(1,4,7-triazacyclononane-1,4,7-triacetic
acid), DOTA(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) or TETA
(1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid) can react with
ADIBO-conjugated EVs based on cycloaddition reaction of click chemistry. The
important advantages of this method is that we are able to use various chelators and
positron emitting radionuclides such as 68Ga, 64Cu, and 89Zr. The appropriate
radionuclides can be simply selected according to the research purposes. For
instance, to monitor long-term biodistribution, radionuclides with longer half-life
such as 111In can be chosen for radiolabeling. In addition, therapeutic radionuclides
such as 67Cu, 177Lu, 90Y and 188Re can be labeled on the EVs. Labeling of these
therapeutic radionuclides will enable therapeutic usage of EVs in cancer treatment.
The only problem is that most of the EVs systemically administered localized in the
liver and the spleen and only a small amount of EVs seemed to localize at the target
sites. However, this problem of EVs, endogenous radionanomedicines, is not worse
than the problem with other exogenous radionanomedicines, either inorganic or
organic.

Recent studies revealed that EVs could play a role as drug carrier and some
showed effects on tumor suppression by transferring microRNAs or therapeutic
drugs [47–49]. Based on these pioneering proof-of-concept studies, we could just
hope that EVs would play a role in cancer treatment by combining radionuclide
therapy and drug carriers carrying therapeutic drugs as cargos while monitoring by
radionuclide imaging. We still don’t know that this wish is volatile or solid and the
follow-up studies will be very much enlightening. Radiolabeling of EVs are the
prerequisites to understand and predict the future of clinically usable EVs as a
multifunctional multiplex platform.

7.4 Conclusion

Radionuclide imaging of EVs was recently introduced. Since in vivo monitoring of
EVs is crucial to understand in vivo fate of EVs as well as to apply EVs to possible
clinical therapeutics. So far, even though various studies using optical imaging
system reported in vivo biodistribution of systemically administered EVs, it has
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substantial limitations of light penetration in deep tissue. Even in small animals,
quantification of accumulated EVs in deep organs cannot be done using optical
imaging method. As radionuclide imaging is a noninvasive imaging method already
clinically widely used, radiolabeled EVs will play an important role in under-
standing the therapeutic EVs which is expected to be applied to clinical situation.

The firstly reported radiolabeling method was streptavidin-based radiolabeling
system. 125I was successfully labeled to EVs and biodistribution study was per-
formed. However, it required EVs extracted from the modified cells to express a
designed vector transfected. SPECT images of EVs were firstly reported by radi-
olabeling with 99mTc-HMPAO. The method was simple as it only mixed EVs with
clinically used 99mTc-HMPAO under physiologic condition. Another simple
method for SPECT imaging using 99mTc-tricarbonyl was also reported. As EVs
have various areas of potential therapeutic uses including regenerative medicine,
cancer, inflammation and neurological disorders, flexible radiolabeling in various
biomedical application is needed. Radiolabeling based on click chemistry could
provide a simple, rapid, and multifunctional platform for the radiolabeling.
Appropriate chelators and combined radionuclides can be chosen according to the
purpose: SPECT, PET imaging or therapeutic/theranostic use.

In the future, EVs as multifunctional nanoparticles will be used in various fields.
As the application of EVs has gradually expanded, the need of quantitative imaging
will increase. EVs are highly diverse as they are originated from various cells and
conditions [50, 51]. The physiology of EVs will be different when they are
administered in vivo. Personalized tracking of EVs will be needed due to the
diversity of EVs. The flexible imaging platforms to trace EVs in vivo is required.
Efficient production of EVs combined with simple radiolabeling platforms under
physiologic conditions will facilitate theranostic application of EVs.
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Chapter 8
Endogenous Radionanomedicine:
Biodistribution and Imaging

Hongyoon Choi and Dong Soo Lee

Abstract In vivo distribution of extracellular vesicles (EVs) are important in
clinical application. Recently, tracking methods have been developed to monitor
EVs in vivo. It ranged from fluorescence imaging to clinically available radionu-
clide imaging or magnetic resonance imaging. Each method has pros and cons in
terms of capability of quantification, penetration depth, availability and clinical
translatability. We introduce currently available labeling methods for imaging and
their advantages and disadvantages. These imaging methods have elucidated the
in vivo biodistribution of EVs. However, technical factors such as isolation,
labeling methods and administration methods as well as biological factors including
cell sources have resulted in variability of biodistribution patterns. We also review
biodistribution results of EVs and what impacts on biodistribution.

8.1 Methods for Imaging Extracellular Vesicles

8.1.1 Overall Strategy for the Labeling

For the clinical application of extracellular vesicles (EVs), in vivo tracking methods
are crucial as their physiologic properties could determine therapeutic efficacy and
potential toxicity. A better understanding of biodistribution of EVs upon systemic
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administration is urgently needed for the therapeutic application of EVs [1–3].
Thus, several noninvasive imaging methods have been developed for tracking EVs.
They basically employed labeling exogenous tracers which generate signals ranged
from visible light to radiation as EVs could be loaded with various bioactive
materials including tracers as well as drugs, nanoparticles, genetic materials such as
microRNAs [4, 5].

The loading methods of tracers can be roughly classified into two categories:
(1) A strategy that parent cells load tracers so that the later-secreted EVs carry the
targeted materials and (2) another strategy of direct labeling and decorating EVs.
Using the first strategy, several hybrid EVs loading magnetic, fluorescent and
therapeutic nanoparticles can be produced [6–8]. In addition, genetic modification
of the parent cells allows to produce sustainably the EVs that inherit fluorescence
proteins [9, 10]. In contrast, the second strategy is more flexible and simple for the
labeling as the direct labeling is feasible regardless of types of EVs obtained from
various cell types and conditions. Because several lipophilic drugs may interact
directly with lipid bilayers of EVs, the labeling can be performed under physiologic
condition by incubating lipophilic tracers and EVs.

Various labeling methods have been developed for tracking in vivo distribution
and fate of EVs. The ideal method of labeling EVs should be specific and stable in
in vivo environment. Deep organ imaging and quantification are required for
clinical application and accurately estimating biodistribution. However, the

Table 8.1 Pros and cons of labeling methods

Labeling methods Pros Cons

Fluorescent dye Simple and easy
highly available for
imaging modality
Microscopic imaging

Limits in clinical
application
Unable to visualize deep
organs
Autofluorescence
Persistent signals after
degradation of EVs

Reporter protein for
fluorescence/bioluminescence

Highly stable
Enabling cell-type specific
labeling
Highly sensitive
(bioluminescence)

Limits in clinical
application
Hard to visualize deep
organs
Preparation of genetically
modified cells

Radiolabeling Sensitive
Feasibility of clinical
application
Quantitative analysis

Radiation safety issues
Specialized imaging
modality is required

Magnetic resonance imaging Feasibility of clinical
application
Deep organ imaging and
high resolution
No radiation hazard

Relatively low sensitivity
Limited in quantification
Specialized imaging
modality is required

154 H. Choi and D. S. Lee



methods currently developed have some limitations. Pros and cons of each method
is summarized in Table 8.1.

8.1.2 Fluorescence Labeling

Direct fluorescent-dye labeling have been most widely used for the labeling of EVs.
Fluorescence labeling enables whole body imaging of small animals using highly
sensitive optical cameras and fluorescence microscopic imaging. Lipophilic dyes
such as PKH, DiI and DiR can be used for fluorescence emitting EVs [11–16]. This
simple labeling method can visualize cellular-level interactions. For example,
live-cell imaging showed internalizing EVs through endocytosis pathway and
recycling of EVs [15]. However, fluorescence dye imaging is limited to exogenous
EVs. Furthermore, it is unable to acquire deep organ imaging. In terms of in vivo
imaging, among lipophilic dyes, near-infrared (NIR) dyes are more ideal for in vivo
imaging than general fluorescence dye as NIR could provide higher signal-to-noise
ratio and relatively higher penetration depth. For example, a report used lipophilic
NIR dye, IRDye800, for whole body biodistribution study [17]. Nonetheless, the
method has inherent limitation against direct clinical translation. In addition,
recently, issues with regard to tracking biodistribution using lipophilic dyes in
preclinical studies have been raised. EVs can be metabolized and degraded in
in vivo, however, dyes persist in tissues and emit signals, which results in mis-
leading results of biodistribution. Lipophilic dyes could be integrated with intact
lipid bilayers as well as degraded lipids and other lipophilic compounds during
circulation [9]. Furthermore, lipophilic dyes may cause aggregation of EVs and
hinder accurate imaging and trafficking of EVs [18].

As aforementioned, reporter system can be used for fluorescence imaging of
EVs. Protein markers of EVs, such as CD63, were used to design reporter conju-
gated to fluorescent proteins [19, 20]. This labeling strategy allows to generate a
cell line that continuously produce EVs containing the reporter proteins. In spite of
the stability, the signal intensity depends on the amount of protein expression of
EVs, which could be heterogeneous in population of EVs. Subpopulation of EVs
without specific reporter protein cannot be monitored by this specific
protein-targeted reporter system [21]. Another reporter method based on palmi-
toylation signal provided membrane of EVs expressing fluorescence signals [9].
While lipophilic dyes can be nonspecifically bound to lipid entities as well as EVs,
the reporter system has specific and selective imaging of EVs. This property allows
for live-cell imaging of EVs from specific cell types which showed exchanging EVs
between different cell populations [22]. However, they need genetically engineered
cells which limit in clinical application as well as flexible labeling for various types
of EVs. Whole body imaging instead of microscopic cellular level imaging using
this method is difficult due to relatively low yield of fluorescence-labeled EVs from
reporter system.
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8.1.3 Bioluminescence Reporter System

The bioluminescence reporters have advantages in high sensitivity particularly
compared with fluorescence-based imaging. Bioluminescence imaging of EVs
employs luciferase enzymes as imaging reporters. In particular, one of the most
commonly used luciferase enzymes, Gaussia luciferase (gLuc), was reported to be
much brighter than the firefly or Renilla luciferases. But the tissue penetration of the
emission photon makes the advantage of gLuc over firefly or Renilla luciferases.
Luciferases in common, they are free from autofluorescence problems due to absent
bioluminescence signals due to absence of any bioluminescence proteins reacting
with substrates we inject to these small animals. Thus, this approach is more useful
than fluorescence-based imaging for whole body imaging as a biodistribution study.

As a reporter being expressed solely in EVs, a group used a fusion protein which
consists of gLuc enzyme combined with transmembrane domain of lactadherin
[10]. This bioluminescence reporter overcomes the issue of recirculating and per-
sistent fluorescence signals. Thus, EVs using this fusion protein, gLuc-lactadherin,
was used for serial whole body imaging to quantitatively monitor the clearance of
intravenously injected EVs [23]. A similar bioluminescence reporter system was
reported by Lai et al. using membrane-bound variant of the gLuc reporter and a
biotin acceptor peptide [9]. This reporter system allowed multimodal imaging of
bioluminescence and fluorescence in vivo as fluorescence combined with strepta-
vidin could provide fluorescence-mediated tomography imaging simultaneously.

Bioluminescence reporter system has several merits in small animal imaging due
to high sensitivity, specificity for EVs as well as enabling multimodal imaging as
aforementioned. However, this system has an inherent shortcomings that lumi-
nescence signals are attenuated in deep organs and that no substrates of luciferin or
coelenterazine for these luciferases are allowed for the administration to humans.
Moreover, relatively complicated labeling method compared with lipophilic dyes
limits the high throughput in vivo kinetics study of various EVs extracted from
different cell types.

Furthermore, similarly to fluorescence reporter imaging, the bioluminescent
signal depends on the reporter protein expression [7, 15]. These labeling procedures
are complicated compared to those of fluorescence dyes, which limits the study of
biodistribution and fate of EVs in various cells under different conditions in vivo.

8.1.4 Radionuclide Imaging

Briefly, radionuclide imaging of EVs is sensitive and feasible to be extended to the
human and clinical applications. Details of radiolabeled EVs are introduced in
previous chapter. Recently developed 99mTc-labeled EVs used 99mTc-HMPAO and
99mTc-tricarbonyl. They used direct labeling of EVs [24, 25]. Another 125I-labeled
EVs employed a reporter system. EVs with a fusion protein of streptavidin and
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lactadherin was labeled by 125I-iodobenzoyl norbiotinamide [23]. In spite of
advantages of radionuclide imaging of EVs in noninvasive imaging and biodistri-
bution studies, the relative expensiveness of these specialized instruments—SPECT
and PET—limited its wide use for small animal imaging in many research centers.
Furthermore, for clinical translation, compared with magnetic resonance imaging,
radiation hazard should be considered especially with longer half-life radionuclides
with higher energies.

8.1.5 Magnetic Resonance Imaging

Another clinically feasible approach for imaging EVs is labeling with superpara-
magnetic iron oxide nanoparticles for magnetic resonance imaging [26, 27]. To load
magnetic nanoparticles, a facilitating method for EV loading was required as they
were different from lipophilic dyes which easily passed EV membrane. Hu et al.
employed electroporation of EVs with superparamagnetic iron oxide nanoparticles
to produce nanoparticle-laden EVs [26]. The electroporation for EV loading has
been used for facilitating EV loading of biomaterials such as siRNA [28].
Superparamagnetic iron oxide nanoparticles were labeled to melanoma producing
EVs and they were imaged in vitro and in vivo using magnetic resonance imaging.
However, electric pulse can temporarily disturb the lipid bilayer structure which
may alter the composition of EVs that eventually affect the function. In this regard,
Busato et al. suggested an optimal magnetic nanoparticle labeling method without
electroporation and under physiologic condition [27]. Their strategy was not based
on direct labeling of EVs. Instead, they employed the strategy that parent cells load
ultrasmall superparamagnetic iron oxide nanoparticles.

Magnetic resonance imaging is also clinically applicable and even more, free
from radiation hazard. However, due to limitation in sensitivity and thus they
needed to administer much larger amount of EVs, current in vivo magnetic reso-
nance images were only obtained after intramuscular injection [26, 27]. Though
locally accumulated EVs at injection sites could produce discernable magnetic
resonance signal intensity change, systemic biodistribution and accumulation in
target tissues such as cancer and inflammation require higher sensitivity. Thus,
increasing sensitivity for tracking of systemically administered magnetic
nanoparticle-labeled EVs is required to avoid the necessity to administer too large
amount of EVs to yield sufficient signal-to-noise ratio. The quantitative analysis is
also limited in magnetic resonance imaging compared with radionuclide imaging.
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8.2 Variability of Biodistribution of EVs

8.2.1 Challenging in Tissue Targeting: Tropism of EVs

One of the important features of EVs that raise the promises for their application as
drug carriers and therapeutics is their tissue-homing characteristics. Because of
various surface proteins of EVs which can interact with recipient cells, EVs have
initially received great attention for tissue-targeting endogenous nanomaterials [5].
Initial pilot studies which aimed at regenerative therapeutics as EVs showed that
mesenchymal stem cell-derived EVs had therapeutic effects on myocardial ischemic
tissue injuries or renal tissue loss by tissue homing effect of EVs [18, 29–33].
Moreover, tumor-derived EVs were reported to be accumulated in the lymph nodes
which suggested pre-metastatic behavior [34] implying EVs’ tropism that could be
applied to tissue targeting.

Unfortunately, this tissue targeting capacity and in vivo distribution of EVs is
highly affected by the physiological state of EVs as well as their extraction and
administration methods [35]. So far, many studies using various imaging techniques
reported too much variability regarding in vivo distribution of EVs. As those
studies used different cell type-derived EVs as well as different techniques for
acquisition of EVs, the in vivo distribution results should have been so variable.
This variety of in vivo biodistribution are determined by technical, intrinsic and
biological factors of EVs. The factors that have impact on biodistribution are
summarized in Table 8.2. For the successful, if ever, application of EVs as thera-
peutics and drug carriers, we should consider these factors to achieve desirable
tissue targeting.

8.2.2 Technical Factors

Firstly, technical factors of EVs affect physiology of EVs. The isolation methods of
EVs are not standardized and their effects on the in vivo distribution are not yet
elucidated well. There have been various methods of EVs’ isolation including

Table 8.2 Factors affecting
biodistribution of EVs

Specific factors

Technical factor Isolation method
Loading method
Administration dose
Administration route
Labeling method

Intrinsic factor Definition of EVs
Size of EVs

Biological factor Originated cell types
Variety of EVs in single cells
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size-exclusion chromatography, centrifugation and ultrafiltration [36–38]. As EVs
isolated by ultracentrifugation tended to be aggregated more [39], in vivo distri-
bution of EVs isolated using this method should be different from those obtained
using other methods. Furthermore, different drug/biomaterial loading methods of
EVs would have also changed the physiology of EVs [40]. As aforementioned in
the previous section, loading methods can be roughly divided into two categories:
manipulating parent cells followed by isolating EVs and isolation of EVs followed
by loading materials. Drug-loaded EVs prepared by these two different methods
would have resulted in the differences of the characteristics of EVs even though
they were derived from the same cell sources [40]. Direct comparison between
these two methods was performed [18]. Directly labeled EVs with fluorescence dye
showed higher accumulation in the liver, while EVs collected from
fluorescence-labeled parent cells showed higher accumulation in the injured tissue.
When electroporation was used to load nucleic acids in EVs [28, 41], electropo-
ration itself cause aggregation of EVs [28]. Thus, the results of EVs’ biodistribution
using this labeling method for magnetic nanoparticles should be carefully inter-
preted and even we need to suspect that labeled EVs cannot represent the physi-
ology of unlabeled EVs [26].

In vivo administration methods also influence the biodistribution as well as the
amount of the administered dose of EVs. Wiklander et al. investigated systemically
the effects of administration routes, cell source and targeting on the biodistribution
pattern [35]. For example, intravenously administered EVs resulted in
dose-dependent decrease in the accumulation in the liver and increase in the
accumulation in the bowel. Saturation of the mononuclear phagocyte system of the
liver was proposed as the mechanism. This dose-dependence in biodistribution
pattern is important when we try to use imaging to trace the EVs’ biodistribution to
represent the biodistribution of therapeutic dose of EVs, as a preliminary imaging
study using tracer amount of EVs may not represent biodistribution of later use of
therapeutic dose of EVs. Keeping this in mind, one can try the simultaneous
imaging and therapeutic trial of using EVs [42]. In this so-called theranostic
approach, we mix (radio-)labeled tracer EVs with therapeutic amount of EVs and
inject them and trace the biodistribution. Of course the labeling should be done in
very mild and physiologic condition minimizing the effect of labeling procedure not
to change the characteristics of EVs.

Another factor affecting the in vivo biodistribution is the administration route.
EVs derived from melanoma cells of different studies showed distinctive accu-
mulation patterns according to the administration route [43]. Subcutaneously
injected melanoma-derived EVs accumulated in the lymph nodes [11, 26], while
intravenously injected melanoma-derived EVs mainly accumulated in bone marrow
and lungs [34]. Or another study showed that the major accumulated organ of the
melanoma-derived EVs was liver and spleen when they were injected intravenously
[10]. Head-to-head comparison of EVs derived from the same cell line (HEK293T)
was investigated later. When the three administration routes, intravenous,
intraperitoneal and subcutaneous administration, were compared, intraperitoneal
and subcutaneous injection resulted in lower accumulation in the liver and spleen
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but higher accumulation in the pancreas and bowel than intravenous administration
of the same EVs [35].

The important technical factor which affects biodistribution is the labeling
method. As lipophilic fluorescent dye itself has long half-life in vivo, it remained in
the tissues even after the degradation of EVs [22]. Reporter system based on surface
proteins or lipid bilayers could show different biodistribution patterns from other
methods. Simultaneous labeling of fluorescence dye and radionuclide
99mTc-HMPAO revealed that fluorescence signals and radioactivity had different
kinetics patterns [43]. As labeling process may hamper integrity of EVs and cause
composition changes, optimized labeling process under physiologic condition will
again be very important for accurate monitoring of biodistribution. Furthermore,
multimodal imaging using various labeling methods can help understand accurate
biodistribution of administered EVs.

8.2.3 Intrinsic Factors

According to the earlier findings of the in vivo distribution of liposomes, size of
liposomes was already known to be a determinant factor of major uptake sites. The
liposomes were commonly accumulated in the organs of mononuclear phagocyte
system including liver, spleen and the lungs. When they were injected intra-
venously, they were generally taken up by macrophages in liver or spleen [44, 45].
The size of the nanoparticles including liposomes affected the sites of clearance
among mononuclear phagocytic system organs of liver, spleen and bone marrow.
Very small nanoparticles (<80 nm) tended to be cleared by bone marrow [46].
Around 100 nm sized nanoparticles can penetrate the hepatic sinusoidal endothe-
lium, which results in increased hepatic accumulation [47, 48]. Larger nanoparticles
including liposomes are prone to higher chances of opsonization and accumulate
more in the spleen.

Current reports of in vivo biodistribution study of EVs showed that the major
accumulation of EVs were similar with liposomes. Mostly, EVs were accumulated
in the liver and spleen [43]. This pattern is similar to various nanoparticles
including liposomes. Moreover, a study showed that liposomes with similar size of
EVs and liposomes synthesized by lipid extracts of EVs have very similar
biodistribution patterns [14]. It suggested the distribution of EVs could be mainly
determined by intrinsic physiologic factors such as size.

Nonetheless, the definition of EVs include a broad spectrum of vesicles secreted
by several types of cells [5, 49, 50]. Thus, size of EVs is varied according to the
definition of EVs among different studies. In general, EVs include exosomes and
microvesicles. Exosomes are small (30–100 nm) vesicles derived from the endo-
somal pathway. The microvesicles relatively larger than exosomes (50–1000 nm)
and they are generated by budding of the plasma membrane [50]. The broad
spectrum of size of EVs could affect various biodistribution results. EVs are not a
single entity and include a group of vesicles which have been called exosomes,
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ectosomes, microvesicles, oncosomes and so on. As a future work, the isolation of
subpopulation of EVs should be warranted to investigate their physiological
characteristics and implications. Furthermore, standardized definition of EVs and
their spectrum is required.

8.2.4 Biological Factors

Given the tropism of EVs, cell-type specific biodistribution can be an important
factor for the possible application of EVs for therapeutic purposes. In spite of the
expectation of tropism effects according to cell types, a direct comparison between
EVs originated from different cell sources (muscle, melanoma and immature bone
marrow) showed similar accumulation in the liver and spleen regardless of the
sources [35]. However, the differential pattern of accumulation was also observed.
Muscle-derived EVs showed higher accumulation in the liver than the others and
immature bone marrow-derived EVs showed higher accumulation in the spleen.
Melanoma-derived EVs were accumulated more in the gastrointestinal tract and the
lungs. This differential accumulation in the liver, lungs and spleen, was not
explained by the size of EVs as the size of EVs originated from different cell types
were similar. Though the size was a critical factor determining in vivo distribution
as aforementioned, different composition of EVs associated with cell sources was
another factor affecting biodistribution. This idea was also supported by the studies
that the tailored EVs having modified molecular composition showed different
biodistribution [51–53]. Composition change of exosomal-tetraspanin complex
affected capability of EVs in their in vivo targeting and showed more accumulation
in the pancreas [51]. Ohno et al. synthesized EVs to target epidermal growth factor
receptor positive breast cancer and showed the tumor accumulation while the most
of the EVs accumulated in liver and spleen [12]. These findings suggested that the
accumulation sites of EVs was mainly mononuclear phagocyte system (or reticu-
loendothelial system; RES) including liver and spleen, however, the degree of
accumulation and target tissue accumulation could be influenced by molecular
composition of EVs. Contrary to the results of the effect of molecular composition
on in vivo biodistribution, some reports showed that the EVs’ composition effect
was negligible compared with the EVs’ size effect. Intravenously injected EVs were
rapidly cleared and showed minimal tumor accumulation like liposomes and
liposomes generated by exosome compounds [14]. Despite this rapid clearance, the
authors found that intratumorally delivered EVs remained longer than liposomes
which could partly support the potential use of EVs as drug carrier and therapeutics.

The underlying mechanism of differential accumulation patterns of EVs com-
pared with liposomes or micelles remains unknown. Although many studies sug-
gested that molecular composition and tailored EVs could have differential
distribution patterns and enhanced target tissue accumulation, how these molecules
change the physiologic property of EVs has not yet been studied. More importantly,
recent study revealed that EVs isolated from a single cell source have variable
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molecular composition [54]. Proteomic analysis revealed that mesenchymal stem
cells secreted at least 3 types of EVs, which suggested that cells secreted many
types of EVs in terms of their molecular composition. This implies the mechanistic
understanding of biodistribution more complex and difficult. The composition of
EVs secreted by a cell can be changed by cellular condition at one time and, even
more, EVs secreted at one time from a single cell have subpopulation groups.

8.2.5 Future Direction for Biodistribution Analysis and Its
Application

Various factors affect biodistribution results of EVs. It resulted in variable
biodistribution results between different studies: some reported exaggerated tissue
homing effects and others emphasized on mononuclear phagocyte system
(RES) uptake only. Nonetheless, the important fact is that there are various types of
EVs. The broad spectrum of EVs have different physiologic characters. In vivo
distribution of EVs may be changed according to all the different in vivo conditions
of each living subject as well. Because of this complexity, simultaneous tracking of
EVs during usage of therapeutic purposes is required as a future work. Standardized
procedures for the isolation and purification of EVs and multimodal labeling pro-
cess will be needed as well.

Imaging of EVs is essential to understand the biodistribution of EVs. It also
allows direct monitoring of EVs whether they targeted the specific tissue when we
used EVs for therapeutic purposes. However, each imaging method has limitations
in terms of feasibility of clinical application, capability of quantitation and easy
availability. That is why we should concentrate on multimodal imaging of EVs. As
EVs have various biomolecules in their surface and we can load drugs and biologic
or nano therapeutics into them, EVs could work as a multifunctional endogenous
nano-platform. Various feasible tailoring methods including surface modification,
reporter system and loading therapeutic radionuclides could facilitate clinical
application of EVs.
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Chapter 9
Endogenous Radionanomedicine:
Validation of Therapeutic Potential

Seunggyun Ha and Dong Soo Lee

Abstract Exosomes have features to be able to promise therapeutic opportunities,
which are exosomes-mediated pathogenesis in certain diseases, and thus their
inherent therapeutic potential, and again possibility of use of exosomes as drug
carriers. There have been increasing interests in this therapeutic potential of exo-
somes owing to the recent reports in regenerative medicine, tumor management,
infection, and organ transplantation. Radionanomedicines i.e. radiolabeled exo-
somes provide advantages of non-invasive, less toxic, highly penetrable, highly
sensitive, and quantification-enabling characteristic of radioactivity for validation of
therapeutic potentials of exosomes. Radiolabeled exosomes are expected to allow
their theranostic use even in clinical settings. However, there remain the issues to
overcome the low yields of exosomes, release of free radioisotope after degradation
of exosomes, and yet unveiled dosimetry of therapeutic radiolabeled exosomes.
This chapter reviews current evidences of therapeutic applications of exosomes in
regenerative medicine and tumor management and discusses radiolabeled exosomes
or exosome-mimetic nanovesicles as well as remaining issues in endogenous
radionanomedicines regarding the desired therapeutic potentials of radiolabeled or
unlabeled exosomes.
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9.1 Introduction

Exosomes are a kind of extracellular cell-derived vesicles which have a size in a
range of 30–100 lm and contain various molecules of miRNAs, mRNAs, and
proteins in their spherical structure. Lots of things about characteristics of exosomes
have been unveiled and it is established that exosomes regard to cell-to-cell com-
munication via delivery of their contents to the recipient cells. There are many
reports that diseases are related to specific types of exosomes which can be used as
diagnostic markers. Additionally, the interest in the therapeutic potential of exo-
somes continues to rise, and the evidence has been accumulated over the last few
years.

There are three important features of exosomes for therapeutic opportunities
(Fig. 9.1) [1]. First one is exosome-mediated disease pathogenesis which implies
the possibility of using exosomes as therapeutic target. Several strategies including
inhibition of exosome-biogenesis, release, cell uptake and targeting of specific
extracellular vesicle components are potentially applicable to block exosome-
mediated pathogenesis. Next one is exosomes themselves having inherent thera-
peutic potential such as their involvement of antigen presentation, immune mod-
ulation, and tissue repair. Another feature of exosomes for therapeutic potential is
their capability to be used as drug cargo. The spherical feature endogenously
encapsulated by lipid bilayer with various surface proteins enables exosomes to
contain drugs within them and consequent action for specific delivery of the
materials within them. The therapeutic potentials of exosomes have been estab-
lished in various areas like regenerative medicine, tumor, infection, and organ
transplantation [2].

Imaging and tracking of exosomes are important to understand biodistribution of
exosomes and successful targeted delivery to specific tissue, non-invasively.
Different imaging strategies using fluorescence imaging, bioluminescence reporter
system, magnetic resonance imaging (MRI), and radionuclide imaging have been
applied for tracking of exosomes in vivo [3]. Optical imaging using direct lipophilic
fluorescence dye labeling provides simple methods to observe cell-to-cell com-
munications via exosome transferring [4–7]. Reporter imaging scheme using
fluorescence or bioluminescence provides more specific imaging to exosomes
compared to direct fluorescence dye labeling. Bioluminescence imaging is free
from any false positive signals from retained or freely circulating fluorescent dye
after exosome degradation. However, reporter imaging needs genetic engineering
and has relatively inconsistent signal intensity which depends on the expression of
reporter proteins. Furthermore, optical imaging systems using fluorescence or
bioluminescence has inherent shortcomings of attenuation of signals due to shallow
depth of photon penetration and low availability in clinical field.
Superparamagnetic iron oxide nanoparticles-laden exosomes can be used for MRI
for exosome-tracking [8, 9]. However, this approach needs large amounts of exo-
somes because of the relatively lower sensitivity of MRI compared with optical
imaging or radionuclide imaging, which further complicates the problem related to
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lower yields of exosomes. Radiolabeling of exosomes, using gamma rays or
positrons emitting particles, enables highly sensitive and less-attenuated image
acquisition, and thus this can be translated to clinical application [10–13].

Fig. 9.1 Therapeutic strategies regarding exosomes. Exosomal therapeutic approaches are
available via 3 ways that a regarding as therapeutic target, b application of innate therapeutic
ability, and c utilization as drug cargo. Adapted from [1] with permission
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This chapter introduces the current states of art of evaluating the therapeutic
potentials of exosomes in various fields including regenerative medicine and tumor
management and discusses the role of radionanomedicine in validation of thera-
peutic potentials of exosomes.

9.2 Regenerative Medicine

The aim of regenerative medicine is to restore the function of damaged or lost
tissues. The major strategies of regenerative medicine are related with cell-based
therapies, classical tissue engineering, and biodegradable materials-based approa-
ches [14]. Traditionally, cell-based therapies directly administer cells to damaged
tissues to directly repair or support tissue repair via paracrine effect. However, there
is difficulty to control the directly administered cells, which is related to safety issue
of stem cell transplantation. Recently, exosomes have been evaluated as one of the
cell-free approaches focusing on the paracrine hypothesis via exosomes in regen-
erative medicine. Exosomes in regenerative medicine may have roles in angio-
genesis, suppressing apoptosis, stimulating cell proliferation, immune regulation,
and extracellular matrix remodeling, which would be useful in tissue engineering.

9.2.1 Nervous System

Nerve regeneration has been a major challenge in regenerative medicine because
nervous system usually lacks the capability of self-regeneration. With the rapid
development of cell-based therapies, recent researches have focused on what makes
neurological disorders improve via paracrine effect from cell-based therapies.
Exosomes from multiple cell types including multipotent mesenchymal stem cells
(MSCs), and dendritic cells (DCs) have shown to help repair nervous injury.
Transfer of miRNA-133b via exosomes with green fluorescent protein-tagged
CD63 from MSCs to astrocytes and neurons induce increased axonal plasticity and
neurite remodeling in ischemic boundary zone, which subsequently lead to func-
tional recovery in stroke models of rodents [15]. Exosomes with GFP-Tagged
CD63 derived from Schwann cells also markedly increase axonal regeneration
in vitro and in vivo [16]. Gamma-interferon (IFNc) -stimulated DCs exosomes with
CD63 conjugated to quantum dots (QD, 24 nm in size, fluoresce at 620 nm) helped
remyelination of acutely damaged nerves, and nasal delivery of IFNc-stimulated
DCs exosomes coupled to QD increased central nervous system (CNS) myelination
in vivo [17]. In addition, nasal administration of the IFNc-stimulated DCs exo-
somes enriched with miR-219 to aging rats also showed enhancement of myeli-
nation. In the field of Alzheimer’s Disease (AD), fluorescence dye (PKH26)-labeled
exosomes with abundant of glycosphingolipids, derived from wild-type
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neuroblastoma or primary neurons in the hippocampus improved amyloid plaque
burden by clearing them by microglia [18]. These results provide the evidence of
exosomes’ potential for non-invasive therapeutic use of exosomes in neurological
disorders including CNS demyelinating disease like multiple sclerosis and neu-
rodegenerative disease like AD.

9.2.2 Cardiovascular System

Heart and cardiovascular system work for blood circulation under the highly
synchronized regulation of myocardial contraction. Cardiomyocytes, smooth
muscle cells, endothelial cells, fibroblasts and cardiac stem cells contribute to the
organization and maintenance of the system. For the well-regulated circulation,
cell-to-cell communication is really important. Traditionally, paracrine effect via
growth-factor, endocrine effect via adiponectin, direct cell-to-cell contact via gap
junction, and adhesion molecules like integrin have been regarded as important
players for this effective cell-to-cell communication. Recently, exosomes have
been implicated as another mediator of cell-to-cell communication in myocardial
system in either physiology or pathological condition such as reperfusion injury.
Paracrine effect of pluripotent cells like MSC or cardiac progenitor cells
(CPC) via exosomal delivery to ischemic injured myocardium has been tested in
several studies in vivo.

Intravenously injected MSC-derived exosomes reduced infarct size in mice
model of cardiac ischemic reperfusion injury [19], which was mediated by transfer
of glycolytic enzymes enriched in MSC-derived exosomes that enhanced glycolytic
flux and adenosine triphosphate (ATP) production by complementation of depleted
energetic enzymes in reperfused myocardium [20]. Additionally, membrane-bound
CD73 on MSC-derived exosomes hydrolyzed adenosine monophosphate degraded
from ATPs and adenosine diphosphates in injured cardiomyocytes, to adenosine,
and subsequently interrupted activation of reperfusion injury salvage kinase (RISK)
pathway participating in apoptosis of reperfused myocardium [21]. Meanwhile,
CPC-derived exosomes which are highly enriched in miRNAs including miR-451,
miR-210, miR-132, and miR-146a-3p protected ischemic myocardium via inhibi-
tion of apoptosis of cardiomyoblasts in mice model of acute ischemic reperfusion
injury [22, 23]. Cardioprotective effect of exosomes was also mediated by heat
shock protein (HSP) 70 on exosomes by activation of a pathway downstream of
toll-like receptor 4—extracellular signal regulated protein kinases (ERK) 1/2—p38
mitogen-activated protein kinase (p38MAPK)—phosphorylation of HSP27 [24].
A recent meta-analysis study proved the therapeutic and protective effect of
MSC-derived exosomes on cardiac ischemic reperfusion injury [25].
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9.2.3 Acute Kidney Injury

Acute kidney injury (AKI) is a disease which is characterized by acute tubular
injury inducing rapid loss of renal function mainly caused by ischemic reperfusion
injury [26]. Several animal studies showed that MSCs have treatment effect to AKI
[27, 28]. Recent evidence has suggested that the effect of MSCs on AKI recovery
relies on paracrine mechanism rather than transdifferentiation of MSCs [29–33].
Exosomes derived from MSCs stimulated proliferation and enhanced resistance of
tubular cells to apoptosis in vitro [34]. In vivo study proved treatment effect of
MSC-derived exosomes on the recovery of AKI via RNA-dependent paracrine
effect [34, 35]. Injection of MSC-derived exosomes into kidney repaired
cisplatin-induced AKI in mice by ameliorating apoptosis by suppressing activation
of the p38MAPK pathway, promoting cell proliferation via activation of the ERK 1/
2 pathway [36]. A meta-analysis concluded that cell-free treatment using
MSC-derived exosomes was better than MSC-conditioned media [37]. Not only
MSC-derived exosomes, endothelial colony-forming cells (ECFC)-derived exo-
somes also had a protective effect on AKI in mice [38]. PTEN/Akt pathway in
endothelial cells was targeted by miR-486-5p transferred from human cord blood
ECFC via exosomes, which induced the protective effect against AKI [39].

9.3 Tumor

Exosomes participate in intercellular communication even in cancer cells.
Exosomes carry various molecules of nucleic acid, lipid, and protein, and affect
pathological pathways of cancer cells including tumorigenesis, tumor growth,
angiogenesis, metastasis, drug resistance, immune escape, tumor-stroma interac-
tion, and tumor thrombosis [40]. Various molecules of proteins and nucleic acids
contained in exosomes have been evaluated to develop novel diagnostic and
prognostic marker for various types of cancer. The idea to use exosomes as
anti-tumor vaccines or drug cargo for targeted drug delivery has been evaluated
even in clinical trials (Table 9.1, modified from Lener et al. J Extracellular Vesicles
2015) [41].

9.3.1 Anti-tumor Vaccination

Extracellular vesicles derived from antigen presenting cells contain MHC-peptide
complexes stimulated immune response [42]. Safety, feasibility, and efficacy of
vaccination of autologous DC-derived exosomes loaded with tumor antigens were
tested in patients with non-small cell lung cancer (NSCLC) or melanoma in phase I
clinical trials [43, 44]. In phase II clinical trials, administration of autologous
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peptide-loaded exosomes from mature DC with IFNc stimulation was tested as
maintenance immunotherapy after the first line chemotherapy in 22 patients with
advanced NSCLC, which have shown that DC exosomes with IFNc activated
antitumor immunity [45]. Meanwhile, tumor-driven exosomes also have been
considered for tumor antigen source for immune-stimulation [46]. However, given
that tumor exosomes inherently induce immune suppressive effect via delivery of
immunomodulatory factor [47], administration of native tumor exosome for tumor
treatment was not sufficient for immune stimulatory anti-tumor therapy [48]. To
overcome the immune suppressive effect of tumor-derived exosomes, a combina-
tion of tumor exosomes with immune stimulatory adjuvant treatment had been
developed and successfully improved the anti-tumor response of immune effector
cells [49]. A phase I clinical trial proved the feasibility and safety of tumor-derived
exosomes for anti-tumor immunotherapy [50]. In addition, exosomes derived from
human NK cells were also shown to stimulate the anti-tumor immune response
in vitro [51].

9.3.2 Targeted Drug Delivery

There have been many studies to develop and validate various drug delivery sys-
tems in different types of cancer [52, 53]. Encapsulating anticancer drugs within
synthetic biomaterials such as liposomes showed advantages of increased efficacy,
biocompatibility, and reduced toxicity, but it also had disadvantages of immuno-
genicity, low solubility, short half-life, and high cost [54]. Toxicity of synthetic
biomaterials was associated even with synthetic biomaterials themselves, i.e.,
micelles, and liposomes [55]. Recently, exosomes emerged as a new drug-delivery
system with inherent advantages of natural targeting property, less toxicity, less
immunogenicity, and highly efficient internalization by target cells compared to
synthetic liposomes of extrinsic drug cargos [56]. However, the problems of exo-
somes like low yield, low solubility, non-specific targeting, and short half-life in the
circulation should be overcome to use exosomes practically as drug-delivery
vehicle in clinical situation.

Exosomes are released only in small amounts from mammalian cells, and thus
harvesting exosomes which were naturally released from cells are generally
cost-ineffective and time-consuming, which results in a low yield [57].
Exosome-mimetic nanovesicles which were produced by serial extrusion through
diminishing pore-sized filters (10, 5, 1 lm) was suggested to obtain a higher yield
of nanovesicles [58]. The doxorubicin loaded exosome-mimetic nanovesicles
obtained from U937 human monocytes or Raw 264.7 murine macrophages showed
100-fold higher production yield and similar in vivo antitumor effect compared to
those of the doxorubicin loaded exosomes. The exosome-mimetic vesicles inherit
the character of monocytes or macrophages, which recognize endothelial cell
adhesion molecules (CAM) for extravasation. Tumors grow rapidly with abnormal
angiogenesis, therefore rapidly growing endothelial cells expressing CAMs is a
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representative target for targeted therapy. Meanwhile, even though exosomes may
have natural targeting properties, engineering of exosome surface is necessary to
enhance specific delivery of contained anti-tumor drugs to a tumor.
Doxorubin-loaded mouse immature DCs (imDCs) which were engineered to
express an exosomal membrane protein Lamp2b fused to av integrin-specific iRGD
peptide (iRGD-Lamp2b) showed highly efficient targeting and antitumor-effect to
av integrin-positive breast cancer cell lines (MDA-MB-231 and MCF-7) in vitro
and MDA-MB-231 tumor in vivo [59]. The targeted drug-delivery strategies using
exosomes were used not only for cancer therapeutics but also for inflammatory
disease management [60].

9.4 Radionanomedicine for Validation of Therapeutic
Potential of Exosomes

9.4.1 Exosomes and Radionanomedicine

As we have reviewed above, there has been increasing evidence that exosomes have
therapeutic potential as well as pathophysiologic roles in diseases. Most of the
results have been limited in preclinical experiments in vitro and in vivo, and only a
few studies have been conducted in clinical trials [41, 43, 44, 50]. To apply exo-
somes to the clinical situation as therapeutics successfully, confirmation of specific
targeting of exosomes is mandatory and monitoring of this specific targeting is
critical. To understand the behavior of administered exosomes in vivo,
imaging-based studies are needed. Given the properties of radionuclide imaging
modality and its successful application to clinical nuclear medicine, imaging of
radiolabeled exosomes may be the most promising tracking method to follow the
administered exosomes in human bodies. Radionuclide imaging has characteristics
of non-invasiveness, less toxicity, high penetration, high sensitivity, and easy
quantification. The combination of imaging via radiolabeling and therapeutic
application of exosomes is expected to permit theranostic approaches [61].

9.4.2 Radiolabeling with Various Radioisotopes

Regardless of its potential, only a few studies used radiolabeled exosomes and their
focus was limited mainly on radiolabeling methods and biodistribution in animals.
Radiolabeling with 125I using streptavidin-biotin system was initially applied for
evaluation of ex vivo biodistribution of intravenously administered B16BL6 murine
melanoma cell-derived exosomes in mice, which needed genetic modification of
B16BL6 cells to produce streptavidin [12]. Radiolabeling with 131I of 4775-LuT
breast cancer cell-derived exosomes was also reported [62]. In addition, direct
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labeling of 111In-oxide to various tumor-derived exosomes (4T1 and MCF-7 breast
cancer cells, and PC3 prostate cancer cell) was accomplished [10]. More recently,
99mTc-HMPAO labeling of exosomes derived from Raw 264.7 murine macro-
phages was reported, in which 99mTc-HMPAO, which was converted into hydro-
philic form, consequently trapped within exosomes by their glutathione which are
enriched in exosomes [11]. 99mTc labeling of erythrocyte-derived exosomes was
also established for quantitative in vivo single-photon emission computed tomog-
raphy (SPECT) imaging [13]. Most of the established exosomal radiolabeling
methods are using gamma-emitting radioisotopes, so SPECT has been commonly
used for imaging, which provided relatively low spatial resolution and difficulties in
quantification. Positron emission tomography (PET) imaging provides better spatial
resolution and quantitative information about exosomal biodistribution compared to
SPECT imaging. A few methods were proposed to use radioisotope labeled exo-
somes for PET imaging, and now the validation studies are needed [63, 64].

9.4.3 Remaining Issues

Several issues should be taken care of to apply radiolabeled exosomes for validation
of the therapeutic potential of exosomes in vivo.

Given that only small amount of exosomes are naturally released from cells, so
the low yield of exosomes is one of the major hurdles in preclinical and clinical uses
of exosomes especially for therapeutic application. Further, preparation of exo-
somes needs multiple steps of isolation and purification. Labeling of imaging
materials including radiolabeling needs one more step for exosome preparation, and
it causes additional burden. Exosome-mimetic nanovesicles was recently proposed
as a solution for the problem of low yield, and further study especially for estab-
lishing standardized protocols are needed [58]. Considering SPECT and/or PET
imaging with superior detection sensitivity, radiolabeling exosomes for tracking
in vivo minimizes the technical problem of the low yield of exosomes.

Signals from free radioisotope after degradation of exosomes could interfere the
interpretation of the biodistribution of radiolabeled exosomes. The degradation of
exosomes happens not only during circulation but also after uptake by target cells or
immune cells in the mononuclear phagocytic system (MPS). According to the
studies of biodistribution using radiolabeled exosomes, exosomes were taken up
and cleared by the liver and/or spleen in early phase associated with initial rapid
blood clearance after intravenous injection [10–12]. The rapid clearance of sys-
temically administered exosomes is mainly due to the macrophages of MPS [65,
66]. Radiolabeling of exosomes with 99mTc-HMPAO solved the issue of labeling
only the intact exosomes since 99mTc-HMPAO is trapped only within intact exo-
some after the cell uptake. This hydrophilic 99mTc-HMPAO will be released after
degradation in blood or in MPS [11]. Thus, the 99mTc-HMPAO activity at least at
later period after systemic administration of exosomes are convoluted activity of
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both 99mTc-HMPAO of intact exosomes and 99mTc-HMPAO released from
degraded exosomes. This should be discriminated.

Considering the trace amount of nanoparticles for imaging used in radio-
nanomedicine, direct radiation toxicity by imaging of radiolabeled exosomes may
not be higher than that of general nuclear medicine imaging procedures in clinics.
Less immunogenicity is anticipated to the self-derived exosomes [61]. Further, the
phospholipid bilayers of exosomes enable direct fusion with the cell membrane of
target tissue, which results in less activation of inflammatory process due to bypass
of the endosomal-lysosomal pathway [67]. Meanwhile, internal radiation dosimetry
assessment is required for clinical translation of radiolabeled exosomes.
Biodistribution of exosomes is mainly dependent on the character of cells of
exosomes origination, which is called homing ability [68]. Due to the complexity
and diversity of the biodistribution of exosomes, imaging with radiolabeled exo-
somes should be routinely performed as theranostics before the establishment of
therapeutic application.

9.5 Conclusion

The therapeutic potential of exosomes has been increasingly reported in various
clinical applications including regenerative medicine and tumor management. To
reduce toxicity and enhance the efficacy of treatment, specific targeting strategies
using exosomes were developed and regarded as one of the promising biomaterials.
Therefore, validation of specific targeting became very important. For clinical
translation, radionanomedicine is an appropriate method to visualize in vivo dis-
tribution of exosomes. The use of theranostic endogenous radionanomedicine using
exosomes will help achieve the goal of the therapeutic use of exosomes sooner in
the clinics.
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Part III
Surface Modification and Radiolabeling

Chapter 10: Surface Modification of Radionanomadicine
Chapter 11: Radiolabeling Method: Core/Surface Labeling, Chemical and Physical

Labeling

In this part, the readers will browse the general concept of surface modification of
nanomaterials. One of the modification will be the chelator conjugation on the
surface of nanomaterials for later radiolabeling. In the later radiolabeling,
radionuclides such as 68Ga, 64Cu, 89Zr, 111In, 90Y, 177Lu, and 188Re are chelated
and thus chelators join the group of surface modifiers. Surface should be modified
at first with hydrophilizer, targeting ligands and chelator and thus we need at least
three different modifiers conjugated with the surface of the nanomaterials. Chelator
will add one step more and chemical conjugation was tried but not with such high
yield and the optimization of modification reaction was found to be difficult.
Solutions for this problem were pursued in various ways, such as trying core
labeling or sincere optimization of the chemical stepped procedures of modification.
Physical labeling methods were introduced and cast a great prospect of simulta-
neous multiplex labeling. Simply speaking, the composition of proper micelle was
the critical step and the following violent mixing and separation was an easy
addition to finalize the radiolabeling.

By understanding the desired procedures which should be optimized for each
nanomaterials and radionuclides, physical labeling is recommended and the readers
are recommended to see that there are disadvantages in devising the meticulous and
laborious sequential labeling methods for surface modification as well as radiola-
beling and understanding what procedures are being developed as template pro-
cedures of choice. Further optimization is to be validated and the further
investigations are warranted.



Chapter 10
Surface Modification
of Radionanomedicine

Daiqin Chen and Hao Hong

Abstract Various radioactive nanomaterials (radionanomaterials) have been suc-
cessfully utilized as radionanomedicines, particularly in the field of nuclear imaging
and radiation therapy. Surface modification is one of the most critical steps during
the fabrication of radionanomedicines. Proper surface modification can bring
multiple benefits to radioisotopes-loaded nanomaterials, which include, but not
limited to, material disparity/stability improvement, in vivo pharmacokinetics
optimization, adjustment of interactions with biomolecules, incorporation of diag-
nostic or tissue targeting moieties, addition of new material property (e.g. stimuli
responsiveness), among many others. In this chapter, we tried to give a brief
illustration on how various surface modification strategies can be accomplished for
specific nanomaterials, and provide comments on the advantages and limitations of
each strategy. By the most straightforward categorization, the surface modification
can be achieved via either chemical reactions (covalent coupling) or physical
interactions (usually forming noncovalent binding). Each surface modification
method can work synergistically with each other to generate theranostic radio-
nanomaterials with more attractive characteristics. In the end, different previous
representative research reports were given as examples to confirm how these
strategies could be used in surface modification of nanomaterials from different
categories.
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10.1 General Comments on Surface Modification

Surface modification is extremely important for radionanomedicine. In order for
radionanomaterials to be used as effective ‘nanomedicines’ in vivo, various surface
modification strategies were taken with three primary purposes: improving their
stability (and biocompatibility), optimizing in vivo pharmacokinetics, and incor-
porating extra diagnostic and/or disease-targeting moieties (Fig. 10.1).

Since quite some nanomaterials (especially inorganic nanomaterials) were
originally dispersed in organic solvents (e.g. hexadecane) post direct synthesis [1],
surface modification with various surfactants will be necessary before they can be
transferred into an aqueous phase for further applications. Without proper surface
coating, most nanomaterials (especially those with pristine hydrophobic surfaces)
tend to agglomerate into large clusters from the hydrophobic interactions or Van der
Vaals force [2]. Even for nanomaterials with good inherent aqueous dispersity
(mostly organic nanomaterials), surface engineering can be beneficial for main-
taining their structural integrity. Popular candidates for surface coating of nano-
materials include synthetic polymeric molecules [e.g. polyethylene glycol (PEG)]
[3], small molecules [4], and various macromolecules such as proteins [5], lipids
[6], or polysaccharides [7]. Another popular approach is to form an extra nano-sized
layer (e.g. with silica or noble metals [8]) outside the original material core

Fig. 10.1 Example goals of radionanomaterial surface modification
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(core-shell structure). More specifically for radionanomaterials, surface modifica-
tion can stabilize the radioisotope cargo(s) loaded on the given nanomaterial [9].

Surface coating can also determine how radionanomaterials interact with bio-
logical environments [10]. After administration in vivo, radionanomaterials usually
face the interaction and adsorption of encountered molecules, including ions, lipids,
saccharides, and particularly proteins [11], all of which can form ‘corona’ on the
surface of radionanomaterials [12]. This ‘re-coating’ of radionanomaterials is
mediated by electrostatic interactions, hydrogen bonding, hydrophobic interactions,
or Van der Waals force [13]. Thus, proper surface engineering of radionanomate-
rials can be crucial to tune the interactions (e.g. reduce undesired ones) between
them and those biological molecules. For instance, by adjusting the surface prop-
erties (e.g. charges), radionanomaterials can have higher escape rate from phago-
cyte system, lower adsorption onto plasma proteins, or more specific accumulation
into given cell populations [14]. Additionally, surface coating agents such as PEG
can be very useful to regulate the residence time of radionanomaterials in vivo [10,
15]. Thus, surface properties of radionanomaterials contribute directly to their
in vivo toxicity [16].

Various biomolecules, e.g. peptides, antibodies, proteins etc., can be attached to
the surface of radionanomaterials relying on the proper surface modification [17,
18]. The incorporation of these molecules (termed “targeting ligands”) can facilitate
the trafficking of radionanomaterials more efficiently into the target tissue. Despite
the fact that nanomaterials can possess the well-known enhanced permeability and
retention (EPR) effect and accumulate in tissues with disrupted/irregular vasculature
structures (e.g. passive targeting in tumor) [19], tissue permeability can vary sig-
nificantly even within the same individual. Thus, these biomolecules enable
radionanomaterials to undergo ligand-directed cell targeting and tissue microenvi-
ronment targeting. An important consideration during the targeting ligand con-
junction is that the targeting moieties should be avoided to bury in the protein
‘corona’ when administered in vivo. Also, the ligand molecule numbers on nano-
material surface should be carefully investigated since previous studies have
revealed that high-density surface ligands can accelerate the clearance of nano-
materials and compromise their targeting efficiency [20]. Thus, optimizing the
ligand number on radionanomaterials does not indicate just increasing the ligand
number per nanomaterial. On the other hand, biomolecules like cell-penetrating
peptides (CPPs) can enhance the general cell permeability of nanomaterials [21].
CPPs can facilitate nanoparticle internalization to various types of cells and are
especially useful to deliver nanomaterials otherwise impermeable for given cell
types [22].

Surface modification is sometimes important to bring radioisotopes into nano-
materials. In those scenarios, radioisotopes were actually incorporated into the
surface coating molecules (or extra surface modification layer) [23]. This strategy is
particularly suitable when the isotopes loaded on nanomaterials have a relatively
short physical half-life (e.g. 18F (118 min), 99mTc (6 h), etc.). One obvious limi-
tation of this method is that the stability of surface coating becomes the limiting
factor for the overall efficacy of radionanomedicines. However, compared with
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embedding isotopes into structure of nanomaterials, this method is fast,
cost-effective, and with the lowest technical difficulties.

Another important goal for surface modification is to incorporate new functions
into radionanomaterials, e.g. stimuli-responsiveness. To date, selective coating of
nanomaterials with proper polymer molecules can bring tunable degradability [24],
and selective cargo release (e.g. loaded drugs or therapeutic isotopes) triggered by a
variety of stimuli including pH, heat, redox status, or enzymes [25–29]. These
properties can assist more accurate control of radionanomaterials to be used as
radionanomedicines.

Judging from these facts, how to choose the right surface modification method/
molecules for the right nanomaterials is very important and we predict that it will
continue to be a hot research area. The ideal molecules for surface modification of
radionanomaterials should preferably be biocompatible and biodegradable. Also,
these molecules should possess good affinity for the chosen radionanomaterials and
cause minimal response by the immune system [30, 31]. The decay half-life of
isotopes in radionanomaterials is usually not very long, thus the surface modifi-
cation procedure should be adequately fast to prevent the isotopes from significant
decay loss. In the following section, we will discuss various strategies already used
for radionanomaterial surface modification.

10.2 Strategies for Radionanomedicine Surface
Modification

Generally there are two categories of methods for surface modification—chemical
reaction (covalent coupling) and physical interactions (Fig. 10.2). It is usually hard
to use only single strategy during the radionanomaterial surface modification, thus
in this section we will only provide a brief discussion on the basic rules in each
strategy. In Sect. 10.3, we will give representative examples for radionanomaterial
surface modification.

10.2.1 Chemical Reaction (Covalent Coupling)

There are four popular chemical groups on material surface which can be used to
attach surface-coating molecules: amine (e.g. reactable with e.g. from polyacrylic
acid (PAA), carboxymethylcellulose, PEG with –COOH terminal etc.), carboxylic
(e.g. reacting with polyethylenimine (PEI), poly(L-lysine), PEG with –NH2 terminal
etc.), thiol (e.g. reacting with maleimide-bearing macromolecules etc.), and
hydroxyl groups [32]. Among those surface groups, hydroxyl group is quite unique
since it can react with carboxyl group on decorating molecules or cargo molecules
(e.g. anti-cancer drug) to form ester bond, which can be used for either controlled
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cargo release or pH-controllable surface property/size change [33]. The carboxylic-
amine reaction (resultant amide bond) or thiol-involved reaction (e.g. with mal-
eimide) can usually result in chemical bonds with satisfactory in vivo stability, thus
they are commonly adopted in surface modification of various inorganic/organic
nanomaterials [32, 34]. Post the initial surface coating, click chemistry is another
dominant approach for further surface modification [35]. The most popular reac-
tions include azide-alkyne cycloaddition (copper catalyzed or strain promoted), the
inverse electron demand Diels-Alder cycloaddition [e.g. between tetrazine (Tz) and
trans-cyclooctene (TCO)], or more rarely, the Staudinger ligation. These chemical
modification methods are usually fast, in very high chemical yields, and the product
separation is relatively simple.

Another unique surface reaction is based on coverage of original nanomaterials
in silica. Afterwards, silane coupling agents can be used for surface modification [8]
since the silica shell usually has abundant silanol groups on the surface [36]. These
agents usually have bifunctional structures with one end attached to the silica shell
(via reaction with silanol groups) while the other end can provide reaction sites for
conjugation of other molecules. For example, metalloporphyrins were successfully
immobilized onto the surface of silica-coated iron oxide particles using this method
and click chemistry [37].

An underexplored area for surface modification is to use enzyme-mediated
reaction. Especially when sensitive peptide or protein ligands were attempted to

Fig. 10.2 Representative surface modification strategies for radionanomaterials
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attach onto the surface of radionanomaterials. For example, sortase A was used to
functionalize the surface of different protein-derived nanomaterials for catalysis,
sensing, or imaging applications [38]. More recently, this method was used to
produce a nano-vaccine platform by effective antigen coupling onto virus
nanoparticles [39]. To date, there is only very limited report using this surface
modification strategy for radionanomaterials. One example is that furin was used to
control the condensation and self-assembly of a benzothiazole-derived nanoparticle
and facilitate the incorporation of 18F onto the surface of this nanoparticle [40].

When we use chemical reaction to modify radionanomaterial surface, the choice
of agents and reaction condition should be very careful. The basic rules should
include: (1) the structural integrity of radionanomaterials should be mostly main-
tained post reaction (including the property and quantity of loaded isotopes inside),
(2) the reaction should be fast, efficient, and environment friendly, (3) separation of
the resultant modified radionanomaterials from the reactants should be relatively
simple, and (4) the obtained surface-modified radionanomaterial should be suffi-
ciently biocompatible.

10.2.2 Physical Interaction

Surface modification from physical interactions between nanomaterials and deco-
rating molecules has several advantages. First, these methods usually can maintain
the physiochemical and structural properties of original nanomaterials to a better
extent compared with chemical reaction methods. Also, the overall stability of
modified nanomaterials from these methods is adequate for most biomedical
applications. In addition, some biomolecules (e.g. nucleic acids) can be loaded
effectively onto nanomaterial surface without tedious chemical reaction/purification
and can also be unloaded at the desired location afterwards [41].

10.2.2.1 Ligand Exchange/Replacement

Utilization of molecules which can replace the initial surface coating during the
synthesis has been a well-accepted approach for surface modification of inorganic
radionanomaterials [42]. Usually small hydrodynamic size can be maintained using
this strategy. For example, up-conversional nanoparticles (UCNPs) are usually
obtained with oleic acid (OA) as the ‘capping’ agent, while OA can be further
exchanged by a diversity of hydrophilic molecules [43]. These replacement ligand
molecules are composed by two portions—anchoring part which has strong affinity
for nanomaterial surface [e.g. thiols/disulfides/amines/phosphines for noble metal
nanoparticles or quantum dots (QD)], and stability/functional part which can
bestow the nanomaterial with satisfactory colloidal stability as well as provide
functionalization site for attachment of other molecules [44]. The stability/
functional part can also determine the molecular adsorption in vivo.
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10.2.2.2 Encapsulation

More frequently for inorganic nanomaterials, lipid or surfactants can coat their
surface to form bilayers or micelles to encapsulate those materials. The
hydrophobic tails of these molecules can form relatively stable interaction with
hydrophobic nanomaterial surface (e.g. pristine carbon nanotubes) or initial surface
coatings. The surface of nanomaterials can be further modified based on the ter-
minal active groups from lipid/surfactant coating. For effective incorporation of
lipid/surfactant, two leading strategies, i.e. lipid film hydration and microemulsion
methods [45, 46], were actively adopted. The film hydration method usually
involves the mixture of nanomaterial and lipid/surfactant in an organic solvent,
while the solvent is subsequently evaporated with the addition of aqueous solution
(e.g. water) [47, 48]. On the other hand, the microemulsion method is to add
aqueous surfactant solution into nanomaterial-containing organic solvent (with
vigorous stirring) and form an oil-in-water microemulsion. Later, organic solvent
will be evaporated to facilitate both the interaction of lipid/surfactant-nanomaterial
and the transfer of nanomaterial into the aqueous phase [49]. Nanomaterials post
encapsulation usually possess improved stability and functionality, which makes it
easier for further modification. More recently, to further increase nanomaterial
biocompatibility, natural cell membrane was also used as a vesicle to encapsulate/
functionalize various nanomaterials [50].

10.2.2.3 p–p Interaction/Stacking

Utilization of p–p interaction/stacking is one of the most efficient method for
nanomaterials with electron-rich aromatic components inside the structure (e.g.
graphene, carbon nanotubes etc.) [51]. For example, pyrene-derived PEG molecules
can be used for surface engineering of carbon nanotubes [52], and more recently,
nano-sized metal organic framework (MOF) containing 1,4-benzenedicarboxylate
(BDC) as the bridging molecules inside the structure [53]. The in vivo pharma-
cokinetics of modified nanomaterials are satisfactory from these studies.

10.2.2.4 Electrostatic Interaction

Electrostatic interaction (complexation) stands as an alternative to chemical con-
jugation for nanomaterials bearing strong surface charges [54]. For example, in one
study, bovine serum albumin (BSA), which bears negative charges on surface, was
used to form strong interaction with cetyltrimethylammonium bromide (CTAB) on
gold nanoparticle surface to neutralize the toxicity from CTAB [55]. Another
example is that sodium thioglycolate was covered onto the surface of gold
nanoparticles to increase their interaction with neutral red [56].
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10.2.2.5 Core/Shell Structure Formation

As discussed previously, an extra layer of ‘nano-shell’ can be formed onto radio-
nanomaterials to facilitate further surface engineering, especially when the stability
of initial radionanomaterials is not very ideal. In a very interesting recent study, a
protective gold shell was grown on 124I-labeled gold nanoparticles and the core/
shell structured nanoplatform was used for in vivo tracking of dendritic cells [9].
Similar strategy was adopted by the same research group in another study for
visualization of macrophage recruitment in an inflammation model [57]. The whole
radiolabeling and shell growth cost less than 30 min.

Compared with covalent conjugation method, the most dominant limitation of
physical interaction-based surface modification methods is that the overall stability
is lower. Also, other physical interaction forces, such as hydrogen bond [58], or
coordination bond [59], can also be readily useful for material surface engineering.

10.3 Examples for Radionanomedicine Surface
Modification

10.3.1 Inorganic Nanomaterials

In this section, we listed several representative categories of inorganic nanomate-
rials, which include silica nanomaterials, carbon nanomaterials (graphene as
examples), and metal (oxide) nanomaterials [17, 32]. From these examples, we can
have a better understanding about how the methods discussed in Sect. 10.2 can be
properly used in the previous research reports.

10.3.1.1 Silica-Based Nanomaterials

Silica nanomaterials, especially mesoporous silica nanoparticles (MSNs), were
considered as important drug delivery vectors owing to their ultrahigh surface area
and good biocompatibility [60]. As stated previously, the most frequently adopted
method for surface modification is the usage of silane coupling agents [8]. The
pristine silica nanomaterials usually have abundant silanol groups on the surface,
which can cause the irregular agglomeration of silica nanomaterials via the
hydrogen bonding [36]. These agents usually have bifunctional structures with one
end attached to the silica nanomaterials (via reaction with silanol groups) while the
other end can provide reaction sites for biomolecule conjugation.

In an early study, MSNs were functionalized with 3-aminopropyltriethoxysilane
(APTES) for incorporation of amine groups on the surface, after which
DOTA-NHS was reacted with surface NH2 for subsequent

64Cu labeling [61]. As
expected, the MSNs still tend to aggregate in vivo (judging by potent accumulation
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in the spleen). Further studies incorporated PEG (react with surface amine) to
modify MSNs or hollow MSNs (Fig. 10.3a), which eventually achieved very good
in vivo stability, where the radioisotopes were incorporated either on the surface
(64Cu) or doped inside (45Ti, 89Zr) the silica structure [62–67]. Although silica
nanomaterials were usually used as the ‘shell’ to hold other nano-cores (e.g. gold,
CuS, quantum dots (QD) etc.), one recent study revealed that formation of lipid
bilayer ‘shell’ on MSNs can result in prolonged cargo retention and lower pre-
mature cargo leakage [68], and this strategy may be readily useful for silica-based
radionanomaterials in the future, despite that further validation is still needed.

10.3.1.2 Nano-graphene Derivatives

Although there are various types of carbon nanomaterials [69], here we chose
nano-graphene derivatives as the example since their surface modification method

Fig. 10.3 Covalent and noncovalent surface modification of inorganic radionanomaterials.
a Surface modification of hMSN via covalent PEGylation. Post covalent PEGylation the antibody
ligand against tumor neovasculature was also attached, demonstrating good in vivo tumor targeting
efficacy, also the surface-engineered hMSN can serve as a good in vivo drug delivery vector.
Adapted with permission from [66]. b Surface modification of RGO via noncovalent
C18PMH-PEGylation. Satisfactory radiolabeling yield, serum stability, and in vivo performance
were all observed. hMSN: hollow mesoporous silica nanoparticle, RGO: reduced graphene oxide.
Adapted with permission from [77]
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is very representative, which can be readily applicable in other carbon nanomate-
rials. Functionalized nano-graphene derivatives have attracted continuous attention
in biomedical applications [70]. Generally, graphene derivatives have two primary
chemical components—graphene oxide (GO) and reduced graphene oxide (rGO).
To conduct surface modification with more biocompatible polymers (mostly PEG),
GO can react with amine-containing molecules due to the abundant oxygen-
containing groups (e.g. carboxyl, hydroxyl, or ketone moieties) on surface [70]. In a
recent study, the investigators indicated that PAA functionalization of graphene
oxide may be superior to PEGylation in terms of biocompatibility in vivo [71]. On
the other hand, rGO derivatives possess much scarce oxygen-containing groups, the
surface engineering is usually achieved via p–p interactions with their aromatic
structure.

Surface modification of graphene-based nanomaterials has been thoroughly
discussed in a recent review article [72]. Amine-containing branched PEG mole-
cules can be a frequent option for GO surface decoration. Post this modification,
various radiometals (e.g. 64Cu or 66Ga)—labeled nano-GO was used for targeting of
both primary and metastatic breast tumors in murine models [73–75]. In an early
study, trastuzumab (against HER2 receptor) was directly conjugated onto nano-GO
via amide bonding without PEGylation, and benzyl- diethylenetriaminepentaacetic
acid (BnDTPA) was loaded onto GO via p–p stacking for further labeling with
111In [76]. A surprisingly high uptake was achieved in HER-2 positive tumor
(*15% injection dose per gram, %ID/g at 72 h post-injection with a
tumor-to-muscle of 7:1) from this study, and despite that the liver uptake was high,
the accumulation of 111In-GO-trastuzumab in spleen was not high, proving that
direct surface engineering of GO with biomolecules like antibodies was also
acceptable for their in vivo applications. On the other hand, C18PMH-PEG is one of
the star molecules for rGO surface functionalization. Very recently, rGO was
proved to possess strong interaction with 64Cu via metal-p electron interactions, and
this chelator-free labeled 64Cu-rGO-PEG was confirmed to have good stability
in vivo along with tumor-homing properties (Fig. 10.3b) [77], while 64Cu was
previously labeled onto NOTA molecules attached on C18PMH-PEG [78]. In some
situation, when rGO was complexed with other nanomaterials, e.g. iron oxide
nanoparticles, covalent PEGylation could be achieved onto the surface of ‘loaded’
nanomaterials [79].

10.3.1.3 Metal-Based Nanomaterials

Metal-based or metal-containing nanomaterials represents one of the largest family
within the inorganic nanomaterials, and representative examples include (but not
limited to) noble metal-based (e.g. gold) nanomaterials [80], quantum dots [81],
upconversion nanoparticles (UCNPs) [82], zinc oxide (ZnO) nanomaterials [83],
among many others. Judging from their metal contents, the initial step for metal
nanomaterial surface engineering is to use metal-coordinating molecules for inter-
actions. One good example is that thiol-containing molecules (e.g. glutathione) are
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versatile tools for surface engineering of those nanomaterials and prepared them for
further imaging/therapy applications [84, 85]. Also, as discussed previously, ligand
exchange (e.g. OA is replaced by PAA [86] or polyphosphoric acid capping [87])
was frequently adopted for further incorporation of stabilizing/functionalizing
molecules. Surface-decorating molecules (e.g. mPEG-grafted poly(L-lysine) [88])
can also be added during the synthetic route to save the extra ligand exchange
procedures, and interestingly, it was shown that this method did not bestow
advantageous properties to the radionanomaterial, while the overall synthesis yield
was considerably lower than the ligand exchange method [88]. Similar to what we
have discussed for graphene materials, sometimes disease-targeting molecules (e.g.
folate) can be simultaneously used as surface functionalization agent for metal
nanomaterials [89]. Proteins like BSA can cover the metal nanomaterial surface via
electrostatic interactions (Fig. 10.4a) [90, 91], while silica/gold shell can also be a
good starting material for further functionalization of metal nanomaterials
(Fig. 10.4b) [57, 92].

Among all the metal-based nanomaterials, supermagnetic iron oxide nanoma-
terials (SPIONs) process many unique properties and can be exploited in various
biomedical applications (e.g. imaging, cargo delivery, biological separation etc.)
[93], post appropriate surface engineering. Radioactive SPION was usually modi-
fied via the ligand exchange method. In two sequential studies, PAA was used to
replace the original oleate coating on SPION surface (incorporated with 69Ge and
72As) and served as a template for further conjugation with PEG [94, 95]. With the

Fig. 10.4 Representative surface modification examples for metal-based radionanomaterials.
a The structure and size of 64Cu-nanocluster (NC)@BSA. Here BSA was used as the reaction
template for synthesis of NC, and it stabilizes NC by both electrostatic interactions and forming a
binding pocket for NC. With conjugation of LHRH (tumor targeting) peptide onto BSA, PET
findings demonstrated that good accumulation of 64Cu-NC@BSA-LHRH in A549 lung tumors.
Adapted with permission from [90]. b Extra gold nano-shell was formed onto the 124I-labeled gold
nanoparticles and used for macrophage tracking. Significant macrophage migration onto
inflammation site was observed from PET imaging starting from 3 h post-injection of carrageenan.
PET: positron emission tomography. Adapted with permission from [57]
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similar strategy, distearoylphosphotidylethanolamine-PEG (DSPE-PEG) was used
to substitute OA to stabilize SPION while simultaneous replacement of OA with
dimyristoylphosphatidylethanolamine-DTPA (DMPE-DTPA) enabled the radiola-
beling of 111In onto SPION [48]. Porous silica shell was also added onto SPION to
attach chelators for 64Cu, potentially useful for PET/MR imaging [23]. Another rare
strategy for SPION functionalization is that it can be incorporated between the
layers of poly(vinyl alcohol) (PVA) microbubbles via both encapsulation and
electrostatic interactions [96], and the resulting SPION-MB was radiolabeled with
99mTc and successfully used for SPECT/CT and MR imaging.

10.3.2 Organic Nanomaterials

Compared with inorganic nanomaterials, the structural integrity of organic nano-
materials is more susceptible to chemical/physical modifications. Surface engi-
neering for nanomaterials of this type requires more careful consideration. Here we
discussed three categories of organic nanomaterials—protein-based (e.g. albumin)
nanomaterials, liposomes, and polymeric nanomaterials.

10.3.2.1 Protein Nanoparticles

Despite the fact that the chemical conjugation is time-consuming and requires
tedious purification and quality control, and the structure of protein nanoparticles
might be disrupted post modification, the majority surface modification strategy for
protein nanoparticle is based on chemical conjugation [97, 98], although physical
interaction techniques (encapsulation and electrostatic interaction) are sometimes
adopted as well [99]. Protein nanoparticles usually bear many residual functional
groups (e.g. carboxylic and amine), thus it facilitates the surface modification of
albumin nanoparticles via all kinds of chemical conjugation. Covalent bonds are
more robust than physical interaction, which avoids the dissociation of the
post-modification ligands from protein nanoparticles in vivo [100–102].

For example, high-density lipoprotein (HDL) nanoparticles were chemically
conjugated with deferoxamine (DFO) for 89Zr labeling and successfully imaged
tumor-associated macrophages (Fig. 10.5a) [103]. The nano-sized capsid protein of
bacteriophage MS2 was chemically linked to 18F-fluorobenzaldehyde via tyrosine
side chains or 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) for
64Cu labeling [104] and eventually proven useful for tumor imaging by PET.
Another unique protein nanomaterial is called protein polymers, usually composed
from repetitive amino acid sequences, which can assemble into monodisperse
nanoparticles [105]. With site-specific conjugation of sarcophagine chelator
AmBaSar, elastin-like polypeptides (ELP)-based protein polymers were radiola-
beled with 64Cu for in vivo administration, and several hours of circulation time
was observed for these protein polymers [105].
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Albumin-based nanoparticle is another most investigated protein-based
nanoparticles that hold many advantages as drug delivery system, such as good
biodegradability, excellent biocompatibility, non-immunogenicity [106–108].
Albumins have been widely reported as nanocarriers for the delivery of quite a few
of drugs or imaging contrasted agents [109]. Zhou et al. reported size-tunable
Gd2O3@albumin nanoparticle conjugating chlorin e6 (Ce6) for MRI-guided pho-
totherapy [110]. Hollow albumin was employed as the nanoreactor to control the
growth of Gd2O3 crystals, whose sizes were well regulated with the reaction time.
Next, the protein corona of Gd2O3@BSA was functionalized with chlorin e6
through conjugating the carboxylic group on Ce6 with free amine groups in BSA.
The obtained Gd2O3@albumin nanoparticle conjugating Ce6 nanoparticles
demonstrated high photostability, excellent T1 contrast ability and remarkable
photothermal and photodynamic property.

The surface modification of protein nanoparticles can introduce functional
groups that endow the nanoparticles with targeting property or helps the
nanoparticles to cross physiological barriers in vivo. For example, Lin and col-
leagues reported an albumin-based drug delivery system for the treatment of glioma
[111]. The albumin nanoparticle could cross the blood-brain-barrier (BBB) via the
mechanism of albumin-binding proteins (SPAC and gp60) pathway. The BBB
penetration efficiency was further enhanced by conjugating a cell-penetrating
peptide, LMWP, to the surface.

Fig. 10.5 Surface engineering of protein-based nanoparticles and liposomes. a HDL-based
nanoparticles were radiolabeled with 89Zr covalently. PET imaging, histology analysis, and flow
cytometry all confirmed these functionalized HDL nanoparticles can accumulate specifically in
tumor-associated macrophages (TAM). Adapted with permission from [103]. b The interactions
between liposome and radiometals can be adjusted by proper drug cargo loading. With the loading
of suitable drug cargo, liposome can be labeled by these radiometals (64Cu/52Mn/89Zr) easily,
ready for in vivo cancer imaging. HDL: high-density lipoprotein, PET: positron emission
tomography. Adapted with permission from [122]
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10.3.2.2 Liposomes

Liposome is a spherical vesicle which is composed of one or multiple bilayers
[112]. The size of liposome can range from tens of nanometers to several
micrometers. Compared with other nanocarriers, liposomes possess many advan-
tages, such as excellent biocompatibility and biodegradability, low toxicity and
immunogenicity [113]. Thus, liposomes have been widely investigated as vehicle
for chemo drugs and genes since its first description in 1961 [114]. However, one of
the most disadvantages is the poor stability. In order to improve their stability and
endow liposomes with some new functionality, different strategies have been
adopted to modify the surface of liposomes [115, 116]. Unlike protein nanoparticles
whose modification is predominantly achieved by chemical reaction, both physical
and chemical modification are widely adopted for liposome preparation [117, 118].

Physical functionalization strategies include adsorption with surfactants, coating
with polymers and layer-by-layer electrostatic deposition [119]. Huang et al.
reported that the formation of elastic liposomes with Tween 80 could greatly
improve their stability [120]. The as-prepared liposomes were employed as drug
carriers, which could not only protect the encapsulated drug from enzymatic
degradation in gastrointestinal fluids, but also successfully deliver the drug to the
blood and brain in a sustained manner. As the presence of dipalmitoylphos-
phatidylcholine (DPPC) and stearyl amine, the liposomes were positively charged
and they were easily coated with negatively charged polymeric molecules with high
stability. Jain et al. developed polyelectrolyte-coated liposome via layer-by-layer
electrostatic deposition for the oral delivery of doxorubicin (DOX) [121]. Stearyl
amine containing liposomes were firstly coated with anionic PAA and then the
cationic polyallyl amine hydrochloride (PAH) was introduced by a layer-by-layer
electrostatic deposition strategy. The obtained liposomes possessed a robust
structure after formulation optimization and were used for delivery of DOX.
Occasionally, the loaded cargo (e.g. doxorubicin or bisphosphonates) in liposomes
can serve as a ‘physical attractor and stabilizer’ for radioisotopes (e.g.
64Cu/52Mn/89Zr) loading via metal-p electron interactions (Fig. 10.5b) [122, 123].
Another study used liposome to encapsulate folate-conjugated DFO for radiola-
beling of 89Zr via ligand exchange [124].

The chemical modification strategies of liposomes could be categorized into
pre-modification and post-modification methods. In pre-modification methods, the
ingredients were firstly modified with functional molecules (PEG, targeting ligands,
or stimuli-responsive linkers) before their self-assembly into liposomes [125, 126]
while in post-modification techniques, liposomes were incubated with micelles
formed from functional molecules to form functionalized liposomes. Although the
pre-modification methods are tedious and difficult for quality control compared with
the latter ones, they were more widely adopted to synthesize functional liposomes
as this method can maintain the integrity of liposomes to a better extent while the
latter method is only applicable in some specific liposome. For example, during the
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assembly of liposome, DOTA could be modified onto DSPC while a fluorescence
dye was attached onto DSPE along with a PD-1 antibody [127], which makes
liposome not only tumor-targeting, but also applicable for both PET and fluores-
cence imaging. Other metal chelators like NODAGA or DTPA can also be incor-
porated into DSPE for liposome formation and subsequent labeling with other
radiometals (e.g. 68Ga or 111In) [128, 129].

10.3.2.3 Polymeric Nanoparticles

Polymeric nanoparticles, including block copolymer micelles and branched poly-
meric structures, are widely used as versatile nanomedicine platforms [34, 130].
Their building blocks (dendrimer and block copolymer) are used to form polymeric
nanoparticles via either covalent assembly or supramolecular interactions [131].
The modification of polymeric nanoparticles plays important roles in their phys-
iochemical properties, including their sizes, morphologies, stabilities, biocompati-
bilities, targeting properties and responsive ability to stimuli [45, 132]. Unlike
liposomes, the modification of polymeric nanoparticles can take place before
(modification on the building blocks) and after (modification on polymeric
nanoparticles themselves) the formation of polymeric nanoparticles [133]. Still, the
modification on the building blocks is more popular in the synthesis of polymeric
nanoparticles.

The building blocks of polymeric micelles are usually amphiphilic and they can
form nanoparticles through self-assembly by hydrophobic-hydrophobic interaction
in aqueous solution. The hydrophobic core can provide accommodation for lipo-
philic drugs and the hydrophilic shell impart the nanoparticles with high stability
[134]. By simple incorporation of functional groups to the outer shell, the modified
polymeric micelle can possess some advantages [15, 135]. For example, Hu and
coworkers synthesized core-crosslinked poly (thiolether ester) micelles that could
respond to multiple stimuli (reactive oxygen species (ROS), acidic and reductant
environment) for smart drug delivery [136]. To increase the stability of micelles,
one of the previous studies proposed a concept of unimolecular micelles, in which
targeting ligand (RGD), radiometal chelator (NOTA for 64Cu) and PEG were all
bound into Boltorn H40 hyperbranched copolymer, for in vivo PET imaging of
breast tumors [137].

Dendrimers- or polyester- (e.g. PLGA) based nanomaterials are another
important polymeric nanoparticles for biomedical applications [138–140]. The
chemical surface engineering of these nanomaterials have been summarized else-
where [141–143]. Those surface-engineered radionanomaterials can be used for
detection of atherosclerotic plaque [144], tumor-targeted gene therapy [145], and
detection of ischemia in the living subjects [146].
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10.4 Concluding Remarks

Over the past two decades, radionanomaterials have attracted a lot of attentions thus
the concept of ‘radionanomedicines’ is also rapidly formed. Surface engineering is
very critical for the quality of radionanomaterials for biomedical applications. There
is certainly no single perfect method for successful surface modification of radio-
nanomaterials, but here in this chapter our goal is to categorize these surface
modification strategies and illustrate how to prepare these radionanomaterials into
multifunctional nanoplatform for theranostic (diagnostic/therapy) applications.
A lot of further optimization will still be needed before radionanomaterials can
serve as radionanomedicines clinically. We hope that this chapter can provide some
insights into future development of new radionanomedicines and possible further
optimization of current existing ones.
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Chapter 11
Radiolabeling Method: Core/Surface
Labeling, Chemical and Physical
Labeling

Dong Soo Lee, Minseok Suh and Yun-Sang Lee

Abstract Radiolabeled nanomaterials can be used for diagnosis, therapy and
theranostics of certain diseases. The core concept of radionanomedicine relies on
efficient and reliable radiolabeling methods, to bind appropriate isotope with
well-functionalized nanoparticles (NPs), and the use of tracer amounts of radiola-
beled NPs. In this chapter, we focused on the three issues of producing radiolabeled
NPs: choosing appropriate radionuclides for labeling, construction of
well-functionalized NPs with surface modification and different labeling methods of
NPs with radionuclides. Firstly, choosing ideal isotope starts from understanding
the characteristics of each isotopes, such as half-life, decay energy and availability,
and understanding of purpose of the study. Secondly, to increase the specific
delivery of NPs to the target tissues while decreasing the nonspecific binding to
normal tissues well functionalized NPs are necessary, which can be achieved by
surface modification. Especially, micelle encapsulation method is an efficient
method for producing multifunctional NPs. Finally, ideal labeling method should be
adopted, which should not only be quick, easy, and highly efficient but also should
not change the biological properties of target molecules. Both intrinsic and extrinsic
radiolabeling methods should be chosen in the base of thorough understanding of
pros and cons of each labeling methods. In conclusion, the development of the
methods to enable surface labeling with ligands and chelators should be solved first.
The development of the imaging methods to track the in vivo administered
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radiolabeled NPs is the next issue to be addressed. With the improvement of
above-mentioned issues, radiolabeled NPs can be successfully translated to clinical
use.

11.1 Radiolabeling of Nanomaterials

Radiolabeled nanomaterials can be used for diagnosis, therapy and theranostics of
certain diseases. The radionanomedicine relies on efficient and reliable radiola-
beling methods, to bind appropriate isotope with well-functionalized nanoparticles
(NPs), and the use of tracer amounts of radiolabeled NPs for in vivo theranostics.
An ideal radiolabeling method should be quick, easy, and highly efficient and
should not change the biological properties of target molecules [1]. The labeling of
NPs with radionuclides can be done in two ways [2, 3], extrinsically using chelators
bound to the surface of NPs [4] and intrinsically in the core (Fig. 11.1) [5, 6].
Representative examples of intrinsically and extrinsically labeled NPs are sum-
marized in Table 11.1.

In this chapter, we will focus on the three issues of producing radiolabeled NPs:
choosing appropriate radionuclides for labeling, construction of well-functionalized
NPs with surface modification and different labeling methods of NPs with
radionuclides. With the intention of recapitulating the methods parts of radio-
nanomedicine, that is radiolabeling methods, we adopted parts of the review we
wrote in review articles [2, 3] with the permission by the journal publishers and of
course ourselves and coauthors.

11.2 Choice of Ideal Radioisotopes

Characteristics of isotopes such as, decay half-life, decay energy, and availability of
isotope should be considered to choose the ideal radioisotope for radio-
nanomedicine. Commonly used radioisotopes range from generator-produced 68Ga
[50], cyclotron-produced 64Cu [51, 52] or 89Zr [53], reactor-produced 177Lu [54, 55],

Fig. 11.1 Core or surface labeling of NPs with radionuclides
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Table 11.1 Radiolabeling of NPs (modified from [1])

Radiolabeling Radioisotope
(half-life)

Nanoparticles Chelator References

Intrinsic 64Cu (12.7 h) CuS [7]

IO [8]

Gold [9]

Ferritin
nanocage

[10]

Porphysomes [11]
198Au(2.69 d) Gold [12–16]

Gold
nanocages

[17]

153Sm (46.3 h) Ln doped NP [18, 19]
109Cd (461.4 d) QD [4]
111In (2.8 d) IO [20]
18F (109.8 min) Ln doped NP [21, 22]
72As (12.6 h) IO [23]
69Ge (39.05 h) IO [24]

Extrinsic 99mTc (6 h) Gold Hynic [25–27]

DTPA [28]

IO DTPA [29]
64Cu (12.7 h) QD DOTA [30, 31]

Gold
nanoshell

DOTA [32]

IO DOTA [33–35]

Carbon
nanotube

DOTA [36]

Liposome DOTA [37]
111In (2.8 d) Carbon

nanotube
DTPA [38, 39]

DOTA [40]

Micelle DTPA [41]
124I (4.18 d) IO Iodo-bead [42]

Ln doped NP Iodo-bead [43]
188Re (16.9 h) IO [M(CO)3(OH2)3]

+ [44, 45]

Liposome BMEDA [46]
177Lu (6.73 d) Gold DOTA [47]
68Ga (67.7 min) QD DOTA [48]
67Ga (78.3 h) Cobalt-ferrite NOTA [7, 49]

QD quantum dot, IO iron oxide, Ln lanthanide, BMEDA = N,N-bis(2-mercaptoethyl)-N′,N′-
diethylethylenediamine
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generator or reactor-produced 90Y [56], and generator-produced 188Re [57, 58]. The
former three radioisotopes are used for diagnostic and the latter three for therapeutic
purposes.

11.2.1 Diagnostic Radioisotopes

For the diagnostic purpose, usually radioisotope which emits gamma rays is used.
In the early days, gamma camera was used to detect these single photons of gamma
rays, however after the development of positron emission tomography (PET),
positron-emitting radioisotopes are now widely used. Low positron energy and high
branching ratio of b+ decay are the desired decay characteristics of positron
emitting radioisotopes for PET imaging. The physical half-life of radioisotopes is
also of great concern. Adequate radioisotopes are to be chosen among those with
short half-lives such as 13N (t1/2 = 9.97 min), 68Ga (t1/2 = 67.7 min), 18F (t1/2 =
109.8 min), and 99mTc (t1/2 = 6 h), or those with longer half-lives such as 64Cu (t1/2
= 12.7 h), 72As (t1/2 = 26 h), 111In (t1/2 = 67 h), and 89Zr (t1/2 = 78.4 h) according to
the imaging purposes. The physical half-lives of the isotopes should match the
biological half-lives of the vectors being labeled with these isotopes to allow them
to reach the targets of interest. It is also important that the decay time would be as
short as possible in order to avoid unnecessary radiation exposure. In case of
tracking NPs, relatively long-lived isotopes such as 89Zr are preferred for moni-
toring the clearance profiles [53].

11.2.2 Therapeutic Radionuclides

Radioisotopes which decay by emission of beta particles, alpha particles, or Auger
electron are potential therapeutic isotopes. The 131I is a key example of radioisotope
used for therapeutic purpose in the medical field, and this isotope continues to be
used in many technologies focused on treatment including the field of radio-
nanomedicine [59]. In 2004, Cao et al. had labeled 188Re on the surface of
silica-coated magnetite NP immobilized with histidine with labeling yield of 91%
[44]. Liang et al. in 2007 reported 188Re labeled superparamagnetic iron oxide NPs
(SPIONs) with a greater than 90% labeling efficiency and a good in vitro stability.
The NPs demonstrated the dose-dependent therapeutic effect in hepatocellular
carcinoma cells in vitro [45]. Interestingly, therapeutic radioisotopes, 131I, 177Lu
and 188Re can be used for diagnostic imaging as well. This is because they emit
both beta and gamma rays and thus these radioisotopes are inherently theranostic.

NPs with proper type of intrinsic radioactivity can also be used for both imaging
and therapy. 198Au/199Au is one prime example of this strategy. The radioactive
properties of 198Au (beta ray = 0.96 meV, gamma ray = 411 keV) and 199Au (beta
ray = 0.46 meV, gamma ray = 158 keV) make them ideal candidates for use in
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theranostic applications [13]. Khan et al. reported the therapeutic efficacy of 198Au
composite nano-devices in mouse melanoma tumor model by intratumoral injection
of the NPs [14]. Chanda et al. reported that gum arabic glycoprotein (GA)-func-
tionalized 198Au showed therapeutic effect in mouse prostate cancer model after
intratumoral injection of the NPs. They also showed the biocompatibility of their
approach by showing no or minimal leakage of the NPs and no pathologic change
in blood cells after the treatment [12]. In 2012, Shukla et al. developed prostate
tumor specific epigallocatechin-gallate (EGCg) functionalized 198Au (198Au
NP-EGCg). In this study, 198Au NP-EGCg was injected in prostate cancer mouse
model. Approximately 72% NPs were retained in the tumor after 24 h and 80% of
the tumor volume was reduced after 28 days [15].

11.3 Functionalization of Nanoparticles

In radionanomedicine trace amounts of radiolabeled NPs can be used for in vivo
theragnosis. This requires increasing the specific delivery of NPs to the target
tissues while decreasing the nonspecific binding to normal tissues, which was
proven to be difficult to achieve in practice. The biological properties of NPs
depend on the ligands attached to their surfaces, and targeting ligands as well as
polyethylene glycol (PEG) molecules are used to reduce the nonspecific
normal-tissue uptake [60]. Surface modification of NPs to produce the
well-functionalized NPs should focus on the ligand selection and PEG. However,
the conventional method, which adopts multistep and step-by-step approach for
surface modification of NPs, has many difficulties necessitating a novel method and
recently several methods came to be available to overcome these difficulties.

11.3.1 PEGylation

The majority of the NPs have hydrophobic surfaces after the core synthesis. So the
use of PEG or natural and synthetic polymers including dextran is necessary for
making the surface hydrophilic and retaining the material’s stability in a biological
environment [61]. The addition of PEG to the NPs’ surface reduce reticuloen-
dothelial system uptake of NPs, NPs’ interaction with small molecules, and their
aggregation, and thus increase circulation time, solubility in serum, and enhanced
permeability and retention (EPR) effect [62–64]. Using the PEGylation technique
Doxil® (liposomal delivery vehicle for doxorubicin) and Oncospar® (PEG-L-
asparaginase) became the first FDA-approved NP therapeutics [65]. PEGylation
yielded the drug half-life of 72 h with the circulation half-life of 36 h.
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11.3.2 Ligand Selection

In addition, ligands and chelators needed to be added to the termini of PEGs or the
surface of dextran [66]. Ligands should have been chosen from the molecules
already known to chase the targets, which included small molecules or biomacro-
molecules. The well-known biomacromolecules are either mouse (momab), chi-
meric (ximab), humanized (zumab), or human (mumab) monoclonal antibodies.
Their recently introduced competitors are affibodies [67], aptamers [68]—either
peptide aptamers or nucleic acid aptamers—and the even more recently aptides [69]
and avibodies [70, 71]. Radiolabeled antibodies have been used for imaging and/or
therapy. Both 90Y-labeled ibritumomab tiuxetan (Zevalin®, Biogen Inc.,
Cam-bridge, MA, USA), an anti-CD20 monoclonal antibody, and 131I-labeled
tositumomab (Bexxar, GlaxoSmithKline, UK), which is a murine anti-CD20
mono-clonal antibody were approved by the FDA for the treatment of non-Hodgkin
lymphoma [72, 73]. However, 131I-tositumomab was discontinued in February
2014 because of low sales. The effort to develop clinically applicable radiolabeled
antibodies continued and in an example report, Hong et al. reported a dual labeling
method of an anti-CD105 monoclonal antibody with 89Zr and near-infrared
fluorescent dye [74].

Small molecular ligands are recognized by their target infrequently, while they
sometimes are recognized as opsonins by their target cells or tissues. In that they are
recognized more effectively if they are bound to the surface of the NPs, the apta-
mers or affibodies can be advantageous as ligands. The advantage of these newly
introduced aptamers and the likes is derived from the fact that they are produced
based on combinatorics, which selects the most desirable macromolecules with
optimal affinity and avidity for the target from a large pool of candidates.

Surface modification of NPs with monoclonal antibodies needs the correct
combination of the best antibody with the correct direction of conjugation. If the
binding motif itself is bound to the surface of NPs and hidden from the open space,
the modified NPs will not bind their target. The most commonly used conjugation
method is the coupling of the primary amine-group present on the Fab fragment of
the active site of the antibody molecule with the carbodiimide and/or
N-hydroxysuccinimide derivatives of the acid-group on the surface of the NPs.
Using this method, the antibody-NP conjugate has a limited number of active
groups for efficient targeting [75, 76]. To overcome this limitation, site directional
conjugation methods have been developed to target the Fc fragment of the antibody
through its hydroxyl or disulfide-groups [75, 77]. Recently, Jeong et al. reported a
new method for site-specific and orientation controlled antibody conjugation on the
NP surface using copper-free click chemistry [78].

Some investigators have even attempted to label protein A, which has high
affinity for the Fc region of IgG, onto the entire surface of the NPs [79]. Then they
further labeled the epitope of protein A with monoclonal antibodies [80–82]. This
approach was successful for in vitro diagnostics but was not employed for in vivo
use because of the increased size of the NPs and the fact that the two-step
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modification process makes the production procedure cumbersome and delivers a
low final yield. Hence, a breakthrough in this particular field was necessary.

11.3.3 Micelle Encapsulation

The conventional method for functionalizing the NPs, which is a multistep and
step-by-step approach for surface modification of NPs, has many difficulties. First
of all, the multistep chemical reactions can cause decreasing total yield of modified
NPs. In addition, in each reaction step, we have to consider the reaction time,
temperature, pH, impurities, solvents, reagent concentrations, etc. Sometimes, a
complicated situation can be induced by the conjugation of two or more ligands.
Such difficulties necessitated a novel method, which we think is micelle encapsu-
lation method.

Hydrophilization of NPs using the micelle encapsulation method was first
pro-posed by Dubertret et al. [83]. This method evolved from the use of a two-tailed
phospholipid to the use of a one-tailed C-12 alkanethiol [84]. Fan and colleagues
introduced microencapsulation and the solvent evaporation method, which was
optimized to a quick and simple method [85] (Fig. 11.2a). The Dubertret’s group,
again using a two-tailed phospholipid, successfully introduced recently functional
biomolecules [86]. Wu and colleagues produced micelles by adopting PEG sorbitan
fatty acid esters [87] (Fig. 11.2b). Recently, Jeong’s group integrated these
developments to make a quick and straightforward method of mixing, sonicating,
and size exclusion chromatography for producing functionally active multi-specific
NPs [48] (Fig. 11.2c). This should be the ultimate solution to the challenge posed in
radiolabeling of functional NPs. Jeong ingeniously proposed this one-step method
under mild conditions to preserve ligand integrity, which is now called the
micelle-encapsulation method [48, 78]. This method was inspired by the
hydrophilization method used for quantum dots (QD) [83, 86], surface-enhanced
Raman scattering (SERS) dots [88], QD-embedded silica NPs [89], gold or iron
oxide NPs [84, 90], or other hydrophobic NPs, which were also found to be the
appropriate core for encapsulation.

Jeong’s contribution relies on the use of combined multiplex amphiphiles with
different functional groups simultaneously to achieve surface multifunctionality and
hydrophilicity of NPs (Fig. 11.3). In the micelle-encapsulation method, the ligands
and the chelator as well as the PEGs are specifically prepared to form a micelle. The
micelle in the aqueous phase is then mixed with the NPs in the lipid phase and
sonicated to yield the encapsulated NPs. The final multiplexed NPs were purified by
size exclusion chromatography. If the small molecules such as mannose, lactose, or
cRGD (cyclic Arginine-Glycine-Aspartate) were to be used as ligands, these
ligands were covalently bound to the tip of an alkyl chain of optimal length. Using
this method, Lee et al. labeled QD544T with 68Ga and added functional group of
RGD and showed specific targeted imaging of 68Ga-NOTA-QD655T-RGD in
glioma tumor mouse model [48]. Figure 11.4 depicts the dimension of the modifier
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Fig. 11.2 Encapsulation method of nanomaterials using micelles. a Quantum dots (QDs) were
encapsulated using one-tailed or two-tailed lipids (reprinted with permission from [85]. b Gold,
quantum dots, and iron oxide were encapsulated using polyethylene-glycol (PEG) sorbitan fatty
acid esters (reprinted with permission from [86]). c Iron oxide particles were mixed with
multifunctional amphiphiles, vortexed, and separated using size exclusion chromatography. 68Ga
was used as radiolabel (reprinted with permission from [90]
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ligands and the surface of the NPs if antibodies, aptamer ligands, PEG-chelators,
and PEGs were used. Micelle-encapsulation method was employed for iron oxide
particles with a diameter of 5 nm [90, 91], upconverting NPs with a diameter of
50 nm, and other compounds [92]. SERS dots [88, 93] or QD-dot-embedded silica
NPs [89] are other examples of successful encapsulation. If a specific antibody or
related peptide/nucleic acid affinity tool is chosen as ligand, chelators and ligands
can be used in parallel to surface-label NPs.

This method also could be the solution to the challenge for the preparation or
radiolabeling of multifunctional NPs. In a previous study, a multifunctional NPs
that has two or more different types of targeting ligands enabled specific and
effective agent delivery [94]. Jeong’s micelle-encapsulation method proposed a
quick and easy method to prepare multifunctional NP in one-step under mild
conditions, which could preserve ligand integrity. The multifunctional NP can be
used for multi-radioisotope labeling or a multitargeting strategy. Here, we can
suggest the use of this multifunctional NP for theragnosis (68Ga/64Cu and 177Lu) or
dual-energy combined internal therapy using (177Lu and 90Y) dual radioisotope
tagging (Fig. 11.5a, b). Further suggestion of multifunctional NPs for clinical
application can be expected by multiple ligands for efficient tumor targeting {e.g.,
prostate-specific membrane antigen (PSMA) [95], Arg-Gly-Asp (RGD) [96], etc.},
and 64Cu for biologic effective dose prediction and validation, and 177Lu for
radionuclide therapy (Fig. 11.5c).

Fig. 11.3 Scheme of the surface modification of nanomaterials (for example, quantum dots) with
functional multispecific and multimodal chelator/ligand/Tween60-complex micelles (reprinted
with permission from [48])
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Fig. 11.4 Dimension of an example of a nanoparticle and its surface modifiers such as an
antibody, the antibody’s Fab fragment, microRNA, or any analogous aptamer or PEG of shorter
(12mer) or longer length
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Fig. 11.5 Expected usage of multifunctional nanoparticles using dual radiotracers, a using
68Ga/64Cu for imaging and 177Lu for therapy, b using 177Lu and 90Y for combined therapy with
dual energy and c using PSMA target and RGD target with 177Lu/64Cu for theranostic (reprinted
with permission from [3])
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Another important issue of radionanomedicine is quality control of the NPs. This
concern can also be solved by Jeong’s method, which can provide monodisperse
NPs even after the multifunctional surface modification [90]. Although Jeong’s
method has great feasibility and a future in radionanomedicine, we have to thor-
oughly evaluate the unexpected toxicity from lipid contents used for encapsulation
and also develop the quantification method of functional groups encapsulated on
their nanoplatforms.

11.4 Different Radiolabeling Methods

11.4.1 Extrinsic Radiolabeling

The most widely used radio-labeling method involves the use of chelators which
could coordinate with certain isotopes to form stable complexes [97]. Extrinsically
labeled NPs using chelators according to labeling methods and materials are well
summarized in the review articles by Xing et al. [98] and Enrique Morales-Avila
et al. [99]. Chelators used for this purpose include DTPA (diethylene triamine
pentaacetic acid), DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid), NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid), and others [100, 101]
(Fig. 11.6). In 2007, Cai et al. labeled QD with 64Cu (64Cu-DOTA-QD-RGD) with
conjugation of DOTA and RGD peptides. 64Cu-DOTA-QD-RGD showed better
integrin positive tumor targeting than 64Cu-DOTA-QD [30]. Despite the wide use
of extrinsically radiolabeled NPs, selection of the right chelator, radiolabeling
condition, alteration of pharmacokinetics and in vivo stability should always be
considered [102, 103]. Hence, in-depth knowledge of the labeling chemistry is
required for the successful extrinsic radiolabeling.

11.4.2 Intrinsic Radiolabeling

Studies regarding four different methods of intrinsically radiolabeled NPs are well
summarized in a recent review article by Goel et al. [104]. Briefly speaking these
four methods are as below. The first method is ‘Hot-plus-cold precursors’. As its
name implies, this method is performed by adding trace amount of radioactive
precursors to the non-radioactive precursors. As an example, Zhou et al. developed
intrinsically 64Cu-labeled copper sulfide (CuS) and the NPs showed passive tar-
geting in mouse tumor model [7]. The second method is ‘Specific trapping’, which
is a specific absorption of certain isotopes into appropriate NPs. Intrinsically
radioactive upconverting NPs were made by trapping 18F to rare-earth NPs, [18F]
NaYF4:Gd,Yb,Er [22]. The third strategy is ‘Cation exchange’, which have been
utilized largely in ionic and semiconductor nanocrystals. This method is not yet
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fully explored. Finally ‘Proton beam activation’ method involves direct irradiation
of certain NPs with protons. The application of this method was limited due to the
difficulty in accessing the proton beams. All the methods have in common that they
do not use any chelator. This chelator-free method is attractive in that it offers an
easier, faster, more stable and specific radiolabeling for radionanomedicine and
further studies are warranted.

11.5 Conclusion

In conclusion, the development of the methods to enable surface labeling with
ligands and chelators should be solved first. The development of the imaging
methods to track the in vivo administered radiolabeled NPs is the next issue to be

Fig. 11.6 Structures of the chelators for PET radioisotopes such as 68Ga, 64Cu, and 89Zr. a The
structures of EDTA, DTPA, DOTA, NOTA, TETA and DFO. b 64Cu is shown to be positioned with
the chelator DOTA and 68Ga with NOTA (reprinted with permission from [52]. DTPA: diethylene
triamine pentaacetic acid, DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, NOTA:
1,4,7-triazacyclononane-1,4,7-triacetic acid, DFO: deferoxamine or desferrioxamine B
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addressed. With the improvement of above-mentioned issues, radiolabeled NPs can
be successfully translated to clinical use.

The advantage of multifunctional radionanomedicines for in vivo application is
that the amount of NPs can be decreased as low as possible even to trace amount.
And multifunctional radionanomedicines can eliminate the concerns about the
possible hazards of administering pharmacologic amount of NPs, and be used in a
versatile way for a multiradioisotope or multitargeting approach. Finally, the tracer
principle of this technology behind radionanomedicine using multifunctional
radionanomaterials will help imaging and quantification so as to stimulate the
progress of the translation of nanomedicine.
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Part IV
Targeted Delivery with Click Chemistry

Chapter 12: Click Chemistry for Radionanomedicine Platform
Chapter 13: Preservation of Ligand Functionality by Click Chemistry
Chapter 14: Bioorthogonal Reaction for Fluorine-18 Labeling

Surface-modified and radiolabeled nanomaterials are now to be delivered to the
targets, i.e., tumors in destructive therapy and injured/degenerative tissues in
regenerative therapy. Targeted delivery is the goal of administering the radio-
nanomaterials or radionanomedicines, in another word, the radiolabeled nanoma-
terials as pharmaceuticals, to the body. Preserving the functional integrity of the
targeting ligand is now essential for the desired success of targeted delivery, which
will be the bottleneck of the entire endeavor of developing, introducing and
translating the radionanomedicines to humans and clinics. There have been and are
controversy that nanomaterials reach targets by passive delivery or active targeting.
One needs to prove the effectiveness of active targeting over the passive delivery
and this is also the case with radiolabeled nanomaterials. Click chemistry especially
copper-free reaction is now well established so that the remaining works are finding
wider application and optimization for each nanomaterial of interest.
Copper-catalyzed click chemistry should have been avoided because surplus cop-
pers are going to interact with bodily peptides and macromolecules and prevent the
use of Cu-64 or other radiometals competing with the chelation. This meant that
click chemistry should have been aloof from intrinsic biomacromolecules which is
later expressed as “bioorthogonal”. Bioorthogonal reaction among cycloaddition
click chemistry even allowed two-step approach for targeted delivery and their
imaging. Using bioorthogonal reaction and click chemistry, one could follow the
biodistribution of pretargeted biomolecules and nanomaterials by injecting later the
radiolabeled tracer. This could overcome the difference of long half-time of
clearance or accumulation of nanomaterials and the short half-life of tracer.

In this part, the readers will find the multifaceted interpretation, the first of which
in Chap. 12 emphasized the incorporation of proper kinds of click chemistry to



make radionanomaterials based on nanoplatform concept. This will make
(1) manufacturing part making precursor chelator or click donor-conjugated
nanomaterials and (2) compounding part labeling radionuclide to the chelators on
the nanomaterials or mixing click recipient-chelator prelabeled with radionuclides,
respectively. In Chap. 13, the authors will emphasize the advantage of click
chemistry which allows very rapid reaction in vitro under ambient condition and
underline the functional integrities of the product and even enabling pretargeted
imaging strategy. The readers will find the core concept of click chemistry over-
coming the delicate problem of maintaining integrity of surface-modifying mate-
rials bound in various ways. In Chap. 14, the author emphasized bioorthogonal
reaction and finally focused on the F-18 labeling of biomacromolecules and
nanomaterials. Successful report of pretargeting imaging strategy with F-18 was
detailed and the beauty of this approach is that its expandability can be found in this
chapter. Now, we need more practical examples of this reaction.
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Chapter 12
Click Chemistry for Radionanomedicine
Platform

Yun-Sang Lee, Lingyi Sun and Dexing Zeng

Abstract The emerging radionanomedicine has multifunctional and theranostic
purposes. To fulfill these purposes, the radionanomedicine should achieve efficient
and specific delivery of therapeutic agents by their multifunctionality with very low
amount of nanomaterials used in vivo. Recent researches on radiolabeled
micelle-encapsulated nanomaterials are promising for their efficacy and safety as
one-step surface modification method. This one-step multifunctional approach to
the nanoparticles is important to meet the challenges of manufacturing and is the
basis for making the effective nano-platforms for disease-targeted imaging and
therapy. Based on ‘click chemistry’ concept, great progress have been achieved in
the field of radiochemistry and nanomedicine. Click chemistry can be used for the
surface modification of nanomedicines, such as hydrophilization, target molecule
ligation, therapeutic drug conjugation, and labeling sensor molecules including
fluorescence dyes or radioisotopes. By the conventional step-by-step chemical
modification method of nanomaterials, two or more combination of those modifi-
cations can hardly achieve practicability, because of the low yield of each step of
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the purification and modification. Another beauty of click chemistry for nanome-
dicine is the avoidance of harsh reaction condition, such as high/low pH, temper-
ature, or reducing/oxidizing conditions, which result in the aggregation of
nanomaterials or degradation of biomolecules. Numerous nanomedicine platforms
have been proposed and used in in vitro assay, in vivo imaging, drug delivery, or
theranostics. However, in considering manufacturing or commercialization of ra-
dionanomedicine platform, still there are much rooms to be improved. In this
chapter, we focus on the current status for the ‘clickable’ nanomedicine platforms
and how we can or will be able to reach the goal of clinical translation using this
technology.

The key concept of “click chemistry”, which was firstly coined by K. Barry
Sharpless group in 2001, is the any kind of chemical reaction that can be easily and
rapidly achieved [1]. Following this concept, great progress have been achieved in
the field of radiochemistry and nanomedicine [2–4]. Click chemistry can be used
for the surface modification of nanomedicine, such as hydrophilization, target
molecule ligation, therapeutic drug conjugation, labeling sensor molecules, such as
fluorescence dye or radioisotope. By the conventional step-by-step chemical
modification method of nanomaterials, two or more combination of those modifi-
cations can by hardly achieved, because of the low yield of the purification after
each modification step. Another beauty of click chemistry for nanomedicine is the
avoidance of harsh reaction condition, such as high/low pH, temperature, or
reductant/oxidant, which can result in the aggregation of nanomaterials or degra-
dation of biomolecules.

Numerous nanomedicine platforms have been proposed and used in in vitro
assay, in vivo imaging, drug delivery, or theragnosis. However, in considering
manufacturing or commercialization of nanomedicine platform, still there are so
many things to be improved. In this chapter, we focus on the current status for the
“clickable” radionanomedicine platform and how we can or will be able to reach the
goal of clinical translation.

12.1 Click Chemistry Overview

Cu(I)-catalyzed azide-alkyne cycloaddtion (CuAAC) [5], strain-promoted
azide-alkyne cycloaddition (SPAAC) [6], and inverse electron demand Diels-
Alder cycloaddition (iEDDA) using tetrazine and trans-cyclooctene (TCO) [7] are
most widely used click reaction in radiochemistry and nanomedicine application
(Fig. 12.1). Relatively aged-reaction in organic chemistry, CuAAC reaction has
been more frequently used in radiolabeling. However, Cu(I/II) cations accidentally
formed Cu-peptide complexes in 18F labeling using CuAAC [8]. This problem is
more complicated in radiolabeling with radiometals and chelating agent, because
the labeled radiometal-chelate complex could be trans-chelated by cold Cu in click
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reaction step [9]. SPAAC and iEDDA reaction have an advantage with the
bioorthogonal and Cu-free reaction over CuAAC. In the concern of reaction time,
iEDDA reaction (102–105 M−1 s−1) is faster than SPAAC reaction (0.0012–
0.96 M−1 s−1) [10]. From this comparison, SPAAC or iEDDA will be the better
choice for chemical modification of nanomaterials.

12.2 Hydrophilization

Normally, hard core nanomaterials has hydrophobic tails on their surface after the
core synthesis, therefore, we need to hydrophilize the nanomaterials using poly-
ethylene glycol (PEG) or natural and synthetic polymers including dextran for
in vivo application. Other soft nanomaterials, such as liposome, exosome, micelle,
protein nanoparticles or synthetic polymer, do not need further hydrophilization,
because they have the hydrophilic moiety on their surface.

The inspiration from the success of hydrophilization of nanomaterials using the
micelle encapsulation method by Dubertret and colleagues [11], Jeong’s group
integrated these developments to make a quick and straightforward method of
mixing, sonicating, and size exclusion chromatography for producing

Fig. 12.1 Frequently used click chemistry for nanomaterial application. a Azide-alkyne reaction
with Cu(I) catalyst. b Cupper-free azide-cyclooctyne reaction. c Cupper-free tetrazine-trans-
cyclooctene (TCO) reaction
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multifunctional nanoparticles [12]. This method has been successfully applied other
hard core nanomaterials, such as iron oxide particles with a diameter of 5 nm [13,
14], upconverting NPs (UCNPs) with a diameter of 35 nm [15]. After the micelle
encapsulation, total size of nanoparticle is increased for 5–6 nm, and this increase is
matched with the length of PEGs from Tween 60®. The size distribution of
encapsulated nanoparticles is quite narrow (poly dispersity index: PDI < 0.2) by
dynamic light scattering (DLS) measurement [13, 14]. Because the size of nano-
materials affect the in vivo distribution of nanomaterials, nanomaterials should
maintain the narrow size distribution after core synthesis and any chemical modi-
fication including hydrophilization and radiolabeling.

For construction of clickable radionanomedicine platform, we can simply mix
the alkyl-chained click moiety, such as azide- or diarylcyclooctyne (DBCO)-C18,
with Tween 60® (Fig. 12.1). This nano-platform can be used for further modifi-
cation for target molecule ligation, therapeutic drug conjugation or radio/
fluorescent-labeling.

12.3 Conjugation of Targeting Molecules

Enhanced permeability and retention (EPR) effect has been believed to constitute a
major mechanism for the passive delivery and accumulation of nanomaterials in the
tumor tissue for several decades [16]. Despite the success of nanomedicines without
targeting molecules, in early approval from US Food and Drug Administration
(FDA), such as Doxil®, doxorubicin containing liposomal system, or Abraxane®,
paclitaxel-albumin nanoparticles, which suggested EPR was sufficient for drug
efficacy, this EPR effect is still under controversy because of its poor treatment
score in clinical setting probably due to the heterogeneity of tumor and microen-
vironment [17, 18]. To overcome this problem, active or disease-specific targeting
strategy would be another option for nanomedicines, which can be accomplished by
attaching targeting molecules on the surface of nanomaterials. Considering that the
click chemistry has the great advantage over conventional conjugation method,
there are so far the limited numbers of application of this click chemistry on
nanomaterials. Therefore, here we summarize all the possible targeting molecules
that the investigators can use click chemistry for modification but not. However, all
these targeting molecules, which were well summarized in Theranostics [19], as
will be discussed below can be modified with click chemical and applied for click
chemistry.

12.3.1 Small Molecules

There are huge varieties of target disease and disease-specific targeting molecules,
and these molecules are categorized by size from small molecules to
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macromolecules. Nowadays, by the help of the great contribution of scientists on
drug development, for selection of target disease and disease-targeting molecules,
one can simply search on the internet or database to find enough candidate mole-
cules to choose a proper disease-targeting molecule for each disease. Small mole-
cules including low molecular-weight chemicals, carbohydrates, nucleic acids, or
small peptides have good potential as a disease targeting molecule on
nanomaterials.

Arginine-glycine-aspartate (RGD) peptide targets the integrin avb3, which is an
ideal vascular target protein considering its high expression on endothelial cells of
newly formed vessels in correlation with disease progression [20]. The RGD
peptide has been the most widely used as modification or the surface of nanoma-
terials, either for therapy or drug delivery. This is because integrin avb3 expression
was high on U87MG cells, and it was easy to get this cell line and to establish
animal model for the proof-of concept study. Lee et al. showed the typical example
of tumor targeting strategy using RGD peptide [12]. In this study, 68Ga labeled
quantum dots (QDs) decorated with RGD peptide accumulated at integrin avb3
positive tumor (U87MG), not at the negative tumor (A431) and showed the
specificity on the blocking study using excess cold RGD (Fig. 12.2). There were
also other reports using RGD conjugated nanomaterials for targeting or delivery of

Fig. 12.2 PET images of U87MG and A431 tumor–bearing nude mice ac-quired at 60 min after
intravenous injection. a 68Ga-NOTA-QD655TRGD shows high uptake in U87MG tumor but
not in A431 tumor. b 68Ga-NOTA-QD655T-RGD can be completely blocked by co-injection of
free c(RGDyK), representing specific uptake (copyright permission from [12])
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therapeutic drugs to the tumors, using liposome [21, 22], iron oxide nanoparticles
[23], or gold nanoparticles [24], etc.

Carbohydrates are another class of small molecules requiring targeting ligands
that selectively recognize cell surface receptors, such as mannose receptor (cluster
of differentiation or classification determinant 206, CD 206) or asialoglycoprotein
receptor (ASGP-R). Lymphoseek (99mTc-tilmanocept) is the 99mTc labeled
nanocomposite using dextran polymer decorated mannose molecules on it, which
can target the mannose receptor of monocytes/macrophages homing to lymph nodes
and has the clinical indication for lymphatic mapping with a hand-held gamma
counter to assist in the localization of lymph nodes draining the primary tumor in
patients with breast cancer or melanoma [25]. Jeong et al. reported the 99mTc
labeled mannosylated albumin nanoparticles for sentinel node detection with tar-
geting mannose receptor of monocytes on lymph node [26]. In this study, they
could find the specific targeting ability of 99mTc-mannosylated human serum
albumin (MSA) to the lymphatic system (14.0%ID/organ at 1 h post-injection), on
the other hand, 99mTc-human serum albumin (HSA) showed low uptake (2.4%ID/
organ at 1 h post-injection). Recently, they developed the 68Ga version of MSA
nanoparticles for targeting mannose receptors on monocytes/macrophages in the
myocardium after the induction of myocardial inflammation using myocarditis
model in animals [27]. Another examples of mannose-tagged iron oxide nanopar-
ticles for lymph node imaging using multimodal positron emission tomography
(PET) and magnetic resonance imaging (MRI) has been also addressed [13].
Galactose is the potential ligand for the target of ASGP-R, which is highly
expressed on hepatocyte [28, 29], and Lee et al. clearly showed the targeting ability
of galactose-conjugated superparamagnetic iron oxide nanoparticles (SPION) to the
hepatocyte in the liver using in vivo animal model [30].

Folic acid (folate) receptors, a glycosylphosphatidylinositol-anchored cell sur-
face receptor, is overexpressed on the vast majority of cancer tissues, while its
expression is limited in healthy tissues and organs, therefore, folate can be used as a
target molecule for targeted delivery of imaging and therapeutic agents to tumors
[31]. Lu et al. demonstrated the targeting and therapeutic efficacy of folate-tagged
mesoporous silica nanoparticles [32].

The extracellular domain of prostate-specific mem-brane antigen (PSMA, also
known as folate hydrolase 1 or glutamate carboxypeptidase II) has gained
increasing interest for imaging and therapeutic target of prostate cancer [33]. From
the great success of 68Ga labeled PSMA inhibitor, 68Ga-glutamate-urea-lysine
(EuK) derivatives [34], numerous nanoparticles conjugated with EuK have been
developed for imaging and therapy of prostate cancer. Sachin et al. have established
the docetaxel encapsulated into poly(lactide-b-ethylene glycol-b-lactide)
(PLA-PEG-PLA) nanoparticles with the decoration of EuK as a PSMA targeting
molecules, and showed the specific uptake in PSMA positive, LNCaP cell-lines
[35]. Moon et al. also showed the specific uptake of EuK-tagged iron oxide
nanoparticles (IONP) in the tumor bearing mouse model using PET/MR dual
modality [14]. Another approach of EuK-tagged docetaxel-containing nanoparticle,
BIND-014 is now under Phase 1 clinical study [36].
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12.3.2 Macromolecules

Also, there are huge varieties of macromolecules which can target the specific
disease or diseased site. Any kinds of macromolecules with 3D structures that can
interact with target proteins, including antibody or its fragments, protein, affibody®,
nucleic acid, nucleic acid aptamer, and peptide aptamer, can be used or developed
as a targeting ligand molecule for nanomedicine.

First famous targeting molecules are the antibodies and their fragments. The
antibody has two epitope binding sites in a single molecule and offers an exceed-
ingly high selectivity and binding affinity for the target proteins of interest. Several
antibodies are used in clinic by approval of FDA. Hadjipanayis et al. [37] employed
an antibody against epidermal growth factor receptor (EGFR) deletion mutant to
fabricate iron oxide nanoparticles for targeted imaging and therapeutic treatment of
glioblastoma. Selective binding to this mutant EGFR was achieved by creating a
polyclonal rabbit antibody toward the chemically synthesized 14-amino-acid fusion
junction sequence (EGFRvIIIAb). Covalent conjugation of the purified rabbit
polyclonal EGFRvIIIAb to the amphiphilic triblock copolymer-coated iron oxide
nanoparticles showed glioblastoma-targeting ability as a potential theranostic agent.
Even though the well-established targeting ability and selectivity of antibody itself,
antibody fragment is used frequently as a targeting molecules for nanomaterials,
because of the relatively large size of antibody with 10–15 nm (150 kDa) compared
to nanomaterials. Ling et al. reported iron oxide nanoparticles with the single chain
anti-prostate stem cell antigen (PSCA) antibody fragment (scAbP-SCA) as a
specific targeting molecule for prostate cancer targeted imaging and therapy [38]. In
a similar way, Chen et al. constructed iron oxide and non-viral polymeric vector
nanocomposite using a CD3 single chain antibody (scAbCD3) as a targeting
molecules for gene delivery to T cells [39]. Antibody-conjugated liposomes, so
called immunoliposomes, are common pharmaceutical carriers for targeted drug
delivery because of their unique ability to encapsulate both hydrophilic and
hydrophobic therapeutic agents. Lu et al. developed in vivo lung cancer targeting
immunoliposomes using an anti-c-Met single chain variable fragment (scFv) anti-
body [40].

Aptamers are small nucleic acid ligands (15–40 bases) and used as targeting
molecules that bind to targets with high specificity due to the ability of the mole-
cules to fold into unique conformations with three-dimensional structures [41].
Aptamers have potential advantage over antibodies, such as the small size
(15 kDa), low immunogenicity, and easy scale-up preparation without
batch-to-batch variations. Lupold et al. identified 2′-fluoro-pyridine-RNA aptamers
generated against the extracellular domain of prostate-specific membrane antigen
(PSMA) [42] and attached on self-assembled polymeric nanoparticles [43] or QDs
[44] to investigate targeted imaging and delivery.
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Hyaluronic acid (HA), a copolymer of N-acetyl-D-glucosamine and D-glucuronic
acid, is a widely used targeting macromolecule that can bind to CD44, which is
overexpressed in various tumors [45]. Wu et al. used HA as a targeting ligand to
develop a thermo-responsive hybrid nanogel for simultaneous temperature sensing,
cancer cell targeting, fluorescence imaging, and combined chemo-photothermal
treatment [46]. Recently, Hwang et al. constructed a fluorescence-switchable
theranostic nano-platform using HA-conjugated graphene oxide (GO), which is
capable of both sensing oncogenic miR-21 and inhibiting its tumorigenicity
simultaneously [47].

12.3.3 Conjugation Methods

The possible conjugation method can be categorized as conventional method, click
chemistry, and physicochemical interaction. Because there are several merits or
demerits on each method, we should thoroughly review and select the conjugation
method for each nano-system.

The major portion of conventional method is the peptide bond formation
between nanoparticle and targeting molecule. Amine and acid functionalized
moieties are linked as a peptide bond and in most cases the acid-group is activated
with active ester derivatives, such as N-hydroxysuccinimide (NHS) ester, to
improve the conjugation efficiency. Amino-group also can react with aldehyde or
isothiocyanate (–SCN) to form imine or thiourea bond. Thiol-group can react with
maleimide derivatives to form thio-ether bond. Several types of chemical linker
between nanoparticles and targeting molecules can be used for the conjugation.
Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) can
be used between amino-group and thiol-group.

Click chemistry can be done on click chemical combinations, such as azide and
diarylcyclooctyne (DBCO) or tetrazine and trans-cyclooctene (TCO) combinations.

Physicochemical interactions, which is non-covalent bond formation, come from
electrostatic, hydrophobic, and affinity interactions between nanoparticles and tar-
geting molecules. Physicochemical conjugation strategies are particularly useful for
the assembly of therapeutic agents onto nanoparticles. Typical example of
physicochemical interactions is the positively charged nanomaterials and negatively
charged siRNA can form a very stable nanocomposite even in in vivo condition.

Each chemical reaction should need chemicals such as base/acid or reducing/
oxidation agent, therefore, we should consider and check the chemical instability of
each nanomaterials or targeting molecules for each reaction condition, and finally
we can select the optimal conjugation method for each conjugation.
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12.3.4 Consideration of Targeting Molecules Geometry
on Nanomaterials

For ligation of targeting molecules to the surface of nanoparticle, there are several
factors we have to concern. Despite the targeting molecules play the critical role in
targeting of nanomaterials to disease site, relatively few studies have been reported
to maximize in vivo targeting efficiency through systematic variation of the
geometry or number of targeting molecules on nanomaterials.

The number of targeting molecules on nanomaterials has to be concerned
because that affects the affinity or avidity of nanoparticles for the target proteins, the
rate of nanoparticle-target interaction, and of course, the shape or surface charge of
nanomaterials. There are several reports on number of targeting molecule issue.
Garg et al. and Gindy et al. reported higher concentrations of the targeting mole-
cules on the nanoparticles often increase cellular uptake [48, 49]. Olivier et al.
reported that targeting molecules must be present on the nanoparticle surfaces at
concentrations that exceed a minimum threshold for binding [50]. Gao et al. syn-
thesize 0, 5, or 16% RGD ligand-immobilized Dox-loaded polymeric micelles to
compare their in vitro targeting and therapeutic properties, and the 16% RGD
ligand-bearing nanoparticles displayed the highest cellular uptake and cytotoxicity
in avb3 integrin-overexpressing SLK cells. However, several studies also insisted
that high targeting molecule densities did not improve binding to the target cancer
cells and could even promote nonspecific interactions with endothelial and other
non-cancerous cells, which increases immunogenicity, thereby causing
opsonization-mediated clearance of the nanoparticles [51]. Gu et al. prepared with
different compositions of the self-assembled block-copolymers and aptamers, and
the optimal aptamer density on the nanoparticle surface was initially determined
in vitro [52]. Increasing the density of targeting ligand molecule to 5% significantly
increased the nanoparticles uptake by the target cells (LNCaP), whereas further
increase in aptamer density did not increase the uptake. These results indicated that
the optimal density of targeting molecules for PSMA-specific endocytosis in vitro
was 10–80 nmol aptamer per lmol nanoparticle. They injected the targeting
nanoparticles to LNCaP xenograft mouse models and showed that increasing the
aptamer density from 0 to 5% significantly increased nanoparticle retention in
tumors, but the retention decreased for aptamer densities beyond 10%. The authors
suggested that higher aptamer densities may have reduced the nanoparticle stealth
properties, resulting in rapid clearance by the liver. Another report from Shmeeda
et al. optimized the ligand density in the Her2-targeted PEGylated liposomal Dox
system (HT-PLD) in vivo for the ligand ratios of 7.5, 15, or 30 per liposome [53].
The best in vivo performance resulted from 15 ligands per liposome in the HT-PLD
formulation. A 30 ligands per liposome showed the accelerated plasma clearance in
the tumor-bearing mice, and the 7.5 ligand per liposome reduced cytotoxicity after
in vivo passage.
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The geometry of targeting molecules on nanomaterials is also important for the
binding affinity of nanomaterials to target proteins. There are few reports on this
issue. Park et al. prepared two types of tumor-targeting nanoparticles for varying
PEG lengths. For a given number of peptides bound to nanoparticles, the presence
of a PEG linker facilitated peptide targeting by reducing conformational restriction
as well as increasing the residence time of the nanostructures in the blood stream
[54]. The short length of sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-
1-carboxylate (SMCC) linker restricted the targeting peptide conformation.
Recently, Jeong et al. reported that antibody orientation on nanoparticles could
significantly affect the maintenance of full bio-functionality [55]. They prepared the
site-specific and orientation-controlled antibody conjugation on nanoparticles and
showed the 8-times higher target-binding ability than those prepared by the con-
ventional non-site-specific and random amine-acid coupling using 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) (Fig. 12.3).

Finally, all these results suggest that there should be the optimal number or
geometry on nanomaterials for each disease targeting strategy, and we should
carefully consider and investigate to find the optimal structure for the development
of targeted multifunctional nanoparticle systems for imaging and therapy.

Fig. 12.3 Quantitative evaluation of the antigen-binding capability of anti-bodies conjugated to
SiNPs. a Schematic of the quantitative bio-assay using a fluorescent HER2 antigen.
b Fluorescence images of the fluorescent HER2 antigen bound BSA treated SiNPs and
anti-HER2 antibody conjugated SiNPs prepared using the EDC/NHS coupling or click coupling
method, respectively. c Quantitative analysis of the number of antigens bound to a single SiNP
us-ing the fluorescence signal. The fluorescence images were obtained by IVIS with 2 s acquisition
time. SiNP: silica nanoparticle (copyright permission from [55])
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12.4 Radiolabeling

Radionanomedicine can be used for diagnosis or therapy or theranosis of certain
disease. For in vivo or clinical application, the radiolabeling of nanomaterials
should be done by easy- and fast-way and this step should be located in just before
in vivo administration. Radiolabeled nanomaterials should be stable for certain time
in vitro and in vivo after the radiolabeling because the in vitro and in vivo
metabolite can affect the imaging or therapeutic efficacy of radiolabeled
nanomaterials.

There are two types of radiolabeling method, extrinsic and intrinsic method.
Extrinsic method is the most widely used method for radiolabeling of nanomate-
rials, and the chelator modified nanomaterials can be labeled with radioisotopes.
The click radiolabeling is also categorized as extrinsic method. Intrinsic method is
the radiolabeling of the nanoparticle core or nanoparticle surface. Extrinsic method
can be divided into two ways, pre- and post-labeling. Like click chemistry,
pre-labeling can be used for the nanomaterials containing the conjugation motifs,
such as click chemicals, on the surface and post-labeling method for the chelators
on the surface.

Click chemistry has advantages over conventional chelate labeling method. First,
using click chemistry, the nanomaterials may not meet the radiolabeling condition
directly, such as low or high pH, high temperature, in the pre-labeling method,
therefore this method will be the better choice for the acid/base or high
temperature-labile nanomaterials. Zeng et al. has reported an approach to label
shell-cross-linked nanoparticles with 64Cu via metal free click chemistry [56].
Specifically, 64Cu was complexed with DOTA functionalized with a DBCO group,
which was subsequently conjugated with nanoparticles bearing azide group to
generate the desired 64Cu labeled nanoparticles. Second, labeling via the click
chemistry offers the flexibility to select radioisotopes according to the requirement
of the study by conjugating nanoparticles bearing click chemistry motifs with
different chelators functionalized with corresponding complimentary click chem-
istry motifs, unlike the traditional approach in which a specific chelator has been
attached to nanoparticles thus restricting the selection of radio isotopes (e.g. DFO
conjugated nanoparticles can only be labeled by 89Zr). Third, click chemistry
provides the possibility to conduct the labeling of nanoparticles in vivo via pre-
targeting strategies. In particular, nanoparticles functionalized with a click reaction
moeity could be administrated in advance to allow sufficient accumulation at the
tumor site and enough clearance from blood, and then the radioisotope-chelator
complex bearing the corresponding other click reaction moiety could be injected,
which could significantly reduce the uptake in normal organs and consequently
improving tumor/non-tumor ratios substantially [57].

As we discussed above, in vivo integrity of radiolabeled nanomaterials is very
important because that can affect the imaging or therapeutic efficacy. Recently,
there are exactly opposite results that the extrinsically labeled radioisotope can or
cannot be detached from nanomaterials published in same year. Kreyling et al.
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prepared the nanoparticle core was labeled with 198Au and the attached chelator on
the surface of nanoparticle labeled with 111In, and they thoroughly traced the 198Au
and 111In radioactivity and concluded that in vivo degradation of the chelator on the
surface of nanoparticle due to proteolytic digestion [58]. On the other hand, Seo
et al. confirmed that extrinsically labeled radioisotope was not detached from
upconverting nanoparticle core even after the long-term journey through the
hepato-biliary tract [15]. Still, we cannot fully understand of this kind of contro-
versy and there is far way to go to evaluate the exact fate of radiolabeled nano-
materials. However, from this point, we should keep in mind and confirm the
in vivo integrity after the radiolabeling of nanomaterials.

12.5 Applications of Radionanomedicine Prepared
by Click Chemistry

Nanomaterials labeled with different radioisotopes via either extrinsic or intrinsic
methods described above have been applied in diagnosis [59, 60], image guided
therapy [61] or radiotherapy [62–65].

12.5.1 Applied in Diagnosis

Nanoparticles could accumulate in tumor tissues either passively by EPR effects or
actively by the targeting molecules conjugated on nanoparticle surface, and thus
radiolabeled nanoparticles have been extensively investigated as diagnosis tools for
tumor detection.

In particular, nanoparticles labeled with positron emitter have been applied in the
PET imaging. Among many different positron emitted radionuclides, 18F is the
most widely used one due to its good availability and ideal imaging characteristics.
Although the half-life time of 18F is relatively short (110 min) compared to the slow
EPR process, application of a pretargeting strategy has demonstrated the great
potential to overcome this problem. Lee et al. [57] have recently reported an
18F-based pretargeting strategy via SPAAC for nanoparticle-based PET imaging. In
particular, DBCO functionalized nanoparticles were administrated 24 h in advance
to allow sufficient accumulation of nanoparticles in tumor tissues before the sub-
sequent administration of [18F]fluoropentaethylene glycolic azide, and the
sequentially injected [18F]fluoropentaethylene glycolic azide could ligate with
previously administrated DBCO functionalized nanoparticles, which resulted in the
significantly improved signal to background ratios.

Another widely used radioisotope in nanoparticles based PET imaging is 64Cu,
and its half-life time is relatively longer (12.7 h) and closer to the physical half life
time of small nanoparticles. Therefore, nanoparticles had been directly labeled with
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64Cu via pre or post-labeling for PET imaging of tumor tissues. One representative
example is provided by Lee et al. [59], in which azide functionalized glycol chi-
tosan nanoparticles (CNPs) were conjugated with 64Cu labeled DBCO via the
copper free click chemistry to yield the 64Cu labeled CNPs. Labeled CNPs were
subsequently administrated to mice bearing the SCC tumor, and the PET imaging
results demonstrate the clear visualization of tumor tissues with this type of 64Cu
labeled CNPs, rendering their potential clinical applications for the tumor detection.

Besides 18F and 64Cu, 89Zr has also been considered as a promising radionuclide
for radiolabeling of nanoparticles for PET imaging. The major advantage of 89Zr
includes its preferred imaging characteristics as well as its relatively long half-life
time (3.3 days), which well matches the time frame of the EPR process. Ruggiero
et al. [60] reported the 89Zr labeling of single walled nanotubes (SWNT) for PET
imaging. In their study, SWNT conjugated with an antiVE-cad (vascular
endothelial cadherin) antibody was labeled with 89Zr, which was subsequently
applied in the imaging of human colon adenocarcinoma on a mouse model via
targeting angiogenesis. High uptakes in targeted tissues were identified with a fast
blood clearance, demonstrating the great potential for detecting malignant tissues.

In addition to PET imaging, applications of nanoparticles in SPECT imaging for
tumor diagnosis have also been reported. Harrington et al. reported their successful
evaluation of seventeen patients with different types of cancer using
111In-DTPA-labeled liposomes [61]. Another example was the application of 188Re
labeled liposomes in imaging C26-colon tumor on a mice model. Results indicated
high tumor uptakes at all time points, indicating this type of nanodevice could be an
ideal diagnostic tool for tumor detection [62].

12.5.2 Applied in Image Guided Therapy

Besides diagnosis, another major application of radioisotope labeled nanoparticles
is image-guided therapy.

Feng et al. reported the construction of 64Cu labeled mesoporous silica (mSiO2)
nanoparticles as well as the subsequent evaluation of its in vivo performance for
tumor-targeting drug delivery [63]. The TRC105 antibody-attached nanoparticles
exhibited excellent tumor accumulation due to the combinatory effects of passive
EPR and active TRC105 mediated tumor targeting. Further tumor targeted delivery
of Doxorubicin using this designed nanoplatform successfully improved the effi-
ciency of drug delivery, rendering the developed mSiO2 nanoparticles could serve
as a promising vehicle for tumor targeted drug delivery.

Another representative example could be 64Cu labeled melanin nanoparticles
(MNPs) that has been used to investigate their efficiency on delivering sorafenib to
the tumor site [64]. PET imaging results revealed a peak tumor uptake at 4 h post
injection, which was consistent with the results obtained from in vitro cumulative
release study, where less than 20% of loaded sorafenib was released from MNPs in
the first 4 h. Those study results indicated that the designed MNPs could efficiently
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load sorafenib which were delivered to the tumor site. Furthermore, long term
retention of MNPs in the tumor tissues was also observed by comparing the tumor
uptake value at 4 h post injection with that at 24 h post injection, ensuring the
gradual release of sorafenib from its carrier at the tumor site.

Sun et al. has recently made use of 64Cu and 89Zr labeled POVF micelles to
monitor their in vivo bio-distribution as well as predict corresponding therapeutic
outcomes (unpublished data). Specifically, via SPAAC based click chemistry
approach, paclitaxel (PTX) loaded POVF micelles, which contained free azide
groups on their surface, were labeled with either 64Cu or 89Zr for monitoring their
tumor uptakes at early time points (1, 4, and 8 h) and late time points (24, 48, 72,
96 h), respectively. Results indicated that the accumulation of the designed drug
delivery system in tumor tissues started as early as 4 h and maintained at a high
level (around 10%ID/g) for up to 72 h. Based on the in vitro PTX release curve,
most of PTX would still be kept in the designed micelles at 4 h time points,
indicating that an efficient drug delivery to tumor could be anticipated with this
system. Subsequent in vivo therapeutic study showed significant reduction of tumor
size in mice treated with this PTX loaded POVF compared with the vehicle control
group, demonstrating its potential clinical value for the cancer treatment.

12.5.3 Applied in Internal Radiotherapy

Targeted internal radiotherapy has been considered as a promising radiotherapy
strategy due to significantly reduced radio exposure to normal organs as compared
with traditional radiotherapy using external radio beams. Nanoparticles, which can
not only target the tumor tissues via EPR effects but also provide prominent loading
capacity for delivery of therapeutic radionuclides, could serve as an ideal device for
targeted internal radiotherapy. Pioneering clinical imaging studies revealed an
effective targeting of solid tumors in patients via nanoparticles, indicating the
potential of using radiolabeled nanoparticles to deliver therapeutic radioisotopes for
internal radiotherapy [61].

Initial trial of internal radiotherapy using nanoparticles employed 188Re as the b
source. Excellent suppression of tumor growth was observed while side effects were
minimized in the head and neck squamous cell carcinoma xenograft model [65].
Co-labeling of 111In and 188Re for nanotargeted radio-therapeutics was also
reported in which 111In provided the Auger electron for killing single tumor cells or
small tumor cluster while 188Re provided the high-energy beta ray for killing large
tumor clusters [62, 66, 67].

However, 188Re has a half-life time of 17 h, which is a little bit shorter compared
with the time frame of the EPR process. Therefore, other beta emitter with more
compatible half-life time have also been investigated. One ideal alternative choice is
90Y with a half-life time of 64 h. In particular, lipid nanoparticles conjugated with
anti VEGFR-2 antibody has been labeled with 90Y and evaluated in vivo for their
internal radio therapeutic efficacy [68]. Growth of tumor was obviously inhibited as

244 Y.-S. Lee et al.



compared with the control group, demonstrating the potential of applying this
nanodevice in internal radiotherapy.

Another preferred radionuclide for internal radiotherapy is 177Lu with a half-life
time of 161 h. Yook et al. [69] reported that administration of 4.5 MBq 177Lu
labeled gold nanoparticles, which exhibited an excellent tumor uptake (as high as
300–400%ID/g) via intratumorally injection, could successfully arrest the growth of
breast cancer tumor in CD-1 athymic mice for over 90 days, indicating the feasi-
bility of developing 177Lu labeled nanoparticles into therapeutic reagents for cancer
treatment.

It has been proved by several studies that immune system activation is crucial for
the success of the traditional radiotherapy [70, 71]. Therefore, nanoparticles had
been engineered into immune response modifiers (IRM) as the vehicle for deliv-
ering radiation dose, and such strategy could further enhance the therapeutic effect
of the nanoparticle based internal radiation therapy. Vanpouille-Box et al. [72]
reported the application of 188Re carried nanoparticles in the cancer treatment,
which possessed the strong capability of stimulating the immune response.

Fig. 12.4 Scheme of clickable nano-platform for multifunctional radionanomedicine
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12.6 Clickable Radionanomedicine Platform

Radionanomedicine platform can be devised by combining amphiphile encapsu-
lation method and click chemistry. Hydrophilic monodispersed nanomaterials can
be prepared by using an amphiphile encapsulation method. And terminal click
moiety on the nanomaterial surface can be used for conjugation of targeting
molecules, radioisotopes, optical probes, and/or therapeutic drugs by click chem-
istry (Fig. 12.4). For this radionanomedicine platform, the FDA approval process
can be done for each separate vials, such as nano platform, targeting molecule,
radioisotope-chelator, optical probe, and therapeutic drug, independently. And the
final use of radionanomedicine platform by the simple compounding process at the
clinical practice sites.

Here we propose the final goal of the versatile radionanomedicine platform that
looks to multi-purpose uses for diagnosis, therapy, or even theragnosis by using one
nano-platform in the clinic. For example, a patient can be diagnosed specifically by
the image or in vitro assay using the adequate diagnostic nano-platform containing
proper targeting molecule and radioisotope combination. Thus, we can select proper
therapeutic drug or radionuclide for therapy of this disease (Fig. 12.5).

In conclusion, the multi-purpose versatile radionanomedicine platform, can be
established by the combination of amphiphile encapsulation and the click chem-
istry, show another possibility of radionanomedicine and would contribute the
successful translation journey to the clinical application of nanomedicine.

Fig. 12.5 Possible clinical application of radionanomedicine using nano-platform
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Chapter 13
Preservation of Ligand Functionality
by Click Chemistry

James C. Knight and Bart Cornelissen

Abstract Click chemistry reactions have had a considerable impact in the effort to
develop efficient synthetic strategies towards new radiopharmaceutical agents. This
is largely due to the ability of these reactions to proceed rapidly under ambient
conditions, resulting in an easily isolated product. These reaction properties are
particularly desirable in the synthesis of positron emission tomography
(PET) imaging agents containing short-lived radioisotopes, such as carbon-11 and
fluorine-18. Striving to further improve on the suitability of these reactions, che-
mists have succeeded in developing new, streamlined click chemistry reactions with
additional advantages. These versatile reactions have now been used extensively in
the preparation of radiolabeled small molecules, peptides, proteins, and nanoma-
terials for nuclear imaging applications. A small number of these click chemistry
reactions are also bioorthogonal as they have the ability to proceed efficiently and
selectively within the complex biological medley of a living system. This rare and
valuable attribute has led to their utilisation in pretargeted imaging strategies which
have the potential to provide superior image quality and reduced radiation burden
compared with conventional imaging approaches. In this chapter, we aim to
introduce the click chemistry reactions which have had the greatest impact in the
preparation of radiolabeled ligands for nuclear imaging applications, with special
focus on the application of nanoparticles. In addition, we also describe the use of
these reactions in combination with nanoparticle vectors to facilitate a pretargeted
imaging strategy.
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13.1 Click Chemistry

The concept of ‘click chemistry’ was introduced in 2001 by Kolb et al. who
identified a variety of chemical reactions which have a specific set of advantageous
properties in common [1]. Specifically, the reactions which fall under this umbrella
term must be: (i) modular, (ii) wide in scope, (iii) very high yielding, (iv) incapable
of generating offensive by-products, and (v) stereospecific. From a practical per-
spective, click chemistry reactions must be capable of proceeding efficiently in
ambient reaction conditions (e.g. not requiring precautions against oxygen) and
involve easily accessible chemical precursors. In addition, these reactions must be
able to take place either in the absence of solvent or in a solvent which is benign
and/or easily removed. Lastly, it is also important that the desired product is easily
isolated from the reaction mixture.

13.1.1 The Huisgen 1,3-Dipolar Cycloaddition

While several reaction types abide by these highly specific criteria, one reaction in
particular has gained prominence across many sub-disciplines of chemistry (in-
cluding the field of radiochemistry), namely the Huisgen 1,3-dipolar cycloaddition
[2]. This reaction between azide and alkyne functional groups yielding a triazole
species was originally reported by Rolf Huisgen in 1963 (Fig. 13.1a) [3, 4]. While
this reaction requires high temperatures and/or pressures (and frequently yields an
undesirable mixture of 1,4- and 1,5-substituted triazole regioisomers), it was later
discovered that the introduction of a copper(I) catalyst allows this reaction to
proceed efficiently at room temperature and in a much more regiospecific manner
(exclusively generating the 1,4-substituted triazole; Fig. 13.1b) [5, 6]. In addition,
the copper(I) catalyst also greatly increases the rate of the reaction (*106-fold).

Fig. 13.1 a The archetypal Huisgen 1,3-dipolar cycloaddition requires heat and leads to a mixture
of regioisomers. b The addition of a Cu(I) catalyst allows the reaction to proceed efficiently at
room temperature and only generates the 1,4-substituted triazole
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13.1.2 The Use of Conventional Click Chemistry Reactions
in Radiochemistry

The refined version of the original Huisgen 1,3-dipolar cycloaddition reaction was
quickly recognised by radiochemists as a valuable tool for the production of
positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) imaging agents [7, 8]. The radiosynthesis and isolation of
these imaging agents is often rendered challenging by the short radioactive
half-lives of many important radioisotopes (such as carbon-11 [t1/2 = 20.3 min] and
fluorine-18 [t1/2 = 109.8 min]) and therefore the rapid, facile, and clean nature of
click chemistry reactions make them well-suited to these applications.

The attractiveness of the Huisgen 1,3-dipolar cycloaddition reaction in radio-
chemistry is also attributable to the ease with which azide and alkyne substituents
can be incorporated into a range of chemical scaffolds. These functional groups also
exhibit kinetic stability and inertness towards a range of other chemical species and
reaction conditions. As such, azide and alkyne groups can frequently be incorpo-
rated early on during a multi-step synthesis often without risk of degradation or
transformation, thereby offering flexibility in terms of chemical synthetic strategies.

There are several examples in which the Huisgen 1,3-dipolar cycloaddition
reaction has been utilised in the preparation of radiolabeled small molecules [9, 10],
peptides [11–15], proteins [16, 17], and nanomaterials [18, 19]. In 2009, Devaraj
et al. reported the synthesis and preclinical in vivo evaluation of an [18F]-labeled
trimodal nanoparticle ([18F]-CLIO) constructed around a core of superparamagnetic
iron oxide that was cross-linked with dextran molecules [18]. During the prepa-
ration of these nanoparticles, surface modifications were made with both the
near-infrared fluorochrome VT680 and azide groups, the latter of which facilitated a
copper-catalysed click chemistry reaction with the radiofluorinated alkyne com-
pound [18F]-PEG3. This nanoparticle radiolabelling strategy was shown to be
moderately efficient as an average decay-corrected radiochemical yield of 57% was
obtained under relatively mild reaction conditions (40 °C) and although DMSO was
used as a partial solvent in this reaction, the resulting [18F]-CLIO nanoparticles
were isolated very simply via microcentrifuge filtration and resuspension. The
average specific activity was 11 mCi mg−1 of nanoparticles. While no disease-
targeting ligands were attached to the nanoparticles in this study, the remaining
azide groups present on the exterior represent an attractive opportunity for further
functionalisation.

In another example, copper-catalysed click chemistry has also been applied in
the preparation of [18F]-labeled nanoparticles of zinc oxide (ZnO) with the objec-
tive of understanding the effects of exposure to nanoparticles of this type upon the
body [19]. In this case, ZnO nanoparticles of two different sizes (20 or 100 nm)
were coated with alkyne residues and were then subjected to reaction with the
radiofluorinated compound, [18F]-ethoxy azide. In a similar fashion to the previous
example, the radiolabeled nanoparticles were purified via filtration and obtained in
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high purity (>95%) with specific activities of 0.0197 and 0.0192 mCi mg−1 for 20
and 100 nm particle sizes, respectively.

In the effort to develop the most optimal synthetic strategies for the preparation
of radiopharmaceuticals, the requirement of a copper catalyst in these reactions is
problematic. Excessive intake of this metal is known to exert in vivo toxicity [20–
22] and therefore it requires complete removal in a fast and facile manner. Another
important consideration is that radiotracers based on peptides and proteins may
often be—given their abundance of electron donating groups—naturally primed for
coordinating metals such as copper in a manner which is often non-specific and
difficult to predict. This may of course have a detrimental impact on important
binding properties such as target affinity and specificity towards the epitope of
interest. Lastly, the necessity of a catalyst represents an additional reaction
parameter which requires thorough optimisation and, therefore, is another hurdle in
the research and development process. The simplification of these reactions by
removal of the catalyst is therefore highly desirable.

13.2 The Evolution of Copper-Free Click Chemistry
Reactions

A notable advancement in the effort to circumvent the requirement of a metal
catalyst in click chemistry reactions was pioneered by Bertozzi et al. in 2004 [23].
Inspired by early literature on this topic [24], it was recognised that ‘activating’
alkynes via their insertion into a ring-strained structure offered an attractive method
for tagging azide-modified structures despite the lack of a copper(I) catalyst.
Reactions of this type are now referred to as strain-promoted [3+2] azide-alkyne
cycloadditions (SPAAC; Fig. 13.2a) [25–31].

While early SPAAC reactions exhibited lower rates of reaction in comparison to
analogous copper-catalysed cycloaddition reactions, this obstacle was overcome
with the recognition that electron-withdrawing substituents (such as fluorine atoms)
in positions adjacent to the strained alkyne group [32] or dibenzoannulation [33]
effectively enhance the rate of these reactions. For example, in reactions with
benzyl azide (or a similar aliphatic azide), a ‘first generation’ cyclooctyne species
(OCT) yielded a rate constant of 2.4 � 10−3 M−1 s−1, while the more
highly-strained alkyne dibenzoazacyclooctyne (DBCO; Fig. 13.2b) revealed a
greatly enhanced rate constant of 310 � 10−3 M−1 s−1 [33–35]. SPAAC reactions
have now been used widely for the synthesis of radiolabeled imaging agents for
PET and SPECT applications. Notably, in 2011, Bouvet et al. reported an [18F]-
labeled prosthetic group based on DBCO ([18F]-FB-DBCO; Fig. 13.2b) which was
used successfully for radiolabelling a variety of azide-containing precursors
including the complex natural product geldanamycin and obtained excellent
radiochemical yields under mild reaction conditions [36].
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SPAAC reactions have now also been utilised in the construction of nanoma-
terials for several applications, including nuclear imaging. In 2012, SPAAC
chemistry was applied in the preparation of shell-cross-linked nanoparticles
(SCK-NPs) labeled with the PET radiometal copper-64 [64Cu] [37]. This class of
nanomaterial has a micellar structure composed of a hydrophobic (typically poly-
styrene) interior and an exterior shell containing hydrophilic groups, such as poly
(acrylic acid-co-acrylamide). SCK-NPs have previously been explored as potential
drug delivery vehicles and in this example were utilised as the basis of a PET
imaging agent. In an initial attempt to radiolabel these nanoparticles with [64Cu],
the authors utilised traditional Cu(I)-catalysed click chemistry in a reaction between
azide-functionalised SCK-NPs and [64Cu]-DOTA-acetylene. Ultimately, this
approach led to poor radiolabelling yields (*10%) and was deemed unsuccessful,
largely due to exchange between the non-radioactive Cu(I) catalyst and the
DOTA-bound [64Cu], and the inability of the water soluble Cu(I) catalyst to access
the hydrophobic interior of the nanoparticles. To circumvent these issues, an
alternative [64Cu]-containing precursor based on the ring-strained DBCO species
was utilised in a Cu-free SPAAC reaction. This innovative approach was more
successful and enabled the efficient preparation of [64Cu]-SCK-NPs with improved
radiolabelling yields (*64%) and high specific activity (975 Ci/µmol). Here, the
adoption of SPAAC had additional advantages as the absence of copper also pre-
vented undesirable click reactions between azide and acetylene residues within the
interior of each nanoparticle.

Later, in 2014, Reiner and colleagues prepared liposomal nanoparticles modified
with DBCO moieties and then utilised an azide-derivative of desferrioxamine

Fig. 13.2 a The strain-promoted [3+2] azide-alkyne cycloaddition (SPAAC) reaction is an
excellent example of a copper-free click chemistry reaction. b The radiofluorinated dibenzocy-
clooctyne, [18F]-FB-DBCO, developed by Bouvet et al. (adapted from [36] with permission) has
been used successfully as a prosthetic group for radiolabelling a variety of azide-containing
compounds, including the complex natural product geldanamycin
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(DFO) complexed with the PET radiometal zirconium-89 for the preparation of
[89Zr]-labeled liposomes (Fig. 13.3) [38]. Notably, this method was less efficient in
comparison to an alternative ‘surface chelation’ method which involved incubating
DFO-modified liposomes with [89Zr]-oxalate. These two approaches resulted in
radiolabelling yields of 14 ± 4 and 80 ± 10%, respectively.

While SPAAC reactions have undoubtedly had a positive impact in radio-
chemistry, the ring-strained cycloalkyne groups are often highly hydrophobic which
can pose challenges during synthesis and also have detrimental effects on the
biodistribution of the resulting imaging agents (e.g. promoting hepatobiliary
excretion).

The inverse electron-demand Diels-Alder (IEDDA) reaction between tetrazine
(Tz) and trans-cyclooctene (TCO) species has also drawn considerable attention in
recent years as it represents another excellent example of a catalyst-free reaction
with extremely fast reaction kinetics (up to k = 380,000 M−1 s−1 [39–43]) and high
chemoselectivity (Fig. 13.4a) [44, 45]. Consequently, IEDDA reactions have found
great utility in the preparation of a variety of radiopharmaceutical agents [46–51].
For example, [18F]-TCO has been used as a prosthetic group in reactions with
Tz-appended peptides, including Exendin-4 [52] and RGD (Fig. 13.4b) [49]. This
versatile compound has also been used in the preparation of a PET radiotracer based
on a small molecule PARP1 inhibitor, AZD2281 (Fig. 13.4b) [47]. Here, the
reaction between [18F]-TCO and a Tz-modified derivative of AZD2281 was shown
to be highly efficient as decay-corrected radiochemical yields of 59.6 ± 5.0% were
obtained following a mere 3 min reaction time at room temperature. In this case, it
was shown that modifying AZD2281 in this manner only had a slight negative
impact on this ligands functional ability to bind to PARP1 compared with the parent
compound AZD2281 (IC50 values of 17.9 ± 1.1 and 5 nM, respectively) despite
the addition of a rather bulky chemical attachment.

Due to the ability of the IEDDA reaction between Tz and TCO species to
proceed efficiently and largely unimpeded in vivo, it has also been used success-
fully in pretargeting studies in vivo in which typically a TCO-modified antibody is
first administered intravenously and then followed at a later time point by a

Fig. 13.3 SPAAC chemistry has been applied in the construction of radiolabeled nanomaterials
for nuclear imaging applications. In one example, Reiner et al. (adapted from [38] with
permission) developed liposomes modified with DBCO and performed a successful copper-free
click reaction with a [89Zr]-containing azide precursor

256 J. C. Knight and B. Cornelissen



radiolabeled Tz species (Fig. 13.5) [53–56]. The alternative scenario (i.e. involving
a Tz-modified antibody/nanomaterial and a radiolabeled TCO secondary agent) has
not been so extensively studied, most likely because TCO has a tendency to
undergo rapid isomerisation to its comparatively unreactive cis isomer in the
presence of copper-containing proteins within the plasma. Such pretargeting
strategies based on IEDDA reactions have demonstrated a promising ability in
preclinical studies to improve upon some of the limitations of directly radiolabeled
antibodies (e.g. slow blood clearance) leading to enhanced image quality and a
lower radiation burden to the body [56]. Recently, the scope of this approach has
also been significantly expanded as primary agents based on nanomaterials have
been evaluated within the context of IEDDA-based pretargeting strategies.

In a highly innovate study, Hou et al. developed supramolecular nanoparticles
(SNPs) comprised of a cyclodextrin-polyethylenimine polymer (CD-PEI),
adamantine-grafted polyamidoamine, and adamantine-grafted polyethylene glycol
[57]. In this case, TCO was grafted on to the CD-PEI polymer and was

Fig. 13.4 a The inverse electron-demand Diels-Alder (IEDDA) reaction between trans-
cyclooctene (TCO) and tetrazine (Tz) species is an extremely rapid copper-free click chemistry
reaction with high chemoselectivity. b The prosthetic group [18F]-TCO is a highly versatile
compound which has been used effectively for the production of a wide variety of PET imaging
agents, including those based on the small molecule PARP inhibitor, AZD2281 [47], the cyclic
peptide RGD [49], and Exendin-4 [52]

13 Preservation of Ligand Functionality by Click Chemistry 257



consequently encapsulated within the nanoparticle framework. Following intra-
venous administration, these SNPs were found to accumulate within xenograft
tumours in mice as a result of the enhanced permeability and retention (EPR) effect
which is often the case for large macromolecular species [58–60]. Notably, these
particles then disassembled at the tumour site thereby affording access to the TCO
groups by a [64Cu]-radiolabeled Tz secondary agent. Promisingly, this pretargeting
approach resulted in the acquisition of PET images in which tumours were strongly
contrasted against surrounding tissues and organs.

In another notable example, Keinänen et al. have recently developed a pretar-
geting strategy based upon TCO-modified mesoporous silica nanoparticles and an
[18F]-labeled Tz secondary agent [61]. Mesoporous silica nanoparticles are an
attractive nanoplatform for this application due to their high loading potential, low
toxicity, and biodegradability. In this example, no tumour model was employed,
however the authors found evidence of IEDDA reaction products within the spleen.
While this particular approach did not involve targeting of any specific disease
biomarker, the promising ability of this reaction to proceed efficiently in vivo is a
good indicator of the potential that nanoparticle frameworks have to offer pretar-
geting applications in imaging and therapy.

In summary, click chemistry reactions have found great utility in the production
of a wide variety of radiopharmaceutical agents, particularly for PET radiotracers.

Fig. 13.5 Nanoparticles (NPs) functionalised with click chemistry groups have been studied as
primary agents in pretargeted imaging strategies. The high loading potential, versatility, diverse
functionality, and potential multi-modal imaging offered by many nanoparticle frameworks are
attractive qualities for this application
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The continual refinement of these reactions using innovative chemistry is offering
highly versatile synthetic methods which are becoming faster, simpler, and higher
yielding. In many cases, these reactions have offered a convenient and efficient
means of obtaining radiolabeled derivatives of ligands without compromising the
ligands’ functional ability to bind to its target epitope. The application of click
chemistry methods for the production of a wide variety of radiolabeled nanoma-
terials is also showing much promise. Lastly, bioorthogonal IEDDA chemistry has
now become established as the basis of a novel pretargeting strategy for both
nuclear imaging and therapeutic applications. Pretargeting methods based on
nanoparticle primary agents have demonstrated some efficacy despite in most cases
relying on passive tumour targeting via the EPR effect. Given the high ligand
loading capacity offered by most nanoparticles, it will be of interest to expand this
approach to include targeting of specific disease biomarkers.
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Chapter 14
Bioorthogonal Reaction for Fluorine-18
Labeling

Dong Wook Kim

Abstract Specific molecular imaging probes including radiopharmaceuticals
labeled with positron-emitters, such as fluorine-18 (18F, t1/2 = 109.8 min), need to
expand their applications of positron emission tomography (PET) molecular imag-
ing study. In recent years, bioorthogonal chemistry such as inverse electron-demand
Diels-Alder cycloaddition reactions and strain-promoted alkyne azide cycloaddition
(SPAAC) has been regarded as alternative bioorthogonal ligation reactions of
bioactive molecules with radiolabeled building blocks. In this chapter, I will intro-
duce an overview of this emerging synthetic strategies based on the catalyst-free
SPAAC conjugation reaction and Diels-Alder cycloaddition reactions using tetra-
zine/trans-cyclooctene (TCO) derivatives under physiologically-friendly reaction
conditions. I will also introduce that the pretargeting method by the SPAAC reaction
for tracking mesoporous silica nanoparticles (MSNs) in in vivo system. This
bioorthogonal SPAAC-based pretargeting protocol allow 18F with a short half-life to
be used for labeling of the MSNs to obtain their tracking PET images.

14.1 Cu-Catalyzed Click Reaction

Copper (I) catalyzed azide alkyne [3+2] cycloaddition (CuAAC), which referred to
as “click chemistry”, has received much attention in biomedical area because this
click chemistry provided the facile conjugation protocol of biomolecules with a
range of functional groups as well as radiolabeling method for the synthesis of
molecular imaging probes [1–5]. On the other hand, this CuAAC reaction-based
click bioconjugation reaction had limitations in synthetic operation as follows; the
frequent undesired interaction of Cu(I) catalyst with biomolecules, such as peptide
and antibody, that make this CuAAC reaction blocked or reduce the reaction rate.
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This unexpected interaction can cause the denaturation of biomolecules and the
cytotoxicity by residual copper in the bioactive products during this bioconjugation
process [6–8].

14.2 Bioorthogonal Reaction

In recent advances in molecular imaging, bioorthogonal ligation reactions played an
important role for synthesis of radiolabeled probes [9]. These bioorthogonal reac-
tion s are useful tools to conjugate bioactive compounds with radiolabeled synthon,
highly chemoselectively without need for metal catalyst under physiologically
friendly condition i.e., in water, aqueous media or even cell media, tolerance of a
broad range of functionality [9, 10]. Among various bioorthogonal reactions, the
strain promoted alkyne azide cycloaddition (SPAAC) and the inverse Diels-Alder
tetrazine click reaction have been widely used for this purpose.

Firstly, the SPAAC reaction, which is referred to as copper-free click chemistry,
has acted as a straightforward and fast ligation method for biological applications,
as well as an alternative bioorthogonal conjugation reaction of biomolecules with
radiolabeled building blocks for the preparation of radiopharmaceuticals [9]. In this
regard, many researchers have developed a variety of cyclooctyne building blocks
for a variety of applications in molecular imaging [11–20]. Among various
cyclooctyne derivatives, aza-dibenzocyclooctyne (ADIBO) or dibenzocyclooctyne
(DIBO) compounds have been used widely with azide building blocks to rapidly
produce the corresponding triazole derivatives for efficient SPAAC reaction
(Fig. 14.1a) [21–23]. The strain promoted inverse electron-demand Diels-Alder
cycloaddition reactions of 1,2,4,5-tetrazines are known to be another popular bio-
conjugation method for molecular imaging applications (Fig. 14.1b). The
cycloaddition of a tetrazine with trans-cyclooctene (TCO) derivatives to the cor-
responding cycloocta[d]pyridazines can also provide the unusually fast reaction
rates in the absence of any catalyst under physiologically friendly condition [24].

It is well known that positron emission tomography (PET) is one of excellent
biomedical imaging modality. This PET system has been able to help early
detection, characterization, and real time monitoring of disease pathologies.
Nowadays, it is also useful for characterizing fundamental biological processes and
helping new drug developments [25, 26]. In order to obtain high-quality PET
images for this purpose, it is necessary to synthesize specific radiolabeled molecular
imaging probes using positron-emitters, such as carbon-11 (11C, t1/2 = 20.4 min),
nitrogen-13 (13N, t1/2 = 10 min), oxygen-15 (15O, t1/2 = 2.05 min), copper-64
(64Cu, t1/2 = 12.7 h), fluorine-18 (18F, t1/2 = 109.8 min) [27, 28]. In particular, 18F
is known to be the most prominent positron emitter for PET molecular imaging due
to its favorable properties as follow; (i) its minimal steric interference can allow 18F
labeled biologically active molecules to maintain favorable interactions with the
target proteins or receptors for tracing biological processes; (ii) 18F can be generated
easily from a cyclotron through the 18O(p, n)18F nuclear reaction using [18O] water
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targets with proton beams; (iii) a fluorine can form a stable covalent bond with
carbon, which can increase its metabolic stability; (iv) fluorine in
fluorine-containing compounds can form an unexpected hydrogen bonding with the
desired biological target; (v) the half-life of 18F allow 18F labeled molecular
imaging probes to be shipped regionally to nearby research sites or hospitals which
are not equipped with cyclotron as radionuclide production facility [27–31].

14.3 SPAAC Reaction Based In Vivo 18F-Labeling
of Mesoporous Silica Nanoparticles

Since biocompatible nanoparticles which have an optimal size can accumulate in
the tumor by passive targeting such as the enhanced permeability and retention
(EPR) effects [32–34], they have attracted much interest in therapy and early
diagnosis of cancer in broad nanomedicine research field [25–37]. Therefore, the
pharmacokinetic studies of the nanoparticles became a crucial topic for investi-
gating the safety of these nanoparticles and their in vivo behavior via real-time
tracking using a PET system in the living body. In general, MSNs can show good
performance in the biomedical field as the vehicles for drug-delivery [38].
However, because these nanoparticles generally require a long circulation time for
homing at the tumor region [37, 38], 18F may be not a suitable radioisotope for the
labeling of nanoparticles for PET imaging considering its short half-life
(t1/2 = 109.8 min) [27–29].

Fig. 14.1 Bioorthogonal reactions without need of catalyst under physiologically friendly
condition. a Strain promoted alkyne azide cycloaddition (SPAAC) reaction. ADIBO = aza-
dibenzocyclooctynes; DIBOs = dibenzocyclooctynes; ADIBOT = aza-dibenzocycloocta-triazoles.
b Strain promoted inverse electron-demand Diels-Alder cycloaddition reactions. TCO = trans-
cyclooctenes
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In 2013, Kim et al. firstly reported the pretargeting concept for in vivo covalent
18F labeling reaction of nanoparticles using a bioorthogonal chemistry [39]. In this
report, highly efficient MSN pretargeting and PET imaging was successfully done
with this short half-life 18F using a rapid and bioorthogonal SPAAC reaction of
ADIBO-substituted MSNs with 18F-labeled azide in tumor-bearing mice [39].
Using the strategy of bioorthogonal chemistry, an ADIBO group-tethered
PEGylated MSNs (ADIBO–PEG–MSNs) were prepared with such a size of 100–
150 nm that MSNs accumulate in the tumor by the EPR effect [40]. To investigate
the expected reaction rate in an in vivo system, the model SPAAC reaction was
carried out under physiologically similar conditions (pH 7.4 and 36.5 °C) in vitro as
shown in Fig. 14.2. The model SPAAC reaction of ADIBO–PEG–MSNs
(0.48 mmol of ADIBO portion, 4 mg) with 18F-labeled azide was completed within
15–20 min, and the desired 18F-labeled ADIBOT–PEG–MSNs was produced in
almost quantitative radiochemical yield (RCY).

As results of the tumor targeting ability of MSNs by the EPR effect and the fast
rate of SPAAC reaction under physiologically similar conditions, a further
MSNs-based pretargeting and later covalent 18F labeling via SPAAC was per-
formed in the living body (Fig. 14.3a). As shown in PET-CT images in Fig. 14.3c,
18F-labeled azide, even though it has no targeting capability to the tumor tissue,
exhibited high tumor uptake in the mice pretreated with ADIBO–PEG–MSNs 24 h
earlier via in situ synthesis of 18F-labeled ADIBO–PEG–MSNs by in vivo SPAAC
reaction within 2 h after injection of the 18F-labeled azide. In contrast, the PET-CT
images of the non-pretargeted mice, to which only the 18F-labeled azide was
administered, showed transient initial 18F uptake with lower signal intensity,
washing out soon via kidneys (Fig. 14.3b). This bioorthogonal SPAAC
reaction-based pretargeting protocol could provide a feasibility that the nanoparti-
cles were given first and wait until they are localized in the target region and with
later administration of the tracer 18F-azide to track them using PET. Later injected
18F-azide is bound to the nanoparticles via an in situ 18F labeling reaction on site in
the tumor in a living body. More recently, this SPAAC reaction-based pretargeting
protocol was applied in tracking in vivo other macrobiomolecules such as peptides
or antibodies while using PET with short half-life radioisotope.

Fig. 14.2 Formation of 18F-labeled ADIBOT-PEG-MSNs under physiologically similar condi-
tions (pH 7.4, 36.5 °C) in PBS by SPAAC reaction of ADIBO-PEG-MSNs with 18F-labeled azide.
Adapted from [39] with permission
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14.4 General Radiolabeling Procedure
with 18F for Peptides

Over the past few decades, the development of the combinatorial chemistry and
phage display technology allowed to discover novel bioactive peptide sequences In
particular, the phage display has provided about 160 sequences of tumor targeting
peptides [41]. Based on high expectation to use these new peptide sequences as the
molecular imaging probe or new drug candidates, development of peptide radio-
labeling reactions with various radioisotopes came to be an important research topic
for nuclear molecular imaging, diagnosis, and therapy [42].

18F labeled peptides can be prepared through two synthetic pathways as shown in
Fig. 14.4. Firstly, the direct 18F labeling procedure can be applied to produce 18F
labeled peptides by radiofluorination with no-carrier-added (n.c.a.) 18F. This direct
labeling reaction requires the harsh strong basic reaction conditions in organic
solvent, which is known to be not suitable for maintain the integrity of these peptides
molecules. As a result, the direct radiofluorination reaction was hardly used to
incorporate 18F atom into the peptides, as the bioactive peptides are sure to be
denatured or decomposed under this direct 18F labeling scheme (Fig. 14.4a) [43, 44].
Secondly, the other 18F labeling of peptides is an indirect labeling method with
stable 18F labeled building blocks (referred to prosthetic groups or synthons) by a
conjugation reaction. This indirect synthetic pathway is generally suitable to syn-
thesize 18F-labeled peptides via the conjugation reactions between the peptides and

Fig. 14.3 a Bioorthogonal SPAAC reaction for the in situ synthesis of 18F-labeled MSNs in a
living specimen for the MSNs pretargeting PET-imaging in tumor mice model. b PET-CT images
of 18F-labeled azide in a U87MG tumor-xenograft mouse administrated only 18F-labeled azide
alone (non-pretargeted). c PET-CT images in a U87MG tumor-xenograft mouse pre-treated
ADIBO-PEG-MSNs 24 h earlier (pretargeted procedure) at 15, 30, and 60 min after injection of
18F-labeled azide. T = tumor, K = kidneys. Adapted from [40] with permission
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18F labeled prosthetic groups, such as amidation, acylation, alkylation, or hydrazone
formation reaction with reactive amino- or thiol groups (Fig. 14.4b) [43, 44].

However, the reactive reagents or organic solvents for the preparation of 18F
labeled peptides by these indirect radiolabeling methods still lead to the denatu-
ration of peptides. In addition, the half-life of 18F is occasionally too short to
complete these two step indirect radiolabeling processes. To accomplish the
labeling or conjugation reaction with the 18F labeled building blocks within a
reasonable reaction time and with sufficient RCY, excess amounts of peptide pre-
cursor should have been used. As a result, trace quantities of 18F labeled peptides
should be separated and isolated from the remaining excess precursors, other
non-labeled molecules and chemical reagents after the reaction. High molar specific
activity is needed to ascertain imaging quality of PET and reduce the toxicity or
side-effects of the collateral administration of unlabeled peptides (Fig. 14.5a). High
performance liquid chromatography (HPLC) is the most popular purification pro-
cess and is well-known to take long time [27, 28]. This time-consuming purification
process using HPLC as well as the complicated synthetic procedures cannot fre-
quently provide the satisfactory product to be used for imaging in preparation of the
peptide radiotracer with reasonable RCY or/and molar activity [43–45].

14.5 Chemically Orthogonal Scavenger-Assisted 18F
Labelling Method

It is well-known that bioorthogonal click conjugation reactions such as the SPAAC
reaction and the inverse electron-demand Diels-Alder cycloaddition reactions can
work well in aqueous media without chemical reagents or any catalysts [11, 24].
This fact can allow the 18F labeled peptides or other bioactive molecules to be

Fig. 14.4 Synthetic pathway for the synthesis of 18F labeled peptides. a Direct 18F labeling
procedure by the radiofluorination with n.c.a. fluoride-18. b Indirect 18F labeling procedure by a
conjugation reaction using 18F labeled synthon
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obtained by these bioorthogonal click conjugation reactions under physiologically
friendly reaction conditions (such as room temperature, pH 7 and water solvent) to
avoid the decomposition and denaturation of these bio-molecules. In addition, the
18F labeling procedure became simple for easy handling. In 2011, Weissleder et al.
firstly reported a chemically orthogonal scavenger-assisted high-performance 18F
labeling protocol using the inverse electron-demand Diels-Alder cycloaddition
reactions to synthesize 18F labeled PARP1 inhibitor derivative (Fig. 14.6a) [46].
Using this protocol, 18F labeled PARP1 inhibitor was prepared from the
tetrazine-tethered precursor in 59.6% RCY within 3 min, by the bioorthogonal
tetrazine-trans-cyclooctene ligation reaction with an 18F labeled TCO synthon.
Moreover, the excess non-labeled tetrazine-tethered precursor could be removed
using a magnetic TCO scavenger resin and they could increase its molar activity. In
2012, it was reported that the bioorthogonal SPAAC based 18F peptide labeling
reaction could provide various 18F labeled peptide tracers under physiologically-
friendly reaction conditions without HPLC purification process. According to this
protocol, the SPAAC reaction of ADIBO-tethered cRGD peptide was reacted with
the 18F labeled azide synthon in aqueous media and reaction completed within
15 min to afford an 18F-labeled cRGD peptide quantitatively [47]. Based on
chemically orthogonal scavenger-assisted purification-concept above mentioned, a
subsequent treatment of the mixture solution with the polystyrene-supported azide
scavenger resin for 20 min could allow remove the excess cold ADIBO–cRGD
precursors (Fig. 14.6b). Just after filtration and washing using a PBS, the 18F
labeled cRGD peptide could be synthesized in a 92% RCY within the total reaction
time of 35 min. What is more appealing was that this RGD radiotracer was obtained

Fig. 14.5 Concept of the molar activity of radiolabeled molecular imaging probes for targeting.
a Low molar activity of radiotracer: bad image quality with high toxicity. b High molar activity of
radiotracer: good image quality with low toxicity
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as a directly injectable solution for PET molecular imaging study without HPLC
purification and formulation process. More recently, Kim et al. reported that 18F
labeled di-cRGD peptide, which was prepared by this 18F peptide labeling protocol,
could visualize successfully the tumor in vivo on PET imaging study [48].

In particular, the high throughput synthesis of various 18F labeled peptide tracers
can be achieved efficiently by this 18F labeling protocol platform [47]. With only
once production of 18F labeled azide synthon, three different peptides such as
bombesin (BBN), c-Met binding peptide (cMBP), and apoptosis targeting peptide
(ApoPep) could be radiolabeled simultaneously from the corresponding
ADIBO-substituted peptide precursors via this SPAAC based ligation reaction and
subsequent scavenger-assisted separation process in 90–92% of RCYs (molar
activities of 55–45 GBq/lmol).

14.6 Bioorthogonal Chemistry for 18F Peptide Labeling

The catalyst-free bioorthogonal chemistry have been applied to peptide labeling
with 18F as a chemo-orthogonal conjugation of bioactive peptides with the
18F-labeled building blocks. For this purpose, two synthetic approaches were
generally used such as the SPAAC and the tetrazine-TCO Diels-Alder cycloaddi-
tion. The 18F peptide labeling based on SPAAC approach focused on the

Fig. 14.6 Overview of chemically orthogonal scavenger-assisted 18F labelling protocol platform.
a The bioorthogonal tetrazine-TCO ligation based 18F labeling and purification procedure for
synthesis of 18F labeled PARP1 inhibitor derivative. b The SPAAC based synthesis of various 18F
labeled peptides with 18F labeled azide synthons and subsequent chemo-orthogonal purification
using a polystyrene-supported azide resin. Adapted from [46] with permission
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development of the conjugation between 18F labeled cyclooctyne building blocks
and azido-tagged peptides [9]. For example, 18F labeled A20FMDV2, which is an
integrin avb6-specific peptide, was prepared using this SPAAC based protocol by
Sutcliffe et al. [49]. In this report, the acylation of an ADIBO derivative 2 using
N-succinimidyl-4-[18F]fluorobenzoate proceeded at 37 °C for 30 min in DMF,
giving an 18F labeled ADIBO synthon. Then, its SPAAC reaction with azide-tagged
A20FMDV2 peptide provided the desired 18F labeled peptide in 11.9% RCY with a
molar activity of 68 ± 25 GBq/lmol after HPLC purification process (Fig. 14.7a,
up) [50]. An 18F labeled ADIBO building block could be obtained directly in 65%
RCY using the nucleophilic displacement reaction of the corresponding tosylate 6
with 18F at 100 °C for 15 min in CH3CN [49]. Then, 18F labeled Tyr3-octreotate
peptide was produced in 95% RCY by treatment of the corresponding
azide-substituted precursor for 30 min in ethanol (Fig. 14.7a, down) [51].

The other SPAAC based labeling approach was reported by Campbell-Verduyn
et al. In this approach, an 18F labeled azides were used as radiolabeled building
blocks for the SPAAC conjugation reaction with ADIBO functionalized peptide.
An ADIBO substituted lys[3] -bombesin peptide was synthesized for this purpose.
Then, the 18F labeled bombesin peptide derivatives were produced in 19–37% RCY
by the SPAAC conjugation of a bombesin peptide with three different 18F-labeled

Fig. 14.7 18F peptides labeling. a SPAAC reaction of 18F labeled ADIBO-synthon with
azide-tagged peptides. b SPAAC reaction of 18F-labeled azides building blocks with the
ADIBO-functionalized peptide
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azide synthons at ambient temperature within 15 min (Fig. 14.7b). In the aspect of
RCY and reaction step, this protocol employing using the 18F labeled azide syn-
thons is generally known to be more efficient than those using 18F labeled
cyclooctyne synthons for the 18F labeling [52].

The bioorthogonal tetrazine-TCO Diels-Alder cycloaddition is also extremely
efficient conjugation reaction for 18F labeling of peptides. It have been reported that
18F labeled cRGD [18F]x and exendin-4-affine peptide radiotracer could be prepared
in excellent RCYs by this cycloaddition reaction of a 18F labeled TCO synthon with
the corresponding tetrazine-substituted peptides as shown in Fig. 14.8 [53, 54].
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Part V
In Vivo Biodistribution Using

PET and SPECT

Chapter 15: Preclinical PET and SPECT for Radionanomedicine
Chapter 16: Tracer Kinetic in Radionanomedicine

In this part, readers will find the very concise summary of what tracer technology
can give the in vivo behavior of administered radionanomedicines, in other words,
pharmacokinetics of radionanomaterials. The advantages of tracing radionanoma-
terials using PET and SPECT are 1) seeing their whereabouts serially, 2) visual-
ization in a tomographic way, with attenuation correction in humans and 3) even
quantification. In Chap. 15, the readers can find the basic facts about PET and
SPECT associated with CT or MRI (PET/CT or PET/MRI) especially expecting
human clinical applications of radionanomedicines. To understand the quantifia-
bility of PET and SPECT, one needs to know the acquisition and reconstruction of
serial images with quantifiable accuracy and precision in Chap. 15. With the
acquired images, we do tracer kinetic modeling and find the rate constants or
representative parameters to explain the biodistribution or uptake/excretion of
radiolabeled nanomaterials in exact fashion, and this is called quantification. This
quantification is detailed in such a great abstraction not losing the comprehen-
siveness in this chapter. After browsing the first part of summary of well-
established knowledge of tracer kinetics acquired from radiolabeled small molecule
PET, the readers are going to learn how the tracer kinetic studies helped understand
the factors contributing the uptake and excretion. Once pharmacokinetic under-
standing is completed using PET or SPECT tracer kinetic studies, one can now turn
to the exact understanding of pharmacodynamics to explain biological effect of
tumor regression or regenerative success.



Chapter 15
Preclinical PET and SPECT
for Radionanomedicine

Hyung-Jun Im and Gi Jeong Cheon

Abstract Quantitative evaluation of in vivo biodistribution is a prerequisite for the
development of new targeted theranostic probes in nanomedicine. Here in this
chapter the principles of positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) were explained. These two modalities are
now popularly used for small animal studies and yield valuable information of the
biodistribution, pharmacokinetics and final fates of radionanomedicines injected
systemically. Great penetration depth, no background signal and the high sensi-
tivity of PET and SPECT are the advantages for accurate quantification of in vivo
biodistribution. MRI as well as CT was added to these modalities and clarifies the
anatomical details. Simultaneous or sequential acquisition of PET/CT or PET/MRI
allow the understanding of the accurate anatomical distribution of the administered
radiolabeled nanomaterials. In this chapter, basic technical aspects and the appli-
cation to radionanomedicine of PET and SPECT are detailed.

15.1 Introduction

Quantitative evaluation of in vivo biodistribution is a prerequisite for the devel-
opment of new targeted theranostic probes in nanomedicine. Radionanomedicine
can provide the real time, quantitative information regarding in vivo biodistribution
including targeting efficiency of nanoparticles (NPs). The positron emission
tomography (PET) and single-photon emission computed tomography (SPECT) are
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the two tomographic imaging techniques which are used in radionanomedicine.
PET and SPECT have a clear benefit over other small animal imaging modalities.
Most of all, there is no background signal in the body system, which enables
accurate quantification of tissue uptake of tracers. Also, the sensitivity of PET and
SPECT is many orders of magnitude higher than that of computed tomography
(CT) or magnetic resonance imaging (MRI). Furthermore, the greater penetration
depth is an advantage over optical imaging or photoacoustic imaging (Fig. 15.1)
[1]. However, lack of anatomical information is the limitation of the PET or
SPECT. Thus, hybrid imaging techniques have been developed including PET/CT
and SPECT/CT which has been successfully incorporated into clinical practice.
Recently PET/MR and SPECT/MR have been developed by the advancement of
MR compatible photodiodes. PET/MR has several potential advantages over PET/
CT. Firstly, MR has the higher soft tissue resolution than CT and no radiation
exposure. High soft tissue resolution is beneficial in the field of small animal
imaging. Furthermore, there is a difference in PET images between the two devices.
PET/MR can achieve simultaneous acquisition, unlike PET/CT. The conventional
PET/CT cannot be obtained simultaneously because the simultaneous acquisition of
PET and CT can cause signal disturbance each other. The attenuation correction is a
limitation for clinical PET/MR, however it is not necessary for mouse imaging. In
this chapter, basic technical aspects and the application to radionanomedicine of
hybrid imaging techniques using PET and SPECT will be described.

15.2 Preclinical SPECT/CT and SPECT/MR

15.2.1 SPECT System

SPECT imaging is produced by the detection of gamma photons that are emitted
from the single photon-emitting radioisotopes accumulated in target areas.
A gamma camera is used for SPECT imaging and consists of a collimator, a light

Fig. 15.1 Comparison of
in vivo imaging modalities
regarding molecular
sensitivity and spatial
resolution Reproduced with
permission [1]
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guide, a scintillator crystal, photomultiplier tubes (PMTs), pulse height analyzer
and position logic circuit (Fig. 15.2a) [2, 3]. Lead or tungsten collimator is used to
accept the photons arriving with only appropriate angles. The selection of the
photons by the collimator enables gamma camera to localize the source of the
photons. A scintillator converts each accepted photon with energy between 70 and
300 keV to the optical photons with lower energy [4]. The scintillator is coupled to
a PMT. The photoelectrons are emitted in the PMT by the strike of optical photons
on the photocathode of the PMT. The signal is amplified by applying a high
voltage, and the amplified electrons hit the PMT’s anode. The pulse height analyzer
is used to select particular energy signal using energy spectrum information of
gamma photons emitted from radioisotopes (Table 15.1). For tomographic image
(SPECT), the gamma camera obtains multiple 2D projection images while the
camera is rotating around the object to be imaged. This sinogram from the multiple
projection images is used to reconstruct tomographic SPECT images [5]. SPECT
has a relatively low spatial resolution because of the intrinsic limitation from
scintillation crystal and PMT system. In particular, the intrinsic spatial resolution of
a conventional gamma camera using NaI(Tl) scintillator is around 3.8 mm
full-width-at-half-maximum (FWHM) [4]. In late 1990, position sensitive photo-
multiplier tubes (PSPMTs) were developed to improve the spatial resolution of
SPECT by maintaining position information during electrons multiplication [4, 5].
The spatial resolution of SPECT was further enhanced by the magnification of the
geometry using the pinhole collimators [6, 7]. Another way to improve the reso-
lution was to utilize pixelated detectors using discrete NaI(Tl) or CsI(Tl) crystals
[8–11] or cadmium telluride (CdTe) or cadmium zinc telluride (CZT) semicon-
ductor detectors [12–15]. This pixelated detectors enhanced the spatial resolution at
the sacrifice of the detection sensitivity. Recently, a superior resolution-sensitivity

Fig. 15.2 a Basic structures of a gamma camera: among single photons from a subject, only
straight ones can hit the scintillation crystal due to the collimation. The photons are converted to
visible light which strike photomultiplier tubes to be converted to electrons. Reproduced with
permission from [2]. b Physical basis of PET and the limitation. Positron range indicates the length
from the radioisotope to the place that positron is annihilated. Non-collinearity refers to the
difference of the angle of antiparallel photons emitted from positron annihilation. Reproduced with
permission [36]
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collimator called slithole has been developed which needs further testing in animal
models [16]. The CZT system provides higher energy resolution [17] which is
beneficial for using multiple radiotracers with a different energy in a single scan
[18]. Also, silicon photomultipliers (SiPMs) coupled with pixelated crystal showed
higher spatial resolution and emerged as a prominent alternative to PMTs in
SPECT. SiPMs have a significant advantage that it can be used in SPECT/MR
system as well [19, 20].

15.2.2 SPECT/CT and SPECT/MR in Radionanomedicine

In the field of radionanomedicine, SPECT is used primarily for evaluation of
in vivo biodistribution of injected theranostic NPs. In one study, vascular
endothelial growth factor (VEGF) loaded 99mTc labeled chitosan hydrogel NPs
were injected into a rat model of myocardial ischemia and showed alleviation of
ischemia. In the meantime, SPECT imaging was used to monitor the whereabouts
of the radionanomedicines which may be used for dose adjustment in the following
experiment or clinical trial [21]. In another study, 111In labeled mesoporous silica
NPs (MSNs) was used to tracking neural stem cells in the orthotopic glioblastoma
model of mouse. For the monitoring of injected neural stem cells (NSCs), 111In
labeled MSN was taken up by NSCs before the injection to the mouse. NSC was
injected to the brain of the mouse model and the migration of the NSC to the cancer
lesion was observed by SPECT/CT imaging (Fig. 15.3) [22]. Parrott et al. reported
the renal clearance of 99mTc labeled polyester dendrimers using SPECT/CT
imaging [23]. In another study, silver NPs were radiolabeled with 125I for SPECT

Table 15.1 Radionuclides
for PET and SPECT

Radionuclide Decay Photon energy (keV) Half-life
11C b+ 511 20.3 min
13N b+ 511 10.0 min
15O b+ 511 2.07 min
18F b+ 511 110 min
68Ga b+ 511 68 min
82Rb b+ 511 1.25 min
64Cu b+ 511 12.7 h
89Zr b+ 511 3.3 day
99mTc IT 140 6.03 h
111In EC 172, 247 2.81 day
123I EC 159 13.0 h
125I EC 27–35 59.4 day
201Tc EC 68–80 3.05 day

IT Isomeric transition; EC electron capture. Reproduced with
permission [34]
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imaging. The NPs had 12 nm size and showed predominant splenic uptake (41.5%
ID/g) [24]. In vivo tracking of DNA NPs also have been reported using SPECT/CT
imaging. Patil et al. reported the time courses of 111In labeled DNA micelle
deposition, and the distribution was compared between the different administration
routes, which are intrabiliary, hydrodynamic and intravenous infusion [25]. In
another study, SPECT/CT revealed the tumor targeting efficiency of 99mTc labeled
tetrahedral DNA nanostructures [26].

There have been radionanoprobes for SPECT with the dual imaging ability.
99mTc labeled superparamagnetic iron oxide (SPION) was developed and showed
dual imaging property for SPECT/MR for sentinel lymph node mapping [27].
Wang et al. developed a SPECT/MR probe, 125I-c(RGDyK) peptide PEGylated
Fe@Fe3O4 NPs (125I–RGD–PEG–MNPs). The probe was able to target glioblas-
toma xenograft tumor in the mouse model with the uptake of 6.75%ID/g, and the
uptake can be seen in both SPECT and MR images (Fig. 15.4) [28]. Black et al.
reported the development of dual radiolabeled (125I and 111In) gold NPs. The single
SPECT scan can be separated into two SPECT images according to the energy
levels which showed distinct characteristics (Fig. 15.5) [29].

Fig. 15.3 a SPECT/CT imaging of mouse brain after intracerebral injection of neural stem cells
(NSCs) containing 111In-MSNs (mesoporous silica nanoparticles). In SPECT/CT image,
radiolabeled NSCs can be seen at the injection site. In brain tumor model, radiolabeled NSCs
migrate from injection site (white circle) toward brain tumor lesion (red circle). b Fluorescent
microscopy revealed that NSCs loaded with 111In-MSN (green cells) was migrated to tumor lesion
site (glioma xenograft, cherry cell). Reproduced with permission from [22]
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With the advances of small animal SPECT, SPECT has a higher resolution than
that of PET unlikely with the clinical systems. Cheng et al. compared dedicated
small animal PET and SPECT systems [99mTc on a Nano-SPECT/CT camera
(Bioscan Inc., Washington D.C., USA) vs. 18F on a Mosaic HP PET (Philips
Medical Systems, Inc., Cleveland, Ohio, USA)]. The phantom images and mouse
images using radiolabeled anti-HER2 NPs showed superior spatial resolution of
SPECT system (Fig. 15.6) [30].

Theranostic radioisotope including 177Lu, 131I can be utilized for both SPECT
imaging and radionuclide therapy. 177Lu labeled lipid calcium phosphate
(LCP) NPs were used for tumor SPECT imaging and therapy. In a subcutaneous
xenograft tumor mouse model, 177Lu–LCP showed the higher tumor uptake than
free 177Lu. Also, 177Lu–LCP demonstrated the superior ability to inhibit the tumor
growth than free 177Lu [31]. SPECT/CT imaging was used to monitor the intra-
tumorally injected 177Lu labeled gold NPs in the subcutaneous breast cancer mouse
model. Regional distribution of radiation dose of a tumor can be calculated using
SPECT image. Finally, the NPs were able to inhibit the tumor growth and prolong
the survival (Fig. 15.7) [32]. Also, Ming et al. reported the development of ther-
anostic 131I labeled arginine-glycine-aspartate (RGD) bovine serum albumin
polycaprolactone for imaging and treatment of murine lung cancer models [33].

Fig. 15.4 The 125I-c(RGDyK) peptide PEGylated Fe@Fe3O4 nanoparticles (125I–RGD–PEG–
MNPs) was able to target tumor site confirmed by SPECT/MR imaging. The NPs can be used for
photothermal therapy Reproduced with permission [28]
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Fig. 15.5 In vivo SPECT/CT imaging of dual-radiolabeled nanoparticles. a 200 ± 60 keV
energy channel for detection of 111In, b 28 ± 3 keV energy channel for detection of 125I, and c for
both energy channels. Thyroid accumulation can be only seen in the 125I channel (circle)
Reproduced with permission [29]

Fig. 15.6 a SPECT image of 99mTc phantom (1.2–1.7 mm rods) (left), and PET image of 18F
phantom (1.2–4.8 mm rods) (right). b SPECT/CT (left) and PET/CT (right) image of mouse tumor
model Reproduced with permission [30]
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15.3 Preclinical PET/CT and PET/MR

15.3.1 PET System

Unlike SPECT tracers, PET tracers emit positrons instead of photons (Table 15.1)
[34]. The emitted positron travels a few millimeters (positron range) before it hits an
electron. When the positron hits the electron, they are annihilated and produce two
anti-parallel photons with the energy of 511 keV. This annihilation and consequent
production of two antiparallel photons occur in the same manner for all PET tracer
thus PET does not allow simultaneous imaging of multiple tracers. The antiparallel
photons are detected by a full ring shaped PET detector [35]. Since the antiparallel
photons provide the direction from the source, thus PET scanner does not require a
collimator, which is the most notable hardware difference between PET and SPECT
scanners.

A line between the two points on the PET detector that are hit by two antiparallel
photons within 4–20 ns is called line-of-response (LOR). PET scanner does not
need a collimator thus has a significantly higher sensitivity (two or three orders of
magnitude) than SPECT scanner. However, PET has more intrinsic,
physics-related, limitation regarding spatial resolution than SPECT, which are
positron range and photon non-collinearity (Fig. 15.2b) [36]. The spatial resolution
of PET scanner is around 4 mm in clinical systems and 1 mm in dedicated pre-
clinical scanners.

Fig. 15.7 a SPECT/CT images of mouse breast cancer xenograft model (white arrows) at 1 or
48 h after intratumoral injection of 177Lu–T–AuNP (with targeting moiety) or 177Lu–NT–AuNP
(without targeting moiety). b Visualization of radiation-absorbed dose distribution (left) and
radioactivity distribution (right) of xenograft tumor after intratumoral injection of 177Lu-T-AuNP
(top) or 177Lu–NT–AuNP (bottom). c Kaplan Meyer survival curve of breast cancer xenograft
model treated with 177Lu–T–AuNP, 177Lu–NT–AuNP, unlabeled T–AuNP or OPSS–PEG–
DOTA–177Lu (not conjugated to AuNP) or normal saline for control groups Reproduced with
permission [32]
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15.3.2 PET/CT, PET/MR Imaging in Radionanomedicine

PET has also been utilized in radionanomedicine for quantitative evaluation of
in vivo biodistribution including targeting efficiency. Majority of the studies were
about cancer imaging [37–45] or theranostics [46–53]. Liang et al. reported pho-
todynamic therapy using polyethylene glycol (PEG)-coated nanomicelles conju-
gated with chlorin e6 (PEG-Ce6 nanomicelles). Tumor targeting efficiency of the
PEG-Ce6 nanomicelles was evaluated by PET/CT imaging after radiolabeling of
64Cu (Fig. 15.8) [52]. 64Cu labeled copper sulfide NPs were used for targeted
imaging and photothermal therapy (PTT) in an orthotopic ovarian cancer model.
PET image showed moderate uptake of 6.4%ID/g by the passive targeting, and
subsequent PTT using near infrared laser (980 nm, 2 min) was able to destroy over
90% of the tumor [53].

Also, PET has been utilized in cardiovascular diseases including peripheral
arterial disease [54, 55], and ischemic heart disease [56–58]. Keliher et al. reported
PET imaging of 18F labeled Macroflor which is a modified polyglucose NP with the
ability to target macrophages [56]. In the study, 18F Macroflor was able to detect
macrophage infiltration in the atherosclerotic aorta in mice and rabbits using PET/
CT and PET/MR. Furthermore, PET/MR revealed the macrophage infiltration in
myocardial infarction model of mice (Fig. 15.9). England and Im et al. reported that
64Cu labeled reduced graphene oxide–iron oxide NPs were able to target ischemic
tissue (* 15%ID/g) in a mouse model of peripheral arterial disease by enhanced
permeability and retention effect [55]. Also, they found that the NPs exhibit
accelerated blood clearance phenomenon upon re-injection of the NPs in the same
animal, which effectively reduced the efficiency of the passive targeting [54].

Radionanomedicine has rarely been applied to brain diseases because of the
presence of blood brain barrier (BBB) which can effectively inhibit the entrance of
NPs to the brain parenchyma. In one study, the neuropeptide functionalization of
ultra-small gold NP could improve the penetration of BBB. Even with the

Fig. 15.8 a In vivo PET imaging of 64Cu-labeled PEG-Ce 6 nanomicelles in a mouse xenograft
model (yellow arrowhead indicates the tumor). b Tumor growth curves of treatment and control
groups show the efficient growth inhibition by the photodynamic therapy Reproduced with per-
mission [52]
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improvement, minimal amount of the NPs (0.02%ID/g) was able to enter inside of the
brain [59]. BBB is destroyed in the brain cancer, thus targeting NPs to brain cancer is
more feasible than normal brain tissue. Seo et al. reported that 64Cu labeled liposome
and micelle can be targeted to brain cancer lesion in orthotopic glioblastomamodel of
mouse. They also found that 20 nm sized micelles showed the higher uptake than
110 nm sized liposome (0.77 vs. 0.45%ID/g) (Fig. 15.10) [60].

Fig. 15.9 a Macroflor PET/CT in mice with atherosclerosis. PET/CT images in ApoE-/- and
wild-type control mice after IV Macroflor injection. b Macroflor PET imaging reveals
atherosclerotic aortic plaques in rabbits (upper). Control rabbits (lower). c PET/MRI on day six
post-MI in wild-type mice (white dotted line: myocardium, yellow dashed line: infarct)
Reproduced with permission [56]

Fig. 15.10 a Schematic representation of the accumulation of liposomes and micelles in
orthotopic glioblastoma model of rat. PEG: polyethylene glycol. b PET/MR images (upper) and
contrast enhanced MR images (bottom and lower) of the rat brain after injection of 64Cu-liposomes
and 64Cu-micelles Reproduced with permission [60]
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15.4 Conclusion

Small animal imaging using PET or SPECT has unique advantages over other
in vivo imaging modalities in its sensitivity and depth penetration and quantifia-
bility. Furthermore, anatomical information can be added to PET or SPECT by the
hybrid scanner with CT or MR. Evaluation of in vivo biodistribution including
targeting efficiency using PET and SPECT imaging of radiolabeled NPs is bene-
ficial to facilitate the development of the novel theranostic NPs. Furthermore, the
radiolabeled NPs themselves can be utilized as novel theranostic
radionanomedicines.
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Chapter 16
Tracer Kinetics in Radionanomedicine

Jae Sung Lee, Seongho Seo and Dong Soo Lee

Abstract Quantification of the amount of radiolabeled nanomaterials distributed in
the animal and human body is important for understanding their in vivo properties
(e.g., target delivery, radiolabeling stability, and excretion pathway) and deter-
mining future applications. Tracer kinetic analyses could play a vital role in the
success of radionanomedicine as it facilitates the development of clinically relevant
nanomaterials by providing the pharmacokinetic information. In this chapter, we
describe the methodology used in the tracer kinetic analysis of dynamic positron
emission tomography (PET) and single photon emission computed tomography
(SPECT), starting from how to record the time profiles of tracer concentration in the
blood and tissues, two sources of data required for a tracer kinetic model.
Compartment models commonly used in PET and SPECT tracer kinetic analysis
and their operational equations for fitting the tissue time-activity curves will be
introduced. Then, several robust parameter estimation methods will be described.
Finally, we will introduce a few examples of the tracer kinetic analysis in
radio-nanomaterial studies.
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16.1 Introduction

Radionanomedicine is anticipated to expedite the clinical translation of
nanomedicines, because it has the potential to address critical issues, such as
possible toxicity and lesser-known pharmacokinetic characteristics of nanomaterials
(or nanoparticles) by leveraging very low doses of radiolabeled nanomaterials
(radionanomaterials) instead. Radiolabeling of a nanomaterial enables the visual-
ization of its distribution in living bodies up to great depths using nuclear medicine
imaging modalities, such as the positron emission tomography (PET) and single
photon emission computed tomography (SPECT). Even if a very small amount of
radiolabeled material (known as a radiotracer) is administered, its in vivo spa-
tiotemporal biodistribution can be quantitatively measured by the above-mentioned
modalities owing to their high molecular sensitivity. Consequently, through tracer
kinetic analyses, one can obtain quantitative information regarding the underlying
physiological and biochemical processes associated with radiotracers by making
use of such spatiotemporal data [1, 2]. As such, radionanomedicine practices based
on the use of these techniques can not only avoid the use of high pharmacological
amounts of nanomaterials but can also provide relevant preliminary information
regarding the fate of nanomaterials, such as a rapid clearance from the body.

Tracer kinetic analyses could play a vital role in the success of radio-
nanomedicines as it facilitates the development of clinically applicable nanomate-
rials by providing quantitative pharmacokinetic information. In fact, tracer kinetic
analysis is now attracting considerable interest from several emerging disciplines,
such as PET microdosing and precision medicine, because of the increased
importance of obtaining quantitative information for new drug development.

Tracer kinetic analysis of radiotracers based on their spatiotemporal distribution
enables quantitative measurement of the rate constants associated with various
physiological and biochemical processes. A tracer-kinetic model is a mathematical
description of the movement of radiotracers within a living biological system. In
most cases, the radiotracer movement is tracked from the arterial plasma to target
tissues. The rate of radiotracer movement (or a change in radiotracer concentration)
often provides direct information on the rate of a biological process. Therefore, one
can trace and understand dynamic physiological and biological processes through
tracer kinetic analysis [3–5].

The following describes a typical procedure followed in tracer kinetic analysis
providing quantitative measurement.

– Define the physiological and biochemical parameters to be determined.
– Introduce a tracer that follows the physiology of the mother substance without

disturbing the system.
– Record the time profiles of tracer concentrations in the blood and tissues.
– Apply a suitable mathematical model.
– Estimate the parameters of interest.
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The following sections describe the methodology used in the tracer kinetic
analysis of dynamic PET and SPECT. A few examples of their application in
radionanomaterial studies have also been discussed.

16.2 Tissue Time–Activity Curves and Input Functions

In general, there exist two sources of data required for a tracer kinetic model: the
time course of the measured concentration of the radiotracer disposed in the tissue
(the tissue response) and that of the injected radiotracer in the blood or plasma (the
input function) [6].

Tissue time–activity curves are usually obtained by drawing a region of interest
(ROI) or volume of interest (VOI) on PET or SPECT images. Template- or
atlas-based ROIs (and VOIs) could be used as an alternative to them being drawn
manually, which is a laborious and time-consuming process [7–9]. Parametric
images can also be generated by applying the kinetic analysis to time–activity
curves of every image voxel. Each voxel of a parametric image then represents a
value of some physiological parameter [10–14].

The standard method to obtain a plasma input function consists of manual or
automated continuous arterial blood sampling. Plasma is extracted from arterial
blood samples using a centrifuge, and the radioactivity concentration in these
plasma samples is measured using a gamma counter and corrected for radioactive
decay. If the radioactive metabolite of the injected radiotracer in the plasma does
not reach the target (ROI), the metabolite fraction should be measured to obtain a
metabolite corrected input function. In brain studies, metabolite correction is nec-
essary, since radioactive metabolites usually cannot cross the blood–brain barrier
due to their decreased lipophilicity. Dispersion and time delay corrections may be
done if necessary [15, 16].

For radiotracers that do not require metabolite correction (or if applying the
population-based metabolite fraction is a feasible option), one can use an
image-derived input function (IDIF) obtained by applying the ROIs to heart cavities
or large arteries. The IDIF approach is commonly used in myocardial perfusion
PET studies using [13N]NH3 (ammonia) and 82Rb. IDIF is also important in small
animal imaging studies, wherein frequent blood sampling is not possible [17–19].
However, in human brain PET studies, there still exist many methodological
challenges facing the routine use of the IDIF approach. Some of these challenges
include accurate segmentation of carotid arteries and the partial volume effect [20].
Multivariate analysis techniques, such as factor and independent component anal-
yses, may, at times, prove useful for separating the IDIF approach from the tissue
time–activity curves [21–23].

Another less-invasive alternative to arterial sampling is the population-based
input function (PBIF), which has been validated mostly for [18F]FDG PET studies
[24, 25]. The arterial plasma input functions obtained from the subject population
are averaged after normalization. PBIF is then scaled using few blood samples to
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obtain individual input functions. Unlike IDIF, the accuracy of PBIF does not
depend upon partial volume effects, scanner characteristics, or reconstruction
algorithms, and neither does it require post-processing of images. Because of the
interindividual variability in the tracer metabolite fraction and peak estimation error,
PBIF has limited accuracy in case of radiotracers with low parent concentration at
the end of the scan [20].

Reference tissue approaches are widely used for radio ligands that bind to some
molecular target but possess a reliable reference region devoid of specific binding.
One can derive a relationship between reference regions and ROIs with specific
binding under the assumption that they share the input function and that the
non-displaceable volume of distribution (VND) is constant throughout the regions
[11, 26, 27]. The simplified reference tissue model (SRTM) is also popular because
it has fewer parameters to be estimated than the full model, and multiple linear
models for SRTM are also available [13, 14, 26, 28]. Details of these approaches
have been described in the following sections.

16.3 Compartment Modeling

Biological systems can be modelled as a combination of compartments linked by
kinetic processes (i.e., the exchange of materials among compartments).
Compartment modeling is commonly used in tracer kinetic analyses. In the com-
partment model, each compartment represents an effective radiotracer amount
occupying a distinct physical space and having different chemical forms or phar-
macological states. The radiotracer in the compartment should be well-mixed,
kinetically homogeneous, and distinct. Compartment models frequently used for
in vivo nuclear imaging studies are shown in Fig. 16.1. In this Fig., the arrows
indicate the paths followed by the radiotracer [5, 29, 30]. Radiotracers within a
tissue can be modeled with more than one compartment depending on the kinetic
properties of the tissue.

In one-tissue compartment models (or two-compartment models) shown in
Fig. 16.1a, a change in radiotracer concentration in the tissue compartment can be
described by the following equation.

dCTðtÞ
dt

¼ K1CpðtÞ � k2CTðtÞ; ð16:1Þ

where t represents time; Cp(t) and CT(t) are, respectively, the arterial plasma and
tissue concentrations of the radiotracer; K1 (mL/min/g) and k2 (min−1) respectively
are the rate constants defined for describing the delivery and washout of the
radiotracer.
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Solving the above equation for CT(t) gives

CTðtÞ ¼ K1

Z t

0

CpðsÞe�k2ðt�sÞds ¼ K1CpðtÞ � e�k2t; ð16:2Þ

where ⊗ denotes a convolution integral.
The two-tissue compartment model (or three-compartment model) shown in

Fig. 16.1b can be described by the following set of equations.

dC1ðtÞ
dt

¼ K1CpðtÞ � k2C1ðtÞ � k3C1ðtÞþ k4C2ðtÞ ð16:3Þ

dC2ðtÞ
dt

¼ k3C1ðtÞ � k4C2ðtÞ ð16:4Þ

where the additional parameters k3 (min−1) and k4 (min−1) describe the exchange of
materials (e.g., phosphorylation and dephosphorylation in [18F]FDG, association
and dissociation of radio ligands and receptors) between tissue compartments
C1(t) and C2(t).

In this model, the tissue time–activity curves, fitted using measurements per-
formed by the imaging devices, amount to the sum of C1(t) and C2(t) (Fig. 16.1b).

Fig. 16.1 Compartment models. a One-tissue. b Two-tissue (in the kinetic modeling of receptor–
ligand interaction, C1 and C2, respectively, represent the free or non-specifically bound radio
ligand and the radio ligand specifically bound by receptors)
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CTðtÞ ¼ C1ðtÞþC2ðtÞ
¼ K1CpðtÞ � k3 þ k4 � q1

q2 � q1

� �
e�q1t � k3 þ k4 � q2

q2 � q1

� �
e�q2t

� �
ð16:5Þ

q1; q2 ¼
ðk2 þ k3 þ k4Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk2 þ k3 þ k4Þ2 � 4k2k4

q
2

ð16:6Þ

The combination of rate constants employed in the two-tissue compartment
model can be related to the commonly used parameters for in vivo imaging of
reversibly binding radio ligands (C1(t) and C2(t) correspond to non-displaceable and
specific binding compartments, respectively), as listed in Table 16.1.

Radiotracer kinetics with irreversible binding or uptake can be described by
assigning a value equal to zero to k4 thereby leading to the following simpler
solution.

CTðtÞ ¼ K1

k2 þ k3
CpðtÞ � k3 þ k2e

�ðk2 þ k3Þt
h i

ð16:7Þ

The net transport rate of the radiotracer (Kin or Ki) into the irreversibly bound
second tissue compartment (C2(t)) is defined as the product of K1 and k3/(k2 + k3).

As previously mentioned, the reference tissue model is a widely-used approach
that does not require arterial sampling. The relationship between the time–activity
curves of ROI and the reference region is derived with the assumption of constant
non-displaceable volume of distribution. The SRTM equation applicable to radio
ligands with relatively rapid exchange between non-displaceable and specific
binding compartments (C1(t) and C2(t)) is given by

CTðtÞ ¼ R1CRðtÞþ k2 � R1k2
ð1þBPNDÞ

� �
CRðtÞ � e

�k2 t
ð1þBPNDÞ ð16:8Þ

where CR(t) is the concentration of radio ligands in the reference region, R1 is the
ratio of K1 for ROI to that for the reference region, k2 is the wash out from ROI, and
BPND is the binding potential relative to the non-displaceable compartment.

Table 16.1 Parameter nomenclature commonly used for in vivo imaging of reversibly binding
radio ligands and their relationship with the rate constants employed in the two-tissue compartment
model

Parameter Description Equation

VND Distribution volume of non-displaceable (free or nonspecifically
bound) compartment

K1
k2

VT Total distribution volume K1
k2

1þ k3
k4

	 

DVR Distribution volume ratio VT

VND
¼ 1þ k3

k4

BPND Binding potential relative to the non-displaceable compartment VT�VND
VND

¼ k3
k4
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Sometimes, correction factors for mitigating the partial volume and spillover
effects on the tissue time–activity curves are incorporated into model equations. The
correction factors may or may not be coupled with each other, as shown in (16.9)
and (16.10), as the case may be.

~CTðtÞ ¼ ð1� VaÞCTðtÞþVaCpðtÞ ð16:9Þ

~CTðtÞ ¼ aCTðtÞþVaCpðtÞ ð16:10Þ

Here, Va is a correction factor for the spillover effect and (1 − Va) or a is the
correction factor for the partial volume effect.

If the specific activity of a radio ligand or receptor density is not high enough in
the receptor–ligand binding, the rate constant describing the forward receptor–
ligand reaction (k3) in the two-tissue compartment model (Fig. 16.1b) is not con-
stant anymore. k3 is then time-varying and dependent on the activity concentration
of the specifically binding compartment (C2) and the specific activity. Also, the
analytical solution of CT(t), shown in (16.5), does not work anymore, requiring the
following numerical generation.

k3ðtÞ ¼ kon Bmax � C2ðtÞ
As

� �

C1ðtþDtÞ ¼ C1ðtÞþDt K1CpðtÞ � ðk2 þ k3ðtÞÞC1ðtÞþ k4C2ðtÞ
� �

C2ðtþDtÞ ¼ C2ðtÞþDt k3ðtÞC1ðtÞ � k4C2ðtÞ½ �
CTðtþDtÞ ¼ C1ðtþDtÞþC2ðtþDtÞ

ð16:11Þ

Here, kon is the bimolecular association rate constant (g/pmol/min), Bmax is the
density of receptor sites available for radio ligand binding (apparent Bmax, pmol/g),
and As is the specific activity (radioactivity per mole of a labeled compound, lCi/
pmol) [31, 32]. Figure 16.2 shows examples of the simulated time–activity curves at
different specific activities. Noiseless total tissue time–activity curves
(C1 + C2 + V0 � Cp) were generated using the above equations and a
metabolite-corrected plasma input function was obtained from a human [11C]raclo-
pride PET study involving intermittent arterial blood sampling for 90 min. The input
function was interpolated every second, and the tissue time–activity curves were
calculated. K1, k2, kon, koff (=k4), Bmax, and V0 were fixed at 0.17 min−1, 0.42 min−1,
0.014 ml/pmol/min, 0.10 min−1, 22 pmol/ml, and 5%, respectively [33]. Specific
activities varied within the range 0.02–5 lCi/pmol (20–5000 mCi/lmol).
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16.4 Parameter Estimation

Noise in the tissue time–activity curve and input function leads to bias and a
variation in the estimated kinetic parameters. Usually, this bias and variation
increase as the noise level becomes higher (Fig. 16.3). Nonlinear parameter esti-
mation based on an iterative search of the final solution is vulnerable to noise, as
noise generates a local minima in the parameter search space. As such, one needs to
assign proper initial values relatively close to the final solution to avoid conver-
gence to the local minima. Constraints in the bounds of estimates and some reg-
ularizations based on prior knowledge regarding the properties of radiotracers are
sometimes helpful in finding the best solution.

The parameter estimation procedure can be simplified by transforming the dif-
ferential equations of the kinetic model into a linearized form. Several different
graphical analysis (GA) methods based on simple linear regression models are
available. Two most popular GA methods comprise the Gjedde–Patlak plot for an
irreversible system [34–36] and the Logan plot for a reversible one [37, 38].
Additionally, methods like the relative equilibrium-based graphical method for

Fig. 16.2 Tissue time–activity curves with different specific activities. Solid line: total tissue
time–activity curve (CT). Dotted line: specifically bound time–activity curve (C2). Dashed and
dotted line: nonspecifically bound time–activity curve (C1). a specific activity = 5000 mCi/µmol.
b 500 mCi/µmol. c 50 mCi/µmol. d 20 mCi/µmol
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addressing the bias issue in the Logan plot [39] and bi-graphical analysis methods
for the quantification of slowly reversible radiotracers are also sometimes used [40,
41]. Each of the GA methods depend on different assumptions to simplify the
model equation, and only the latter portion of the measured data usually satisfies
these assumptions [42]. Because the violation of these assumptions and improper
selection of the linear fitting range leads to bias in the kinetic parameter estimation,
a proper understanding of the uptake mechanism in radiotracers and a careful
observation of the time course of measured data is necessary. The characteristics of
each GA method is summarized in Table 16.2, which is modified based on the
authors’ review of advances in graphical analysis [42].

Multiple linear regression models with more than one independent variable are
more complex but represent an accurate approach than the simple GA. For example,
by integrating (16.1), the following linear equation with two independent variables
(K1 and k2) can be obtained.

CTðtÞ ¼ K1

Z t

0

CpðsÞds� k2

Z t

0

CTðsÞds ð16:12Þ

Fig. 16.3 Example of the relationship between noise level and variation (a), bias (b), and error
(c) in kinetic parameter estimation based on the parameter estimation method (comparison between
nonlinear and linear least squares (NLS and LLS); MBF: myocardial blood flow. Reprint with
permission from [12])
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Rearranging the above equation in the matrix form and applying matrix inver-
sion yields solutions for the independent variables [43]. The following are examples
of linearized equations that can be formulated for reversible (k4 > 0) and irre-
versible (k4 = 0) two-tissue compartment models [19, 44, 45].

CTðtÞ ¼ P1

Z t

0

CTðsÞdsþP2

Z t

0

Zs

0

CTðsÞdsdsþP3

Z t

0

CpðsÞdsþP4

Z t

0

Zs

0

CpðsÞdsds

P1 ¼ �ðk2 þ k3 þ k4Þ
P2 ¼ �k2k4
P3 ¼ K1

P4 ¼ K1ðk3 þ k4Þ
ð16:13Þ

Z t

0

CTðsÞds ¼ P1

Z t

0

Zs

0

CpðsÞdsdsþP2

Z t

0

CpðsÞdsþP3CpðtÞþP4CTðtÞ

P1 ¼ K1k3
k2 þ k3

¼ Kin

P2 ¼ K1

k2 þ k3

P3 ¼ Va

k2 þ k3

P4 ¼ � 1
k2 þ k3

ð16:14Þ

Linearized SRTM augmented by applying spatial constrains into parameter
estimation has also been suggested for computationally efficient and robust para-
metric image generation [13, 14].

Z t

0

CTðsÞds ¼ DVR
Z t

0

CRðsÞdsþ DVR
k2=R1

CRðtÞ � DVR
k2

CTðtÞ ð16:15Þ

Another approach towards obtaining a robust kinetic parameter estimation is the
basis function method [11, 46, 47] based on linearization of the convolution (⊗)
terms in the solution of tissue time–activity curves. For example, the SRTM (16.8)
can be transformed into a linear equation as follows.
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CTðtÞ ¼ h1CRðtÞþ h2CRðtÞ � e�h3t ¼ h1CRðtÞþ h2BiðtÞ ð16:16Þ

Here, h1 = R1, h2 = k2−R1k2(1 + BP), and h3 = k2/(1 + BP). Each
Bi(t) = CR(t) ⊗ exp(−h3it) is a basis function formed by choosing a discrete
spectrum of parameter values for h3. The above equation is solved using the linear
least squares for each basis function and (h1, h2, h3) and (BP, R1, k2) solutions are
determined using the basis function that yields the smallest residual sum of squares
between the measured and estimated values of CT(t) [11].

16.5 Application in Radionanomedicine

There exist a limited number of studies on the kinetics of nanoparticle trans-
portation within living organisms. The complicated kinetics of nanoparticle trans-
port and the preclinical stage of radiolabeled nanoparticles (mostly involving mice
as subjects) are the main obstacles in the widespread acceptance of the application
of tracer kinetic techniques in nanoparticle investigations for imaging and therapy.
The following three examples provide an insight into how tracer kinetic modeling
can facilitate nanoparticle investigations.

Tylcz et al. studied the kinetics of antiangiogenic ATWLPPR peptide-targeted
silica-based nanoparticle-encapsulated gadolinium oxide as an MRI contrast agent
and chlorin as a photosensitizer (NP-PEP) [48]. The kinetics of this hybrid
non-biodegradable nanoparticle in orthotopic U87 brain tumors in nude rats was
compared to that of nanoparticles without photosensitizers or surface targeting
peptides synthesized as a control (NP-CONT). A one-tissue compartment model
with three rate constants associated with the elimination, uptake, and release of
nanoparticles and an additional parameter to estimate the amount of captured
nanoparticles by the biological host was used in this MRI-based kinetic modeling
study. MR images were acquired using dynamic T1-weighted FLASH sequences in
a 7-Tesla MRI machine. The normalized MRI signal with respect to the signal value
prior to nanoparticle injection was assumed to be proportional to the amount of
nanoparticles. The results of this pilot study involving a small number of animals
suggest that the proposed one-tissue compartment model is suitable for describing
the observed responses of these gadolinium-oxide-based contrast agents. Although
larger values for the rate constants describing the uptake and elimination charac-
teristics were observed in NP-PEP studies, the small sample size undermined the
validity of this observation.

Compartment modeling in radionanomedicine enables an investigation of the
impact of the attachment of cell-specific targeting ligands to nanoparticle surfaces.
The nanoparticles accumulate non-specifically in tumors due to the enhanced
permeability and retention (EPR) effect along with a passive but selective delivery
mechanism for tumors with a leaky vasculature [49, 50]. However, not all tumors
are amendable by EPR-dependent deliveries [2]. For tumors with weak EPRs, an
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active targeting of the tumor by attaching tumor-specific ligands to nanoparticles
enhances the nanoparticle potency [1, 51–53]. Barlett et al. comparatively evaluated
the in vivo biodistribution and functional activity of siRNA targeting (silencing)
luciferase mRNA delivered by transferrin-targeted or non-targeted
DOTA-conjugated nanoparticles labeled with 64Cu [54]. The results of the PET/
CT study demonstrate the negligible impact of transferrin targeting on the accu-
mulation of nanoparticles in the luciferase-expressing Neuro2A s.c. tumors in mice.
However, the active targeting altered the functional activity of the tumors (ap-
proximately 50% lower relative increase of tumor luciferase activity measured by
bioluminescent imaging in mice treated with transferrin targeted nanoparticles
compared to those treated with non-targeted nanoparticles). In the compartment
model analysis performed to explicate the discrepancy between biodistribution and
functional activity of tumor-specific targeting nanoparticles, the tumor tissue time–
activity curves were reasonably fitted with zero k2. Also, one-tissue and two-tissue
compartment models yielded equivalent curve-fitting qualities. In this situation,
where the radiotracers do not return to the bloodstream and C1 (tumor interstitial
space in this specific model) and C2 (specific tumor targeting) quickly attain the
equilibrium state (Fig. 16.1b), temporal changes in the total tissue activity mea-
surable by PET is not influenced by changes in k3 associated with the tumor-specific
binding. In addition, mathematical solutions of C1 and C2 composed with different
k3 values and other fixed parameters enable us to comprehend how tumor-specific
targeting enhances intracellular uptake in tumor cells. Figure 16.4 shows relation-
ship between the relative tumor accumulation 1d after injection and the ratio of
kinetic parameters [54].

Kinetic analysis in radionanomedicine also facilitates an understanding of the
in vivo biological mechanisms of nanoparticles, such as disassembly and clearance.
In vivo distribution and excretion of nanoparticles are dependent on several
properties of nanoparticles, such as size, aspect ratio, charge, stiffness, and surface

Fig. 16.4 The effect of tumor
clearance (k2) and
tumor-specific binding (k3) on
tumor accumulation.
Modified with permission
from [54]
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chemistry [2]. Zuckerman et al. investigated the mechanism of the unexpected rapid
renal clearance of cationic cyclodextrin-containing polymer (CDP)-based siRNA
nanoparticles. This mechanism prevents nanoparticles from prolonging the siRNA
delivery to the tumor thereby enhancing the anticancer efficacy. These siRNA
nanoparticles were designed to have a much bigger size (D � 100 nm) than the
effective cut-off size of the renal filtration barrier (D � 10 nm) [55]. Microscopic
imaging studies conducted on mice have demonstrated that CDP-based siRNA
nanoparticles transiently accumulate and can be dissembled by the glomerular
basement membrane (GBM) of the kidneys, prior to being fragmented into suffi-
ciently small components that enter the urinary tract. Also, dynamic PET studies
have demonstrated the delayed and augmented peaks in the kidney and the delayed
transit from the kidney to the bladder in the time–activity curves of 64Cu-labeled
siRNA nanoparticles in comparison to the free 64Cu-labeled siRNA thereby sup-
porting the validity of the microscopic findings. Finally, the in vivo kinetics of
64Cu-labeled free siRNA and siRNA nanoparticles, measured by PET, were further

Fig. 16.5 PET image data and compartment modeling results showing the transient accumulation
and disassembly of SiRNA nanoparticles in the glomerular basement membrane of the kidney.
a PET images of mice receiving 64Cu-labeled siRNA nanoparticle (NP) and free siRNA.
b Measured PET time–activity curves. c Simulated PET time–activity curves using compartment
model data. Reprint with permission from [55]
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quantified and analyzed using compartment models to better understand the kidney
transit of free siRNA and siRNA nanoparticles. The parameters for modeling the
kinetics of free siRNA was derived from anatomical properties of the kidney and by
fitting the PET time-activity curves. The siRNA nanoparticle models were then
constructed by adding the parameters describing the GBM accumulation and dis-
assembly and the peri-tubule endothelial uptake into the model for free siRNA. The
two models well describe the kinetics of both 64Cu-labeled free siRNA and siRNA
nanoparticles thereby conforming the suggested underlying mechanism of rapid
renal excretion of CDP-based nanoparticles (Fig. 16.5) [55]. This improved
understanding of the clearance mechanism of CDP-based nanoparticles provides
invaluable insights to guide the design of more effective nanoparticles for siRNA
delivery.
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Part VI
Factors Affecting Biodistribution

and Their Consequences

Chapter 17: Size-, Shape- and Charge-dependent Pharmacokinetics of Radiolabeled
Nanoparticles

Chapter 18: PEGylation and the Similar
Chapter 19: Excretion and Clearance

In this part, radiolabeled nanoparticles are at most the radionuclide labeled nano-
materials with various sizes, shapes, charges, and hydrophilicity and affinity for
hard or soft corona proteins in the plasma. If the readers understand the effects of
the factors affecting the in vivo fates of the nanomaterials, then the biodistribution
and final disposal of radionanomaterials are easily predicted. What really matters
are the lack of knowledge of the effects of each factor affecting the biodistribution
of nanomaterials. If the procedures of surface modification and radiolabeling are
standardized and production of size-varied, shape-characterized, charge-measured
and variously hydrophilized with PEGs or zwitterions are to be realized, then the
consequences of these factors and further corona modification of these radio-
nanomaterials are to be examined. The easy and standardized surface modification
and acquisition of homogenous final products of radionanomaterials will enable us
to understand the effects of the factors just like making multidimensional periodic
tables to explain the in vivo behavior of radionanomaterials.

Fortunately, the traceability of radionanomaterials in vivo in animals first and
then in humans later will greatly increase the chances of reaching the goal of the
most desired combination of factors to yield the best product as reasonably fabri-
cable. Chapter 17 explained the effect of factors in common for any nanomaterials
such as size, shape, and charge. Chapter 18 explained the effect of hydrophilization
using PEGs and zwitterions. Further subtle effect of corona wrapping of PEGylated
size, shape, and charge-controlled nanomaterials in vivo was touched upon in every
chapter, if systemically injected, upon the biodistribution of nanomaterials. Corona
wrapping of radionanomaterials is to be examined in a similar setting of experi-
ments. Chapter 19 finally summarized the clearance and excretion of nanomaterials



in the literature and emphasized that the previously accepted bias that some
nanomaterials would stay somewhere in the body permanently is very often
incorrect. The readers are recommended to refer to Chap. 4 about the recently
observed finding that graphene oxides are metabolized and excreted. Renal
excretion is well elucidated, and hepatobiliary excretion is being recently begun to
be understood but the contribution of immune responses to the nanomedicines or
radionanomedicines is yet beyond our explicit comprehension. After reading
Chap. 19, the readers cannot but move forward to the next part of “immune
response to nanomaterials”.
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Chapter 17
Size-, Shape- and Charge-Dependent
Pharmacokinetics of Radiolabeled
Nanoparticles

Feng Chen

Abstract The pharmacokinetics (PK) of nanoparticles is believed to be controlled
by a complex array of interrelated physicochemical and biological factors, and an
in-depth knowledge of the nanoparticle-organ interaction is critical for not only the
nanoplatform design but also its potential clinical translation. Since, it largely
defines their in vivo performance and potential toxicity. It is generally accepted that
the biodistribution of nanoparticle is determined by the hydrodynamic size, shape,
surface chemistry, in vivo stability and the administration route of the injected
nanoparticles. The optimal characteristics for the nanoparticle, to be used in the
clinical field, is being investigated and not yet clearly known. So far, highly sen-
sitive and quantitative nuclear imaging is perhaps the best tool for assessing the PK
profile of radiolabeled nanoparticles in vivo. However, since nuclear imaging
technique detects the radioisotopes but not the nanoparticles themselves, the radi-
olabeling technique and the in vivo stability of the radiolabeled nanoparticles are
critical and needs to be well addressed to achieve a reliable evaluation of
nanoparticle fate in vivo.

17.1 Introduction

The last three decades have witnessed rapid advances in not only controlling the
synthesis and surface modification of nanoparticles with varied size, shape and
surface charge [1–6], but also better understanding of nanoparticle-cell interactions
[7–14]. However, due to the complexity of the in vivo system and lack of reliable
non-invasive, highly sensitive and quantitative imaging tools, challenges still exist
when investigating the nanoparticle-organ interaction and visualizing the impact of
differences in nanoparticle size, shape and surface charge on nanoparticle’s phar-
macokinetics (PK). The PK of nanoparticles is believed to be controlled by a
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complex array of interrelated physicochemical and biological factors, and an
in-depth knowledge of the nanoparticle-organ interaction is critical for not only the
nanoplatform design but also its potential clinical translation.

Semi-quantitative optical imaging technique has been the primary tool for
accessing the PK of the nanoparticles in small animals. However, due to the lim-
itation in tissue penetration depth, the influence of autofluorescence and light
scattering, and the potential detachment of free organic dyes in vivo, achieving an
accurate nanoparticle biodistribution over time can be quite challenging. For
example, based on the ex vivo optical imaging of tissue slides, an early study
showed liver, spleen and renal excretion of over 80 nm sized dye-conjugated
spherical mesoporous silica nanoparticles (MSNs) after intravenous injection (i.v.)
injection in ICR mice [15]. The study might require additional validation to rule out
the possible leakage of the conjugated dyes since renal cut-off was generally
believed to be around 5.5 nm (or less than 10 nm) [16]. Over-estimated
tumor-to-organ ratios is another concern when using an optical imaging tech-
nique, since some organs, like liver, might absorb the emission light more than the
tumor tissue even when performing the optical imaging ex vivo. Although other
imaging modalities, such as Computed Tomography (CT) and Magnetic Resonance
Imaging (MRI), are also available for whole body non-invasive imaging, they are
not capable of providing a quantitative PK assessment.

So far, highly sensitive and quantitative nuclear imaging is perhaps the best tool
for assessing the PK profile of radiolabeled nanoparticles in vivo [17–21].
Non-invasive nuclear imaging (such as positron emission tomography, or PET) of
small animals could also allow for a serial imaging of live subjects, which obviates
the need to sacrifice animals and minimizes inter-individual variations. Although
previous review articles have summarized the effect of nanoparticle size, shape and
surface chemistry on the biological system (in vivo) [2, 3, 22, 23], most of them
have focused on PK of nanoparticles based on semi-quantitative optical imaging
technique. Here in this chapter, we will provide an overview of size-, shape- and
charge-dependent PK of the widely studied radiolabeled nanoparticles (such as
silica nanoparticles, quantum dots, gold nanoparticles, etc.) accessed by using
nuclear imaging technique.

17.2 Impact of Particle Size

It is generally accepted that the biodistribution of nanoparticle is determined by the
hydrodynamic (HD) size, shape, surface chemistry, in vivo stability and the
administration route of the injected nanoparticles [21]. It is worthy to mention that
protein adsorption on nanoparticle surface after i.v. injection could dramatically
increase the HD size, change the surface charge, cause aggregation, leading to
dramatic alterations in their fate in vivo. Studies also suggested that the extent of
non-specific binding (or adsorption) of proteins in the bloodstream is highly
dependent on the nanoparticle size, curvature, hydrophobicity, surface charge, etc.
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[24, 25]. Although numerous pre-clinical research papers on the PK of nanoparti-
cles with varied sizes have been published during the last 30 years, conclusions
drawn by a specific nanoplatform (or in a specific animal model) might not be easily
applied to the others. Researchers still rely on extensive experiments to select the
best size or size range for their given project. Considering that most of the previous
review articles only covered the general PK of nanoparticles with an HD size
greater than 10 nm [22], and multi-functional renal clearable nanoparticles have
attracted increasing interests recently [26, 27], PK of radiolabeled nanoparticles
with a less than 10 nm HD size will be our main focus in the following sections.

17.2.1 Radiolabeled Silica Nanoparticles

Silica (or silicon dioxide) is “generally recognized as safe” by the US Food and
Drug Administration (FDA) (ID Code: 14808-60-7) [28]. For more than 30 years,
scientists all over the world have been focusing on the engineering pre-clinical
applications of silica-based nanoparticles in cancer detection and treatment [29–32].
However, it was not until year 2014 that the nanomedicine community started to
celebrate the first-in-human clinical trial of ultrasmall fluorescent dye-encapsulated
silica PET-optical hybrid nanoparticles (also known as Cornell dots, or C dots) [33].
The clinical translation history of C dot involved great efforts in optimizing the
particle size, surface functionalities, surface charge, particle manufacturing and
stability (shelf-life), radiolabeling techniques, PK (especially minimizing the liver/
spleen uptake and maintaining bulk renal clearance) study, toxicity, in vitro/in vivo
(small and large animal) tumor targeting efficacy studies, etc. [33–36], and should
serve a great example when explaining how the size, surface chemistry could affect
the PK of silica nanoparticles and their clinical translation.

Developed by Wiesner and co-workers in 2005, the first dye-encapsulated silica
nanoparticles were created by using a modified Stöber method, and had a physical
size of 20–30 nm [37]. Although no in vivo PK study was mentioned in that early
work, high liver, spleen uptake and no renal clearance were expected due to the
>10 nm particle size. Great efforts were later devoted in engineering of
dye-encapsulated silica nanoparticle with efficient urinary excretion by introducing
two major upgrades [34] (Fig. 17.1a). Firstly, the hydrodynamic (HD) size was
tuned down to <10 nm. Secondly, nanoparticles were covalently coated with
methoxy-terminated poly(ethylene glycol) chains (PEG, *0.5 kDa) to prevent
aggregation and opsonization in vivo. Dramatic difference in nanoparticle biodis-
tribution after i.v. injection was observed for particle with and without PEGylation
(Fig. 17.1b). Results showed a dominant liver and spleen uptake for silica
nanoparticles with no PEGylation (highly negatively charged surface), while bulk
renal clearance and significant bladder uptake was observed for the same particle
with a PEGylation (neutral surface charge) (Fig. 17.1b). The study further com-
pared the whole body biodistribution pattern and clearance rate of silica nanopar-
ticles with two different HD sizes. As expected, smaller sized silica particle showed
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a fast, greater renal excretion, and shorter blood circulation half-life. No radioactive
tag was conjugated to these particles, and all of estimations were purely based on
optical imaging and quantification in this research.

To better quantify the PK profile of silica nanoparticles and ensure a specific
tumor active targeting in vivo, two years later, the same group reported the sys-
tematic pre-clinical study in both small and large animals by further upgrading their
platform with cRGDY (small peptides that target integrin avb3 from human mel-
anoma) and radioiodine (124I, t1/2 = 4.2 days), forming the first generation of
tumor-targeting C dots [35]. The final HD size was well-controlled to be around
7 nm with about 6–7 cRGDY ligands in each C dot. Systematic in vitro
receptor-binding studies showed high and specific binding affinity of 124I–cRGDY–
PEG–C dots. In vivo tumor targeting, biodistribution and clearance studies were
then performed in M21 tumor xenograft models. When compared with small
peptides, which usually have less than 10 min blood circulation half-life, 124I–
cRGDY–PEG–C dots showed a nearly 6 h half-life in vivo. Efficient renal excre-
tion was found in both targeted and non-targeted groups, with nearly 50%ID
excreted within 24 h and over 70%ID by 96 h. Whole body PET imaging revealed
a 3-fold higher nanoparticle uptake in M21 tumors in the targeted group than the

Fig. 17.1 a A schematic illustration of C dots. b In vivo optical imaging showing the differences
in the biodistribution of non-PEGylated (left) and PEGylated (right) C dots. c A schematic
illustration of using 124I–cRGDY–PEG–C dots as hybrid (PET-optical) imaging probes in a human
patient. d Maximum intensity projection PET images at 3, 24, and 72 h after i.v. injection of 124I–
cRGDY–PEG–C dots in a human patient. Reproduced with permission from [33, 34]
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non-targeted group (in M21L tumor mice). In vivo optical imaging was also per-
formed to show their potential in local and regional lymph node mapping.

In 2010, FDA approved C dots as the Investigational New Drug (IND) for
first-in-human clinical trial studies (Fig. 17.1c). The Phase 1 safety study of 124I–
cRGDY–PEG–C dots in five human patients with metastatic melanoma was led by
Dr. Michelle Bradbury of Memorial Sloan Kettering Cancer Center [33].
Systematic investigation showed relatively low tissue activities in most of the
patients. Whole body tracer clearance half-life was estimated to range from 13 to
21 h with no notable accumulation observed in the Reticuloendothelial system
(RES) (Fig. 17.1d). Radiation dosimetry study further showed an average effective
dose of 0.183 ± 0.065 mSv/MBq, which was comparable to the estimated values
from their previous preclinical data (*0.157 mSv/MBq) [35]. Although the tracer
was not yet optimized for active tumor targeting, lesion uptake and localization
were seen in several patients. Specific tracer localization in liver metastasis was also
observed in one of the patients. Multimodality (PET/MRI) imaging also showed the
accumulation of 124I–cRGDY–PEG–C dots in a pituitary lesion in one patient. The
same tracer also showed high and retained uptake in both renal cortices over several
days in one patient. Renal function assessment study showed no substantially
change of average blood urea nitrogen and creatinine concentrations over the
2-week study interval, indicating that renal function was unaffected by the C dot
tracer. No changes in liver function were found either. These first-in-human results
clearly suggest safe use and great potential of 124I–cRGDY–PEG–C dots in human
cancer diagnostics. Besides optimizing the clearance profiles and the in vivo tar-
geting efficacy, great efforts have also been devoted to the manufacturing of a newer
generation Cornell prime dots, or C′ dots, with better reproducibility in a
water-based environment [38, 39]. Both the pre-clinical and clinical translation of
the newer generation C′ dots are actively ongoing.

For radiolabeled silica nanoparticles with a HD size greater than 10 nm, they
usually share a quite similar biodistribution pattern with a rapid, high and non-specific
particle accumulation in mouse RES organs (e.g., liver and spleen). For example, in
2013, Cai and his group reported the first example of in vivo tumor vasculature-
targetingTRC105-conjugated and 64Cu-labeledMSN (HD: >150 nm, surface charge:
about-3 mV) in a murine breast cancer model (4T1) [40]. MSN was surface
modified step-by-step with PEG, radio-chelator ((S)-2-(4-isothiocyanatobenzyl)-
1,4,7-triazacyclononane-1,4,7-triacetic acid, or p-SCN–Bn–NOTA), and vasculature
targeting full antibody (i.e., TRC105) before radiolabeled with copper-64
(64Cu, t1/2 = 12.6 h). Systematic in vivo tumor targeting studies demonstrated the
specific accumulation of 64Cu–NOTA–MSN–PEG–TRC105 at 4T1 tumor site
(*5%ID/g) with the liver uptake estimated to be the highest of 16%ID/g (Fig. 17.2a).
In a follow-up study, water-soluble photothermally sensitive copper sulfide
nanoparticles were encapsulated in biocompatible mesoporous silica shells, followed
by multi-step surface engineering to form theranostic nanoparticles named
64Cu–NOTA–CuS@MSN–PEG–TRC105 [41]. The newly designed multi-
functional nanoplatform showed a slightly improved active 4T1 tumor targeting
efficacy and two times higher liver uptake than the pure MSN structure [40], possibly
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due to the complexity of the core@shell structure and the reduced stability in vivo
(Fig. 17.2b). By creating a big cavity inside each MSN, and functionalizing the
particle with organic dyes, targeting antibody and radioisotopes, Cai and his group
later developed a hollowMSN (or HMSN) based nanoconjugate, and demonstrated a
significantly enhanced tumor active targeting and drug delivery efficacy (Fig. 17.2c)
[42]. Quantitative PET imaging study showed an over 3-fold higher tumor uptake in
the target area when compared with the non-targeted group, making 64Cu–NOTA–
HMSN–ZW800–TRC105 one of the few vasculature targeting nanoparticles with
*10%ID/g tumor uptake. With the presence of hollow space inside each HMSN,
doxorubicin-loading capacity was 3–5 times higher when compared with pure MSN.
The liver and spleen uptake was as high as the previously reported MSN counterparts
[40, 43]. Instead of using a traditional chelator-based radiolabeling technique, the
same group also developed a chelator-free method to stably label porous silica
nanoparticles with zirconium-89 (89Zr, t1/2 = 78 h) [44]. Using such technique, the
authors demonstrated the feasibility of creating a self-destructible and biodegradable
mesoporous silica (bMSN) drug carrier which was intrinsically labeled with 89Zr and
conjugated with antibody for targeting the tumor vasculature (Fig. 17.2d) [45].
Chelator-free 89Zr labeling demonstrated excellent yield and in vivo stability with
marginal 89Zr detachment and bone uptake. Careful tailoring of the synthesis of [89Zr]
bMSN–PEG–TRC105 also resulted in excellent CD105 specificity, which was con-
firmed by extensive in vivo and ex vivo testing. Vascular targeting exhibited greater
than threefold enhancement in absolute tumor uptake and normal tissue contrast,
when comparedwith enhanced permeability and retention (EPR) dependent uptake of
the nanoconjugates. Dominant liver and spleen uptake was observed as well.
Similar PK (relatively short blood circulation half-life, no renal clearance, dominant
liver and spleen uptake, low tumor accumulation rate) was repeatedly found with
MSNs labeled with other radioisotopes, such as radioarsenic [46] and titanium-45
[47]. MSNs were conjugated with different targeting ligands [43, 48], and other
radiolabeled nanoparticles, such as nanographene [49–51], iron oxide nanoparticles
[52, 53], Gd2O2S:Eu [54, 55], reduced graphene oxide-iron oxide nanoparticles [56],
and many others [57–61]. All these radiolabeled nanoparticles had a greater than
10 nm HD size. In the next section, we will review the size-dependent PK of radio-
labeled quantum dots.

17.2.2 Radiolabeled Quantum Dots

Fluorescent semiconductor quantum dots (QDs) have attracted tremendous atten-
tion in the field of biomedical imaging over the last 3 decades due to their superior
optical properties over conventional organic dyes [62–69]. As mentioned above,
successful surface protection (i.e., PEGylation) could neutralize the surface nega-
tive charge and improve in vivo stability of radiolabeled silica nanoparticles,
leading to a prolonged blood circulation half-life and reduced RES uptake. This was
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confirmed by many other studies on the in vivo fate of QDs [67, 70–73]. For
example, Choi et al. reported the ability to control circulation half-life, organ- and
even tissue-selective biodistribution, and elimination route of dihydrolipoic acid
(DHLA)/PEG modified QDs (i.e., QD@DHLA–PEGn, n = 2–22) by altering the
length of PEG chains [74]. Results showed that QD@DHLA–PEG2 (HD = 5.1 nm)
accumulated primarily in the liver (Fig. 17.3a), while the majority of QD@DHLA–
PEG3 (HD = 5.3 nm) ended up in the kidney and bladder (Fig. 17.3b). QDs with
DHLA–PEG4 coating (HD = 5.6 nm) had accelerated body excretion via the liver
and kidneys (Fig. 17.3c). In addition, uptake of QDs in the pancreas was only
observed when QDs were coated with DHLA–PEG8 (HD = 6.5 nm) and DHLA–
PEG14 (HD = 8.7 nm) (Fig. 17.3d, e). QD@DHLA–PEG22 (HD = 16 nm) exhib-
ited poor clearance and were primarily detected in the vasculature at 4 h
post-injection, with delayed excretion through renal and hepatic routes (Fig. 17.3f).
Although distribution of QDs in different organs can be visualized based on whole
body or ex vivo fluorescence imaging [74], accurate quantification of individual
organ uptake over time might be challenging due to the prominent and variable
background autofluorescence and absorbance/scattering in blood and tissues.

In 2007, using serial non-invasive small animal PET imaging for a more accurate
assessment of the PK of QDs, Gambhir et al. reported for the first time the quan-
titative biodistribution of commercially available CdSe QDs (>10 nm) labeled with

Fig. 17.2 In vivo PET imaging studies of larger sized radiolabeled silica or core@shell silica
nanoparticles. a 64Cu–NOTA–MSN–PEG–TRC105. b 64Cu–NOTA–CuS@MSN–PEG–TRC105.
c 64Cu–NOTA–HMSN–PEG–TRC105. d [89Zr]bMSN–PEG–TRC105. The 4T1 tumors were
marked with yellow arrow headsman: mesoporous silica nanoparticle. Reproduced with permis-
sion from [40–42, 45]
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64Cu [75]. It was found that radiolabeled QDs with a larger HD size had a faster
accumulation in both the liver and spleen, while PEGylated QDs exhibited slightly
slower rate of accumulation in these organs. The liver (27.4–38.9%ID/g) and spleen
(8.0–12.4%ID/g) uptake of 64Cu-labeled QD800 (*21 nm) and QD525 (*12 nm)
were found to be quite close. A much higher liver (*50%ID/g) uptake was later
reported in RGD-functionalized, 64Cu labeled QD705 in U87MG tumor-bearing
mice, possibly due to the larger particle size and relatively shorter blood circulation
half-life [76]. No evidence of QDs renal clearance was reported in either of these
early studies [75, 76].

A few months after this report, Choi et al. reported the first extensive
size-dependent renal clearance study of ultrasmall (HD size range: 4–8 nm) radi-
olabeled QDs, and concluded that renal cut-off for spherically shaped QDs coated
with cysteine should be about 5.5 nm (Fig. 17.3g, f) [16]. Since then, many studies
have confirmed that QDs with HD sizes larger than this renal clearance cutoff
usually ended up in the liver and spleen, with only very limited renal clearance over
the study period [77, 78]. However, the exact renal cut-off for a specific ultrasmall
nanoparticle might be different considering the differences in surface chemistry,
shape, blood circulation half-life of the testing nanoparticle. For example, with a
larger than 5.5 nm HD size, C dots (HD: 6–7 nm) still showed a dominant renal
clearance both in small animals and human patients [33–35]. A general renal cut-off
of solid nanoparticle is believed to be less than 10 nm.

It is worthwhile to note that physical size of nanoparticle is not the only
parameter that determines the shifting of biodistribution from dominant RES uptake
to bulk renal excretion. The key prerequisite is preventing the aggregation of
nanoparticles after i.v. injection by introducing a robust surface protection. For
example, despite its HD size smaller than 5.5 nm, aqueous QD705 still showed a

Fig. 17.3 Optical imaging based biodistribution study of QDs with varied PEG chain length and
hydrodynamic (HD) size. a HD: 5.1 nm, PEG2. b HD: 5.3 nm, PEG3. c HD: 5.6 nm, PEG4.
d HD: 6.5 nm, PEG8. e HD: 8.7 nm, PEG14. f HD: 16.0 nm, PEG22. g Renal clearable cutoff
study of QDs. Top: color photos of bladders. Bottom: fluorescence images at 4 h post injection of
QDs with varied HD sizes (4–8 nm). SPECT imaging of 99mTc-labled. h QD515 (HD: 4.36 nm)
and i QD574 (HD: 8.65 nm). Reproduced with permission from [16, 74]
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rapid accumulation in the liver (up to 30%ID/g) [79], clearly indicating a con-
cerning aggregation in vivo.

17.2.3 Radiolabeled Gold and Copper Sulfide Nanoparticles

Ultra-small gold nanoparticles (AuNPs) have also been developed as radiological
and luminescence imaging contrast agents [27, 80–82] Gold-198 (198Au) intrinsi-
cally labeled, glutathione-coated 2–3 nm sized AuNPs (or GS–[198Au]AuNP) were
found to allow over 50% of the particles to be excreted in the urine within 24 h post
injection (Fig. 17.4a) [83]. A dynamic PET imaging of 64Cu–NOTA–Au–GS with
a similar HD size showed a rapid renal clearance with an over 75%ID within the
first day post-injection [84] (Fig. 17.4b). Interestingly, based on dynamic PET
imaging the elimination half-life of 64Cu–NOTA–Au–GS was estimated to be
extremely short of <6 min, which was over 130 times shorter than previously
reported similar nanoparticles based on quantification using optical imaging [83,
85]. PEGylation was found to be a useful surface modification method for ultra-
small Au nanoparticles. In one study, PEGylated AuNPs (PEG molecular weight:
1 kDa) were shown to have three times higher passive targeting efficacy when
compared with non-PEGylated GS-AuNPs [81]. Although more nuclear
imaging-based quantitative validations are warranted to confirm the above findings,
a recent study showed that renal clearance depended on the density found by
comparing heavier ultrasmall GS-coated gold with lighter silver nanoparticles [86].
Results showed that the renal clearance decreased exponentially in the early
elimination phase with an increase in particle density and that tumor targeting is
linearly dependent on the particle density. The authors further suggested that such
density dependence of the in vivo behavior might very likely originate from
density-dependent margination.

Similarly to the intrinsic labeling of 198Au with ultrasmall Au nanoparticles,
researchers also developed renal clearable (HD <6 nm) 64Cu-labeled CuS
nanoparticles (i.e., [64Cu]CuS). These nanoparticles efficiently absorbed
near-infrared light for photothermal ablation therapy, and were visible on PET
imaging [87]. About 95%ID of i.v. injected [64Cu]CuS was found to be excreted
intact through the kidneys within 24 h, while the RES organs showed only minimal
retention of the radioactivity. These findings were dramatically different from the
older version of [64Cu]CuS, which had a physical size of 11 nm, and showed
dominant liver and spleen uptake after i.v. injection [88]. Although the passive
tumor uptake of [64Cu]CuS in 4T1 tumors was still quite low, the authors showed
definitely a proof-of-concept study of photothermal therapy using such theranostic
nanoparticles.

Renal clearable functional nanoparticles showed greater potential for future
cancer imaging and therapy, however, great challenges still remain to find methods
to further functionalize the surface with tumor-targeting ligands and better balance

17 Size-, Shape- and Charge-Dependent Pharmacokinetics … 321



between renal clearance and blood circulation time. Only by addressing these
problems we can further enhance the in vivo tumor targeting efficacy of renal
clearable nanoparticles. For PK investigations of other radiolabeled nanoparticles,
such as iron oxide nanoparticle, upconversion nanoparticle, readers are advised to
refer to reviews or articles [89, 90].

17.3 Impact of Particle Shape and Surface Charge

Early work on polymer-based nanoparticles have shown the effect of nanoparticle’s
shape on the circulation time, efficacy of drug delivery as well as targeting efficacy
to the lungs and brain [91–93]. Although general conclusions about how to select
the optimal shape for certain applications could be drawn from previous review
articles [22, 94], it is still not clear how these could be applied to other nanoplat-
forms or in other animal models. So far, very few systematic studies were reported
on shape-dependent PK (or tumor-targeting) using radiolabeled nanoparticles.
Using intravital microscopy and QDs (HD size: 20–25 nm) and single-walled
carbon nanotubes (SWNTs) (*200 nm in length) with similar charge, surface
coating, and density as the model nanoparticles, researchers have shown a highly

Fig. 17.4 a From left to right: a TEM image of ultrasmall glutathione-coated GS-[198Au]AuNP, a
SPECT and near-infrared fluorescence imaging (NIRF) of GS-[198Au]Au nanoparticle (NP) at 1 h
post-injection. b From left to right: a TEM image of ultrasmall Au–GS, a PET/CT and dynamic
PET imaging of 64Cu–NOTA–Au–GS. c (Left) A schematic illustration of polyvinylpyrrolidone
(PVP) coated ultrasmall [64Cu]CuS nanodots. (Right) A TEM image of [64Cu]CuS nanodots. d A
PET imaging of [64Cu]CuS nanodots in mice at 10 min, 2 and 24 h post-injection. TEM:
transmission electron microscopy. Reproduced with permission from [84, 85, 87]
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complex dynamics of shape-dependent tumor extravasation [95]. For example,
significantly more extravasation was detected for QDs in the LS174T when com-
pared with U87MG, where the opposite result was observed for the SWNTs
(Fig. 17.5). Although in vitro simulated diffusion experiments were carried out to
provide a rationale for such findings, the exact reason behind such surprising
geometrical dependence of nanoparticles in tumor extravasation remained to be
elucidated in future studies, and none of these studies used radiolabeled nanopar-
ticles to confirm the main findings.

The charge of nanoparticle surface coating could have a profound effect on
nanoparticles’ PK due to the adsorption of serum proteins and the change of HD
size in vivo. For example, studies showed that net anionic or cationic charges are
usually associated with an increase in the HD size [96, 97], leading to rapid RES
uptake in vivo. By coating QDs with a zwitterionic surface, Choi et al. demon-
strated that undesirable serum protein adsorption could be prevented to obtain a
series of QDs with extremely small HD size [16]. Similar results were reported

Fig. 17.5 A schematic illustration showing that QDs extravasate from the LS174T tumor but not
the U87MG tumor, whereas SWNTs extravasate from the U87MG tumor but only minimally from
the LS174T tumor. QD: quantum dot, T: single walled carbon nanotube. Reproduced with per-
mission from [95]
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when developing renal clearable gold nanoparticles [83, 85]. PEGylation has been
demonstrated to be another great strategy to prevent the aggregation of ultrasmall C
dots or >100 nm sized MSN in vivo [34, 45].

17.4 Conclusion

The PK of nanoparticles largely define their in vivo performance and potential
toxicity, and needs to be elucidated before clinical translation. In this chapter, we
summarized the size-, shape- and surface charge-dependent PK of radiolabeled
nanoparticles with our special focus on renal clearable radiolabeled silica, quantum
dots, gold and copper sulfide nanoparticles. Since nuclear imaging technique
detects the radioisotopes but not the nanoparticles themselves, the radiolabeling
technique and the in vivo stability of the radiolabeled nanoparticles are critical and
needs to be well addressed to achieve a reliable evaluation of nanoparticle fate
in vivo. With many desirable properties, we believe actively tumor-targeting
nanoparticles with predictable and controllable clearance pathway hold tremendous
promises for non-invasive cancer detection, treatment management and response
monitoring in the near future.
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Chapter 18
Polyethylene Glycolation (PEGylation)
and the Similar

Dong Soo Lee and Yun-Sang Lee

Abstract To overcome the adverse effect of hydrophobicity of nanomaterials,
polyethylene glycolation (PEGylation) is popularly used, which were already in
clinical use of peptide or monoclonal antibodies. The same PEGylation is tried to
hydrophilize nanomaterials but the results of this PEGylation differs according to
the size, shape, terminal residues and others. The bodily response to the nanoma-
terials depend upon immune recognition of the PEG by IgM or innate immune cells.
Mechanism of innate immune response to PEGylated nanomaterials are poorly
understood. Zwitterions such as polybetaines were proposed to replace PEGs for
hydrophilization. The mechanism is being investigated and not yet clearly known.
The method to modify the surface of nanomaterials with PEGs and zwitterions can
also influence final bodily response and thus simple and easy method of encap-
sulation was developed. The effect of diverse modification of nanomaterials with
PEGs or zwitterions shall be understood with nanomaterials modified with this
encapsulation method.

18.1 Introduction

Hydrophobicity of nanomaterials cause problems in vivo when injected systemically.
The problems are associated with aggregation-proneness of hydrophobic materials
in aqueous plasma and also the addition of corona proteins. Once aggregated,
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these nanomaterials cannot pass through alveolar capillaries of the lungs if the size is
over the capillary lumen size [1] or draw attention of the innate immune cells [2].
Innate immune cells recognize pathogen-associated molecular pattern (PAMP) or
damage-associated molecular pattern (DAMP) [3]. Hydrophobicity was found to be
the major factor in these responses (Fig. 18.1) [4, 5].

Polyethylene glycols (PEGs) of various length and branches were proposed. The
modification with PEGs, so called, PEGylation was the first to be approved by
regulatory bodies of each country’s government and had been widely used to make
nanomaterials hydrophilic. PEGylated nanomaterials are hydrophilic and according
to the density and the length the PEGs show the brush or mushroom shape to cover
up the surfaces (Figs. 18.2 and 18.3) [6, 7]. Zwitterionic molecules such as poly-
betaines of polysaccharides were proposed as alternatives to PEGs (Fig. 18.4)
[8–10]. After PEGylation, ligands for targeted delivery or chelators to bind metals
or radionuclides were also attached to the surface of the nanomaterials or these
ligands or chelators were bound to the free end of PEGs. Thus, PEGs might have
terminals having carboxylic acid (–COOH), amine (–NH2), alcohol (–OH), thiol

Fig. 18.1 Hydrophobicity of head group of PEG and TNF-a gene expression. Adapted from [4]
with permission

Fig. 18.2 Different types of polyethylene glycol and its density and half-life of clearance.
Adapted from [6] with permission
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(–SH), azide (–N3), or maleimide ends which might interact with plasma proteins
and moreover with innate immune cells or endothelial cells.

PEGylation had been more popularly used for decorating peptide drugs and
other macromolecules including monoclonal antibodies (Fig. 18.5) [11–13].
Investigators assumed and confirmed that the circulation time is increased and thus
injected molecules had more time to reach the target or to be taken up by the target
cells. The problem to solve was which PEGs to choose and how to bind them with
peptides or monoclonal antibodies while not decreasing biological activity of the
peptides or macromolecules. There have been a lot of progresses which were

Fig. 18.3 Brush and mushroom types of PEG configuration and blood clearance. Adapted from
[9] with permission
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patented and commercialized (Table 18.1) [11]. Similarity (or uniqueness) of
PEGylated nanomaterials to PEGylated peptides/macromolecules should be
unraveled very soon so that the product can be approved, marketed and clinically
used. Especially development of the simultaneous binding of ligands and PEGs
over the surface of the nanomaterials shall facilitate the clinical translation of
nanomaterials owing to their advantage over sequential labeling of ligands and
PEGs.

Recent introduction of corona proteins and their consequences made our
understanding explicit in terms of elucidation of the effect or impact of corona
modification of the surface of the PEGylated nanomaterials injected into the body
systemically via intravenous routes [14–18]. Corona proteins were previously
supposed to change over the surface of surface-modified nanomaterials along the
time lapse after administration, that is to say, the components are changing over the
hours until being taken up by the cells or excretion [14–18]. However, based on
the laborious characterization of hard and soft corona proteins, investigators con-
clude that the changes are more quantitative than not changing dramatically the
component proteins over the surface of nanomaterials [19–21]. Living organisms
have evolved to cope with the invading live infectious materials immediately and in
a consistent way and thus they seem to use the same strategy to handle extraneous

Fig. 18.4 Polymeric zwitterionic coating materials. Adapted modified from [9] with permission
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Fig. 18.5 Three types of PEGylation used for clinical biopharmaceuticals made of peptides and
proteins in Table 18.1. Adapted modified from [11] with permission

Table 18.1 PEGylated biopharmaceuticalalready in clinical use and their PEGylation methods
(modified from Table 1 [11])

PEGylation with Brand
name

Drug (M.W.) PEG size (M.W.) [PEG
number/drug]

Acylating reagent i.e.
succinimidyl succinate
or succinimidyl
glutarate

Adagen Adenosine deaminase
(96k–126k)

5k [11–17/molecule]

Oncapar L-asparaginase (483k–
548k)

5k [69–82/molecule]

Krystexxa Uricase (540k) 10k [9/homotetramer]

PEGIntron INF-a2b (31k) 12k [1/molecule]

Pegasys INF- a2a (60k) 40k [1 branched/molecule]

Mircera Epoietin b (60k) 30k [1/molecule]

Macugen 28 nucleotide aptamer
(50k)

40k [1 branched/molecule]

Alkylating agent Neulasta rhGCSF (39k) 20k [1/molecule]

Plegridy INF b1 (44k) 20k [1/molecule]

Thiol-modifying agent Cimzia Certolizumab (91k) 40k [1 branched/molecule]
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nanomaterials. Thus PEGylation or the surface modification with the same goal of
hydrophilization and stealth effect shall be understood for their efficacy or mech-
anism regarding whether to achieve this goal.

Corona proteins consist of hard and soft ones, the difference of which lay only in
the binding affinity determining the kinetic fate in the blood or the plasma [14, 15].
Many reports showed that corona-modified nanomaterials act rather differently from
the bare nanomaterials [15–17, 19]. This difference ranged from interaction with
innate immune cells [16], the binding to the target cells [17, 22–25], circulation
time [24–28], endocytosis into the cells [29–31] and final fate of the nanomaterials
inside the cells [19, 22, 26, 27, 31, 32]. This would seem obvious in vivo [23, 24],
however, such was also the case in the investigation done in vitro upon cultured
cells [16, 17, 23, 28, 29, 31]. Serum or plasma-incubated nanomaterials began to be
included in the investigation to simulate the status of systemically-injected nano-
materials in vitro. Consequences of PEGylated nanomaterials are now understood
considering these factors.

Stealth effect was once proposed that PEGylated materials are not recognized by
mononuclear phagocytic system (MPS) and thus increase circulation time almost
indefinitely and have advantageous freedom to find and reach targets. Even passive
targeting strategy was proposed to be enough to deliver sufficient amount of
PEGylated peptides/macromolecules or PEGylated nanomaterials. Stealth effect is
being also recapitulated by further experiments with or without corona wrapping of
the PEGylation of the nanomaterials [27, 28, 33]. As the terminal residues of PEGs
can influence binding of corona proteins and their consequential effect upon the
assumed stealth effect should now be investigated. Different forms of PEGs [11, 12]
and the density of the PEGs over the surface [5–7, 32], in combination with surface
zeta potential as well as the size and even the core contents [5, 6] increase hugely
the combination of the constitution of surface-modified PEGylated ligand-attached
nanomaterials finally decorated with hard/soft corona [23, 25, 30]. PEGylation
might be changed by PPE (polyphosphoester)-coating [28, 34] or zwitterion coating
[35, 36]. The same understanding regarding the biodistribution, targeting and
immune response should be elucidated for these improved coatings just like
PEGylation. Host immune response to certain PEGs were reported and was asso-
ciated with shortened blood clearance time [37, 38]. Inherent antiPEG antibodies
were reported and speculated to be due to prior unrecognized exposure to PEGs
administered to the skin as cosmetics or to the gastrointestinal tracts as food
additives [39, 40]. PEGylated treatment regimens (Table 18.1) might be also the
source of immunization. PEGylated radioisotope-labeled nanomaterials will meet
the same challenge to achieve the optimal biodistribution and target disposal and
least immune responses. Diagnostic PEGylated radionanomaterials was reported to
reveal easily the improved pharmacokinetic [41] but therapeutic and theranostic
radionanomaterials are meticulously produced considering all the know-hows
acquired when the previous investigators overcame the unpredictability or com-
bining PEGs and peptides/antibodies for successful clinical translation. Finding out
the best PEGylated nanomaterials fit for in vivo theranostic use is a really big
problem desired to be solved.
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18.2 Variety of Hydrophilization of the Surface
of Nanoparticles

Polyethylene glycol (H–(O–CH2–CH2)n–OH) (synonym; polyethylene oxide or
polyoxyethylene) was the most popular substrate to hydrophilize the surface of
hydrophobic nanomaterials. Linear or branched PEGs of variable length can be
coated on the surface of the nanoparticles. Or there were reported an easy way of
PEGylation of hydrophobic nanoparticles by making micelle capsule and encap-
sulation, which were applied to various nanoparticles including quantum dots
[42, 43], iron oxide [44, 45], upconversion nanoparticles [46], surface-enhanced
Raman scattering (SERS) dots [47, 48]. Methods of PEGylation of peptides or
proteins was classified as (1) acylation, (2) alkylation and (3) thioether formation
[11] (Fig. 18.5). These methods were used to manufacture the biopharmaceuticals
of peptide, aptamer, protein and antibody. Mostly linear PEGs and rarely branched
PEG were used with the molecular weights of 5–40 kD. 1–82 molecules of PEGs
were attached per molecules (Table 18.1).

The eloquent goal of PEGylation of nanoparticles is hydrophilization as
hydrophobicity cause two problems for nanoparticles; (1) aggregation and making
huge cluster which will block alveolar capillaries of the lungs and (2) stimulation of
hostile innate immune response. Aggregation is immediately noticed and though
detergents are mixed, immune response cannot be avoided. When the gold
nanoparticles were decorated with PEGs having tuned functionalities at the terminal
having different log P (0.63–5.35) representing hydrophobic values of these func-
tional head-groups. While IL-10 gene expression did not differ between tuned
PEGylated gold nanoparticles, TNFa gene expression was correlated with the
hydrophobicity [4]. Next parameter was the length of PEG along with the com-
position or the shape [5, 6]. There is a tendency that longer and more dense (not
sparse) and brush type (not mushroom type) of PEGs’ configuration are the key to
increase circulation time and to decrease macrophage uptake. The exact effect of
configuration, shape, and constitution are being elucidated ever and ever.

Though the details are mostly not known regarding the effect of zwitterion
coating and the determining parameters thereof, PEGs are being challenged to be
replaced by zwitterions as PEGs are eliciting IgM response and in certain cases
even preexisting IgG responses, and consequently PEGs do not achieve sufficient
circulation time. In several reports proposing low immunogenicity and longer cir-
culation time, we don’t have enough data by which we can sort out the effects of the
polymer length, zwitterion density, characteristics of head-group on circulation
time, innate immune response, targeting capability and cellular uptake [35, 36].
What we know currently are mainly based on molecular dynamics modeling [36],
using sulfobetaine or carboxybetaine materials (Fig. 18.6). Jiang and coworkers
explain principles of sulfobetaines and carboxybetaines which will endow the
zwitterions the characteristics of plenty of hydration, less self-association and
resistance to the protein adsorption [49]. The most important of these characteristics
is the resistance to the protein adsorption, which should be validated by in vitro

18 Polyethylene Glycolation (PEGylation) and the Similar 337



experiment of mixing the zwitterion coated nanoparticle with serum and at last by
in vivo experiment of proteomics analysis of systemically injected zwitterion coated
nanoparticles.

Zwitterion-modification of nanoparticles were recently reported by several
groups for small iron oxide, silica or gold nanoparticles [35, 50–54]. Sulfobetaine
small molecule [35, 52, 54], carboxybetaine small molecule [53] or polymeric
carboxybetaine or sulfobetaine were used to coat the nanoparticles. Interestingly,

Fig. 18.6 Zwitterionic polymeric materials made of sulfobetaines and carboxybetaines and their
molecular dynamics showing hydration, abhorrence of self-aggregation, and resistance to
nonspecific protein adsorption. Adapted modified from [36] with permission
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self-assembled monolayer [50] or hydrophobic/van der Waals interaction over oleic
acid-modified nanoparticles [51] was used to make facile preparation. The latter has
adopted the same encapsulation methods as was in the report by Jeong’s group [42].
Multiple steps of binding the surface-modifiers had become the essential point of
concern. In every case, protein adsorption could be avoided [9, 10, 53] and also the
non-specific uptake by tumor [35] or macrophage cells [9]. Functional residues at
the end of sulfobetaine or carboxybetaine were also proposed for further modifi-
cation to let the nanoparticles to have targeting capability in vivo after systemic
administration.

18.3 PEGylation/Zwitterion-Coating Countering Protein
Corona Formation

Hydrophobic nanoparticles mimics invading infective microorganism and cause
aggregation once they meet plasma, whose water solution expels nanoparticles to
make bigger particles and then whose many proteins wrap up the nanoparticles.
Beside hydrophobic nanoparticles, hydrophilic nanoparticles also are wrapped up
by plasma proteins in a non-random way so that their identity is now determined
after the corona protein surrounded the nanoparticles. It was easy to divide the
proteins into hard (having higher affinity) and soft (competitively bound and
reversible or exchangeable). And soft corona proteins are easily changed with other
soft corona proteins, however, this concept was challenged by recent findings by
Tenzer and colleagues [20], where the characteristic corona was established within
1 min after mixing or injection, the constituent corona proteins did not change
much and at most change only in quantitative terms. Though we don’t know that
this is universally applied to nanoparticles and plasma of healthy or diseased
humans, if true, it came to be easy to characterize the systemically administered
nanoparticles [21] and to predict the behavior of these nanoparticles in vivo. The
behavior here means biodistribution in general and target disposition which will be
affected by the determinants of physiology and immune response.

Now if we try to understand the characteristics of a kind of nanoparticles, we
need to determine size, surface charge, density and shape of the surface modifier
and also adsorbed proteins, i.e. corona. Adding corona to the model to predict
nanoparticles’ interaction with target cells or non-target scavenger cells improved
the prediction up to 50% [21]. By the way, these reports about corona modification
of nanoparticles were sometimes investigated in in vitro conditions, or in other
times, in in vivo but without optimized hydrophilization. Few reports [23, 28] dealt
with the effect of concomitant PEGylation and corona of the nanoparticles on their
targeted cellular uptake [23] and stealth effects [28]. In the former report, the
investigators observed the reduced receptor binding due to corona proteins wrap-
ping anti-MUC1-targeted PEGylated liposome. Or in the latter report corona pro-
teins rather helped nanoparticles enjoy stealth effect. PEG or other PPE-coated
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nanoparticles, once exposed to plasma or clusterin (apolipoprotein J), decreased
non-specific cellular uptake. However, this was again an in vitro study. And the
delicate, but sometimes definitively different, in vivo condition should be investi-
gated for their effect upon non-specific cellular uptake, targeted receptor mediated
uptake to the target cells or uptake by immune cells especially macrophages.
Zwitterion capsulation was also reported using phosphatidylinositol as zwitterion
and capsulation methods using liposome as capsules [55]. Similarly to but unlike
Jeong’s method of using micelle [42], they used liposome (lipid bilayer) to wrap the
gold nanoparticles. They called the final product as the artificial viral nanoparticles
as they mimicked membraned viruses. The effect of corona adsorption was mod-
estly considered for in vitro and subcutaneous injection in vivo experiments.

18.4 Radiolabeling with PEGylation or Zwitterion
Coating of Nanoparticles

There are two methods of PEGylation, one of which is the functionalization of the
surface and then the consequent conjugation of PEGs or small zwitterions at the
later step. The density and shape of the PEGs on the surface of the nanoparticles are
well known factors to influence the physiological behavior of the PEG or
zwitterion-coated nanoparticles. The other method is simultaneous encapsulation
using Jeong’s method. This has become more and more popular because if we
adopt the sequential method, this PEGylation and binding of other ligands and
chelators needed further repeated steps of binding and purification. Simultaneity of
PEGylation and ligand/chelator binding was enabled by micelle encapsulation
which evolved from the first report by Dubertret and optimized by Jeong [42].

Hydrophilization of nanomaterials using the micelle encapsulation method was
first proposed by Dubertret et al. [56]. Via several evolutions of methods [57, 58]
functional biomolecules were introduced successfully [59]. Jeong’s group inte-
grated these proposed methods to devise the simplest method of mixing, vortexing,
and size exclusion chromatography yielding active multi-specific nanoparticles
[42]. By exploiting this one-step method under mild conditions to preserve ligand
integrity, feasibility of multiplexing is now being investigated to embrace both
therapeutic and diagnostic radionuclides simultaneously (Fig. 18.7) [43, 60]. The
key step of manufacturing here is how we make micelles containing mixtures of
linear or branched PEGs, ligands and chelators optimally for the further use in the
next step of capsulation.

There are two approaches, pre- and post-labeling methods, for radiolabeling of
these surface modified nanomaterials (Fig. 18.8) [61]. Pre-labeling method can be
used for the nanomaterials containing the conjugation motifs on the surface and
post-labeling method for the chelators on the surface. Very often, the nanomaterials
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Fig. 18.7 Multifunctional nano-platform for radionanomedicine. a Combination of diagnostic and
therapeutic radionuclides. b Combination of two different therapeutic radionuclides with different
particle energy and physical half-life. c Combination of two different targeting molecules and
diagnostic and therapeutic radionuclides
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cannot endure the conditions of radiolabeling, such as low or high pH, high tem-
perature, and if so, the pre-labeling method would be better for the keeping the
integrity of labile nanomaterials.
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Chapter 19
Excretion and Clearance

Hyung-Jun Im

Abstract The nanomaterials administered to the body systems are cleared,
degraded and finally excreted from the body. After the initial interaction of
administered nanomaterials with the body systems, clearance/excretion process of
the nanomaterials is started. Mononuclear phagocytic system clears nanomaterials
from the circulation by sequestering them and hepatobiliary and renal excretion
works thereafter. Considering the possible toxicity of nanomaterials, controlling the
clearance and excretion of injected nanomaterials are mandatory. All the factors
affecting clearance and excretion have veen investigated systematically and par-
tially established. In this chapter, we describe the physiology of clearance and
excretion, and factors affecting them. Designing better nanomaterials should be
based on the thorough knowledge about this physiology of nanomaterials and
radionanomaterials.

19.1 Introduction

The nanomaterials can be administered to an organism for targeted imaging, tar-
geted drug delivery, and tissue engineering. From the moment of the administra-
tion, nanomaterials interact with the body systems, and clearance/excretion process
begins. The term clearance generally indicates the elimination of the nanomaterials
from circulating blood while excretion refers to the removal of nanomaterials from
the organism. The nanomaterials can be cleared from the blood circulation through
the mononuclear phagocytic system (MPS) (also called the reticuloendothelial
system) and renal system (Fig. 19.1) [1]. Meanwhile, there are two major excretory
pathways which are hepatobiliary and renal routes. Since almost all nanomaterials
can exert toxicity in vivo, the knowledge of clearance/excretion characteristics of
nanomaterials is a prerequisite for clinical translation of the nanomaterials. Multiple
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factors can affect the route and efficiency of clearance/excretion of nanomaterials,
which includes size, charge, shape, component, and functional moiety of the
nanomaterials. In this chapter, we will describe the physiology of clearance and
excretion, and factors affecting the clearance/excretion, also, perspectives to design
the nanomaterials with favorable clearance/excretion characteristics.

19.2 Renal Excretion of Nanoparticles

19.2.1 Physiology of Renal Excretion

The kidney is the major organ for the drug excretion. The nephron is the functional
unit of the kidney and consists of a renal corpuscle and renal tubules. Renal cor-
puscle is composed of a glomerulus and Bowman’s capsule. The glomerulus is a

Fig. 19.1 Two major pathways for clearance of intravenously injected nanomaterials: reticu-
loendothelial system (RES, also called the mononuclear phagocytic system; MPS) and renal
system. Reproduced with permission [1]
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capillary cluster which receives its blood flow from an afferent arteriole. Unlike
other capillary beds, glomerulus drains into an efferent arteriole rather than a
venule. The high resistance of an efferent arteriole results in a high pressure within
the glomerulus. The high blood pressure inside the glomerulus is the driving force
for water and solute to be filtered out of blood and into the space of Bowman’s
capsule. Bowman’s capsule surrounds the glomerulus and collects filtered fluid and
solutes from blood in the glomerulus. Glomerulus consists of three layers, which
are endothelium, basement membrane and epithelium (podocyte). Endothelial cells
have numerous, relatively large pores (fenestrae) with a diameter of 70–90 nm.
While basement membrane prevents filtration of plasma proteins with 2–8 nm-sized
holes and consists of laminins, type IV collagen, agrin and nidogen. Epithelium
consists of podocytes which are attached to the basement membrane by their foot
processes with 4–11 nm-sized slits. This layer is the final filtration barrier of plasma
proteins before the fluid enters the Bowman’s capsule. Additionally, negatively
charged foot processes limit the filtration of negatively charged substances, such as
albumin. As a result, only low molecular weight molecules (<30,000 Dalton) are
filtered out of blood in the glomerulus (Fig. 19.2) [2].

Bowman’s capsule is the starting point of the renal tubules. Filtered fluid runs
through renal tubule and enters into collecting duct system. In the proximal tubule,
weak electrolyte drugs are actively secreted, and water is reabsorbed. In the loop of
Henle, water reabsorption occurs. Also, passive reabsorption of water and lipophilic
drugs takes place in the distal tubules. In the collecting duct system, the concen-
tration of the urine can be adjusted by action of antidiuretic hormone. Urine depart
the medullary collecting ducts and go through the renal papilla, calyces, pelvis, and
finally into the bladder via the ureter.

19.2.2 Renal Excretion of Nanomaterials

Nanomaterials with hydrodynamic diameters (HD) <6 nm are filtered in the
glomerulus and thus can be excreted in urine. Generally, nanoparticles (NP) with
HD >8 nm are not filtered with some exceptions which will be discussed in the last
part of this section. In case of NPs with the intermediate size of 6–8 nm, the charge
of the NPs determine the filtration and positively charged NPs are prone to be
filtered more because of negatively charged foot process. Once NPs cleared out
from blood at renal corpuscle, the majority of the NPs are excreted via urine
because nanomaterials are generally not reabsorbed at proximal/distal tubules.

Rapid renal excretion of NPs is a huge advantage in their biocompatibility, and
thus renal clearable nanoprobes were developed using multiple types of NP plat-
forms including quantum dots (QD), C dots (or Cornell dots), and ultrasmall gold
NPs [3] (Table 19.1). In 2007, renal clearable QDs were developed (Fig. 19.3a) [4],
and other inorganic NPs followed including ultrasmall fluorescent silica NPs such
as C dots [11, 12, 17], glutathione-coated gold NPs [6, 18] and carbon nanotubes
[15]. Ultra-small dye encapsulated fluorescence silica NPs, also known as C dots
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already entered into clinical trials in 2011 (NCT01266096, NCT02106598). These
NPs are functionalized with near infrared (NIR) dye, cyclic RGD, and radioisotopes
for multimodal targeted imaging of cancer.

With HD of 6–8 nm and neutral charge, the NPs can be cleared through kidneys
effectively with sufficiently long blood circulation time (half-life = 190 min). In a
melanoma xenograft mouse model, the NPs showed the tumor uptake of only 2.0%
ID/g, but tumor to muscle ratio was as high as five [12]. In the first report of the
human clinical trial of C dots, the NPs were cleared out by the kidneys, and there

Fig. 19.2 The structure of the filtration barriers in the glomerulus. Reproduced with permission [2]
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was no adverse reaction and C dots was proposed to be safe in human cancer
diagnostics (Fig. 19.3b) [17]. Ultrasmall gold NPs (AuNPs) which are coated with
glutathione (GSH) and have sizes of 2–3 nm also showed efficient renal clearance.
These NPs had very short blood circulation time and thus had a shortcoming in
tumor targeting which needed high enhanced permeability and retention
(EPR) effect, and rather highly suitable for noninvasive renal functional imaging.
GSH–AuNP showed the ability of noninvasive assessment of kidney clearance
which was enabled by intrinsic NIR luminescence in mice. In a unilateral ureteral
obstruction mouse model, the NPs were able to detect the decreased renal function
of obstructed kidney and further stratify the severity of the renal dysfunction [19].
Nevertheless, this approach is hardly going to be used in the clinic because of the
limitation of penetration depth of the luminescence and existing clinically suc-
cessful radiopharmaceuticals such as 99mTc–MAG3 (mercaptoacetyltriglycine) or
99mTc–DTPA (diethylenetriaminepentaacetic acid). Luminescence imaging using
GSH–AuNP may be useful for renal function evaluation in mice where radioisotope
imaging is not available since there is no need for radioisotope.

Fig. 19.3 a The structure of ultrasmall quantum dot (QD) on the left. Surgically exposed mouse
bladders 4 h after intravenous injection of QD515, QD534, QD554, QD564 or QD574 of defined
hydrodynamic diameters (shown in parenthesis) on the right. Color photo (top), fluorescence
images (middle), uninjected control bladder (bottom). Reproduced with permission [4].
b Schematic illustration of the use of cRGDY peptide functionalized, 124I-labeled C dot NPs in
a human patient (left). Maximum intensity projection PET images after intravenous injection of 124

I–cRGDY–PEG–C dots showed tracer uptake at urinary bladder (*), blood pool (yellow arrow),
and intestine (white arrowhead) (right). Reproduced with permission [17]
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As in the case of GSH–AuNP, short circulation time of renal clearable NPs
reduces the chance of delivering NPs to a target lesion. Thus balancing the efficient
renal excretion and sufficient circulation time is an important issue. Enhancing EPR
without sacrificing renal clearance is quite challenging but can be achieved.
Switching surface ligand of AuNPs from GSH to PEGylated ligand can signifi-
cantly increase the blood retention time of AuNPs, which can further enhance tumor
targeting efficiency of renal clearable AuNPs [20]. Renal clearable PEG–AuNPs
exhibited the higher targeting efficiency than GSH–AuNPs (8.3 vs. 2.3%ID/g).
Pharmacokinetics analysis indicated that enhanced circulation half-life resulted
in high EPR effect and thus high tumor targeting of PEG–AuNPs. Liang et al.
reported the efficient renal excretion and passive targeting of tetra
(4-carboxyphenyl)porphyrin (TCPP) NPs with variable PEGylation (Fig. 19.4a)
[21]. They compared TCPP NPs conjugated with 2, 5, 10, and 30 K PEG and found
that TCPP NPs with 10 K PEG showed enough circulation time for passive tar-
geting and acceptable range of renal excretion as well (Fig. 19.4b).

Although, 6 or 8 nm is the well-known limit of renal clearable NPs, there are
outliers for this rule. Ruggiero et al. [22] and Lacerda et al. [23] reported the
unexpected glomerular filtration and urinary excretion of carbon nanotubes (CNTs)
with the length of 200–300 nm. It seems that the glomerular filtration of this long
CNTs is caused by its high aspect ratio (1:100–500), however, the exact mechanism
has not yet been proved. Parts of the CNTs were reabsorbed to proximal tubules after
glomerular filtration, which is also an unusual phenomenon for NPs (Fig. 19.5).

Fig. 19.4 a Synthesis and characterization of tetra(4-carboxyphenyl)porphyrin (TCPP) PEG NPs.
(Upper) TCPP molecule conjugated with different molecular weight PEG molecules and 64Cu
labeling. (bottom left) TEM images of TCPP–PEG2 K, TCPP–PEG5 K, TCPP–PEG10 K, and
TCPP–PEG30 K NPs. (bottom right) The hydrodynamic diameters (HDs) of TCPP–PEG NPs
with various PEG (4.6 nm for TCPP–PEG2 K, 7.5 nm for TCPP–PEG5 K, 10.1 nm for TCPP–
PEG10 K, and 17.3 nm for TCPP–PEG30 K). b In vivo PET images of 4T1 tumor-bearing mice
using 64Cu–TCPP–PEG2 K, 64Cu–TCPP–PEG5 K, 64Cu–TCPP–PEG10 K, and 64Cu–TCPP–
PEG30 K NPs. Liver (L), kidneys (K, yellow arrowhead), heart, and bladder are indicated.
Reproduced with permission [21]
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19.3 Opsonization and Mononuclear Phagocytic System
(MPS) Clearance

19.3.1 Opsonization

Opsonization is the molecular event that NPs, microbes, or apoptotic cells are
chemically modified in the blood to have stronger interactions with phagocytes
(monocytes, macrophages, neutrophils and dendritic cells) and natural killer cells.
An opsonin (from a Greek word meaning “to prepare for eating”) is any molecule
that enhances phagocytosis by marking on the NPs or microbes to be more rec-
ognizable to phagocytes. After opsonization, NPs binding to phagocytes is greatly
increased. Opsonin molecules include an antibody, complement proteins and other
circulating proteins such as pentraxins, collectins and ficolins [24–26]. There are
over 1000 kinds of proteins in the blood circulation, and the proteins interact with
intravenously injected NPs and form a shell like coverage surrounding the NPs
which is called collectively corona proteins [27]. Opsonization could be regarded as

Fig. 19.5 a (Upper) Schematic representation of single walled carbon nanotubes (SWCNT)
functionalized with DOTA, AF488, and AF680, (SWCNT–[([86Y]DOTA)(AF488)(AF680)]). b In
vivo PET images after injection of SWCNT–[([86Y]DOTA)(AF488)(AF680)] showing rapid renal
clearance (green arrow: kidney, yellow arrow: urinary bladder) c Confocal microscopic
immunofluorescence image of the renal cortex at 1 h post injection of SWCNT–[(DOTA)
(AF488)(AF680)], showing both cytoplasmic and nuclear accumulation (left, green), and control
(not-injected) mice (right). Blue: nucleus, Red: cytoplasm. Reproduced with permission [15]
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a part of the protein corona formation process. However, not all the circulating
proteins can facilitate phagocytosis of the NPs.

The efficiency of opsonization can differ according to their surface properties
including charge and hydrophobicity. The characteristics and consequences of the
protein corona formation have been well described in several review articles and
another chapter “Corona and its Consequences”. This protein adsorption signifi-
cantly affect the biodistribution of the NPs, speedy recognition and clearance by
MPS (also called the reticuloendothelial system; RES) in particular [28]. The
hydrophobic and electrostatic interactions are the main forces for protein adsorption
on NPs [29, 30]. Higher charge and higher hydrophobicity of NPs are the major
factors to make NPs prone to be opsonized [31, 32]. Without the opsonization,
phagocytes are generally not able to capture the foreign materials. After
opsonization, bound opsonins such as complement may undergo a conformational
change to have an activated protein structure that can be well recognized by the
receptors of the phagocytes [33].

19.3.2 Interaction Between MPS and Nanoparticles

Circulating nanomaterials are recognized after opsonization by tissue macrophage
system, MPS also known as RES [34]. MPS is a part of the innate immune system
which can be found in kidneys, lungs, bone marrow, liver, spleen and lymph nodes
etc. MPS eliminates foreign invaders non-specifically via direct interactions with
the phagocytic cells. Kupffer cells in the liver sinusoid are a major portion of MPS
which makes up 80–90% total body macrophage population. Further detailed
information regarding innate immune response to NPs is found in the chapter
“Innate Immunity”. NPs cleared by MPS are not excreted from body system
shortly, because NPs are not well dissolved by a chemical reaction in lysosomes of
the phagocytes (Fig. 19.6) [35–38]. This can be problematic since persistence in the
phagocytic system can induce cell/tissue toxicity [39, 40]. Also, fast clearance to
MPS results in a short blood circulation time. Short blood circulation time effec-
tively limits the targeting efficiency of the NPs, especially when NPs are targeted by
passive targeting. Lower or slower MPS clearance of NPs is challenging in most
cases but mandatory for effective targeted imaging/therapy using NPs. Thus, MPS
recognition of NPs is the major hurdle for development and clinical translation of
the targeted delivery of NPs [28, 34, 41, 42].

Lowering MPS recognition of the NPs, i.e. the stealth effect of NPs, can be
primarily achieved by reducing the opsonization and there are several strategies
(Fig. 19.7). Polysaccharides (dextrans) and polyethylene glycols (PEGs) are the
two popular methods to reduce opsonization [43]. Flexibility and high
hydrophilicity of these polymers interfere the hydrophobic interaction between NPs
and blood proteins. However, when the same PEGylated NPs are injected into the
same animal second time, MPS recognition of the NPs become faster resulting in
faster blood clearance. This phenomenon is known as Accelerated Blood Clearance
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(ABC). This is caused by the formation of anti-PEG IgM antibody after the first
injection of the PEGylated NPs. When the same PEGylated NPs are injected, the
preformed anti-PEG IgM recognizes the PEGylated NPs. Consequently,
opsonization and complement activation take place which can facilitate RES
recognition of the NPs [44]. Another way to reduce opsonization is called “active
stealth” approach. Rodriguez et al. attached CD47 ‘self’ peptides on the NPs, and
the NPs showed longer blood half-life by delaying splenic phagocytic clearance
[45]. Biomimetic particle coating can also reduce the opsonization and consequent
phagocytic clearance. Parodi et al. reported that NP coated using cell membranes
from leukocytes showed a reduction of serum protein attachment and lower MPS
uptake [46].

Fig. 19.6 Sustained liver uptake of NPs a PET/CT maximum intensity projection (MIP) images
recorded between 0–120 h post-i.v. injection of 89Zr-ferumoxytol in mice. Reproduced with
permission [35] b In vivo PET MIP images of mice at different time points up to 21 days after i.v.
injection of 89Zr-mesoporous silica NPs (MSN). Reproduced with permission [36]. c Serial in vivo
PET images of [89Zr]Gd2O2S:Eu@PEG in mice at different post-injection time points Reproduced
with permission [37]. d Serial coronal PET images at different time points post-injection of
64Cu-Layered double hydroxide(LDH)-bovine serum albumin(BSA) acquired in 4T1
tumor-bearing mice. Reproduced with permission [38]
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Fig. 19.7 Strategies for NPs to avoid MPS (or RES) recognition and prolong blood circulation.
PEGylation is a classic strategy. The attachment of PEG to the surface makes a hydrating layer to
inhibit protein corona formation. An active stealth strategy includes attachment of a self CD47
peptides, which makes macrophages consider the NPs as ‘self’ so that the NPs escape
phagocytosis. Coating of NPs with biological cell membranes obtained from autologous
leukocytes and red blood cells (RBC) provides a biomimetic surface shown to prolong in vivo
circulation substantially. Reproduced with permission [34]
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19.4 Hepatobiliary Excretion of Nanoparticles

19.4.1 Anatomy and Physiology of the Liver

The liver is the biggest solid organ weighing 1.5–2.0 kg on average in the human
adult. The liver can be found just below the right side diaphragm and partially
covered by rib cage [47]. The liver consists of the larger right and the smaller left
lobes which are separated by the hepatic vein in the middle. The primary functions
of the liver include: (1) regulation of the glucose and fat metabolism, (2) production
and secretion of bile, (3) metabolism of drugs, chemicals, and alcohol (4) produc-
tion of essential body proteins including albumin, coagulation factors (5) regulation
of hormone balances including sex, thyroid hormones, and cortisone. The liver
consists of functional groups of hepatic lobules. The lobules are composed of plates
of hepatocytes radiating from a central vein and form roughly hexagonal shapes.
The central vein drains into hepatic vein. At the each corner of the lobule, porta
triads run vertically. The porta triads was named because there are branches of the
hepatic artery, hepatic portal vein, bile duct, but currently, it has been revealed that
there is two more components in the porta triads, which are a lymphatic vessel and
the vagus nerve.

Inside the hepatic lobules, there are multiple radial arrays of hepatocytes and
sinusoids. The sinusoid is a type of capillary system which has fenestrated
endothelium. The sinusoid receives blood from both oxygen-rich hepatic artery and
nutrient-rich portal vein. The blood is mixed in the sinusoids and drains into hepatic
vein. Hepatocytes are located beside the sinusoids with gaps named space of Disse
while Kupffer cell resides inside of the sinusoid. However, hepatocytes can interact
with materials in the sinusoid though fenestration in the sinusoids. Between the
hepatocytes, biliary canaliculus can be found which consists of biliary epithelial
cells. Bile in the biliary canaliculi drains into larger bile ducts in the porta triad and
further collected through the biliary tree (Fig. 19.8) [48]. Bile can be directly
secreted into the duodenum via extrahepatic bile duct or accumulated in the gall
bladder and secreted into duodenum when the gall bladder squeezes. Sixty to eighty
percent of the cells in the liver are hepatocytes and the other twenty to forty percent
of the cells include Kupffer cells, sinusoidal endothelial cells, stellate cells, biliary
epithelial cells, lymphocytes and circulating blood cells [49].

19.4.2 Hepatobiliary Excretion

Not all NPs in the liver are captured in the MPS. Although the hepatocytes are
separated from the sinusoid, the capillary system in the liver, some NPs can make
their way to the hepatocytes. To be excreted via the hepatobiliary pathway, size of
NPs should be smaller than 120–150 nm which is the size of hepatic sinusoidal
fenestration. In 1989, Renaud et al. reported that low-density lipoprotein
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(LDL) gold complex could enter into the hepatocytes after MPS depletion using
gadolinium chloride [50]. Recently, several in vivo imaging studies accompanied
by transmission electron microscopy (TEM) experiments revealed that the NPs
reached the hepatocytes and could be excreted via hepatobiliary excretion [40, 51,
52]. Several in vivo imaging studies including fluorescence [53, 54], magnetic
resonance imaging (MRI) [55–57], positron emission tomography (PET) [40]
showed the efficient hepatobiliary excretion of NPs after initial hepatic uptake of the
NPs (Fig. 19.9; Table 19.2). Also, several studies among them were able to show
that the NPs were taken up by hepatocytes and moved to bile canaliculi by TEM
imaging which proved the hepatobiliary excretion of the NPs [40, 52]. The process
of hepatobiliary excretion of NPs is schematically explained in Fig. 19.10 [64].

Fig. 19.8 Microanatomy of the hepatic lobule. Hepatocytes, Kupffer cells, bile ducts, and
sinusoids are represented. The shape of a hepatocyte is shown with its apical, basal, and lateral
sides. In the sinusoid, blood from a hepatic artery and portal vein is mixed and drains to central
vein. Bile canaliculi are shown between the hepatocytes merge into larger biliary ducts. Kupffer
cells attach to endothelial cells, the inner side of sinusoids. Reproduced with permission [48]
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If the NPs are not recognized by MPS and have a smaller size than 120 nm (size
of sinusoidal fenestration), there is a high chance for NPs to be taken up by
hepatocytes and excreted via a hepatobiliary pathway. Thus, the strategy to enhance
the hepatobiliary excretion of the NPs is similar to that of lowering MPS recog-
nition. Surface modification such as higher charge or micelle encapsulation can
improve the efficiency of hepatobiliary excretion. Souris et al. reported that
mesoporous silica NPs with higher positive surface charge (+34.4 mV) showed
faster hepatobiliary excretion than those with negative surface charge (−17.6 mV)
[53]. In vivo biodistribution analysis, substantial excretion to intestine was
observed after initial uptake to the liver [40, 53]. Seo et al. reported the micelle
encapsulated upconverting NP (UCNP) can be cleared via hepatobiliary excretion
in their integral forms [40]. We observed the substantial amount of NPs were
excreted from liver after initial liver accumulation. It is speculated that micelle
encapsulation of the NPs may lower the protein corona formation and thus lower
MPS recognition.

Fig. 19.9 a Fluorescence imaging of hepatobiliary transport of mesoporous silica NPs–amine–
indocyanine green (MSN–NH2–ICG) into the intestine in the rat after i.v. injection. At 15 min
after injection, most of the MSN–NH2–ICG has been taken up by the liver. A substantial amount
of the NPs is progressively excreted to the intestine until 180 min after the injection. Reproduced
with permission [53]. b Magnetic resonance (MR) cholangiogram in a rat after the intravenous
injection of gadolinium functionalized NP. Baseline image shows no enhanced signal at bile duct.
1 min after the injection, heart, aorta (arrow), and peripheral vasculature show strong T1-weighted
positive contrast, which indicates that NPs are still in the blood circulation. H = heart, L = liver.
At 5 min, the NP is excreted through the common bile duct (arrows). Passage through the small
intestines and large intestines can be seen at 10 and 30 min after the injection. Reproduced with
permission [56]. c In vivo PET images at different time points after intravenous injection of micelle
encapsulated 64Cu–NOTA–UCNPs. NPs were sequestered in the liver up to two hours after the
injection. Intestinal uptake was found one hour after the injection followed by the increased
intestinal uptake until 8 h. The intestinal uptake was minimal at 24 h after injection, indicating the
hepatobiliary excretion of the NPs. Reproduced with permission [40]
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19.5 Perspectives

Understanding the mechanism of clearance and excretion of the NPs is the key to
open the wide gate to the clinical translation of nanomedicines. Renal clearance
can be achieved more easily by utilizing the NPs with ultrasmall core than hep-
atobiliary clearance. However short circulation time may be the fundamental
shortcoming for the renal clearable NPs. While the strategies to enhance the
hepatobiliary excretion and circulation time are similar, strategy to enhance
hepatobiliary excretion has not been well established, and not all NPs with
extended circulation time can be excreted via hepatobiliary pathway. There is a
strong need for a better understanding of the interaction between the NPs and the
liver structures especially hepatocytes. Further investigation should be done to
reveal the way to develop NPs with sufficient blood circulation and good hepa-
tobiliary excretion property.

Fig. 19.10 Schematic representation of the hepatobiliary excretion process of the NPs. NPs enter
the liver via the portal vein or hepatic artery. While NPs pass through the sinusoid, NPs may be
phagocytosed and sequestered in MPS (or RES) in the liver, the Kupffer cells. Otherwise, NPs can
be filtered out from sinusoid into the space of Disse and be endocytosed by hepatocytes. Inside the
hepatocytes, NPs can be transcytosed and excreted to the bile duct via bile canaliculi. NPs may
first be collected inside the gallbladder or directly secreted into the common bile duct. NPs are
excreted into the duodenum under the control of the sphincter of Oddi. NPs in the duodenum travel
the entire small and large intestine and finally excreted in the feces. Reproduced with permission
[64]
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Part VII
Immune Responses to Nanomaterials

Chapter 20: Immune Response to PEGylated Nanomedicines: Impact of IgM
Response

Chapter 21: Innate Immunity to Nanomaterials

In this part, the readers can get to the facts and principles of immune responses to
the administered nanomaterials or the radionanomaterials elucidated so far in ani-
mals and in humans. There has been a hope that radionanomedicines when they are
used in trace amount, will avoid any adverse reaction from its pharmacological
effects. Increasing specific activity of radiolabeling will decrease the amount or
nanomaterials to eliminate the concerns of pharmacologic effect. However, we also
know that very small amount of exogenous infectious or noninfectious materials
can elicit any amount of adverse immune responses. As was commented at the end
of the introductory editorial to the previous Part VI, and also as I don’t think that
there should be much difference between nanomaterials and radionanomaterials,
this chapter is entitled with immune response to nanomaterials but not to radio-
nanomaterials. And this is also the case with any use or trace amount of radiola-
beled nanomaterials. The prediction of immune responses to the injected
pharmaceuticals and even nanomaterials is extremely difficult, however, nuclear
medicine physicians all know well that the trace amount of radiopharmaceuticals
has shown far less risk of eliciting immune responses. To be conservative, and as
we don’t know that the size of nanomaterials might or might not make difference in
eliciting pseudoallergy, innate immune response, or IgM or other possible cellular
responses from biomacromolecules or even small molecules.

In Chap. 20, the readers will gain the well-summarized information regarding the
IgM responses to nanomaterials mostly against liposomes. Recent addition of the
IgM responses to other nanomaterials or even graphene oxides was touched upon.
In Chap. 21, the readers will enjoy the summary of the recent radical changes in the
role of innate immunity and tissue-resident macrophages, as the progress of
understanding these areas was remarkable and thus thought experiment was



included about what the nanomaterials would meet, after being injected, the
immune response charged cells and molecules in the body. Above all these details,
the body just responds to the invading nanomaterials with all their armamentarium
and we are interpreting the mechanism with limited knowledge of immune
responses. Much more are to be understood with careful observation when the
radionanomaterials are being used in humans in clinical settings.
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Chapter 20
Immune Response to PEGylated
Nanomedicines: Impact of IgM
Response

Amr S. Abu Lila and Tatsuhiro Ishida

Abstract PEGylation is one of the most commonly applied approaches to realize
the stealthiness of the conjugated nanomaterials in the systemic circulation.
Nevertheless, despite the fact that Polyethylene glycol (PEG) is biologically inert, a
mounting body of evidences has confirmed the presence of anti-PEG antibodies
(anti-PEG Abs) that trigger an immunogenic response against PEG conjugates in a
manner wherein PEG acts as a hapten. Since anti-PEG Abs are correlated with the
accelerated clearance of subsequently administered doses of PEGylated nanocar-
riers, via a phenomenon known as “accelerated blood clearance” phenomenon, the
existence of anti-PEG Abs has been claimed for the reduced efficiency of
PEGylated therapeutics and/or development of severe adverse effects. Accordingly,
careful monitoring for anti-PEG Abs is necessary prior to and throughout a course
of treatment with PEGylated therapeutics. Furthermore, strategies to avert the
challenges of PEG-specific immunity are needed with a deeper understanding of the
mechanism of anti-PEG immunity.

20.1 Introduction

PEGylation, covalent coupling of the hydrophilic polymer polyethylene glycol
(PEG) to nanocarriers-based and/or protein therapeutics, is one of the commonly
applied approaches to realize the stealthiness of the conjugated nanomaterials in the
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systemic circulation [1, 2]. The hydrophilic nature of PEG is reported to favor the
formation of a hydration layer on the surface of nanocarriers-based and/or protein
therapeutics, resulting in decreased adsorption of opsonins and serum proteins and,
thus, less recognition and uptake by the cells of the mononuclear phagocyte system
(MPS), which would lead to extended blood circulation [3, 4]. In addition, PEG has
been reported to silence both humoral and cellular immunogenicity [5].

Nonetheless, in contrast to the typical assertion that PEG is non-immunogenic, a
mounting body of literature has emerged claiming PEG to be immunogenic [6, 7].
Many reports have demonstrated that an intravenous administration of PEGylated
substances in rats, rabbits, dogs and Rhesus monkeys could elicit antibody
responses against PEG (anti-PEG antibodies) limiting the therapeutic efficiency
and/or reducing the tolerance of PEGylated therapeutics [8, 9]. In addition, an
emerging body of literature has demonstrated that anti-PEG antibodies produced in
response to the first dose may harmfully trigger the rapid systemic clearance of
subsequently injected doses of PEGylated nanocarriers- the so-called “accelerated
blood clearance (ABC)” phenomenon [10–15]. Such phenomenon is of concern for
clinical translation of nanocarriers systems as it limits their passive accumulation in
many disease sites.

Of interest, the existence of naturally occurring anti-PEG antibodies in normal
individuals who have never received PEGylated therapeutics have been recently
emphasized [5, 16, 17]. Armstrong et al. [17] revealed that these naturally occurring
anti-PEG antibodies could prime the host immune system against administered
PEGylated therapeutics, and thereby, compromise their therapeutic efficacies.
Consequently, the US Food and Drug Administration (FDA) has recently empha-
sized the need for assessing the immunogenicity of PEGylated therapeutics, to
assure their safety, prior their approval for clinical use [18].

20.2 Anti-PEG IgM Response to PEGylated Proteins

Biomedicines, such as protein drugs, have received much attention because of their
high biological activity and specificity against target molecules. Nevertheless,
limitations regarding to their ability to generate neutralizing antibodies, in tandem
with, rapid systemic clearance have potentially compromised their clinical appli-
cations [19–21]. As described earlier, covalent conjugation of PEG to biologically
active molecules is considered one of the promising strategies to circumvent such
limitations. PEG is generally believed to be a biologically inert, non-immunogenic
polymer that is commonly used in the production of cosmetics and many phar-
maceuticals, and is approved by FDA as a constituent of various medicines and
medical procedures [22, 23]. Therefore, the immunogenicity of PEGylated sub-
stances was formerly and directly tested against a primary substance, rather than
against covalently coupled PEG. However, a strong anti-PEG immunological
response, exemplified by the extensive production of anti-PEG antibodies, was
reported upon conjugating this hydrophilic polymer to some proteins, particularly
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ovalbumin (OVA) [24–26]. These findings potentially contradict the basic
assumption that PEG is a bio-inert and non-immunogenic substance. In 1983,
Richter and Akerblom [26] firstly reported the elicitation of PEG-specific antibodies
following either subcutaneous or intramuscular injections of different
PEG-modified proteins in complete Freund’s adjuvant. By contrary, under similar
experimental conditions, free PEG showed little or no immunogenicity. Similarly,
we have confirmed the induction of an anti-PEG antibody response (mainly
anti-PEG IgM) following a single intravenous injection of either PEGylated OVA
or PEGylated bovine serum albumin (BSA), despite the fact that a single injection
does not induce specific neutralizing antibodies to either OVA or BSA [27]. These
results support the scenario that the elicitation of anti-PEG immune response only
occurs against PEG conjugates in a manner wherein PEG acts as a hapten. A hapten
is a non-immunogenic small molecule that triggers antibody response only when
attached to an immunogenic protein that can provide CD4+ T cell epitopes, which
are required to initiate the antibody response. This haptenic characteristic of PEG
has been revealed to be dependent on the molecular weight and the immunogenicity
of the carrier protein and/or the presence of adjuvants [21, 28, 29]. This explains
why PEGylated proteins such as uricase, asparaginase and OVA could harmfully
elicit anti-PEG antibody response, whereas others are relatively safer [30–33].

20.3 Anti-PEG Response to PEGylated Nanocarriers

Nanocarriers are currently explored extensively as a vehicle of various medicinal
agents in biomedical fields including targeted drug delivery systems, medical
imaging and diagnosis [34–36]. Surface decoration of nanocarrier systems with
PEG is reported to prevent the uptake of nanocarriers by the cells of MPS and
improve their in vivo fate following intravenous administration [37, 38].
Nonetheless, in spite of the usefulness and importance of PEGylation, surface
decoration of nanocarriers with PEG has been reported to elicit an immunogenic
response against PEGylated nanocarriers [10, 14, 39, 40].

While single dose of PEGylated nanocarriers often demonstrates in vivo
extended blood circulation time, some PEGylated nanocarriers exhibit rapid sys-
temic clearance upon repeated administration. In 1997, Moghimi and Gray [41]
demonstrated that a single intravenous dose of particles coated with the amphiphilic
polymer poloxamine 908 (a PEG-containing surfactant) triggered enhanced clear-
ance of subsequently administered doses in rats. Similarly, we and other research
groups have demonstrated that empty PEGylated liposomes could also trigger a
strong immune response that significantly compromise circulation time in the blood
of the subsequent dose via enhancing its hepatic clearance [10, 11, 14, 42, 43]. Such
unexpected pharmacokinetic alteration of PEGylated nanocarriers upon repeated
administration is now well recognized as the “accelerated blood clearance (ABC)”
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phenomenon. Currently, the ABC phenomenon is of clinical concern because it
compromises the therapeutic efficiency of PEGylated therapeutics upon repeated
administration, in tandem with, eliciting the development of adverse effects.

20.4 Mechanism of the ABC Phenomenon

Since the first report concerning the pharmacokinetic irregularities upon repeated
injections of PEGylated liposomes (the ABC phenomenon) by Dams el al. [10],
research efforts have focused on elucidating the underlying mechanism of the ABC
phenomenon. Laverman et al. [11] identified 2 phases of the ABC phenomenon: the
induction phase, in which the host immune system is “primed” by the first injection
of PEGylated liposome, and, the effectuation phase, in which a subsequent dose of
PEGylated liposomes is rapidly opsonized and cleared from systemic circulation by
the cells of MPS. Later on, in a series of our studies [14, 40, 43–45], we emphasized
the crucial role of anti-PEG antibodies, mainly anti-PEG IgM, elicited in response
to the first dose, in the induction of the ABC phenomenon. In addition, we
emphasized the vital role of the spleen in the induction of anti-PEG IgM immune
response [46]. Where, splenectomy was found to significantly alleviate the pro-
duction of anti-PEG IgM and consequently attenuate the induction of the ABC
phenomenon following the administration of PEGylated liposomes, suggesting that
splenic cells serve as the primary site of anti-PEG IgM induction [27, 47].
Furthermore, it has been reported that the ABC phenomenon was only observed in
T-cell-deficient BALB/c nude mice but not in BALB/c SCID mice (T and B
cells-deficient mice) [47, 48]. Consequently, the ABC phenomenon seems to
involve B cells functioning through T-cell independent (TI) mechanism.
Collectively, based on the aforementioned data, we postulated the following
mechanism to explain the ABC phenomenon (Fig. 20.1): anti-PEG IgM, produced
in the spleen in response to the first dose, selectively bind to the PEG upon the
second dose of PEGylated liposome injected several days later and subsequently
activates the complementary system, and, as a consequence, the liposomes are taken
up by the Kupffer cells via complement receptor-mediated endocytosis.

20.5 Correlation Between Complement Activation
and the ABC Phenomenon

Many reports have highlighted the role of the complement system in the accelerated
blood clearance of PEGylated nanocarriers from blood circulation upon repeated
injection [49–51]. It is well recognized that IgM antibodies per se are unable to
directly induce phagocytosis via specific receptor on phagocytic cells such as
macrophages because IgM is not an opsonizing antibody due to the absence of
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specific receptors for IgM such as Fc receptor on the surface of macrophages [52].
IgM-mediated complement activation has been anticipated to be the rate-limiting
step of the ABC phenomenon of PEGylated products.

Fig. 20.1 Cartoon depicting the sequence of events leading from anti-PEG IgM induction to
accelerated blood clearance of PEGylated liposomes. Modified from [15]
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In earlier, Dams et al. [10] demonstrated that rats transfused with serum from rats
pretreated with PEGylated liposomes rapidly cleared the dose when they were
treated with PEGylated liposomes for the first time. Moreover, this accelerated
clearance of the PEGylated liposomes was not observed upon pre-heating the serum
at 56 °C for 30 min prior to transfusion. Later on, in a series of our studies [49, 50,
53], we have demonstrated that, following incubation with PEGylated liposomes,
extensive IgM binding with subsequent complement consumption was remarkably
detected only in sera from rats exhibiting an enhanced clearance of the second dose.
In the same context, Yang et al. [51] also emphasized the consumption of a massive
amount of complement in the serum obtained from rats pretreated with PEGylated
liposomes upon incubation with PEGylated liposome. These results suggest that
complement activation plays a crucial role in the induction of the accelerated blood
clearance of subsequent dose of PEGylated liposome. Nevertheless, the influence of
other serum factor(s) rather than complement in the elicitation of the ABC phe-
nomenon should not be excluded.

20.6 Properties of Anti-PEG Antibody Epitope

Many reports have highlighted the contribution of anti-PEG antibodies to the
accelerated blood clearance of PEGylated therapeutics. However, the antigenic
determinant of the PEG polymer still remains a mystery. Based on its highly
repetitive structure, PEG is acceptably classified as TI-2 antigen. TI-2 antigens are
composed of identical repeating epitopes that act by cross-linking the cell-surface
immunoglobulins of specific B cells leading to a significant and prolonged acti-
vation of B cells without co-stimulation by T cells [54]. In an earlier study, Richter
and Akerblom [26] observed the inhibition of anti-PEG antibody precipitation with
PEG300, suggesting that the antigenic determinant of PEG may be a sequence of 6–
7 –CH2-CH2-O- units. Cheng et al. [55] found that the monoclonal anti-PEG
antibody (IgM) generated by immunization with PEGylated b-glucuronide recog-
nizes the repeating sequence –(O–CH2–CH2)n– subunit (16 units) of PEG. Saifer
et al. [56] later reported that triethylene glycol (MW 150–160) was bound by
anti-PEG antibodies in direct and competitive ELISAs. These data suggest that the
minimum epitope recognition by anti-PEG antibodies could range from 3 to 4
repeated oxyethylene units.

Nevertheless, several studies showed that PEG polymer per se does not elicit an
anti-PEG response. On the other hand, PEG conjugated to proteins and/or
nanocarriers would induce an anti-PEG immune response. Accordingly, the anti-
genic determinant for anti-PEG antibodies is supposed to ensue at the linkage
between PEG and other materials. Shiraishi et al. [57] observed cross-reactivity
between anti-PEG IgMs elicited by hydrophobic PEGylated micelles and lipo-
somes, but hydrophilic PEGylated micelles did not induce either an anti-PEG IgM
response or the ABC phenomenon. Accordingly, they suggested that the anti-PEG
antibody epitope lies at the interphase between a hydrophobic core and conjugated

376 A. S. Abu Lila and T. Ishida



PEG groups. Furthermore, due to the difference in the immune responses between
free PEG and PEGylated conjugates, PEG is projected to function as a hapten,
which is a non-immunogenic small molecule that can elucidate an immune response
only when conjugated to a larger carrier [7, 58, 59].

20.7 Anti-PEG Immunity in Humans

Despite the fact that PEGylation has been acknowledged for the success of
numerous PEGylated products currently on the market, an emerging body of lit-
erature has emphasized the existence of anti-PEG antibodies in the sera of normal
donors and/or sera of PEGylated therapeutics-treated patients that specifically
recognize and bind to PEG [7, 17, 30]. The presence of anti-PEG antibodies,
consequently, might represent potential challenges against the clinical deployment
of PEGylated therapeutics since such antibodies could compromise the therapeutic
efficiency and increase the risk of treatment-related adverse effects [7, 17, 30, 31,
60].

20.7.1 Pre-existing Anti-PEG Antibodies in Normal Donors

In contrast to the basic perception that anti-PEG immunity arises predominantly by
previous exposure to PEGylated therapeutics, a growing body of literature has
emphasized the elicitation of immunogenic responses against PEGylated substances
in normal subjects upon first exposure to PEGylated therapeutics [17, 25, 28, 31,
33, 60–63]. Richter and Akerlom [28] first noticed that 0.2 and 3.3% of normal
subjects and untreated allergy patients, respectively, exhibits remarkably higher
titers of anti-PEG IgM. Later on, Armstrong et al. [17] declared significantly higher
incidence rates of anti-PEG IgM (*27%) in healthy blood donors. More recently,
Yang and Lai [25] reported an even higher anti-PEG antibody (up to 42%) in
healthy adult individuals. Such variations reflect a significant increment in the
prevalence of pre-existing anti-PEG antibodies in normal subjects over time. The
underlying mechanism of anti-PEG antibodies production in healthy individuals has
not been fully elucidated yet. However, since PEG has been classified by the FDA
under the category of products that are Generally Recognized As Safe (GRAS), it
has become commonly used in processed foods, cosmetics and pharmaceuticals.
Accordingly, frequent exposure to PEG in daily use products is supposed to induce
the production of anti-PEG antibodies. Based on the aforementioned data, Yang
and Lai [25] have recently postulated the following tentative mechanism elucidating
the existence of anti-PEG antibodies in normal subjects: as the human body is
vulnerable to certain conditions such as ulcerations, abrasions and skin tears that
might cause local inflammatory responses and/or recruitment of immune cells.
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Upon exposure to PEG in the daily use of common products, PEG is likely
introduced to sites of inflammation and to come into close vicinity to highly active
immune cells, which in turn may trigger the induction of anti-PEG antibodies.

20.7.2 Clinical Implications of Anti-PEG Antibodies
on the Efficacy of PEGylated Therapeutics

To date, with an increasing number of PEGylated products entering the clinic, many
reports have emphasized the immunogenicity of PEGylated therapeutics and have
claimed the reconsideration of the safety profile of PEGylated products [28, 62].
Nonetheless, the issue of the clinical implications of anti-PEG antibodies on the
efficiency of PEGylated therapeutics is controversial. In 1984, Richter and
Akerblom [28] have revealed that pre-existing anti-PEG antibodies did not ruin
hypersensitization treatment of allergic patients with PEG-modified honeybee
venom or ragweed extract. In the same context, Tillmann et al. [62] have demon-
strated that, despite the high prevalence of pre-existing anti-PEG antibodies in 44%
of patients with hepatitis C, the presence of pre-existing anti-PEG antibodies was
found not to compromise the therapeutic efficacy of PEG-INF-a. However, the
impact of impaired immunity and hepatic damage induced by hepatitis C virus on
the therapeutic efficacy of PEG-INF-a has not been justified. Furthermore, unlike
most reports demonstrate that the presence of anti-PEG response in a subset of
patients, anti-PEG antibodies were detected in all phenylketonurea patients treated
with PEGylated phenylalanine ammonia lyase (PEG-PAL). Nonetheless, neither
pre-existing nor induced anti-PEG antibodies adversely affected the therapeutic
efficiency of a single dose of PEG-PAL [60]. Collectively, these findings played an
integral role in creating the perception that anti-PEG antibody response has no
clinical implications for the therapeutic efficacy of PEGylated therapeutics in
humans.

By contrary, recent reports have highlighted the detrimental effect of anti-PEG
antibodies on the therapeutic efficiency of PEGylated therapeutic [17, 31, 64, 65].
In pediatric patients treated with PEG-Asparaginase (PEG-ASNase) for acute
lymphoblastic leukemia, anti-PEG IgM antibodies were detected in about half of
the patients and the presence of such anti-PEG antibodies was reported to correlate
closely to the enhanced clearance of PEG-ASNase and loss of therapeutic effi-
ciency. Notably, anti-PEG antibodies present in the sera of patients treated with
unmodified ASNase affected neither the systemic clearance nor the therapeutic
efficiency of the therapeutic protein (ASNase). In the same context, the clinical use
of Pegloticase, a PEGylated uric acid-specific enzyme, in patients with chronic gout
has been hampered by the occurrence of PEG antibodies; anti-PEG antibodies was
detected in 89% of patients treated with Pegloticase, resulting in enhanced
Pegloticase clearance, loss of activity and increased risk of treatment-induced
infusion reactions [66]. These findings highlight the potential impact of anti-PEG
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immunity on the growing clinical development of PEGylated therapeutics and
underscore the rationale for testing for anti-PEG antibodies in clinical trials of
PEGylated therapeutics. It is worth noting that anti-PEG immunity not only con-
tributes to the compromised therapeutic efficacy of PEGylated therapeutics, but also
participates to the development of severe side effects as well [60, 61]. In the case of
PEGylated phenylalanine ammonia lyase (PEG-PAL), despite the fact that neither
pre-existing nor induced anti-PEG antibodies affected the therapeutic efficacy of the
injected drug, severe adverse reactions were observed in two patients who had
further treated with an intramuscular injections of medroxyprogestrone acetate, a
drug containing free PEG and polysorbate as excipients [60]. Ganson et al. [61] also
revealed the contribution of pre-existing anti-PEG antibodies to the safety profile of
a PEGylated RNA aptamer used in the treatment of acute coronary syndrome
(ACS); pegnivacogin. They demonstrated that treatment with pegnivacogin could
elicit the development of severe life-threatening allergic reactions in three ACS
patients upon their first exposure to pegnivacogin leading to early termination of the
trial.

20.8 Non-antibody Mediated Hypersensitivity Reactions

Besides the slow specific immunogenic response manifested in antibody formation
against PEGylated nanocarriers [11, 40, 42], a mounting body of evidences has also
revealed that intravenous administration of nanocarriers could provoke acute hy-
persensitivity reactions (HSR) that are classified as complement activation-related
pseudoallergy (CARPA) since they are not initiated/mediated by pre-existing IgE
antibodies but rather arise as a consequence of activation of complement system
[39, 67–69]. Such “hypersensitivity reactions” or “anaphylactoid reactions” typi-
cally occur directly at first exposure to the nanocarriers without prior sensitization,
and the symptoms usually lessen and/or disappear on later treatment, that is why
these reactions have recently been called “pseudoallergic” [70]. The symptoms of
HSR are mostly minor and transient and include cardiopulmonary distress such as
tachypnea, dyspnea, tachycardia, hypertension/hypotension, chest pain and back
pain. However, life-threatening or even deadly reactions can occur occasionally in
hypersensitive individuals [71].

Drugs and agents causing CARPA include radio-contrast media, liposomal drugs
(Ambisome®, Doxil® and DaunoXome®), micellar solvents (e.g. Cremophore EL;
the vehicle of Taxol), PEGylated proteins and monoclonal antibodies [70–76]. The
first direct evidence for the causal relationship between complement activation and
hypersensitivity reactions (CARPA) to PEGylated liposomes was provided by
Brouwers et al. [77], who reported that three out of nine patients receiving 99mTc-
labeled PEGylated liposomes for scintigraphic detection of bowel inflammation
have developed severe hypersensitivity reactions. Later on, Szebeni and his col-
leges, in a series of their studies [39, 68, 73, 78], have emphasized the potential
contribution of complement activation to infusion reactions encountered in one
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fourth the patients treated with Doxil® (PEGylated liposomal doxorubicin).
Chanan-Khan et al. [79] also reported that Doxil® therapy activated complement in
the majority of patients and elicited moderate to severe hypersensitivity reactions in
about 50% of cancer patients infused with Doxil® for the first time. Furthermore,
CARPA reactions have been elicited with other liposomal formulations regardless
their structure or the presence/absence of PEG surface modification [70, 75, 80].
Currently, CARPA phenomenon is considered one of the safety issues for
nanomedicines, including radionanomedicines, that to be evaluated prior the clin-
ical approval of generic intravenous liposomal formulations.

20.9 Alternative Approaches to PEGylation

An emerging body of literature has been proposed to avert the immunogenicity of
PEGylated therapeutics [81–84]. Among them, the application of alternative
polymers to PEG has gained increased attention. Zhang et al. [83] have emphasized
the utility of liposome surface coating with hyaluronic acid (HA), instead of PEG,
to improve pharmacokinetics and to reduce immune response of administered
liposomes while preserving their long circulating characteristics. They demon-
strated that HA-liposomes showed good stealth properties without inducing neither
anti-polymer antibodies nor the ABC phenomenon. Moreover, HA-liposomes did
not trigger complement activation neither in human serum in vitro nor in rat blood
in vivo. On the other hand, PEGylated liposomes could elicit complement activa-
tion and consequent ABC phenomenon accompanied by an enhanced accumulation
of PEGylated liposomes in the liver. In the same context, we have employed a
polyglycerol (PG)-derived lipid, as an alternative to PEG, to mitigate the immune
response against injected liposomes [81, 82]. We demonstrated that surface deco-
ration with PG potentially attenuated the anti-polymer immune response. The
hydroxymethyl side group in the repeating –(O–CH2–CH(CH2OH))n– subunit of
PG was reported to sterically hinder the interaction and effective binding to surface
immunoglobulins on reactive splenic B-cells, and thus, prevents the direct stimu-
lation of splenic B cells and the production of anti-polymer IgM (Fig. 20.2). In a
subsequent study, surface modification of pDNA-lipoplex with PG, instead of PEG,
was also confirmed to efficiently attenuate the immunogenicity of PEGylated
lipoplex, and thereby, enhanced the accumulation of the PG-modified lipoplexes in
the tumor tissue upon repeated administration (Fig. 20.3) [81]. More recently, we
examined the potential of incorporating porcine ganglioside into the membrane of
PEGylated liposome in alleviating/abrogating the anti-PEG IgM response against
PEGylated liposomes (PL). Insertion of ganglioside into PEGylated liposomes
significantly mitigated the anti-PEG IgM immune response and alleviated the
incidence of the accelerated clearance of subsequently injected PEGylated lipo-
somes, presumably via inducing B cell tolerance. These findings emphasize the
feasibility of liposomal surface decoration with ganglioside in attenuating the
immunogenicity of PEGylated nanocarriers upon repeated administration [84].
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Fig. 20.2 Cartoon depicting the possible mechanism underlying the differences in anti-polymer
IgM production in response to a PEG-coated pDNA-lipoplex (PEG-DCL) or b PG-coated
pDNA-lipoplex (PG-DCL). Modified from [81]
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Zwitterionic materials, keeping electric neutrality with equivalent positive and
negative charged groups, have been recently challenged for their stealth-inducing
ability [85, 86]. Surface modification of nanocarriers and/or proteins with the
zwitterionic material, poly(carboxybetaine) (PCB), has been acknowledged for
extending the blood circulating characteristics of conjugated material [87]. In
addition, immunological studies on rat proteins conjugated with either PEG or PCB
polymers have emphasized the lack of immunogenicity of PCB-conjugated pro-
teins, as manifested by the absence of anti-PCB IgM and IgG, while, the corre-
sponding anti-PEG immunity were clearly identified [83].

XTEN technology, the conjugation of polypeptide to a protein, has been verified
to extend the circulation half-life of the conjugated product [88]. The polypeptide
used is composed of threonine, serine, proline, glycine, glutamic acid and alanine.

Fig. 20.3 Effect of a prior dose on the tumor accumulation of a fluorescence-labeled test dose of
either PEG-coated pDNA-lipoplex (PEG-DCL) or PG-coated pDNA-lipoplex (PG-DCL).
C26-tumor bearing mice received a single administration (a) or two administrations within a
5-day interval (b) of either pDNA-lipoplex (DCL), PEG-coated pDNA-lipoplex (PEG-DCL) or
PG-coated pDNA-lipoplex (PG-DCL) (0.4 lmol PL/mouse and 10 lg pDNA/mouse). The first
dose was given on day 7 after tumor inoculation. To visualize the tumor accumulation, the dose
was labeled with fluorescence (DiD). At 8, 12 and 24 h after the last injection, in vivo optical
images were recorded. All fluorescence images were acquired using a 1/8 exposure time. A typical
image from three independent experiments is expressed. Modified from [81]
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XTEN sequences have been reported to be well-tolerated and being weakly
immunogenic in many animal studies [89]. Currently, an exenatide-XTEN fusion
construct (VRS-859) for the treatment of type II diabetes and a growth
hormone-XTEN fusion construct (VRS 317) for growth hormone deficiency are
undergoing Phase I clinical trials [89–91].

20.10 Conclusion

In contrast to the general perception that PEG is biologically inert, many reports
have clearly underscored the detrimental effect of anti-PEG immunity, elicited by
either pre-existing or treatment-induced antibodies, on the therapeutic efficiency
and/or safety of PEGylated therapeutics. Accordingly, in light of the large arsenal of
PEGylated therapeutics that are FDA-approved or under clinical investigation,
patients should be pre-screened and monitored for anti-PEG antibodies prior to and
throughout a course of treatment with PEGylated therapeutics. Furthermore, a deep
understanding of the mechanism of anti-PEG immunity along with strategies to
avert the challenges of PEG-specific immunity is urgently needed.
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Chapter 21
Innate Immunity to Nanomaterials

Dong Soo Lee and Young Kee Shin

Abstract Nanomaterials, if injected to the body systemically, will meet circulating
innate immune mediators first and then tissue-resident macrophages. In this chapter,
the recent development of the understanding of the innate immunity, mostly the
origin and contribution of tissue-resident macrophages was explained. Interestingly,
recently tissue-resident macrophages, major player of innate immunity are not
derived from circulating monocyte, especially in liver. Tissue resident-
macrophages, which are in non-activated state and will act as first-hand gate-
keeper to respond to the injected nanomaterials. This innate immunity has the
capability of memory and trainability, which means on the second injection, the
degree of response will be higher. This trained innate immunity is now known to be
meditated by epigenetic modification. Accelerated blood clearance is the minor and
benign aftereffect of the action of innate immune response and the activation of
pentraxin and complement system or provocation of humoral or cellular adaptive
immune response is the consequential aftereffect of immune responses to the
nanomaterials. The differentiation between innate and adaptive immunity lies in the
presence or absence of involvement of major histocompatibility (MHC) molecules
and of V(D)J recombination in effector cells and molecules (Immunoglobulins or T
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cell receptors). As is expected, circulation physiology predates immune response
and thus one can refer to the anatomy of liver and spleen detailed in the chapter to
predict the fate and final disposal of injected nanomaterials.

21.1 Immune Responses to Foreign Materials

Immunity works for the defense of the body to extraneous materials, either living or
non-living things. Immune response to the living things are well understood and
even controlled for therapeutic or diagnostic purposes. Investigators tried to
understand how the human body recognize the patterns of invasive living things to
defend individuals. Understanding immune response has progressed a lot to reach
the re-interpretation of the entire feature by systems immunology and/or single cell
immunology. The most striking is that the discrimination between innate and
adaptive immune responses has been being obliterated [1–3].

Immune response to the invading foreign materials is classified to innate and
adaptive immunity (Table 21.1). Cells in charge for innate immunity are monocyte/
macrophage, neutrophil and innate lymphoid cells including natural killer
(NK) cells, and cells for adaptive immunity are dendritic cells and T and B cells,
and natural killer T (NKT) cells. Humoral mediators for innate immunity have been
known as acute phase proteins and are currently non-specific protein mediators of
pentraxin family of which short-chain subtype are C-reactive protein (CRP) and
serum-amyloid P (SAP) component and long-chain subtype is PTX3 [4]. Humoral
mediators for adaptive immunity are antibodies with various subtypes.

Cells for innate immunity do not discriminate the antigen pattern and thus is
known to be non-specific, however, they were found to respond to specific
molecular patterns, which came to be known and named as pattern recognition
receptor (PRR) including pathogen-associated molecular pattern (PAMP) and
damage-associated molecular pattern (DAMP) [5, 6]. PAMP is associated with
invading microbes and DAMP with altered self-molecules. Surface or intracellular
recognition molecules such as toll-like receptors (TLRs) [7, 8] and
nucleotide-binding and oligomerization domain (NOD)-like receptors [9] were
discovered two decades ago and we now know that monocytes/macrophages,
neutrophils recognize pathogens or the hosts’ own damaged molecules based on

Table 21.1 Cellular and humoral components of innate and adaptive immunity

Innate immunity Adaptive immunity

Cellular Monocyte/Macrophage
Neutrophil
Innate lymphoid cell (NK cell)

Dendritic cells
T cells
NKT cells

Humoral Nonspecific proteins: Pentraxins
(short (CRP, SAP) and long (PTX3))

IgM, IgG, IgA, IgD, IgE
B cells/Plasma Cells
Dendritic cells
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molecular pattern of hydrophobicity. Each PAMP has the corresponding TLR
which makes homo- or heterodimer to elicit downward signal transduction. For
example, lipopolysaccharide (LPS) of Gram-negative bacteria is bound to TLR4 to
make homodimer of TLR4-TLR4 to cause inflammation [7] (Table 21.2).

Cells for adaptive immunity recognize antigens by antigen-antibody interaction
specifically. Antigen candidates are processed to become antigen by
antigen-presenting cells such as macrophage, dendritic cells or virtually all form of
the cells. The processed antigens on the surface of antigen presenting cells (APCs)
are presented to T cells in association with major histocompatibility complex
(MHC) molecules in the secondary lymphoid organ such as lymph nodes. T cell
receptor (TCR) of the CD8+ or CD4+ T cells recognize non-self antigens associated
with MHC I or MHC II molecules on the surface of APC, respectively, and with
these recognition, the naïve CD8+ or CD4+ T cells come to mature to cytotoxic T
cells (Tc cells) or helper T cells (Th1, Th2 cells). Th1 cells are now devoted to
cellular adaptive immunity to help macrophages or Tc cells and Th2 cells to
humoral immunity to help B cells [10, 11]. Tc cells recognize the antigens with
much lower affinity but cells proliferate, and owing to the tight binding of TCR of
Tc cells with antigen-bound MHC I complex of APC with the help of associated
CD8-MHC I binding, they kill the target cells.

Humoral mediators for innate immunity reside mainly in the plasma and do not
discriminate the targets but rather they recognize His-x-Cys-x-Ser/Thr-Trp-x-Ser
sequence of the target molecules [4]. Short-chain pentraxin CRP and SAP bind the
peptides of the foreign materials and act as opsonins which facilitate phagocytosis
to the macrophages or act to enhance further binding by C1q, complement com-
ponent. Long-chain pentraxins PTX3 act similarly [4].

Table 21.2 Ligands and their pattern recognition receptors and the receptor location of innate
immunity

Ligands Pattern recognition
receptor

Location

Bacterial lipopeptide TLR 1/2 Cell membrane

Gram − bacterial lipopolysaccharide
(LPS)

TLR 4 Cell membrane

Bacterial flagellin TLR5 Endosomal membrane

Gram + bacterial lipoteichoic acid TLR3 Endosomal membrane

Double-stranded RNA (dsRNA) TLR3 Endosomal membrane

Single-stranded DNA TLR9 Endosomal membrane

Single-stranded RNA TLR7/8 or RIG-I Endosomal membrane

TLR toll-like receptor; RIG-I retinoic acid inducible gene-I
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Humoral mediators for adaptive immunity are the famous immunoglobulins
whose subtypes are IgM, IgG, IgA and IgE. Once stimulated by the intruding
foreign materials (or organisms), APC process and present antigens with MHC II to
immature CD4+ T helper cells to let these cells become effector Th1 or Th2 cells to
help B cells to differentiate into plasma cells. At initial phase of antigen exposure,
low affinity plasma cells produce multivalent IgM, which bind antigens with high
avidity. Some plasma cells produce high-affinity IgG after class switch recombi-
nation, and somatic hypermutation and affinity maturation in germinal center. IgM
and IgG make immune complexes that will be cleared by complement system in the
blood or by tissue-resident macrophages. Th1 pathway is considered to be mainly in
charge of defending intracellular bacteria or protozoa, and Th2 pathway in charge
of defending extracellular parasites including helminth. IgA is just the secretary
type and working mainly in mucosal surfaces such as intestinal mucus layers.

21.2 Recent Updates of Innate and Adaptive Immunity

Innate and adaptive immune responses have been considered to have characteristic
discernable features from each other in terms of specificity of response, trainability
of response strength [3], source of the cells involved, and memory capability [1].
However, the recent development of molecular mechanistic scrutiny revealed that
the differences are not clear-cut and there is a spectrum of the responses [1]. This is
also the case with the characterization of the cells involved in both types of immune
responses. The cells of interest are monocyte/macrophages of innate immunity and
T cells of adaptive immunity.

Firstly, specificity of response is prominent in T helper/B cells (and associated
Ig’s) and moderate in cytotoxic T cells (and associated TCRs) and very low in
monocytes and macrophages (almost nonspecific). Dendritic cells are involved to
present antigens to both T helper cells and cytotoxic T cells and there is an overlap
in their function with macrophages and monocytes [12]. Specificity should be
considered not in terms of dichotomous characteristics of innate or adaptive
immunity but as a spectrum from specific, cross-reactive, not-so-selective, changing
along time, or persistently non-specific.

Secondly, trainability of response strength was once thought to be the charac-
teristic feature of adaptive immunity, however, recent discovery of trained innate
immunity cast a challenge that trainability should not be the criteria to discern
adaptive immunity from innate immunity [3]. Response strength of innate immunity
came to be higher at the second challenge of invading organism. Epigenetic
modification of the cells in charge of innate immunity is now considered to cause
this phenomenon [3]. Obviously, cellular and humoral adaptive immunity shows
brisk and higher immune response to the second challenge of invading foreign
materials. This trained response is associated with the memory of effector T cells
consisting of helper T cells in humoral response and cytotoxic T cells in cellular
response.
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Thirdly, sources of the cells involved in innate and adaptive immunity used to be
considered different between both types of immunity. Myeloid or myelogenous
meant monocyte/macrophages and neutrophils and these cells alone were assumed
to arise from bone marrow. Myeloid cells were considered to be in charge of innate
immunity and lymphoid cells in adaptive immunity. However, lymphoid T cells or
B cells also originate from bone marrow (myelogenous) but need to mature in the
thymus or in the gut-associated mucosal tissue (GALT), respectively. NK cells
belonging to innate lymphoid cells are lymphoid and involved in innate immunity
in that they do not need the co-presentation of MHC I molecules for killing infected
or damaged cells without self-signal (missing-self). As was stated above, cytotoxic
response by NK cells to the second challenge of foreign materials are higher than
the first, meaning trainability [3]. NK cells do not have antigen specificity or TCR
and also lack recombination activation gene (RAG) obviating the re-arrangement of
V(D)J TCR gene. They are myelogenous and lymphoid, associated with innate
immunity, and trainable. Source does not help discriminate innate and adaptive
immunity. Unlike NK cells, NKT cells have TCR, TCR recombination, and are
myelogenous and lymphoid, and should have been trained in the thymus and
belong to adaptive immunity.

Fourthly, memory capability resides in central memory T cells or effector
memory T cells (helper T or cytotoxic T cells) or memory B cells. The exact
molecular mechanism of memory is still under active investigation using genomics,
epigenomics and single cell immunology. Memory, if we call trained innate
immunity as memory, is via epigenetic modification in innate immune cells. NK
cells belonging to innate lymphoid cell subgroup 1 (ILC1) remember the previous
challenges with the help of innate lymphoid cell subgroup 2 (ILC2). ILC2 cells
mimic helper T cells to help ILC1 such as NK cells [13–15].

In summary, key difference between adaptive immunity and innate immunity
might reside in whether they use V(D)J recombination to produce specific immune
response in Ig or TCR family genes or whether they use preset limited selectivity of
using molecules such as pentraxins (humoral) or TLR isotypes (TLR4 for LPS). If
one assumes that myeloid cells alone are responsible for innate immunity, one can
immediately find innate lymphoid cells as an exception. If one assumes that
adaptive immunity is associated with MHC I (cytotoxic) or MHC II (helper)
restriction, there is an easy exception that NKT cells sometimes use CD1 restriction
instead to MHC I restriction [16]. Sources, trainability or memory are not appro-
priate to characterize or discern innate and adaptive immunity. Due to this ambi-
guity of discriminating innate and adaptive immunity, understanding of bodily
immune responses to exogenous nanomaterials should not be prejudiced owing to
the past or even current dogma of differential characteristics of innate and adaptive
immunity. The immune response to the exogenous nanomaterials will be explained
further below keeping this confusion and progress of understanding in mind.
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21.3 Innate Immunity and the Relevant Cells

Monocyte/macrophage system is called as a system, as mononuclear phagocytic
system (MPS). Mononuclear phagocytic system was previously called as reticu-
loendothelial system (RES). Monocytes and macrophages had been categorized as
the same lineage as myeloid (pertaining to bone marrow) or myelogenous (derived
from bone-marrow) and macrophages were assumed to be the committed
tissue-localized monocytes having circulated once in the blood. As expected,
monocytes and macrophages shared the same surface marker of CD14. The dif-
ference looked like the subtypes and related surface markers. While monocytes
have subtypes according to the expression level of CD14 and CD16 [12, 17],
macrophages showed greater diversity of cell surface markers [18]. And, recent
ingenious studies changed the entire understanding of tissue macrophages, espe-
cially their embryological and developmental origins and thus the functional sig-
nificance [18–22] (Table 21.3).

According to the revised understanding of the origins of tissue macrophages, we
now know that tissue macrophages are derived from circulating monocytes in
certain tissues but in other tissues they are the resident tissue-dedicated ones [19].
Of course, in embryonic period monocytes and tissue macrophages share common
originality but the difference arises in terms of when the common ancestral
monocytes populated the organ and began to reside as an entity in the tissues [20]
(Fig. 21.1). In the myocardium and the lamina propria of the intestinal mucosa,
tissue macrophages were found to be populated from the differentiating circulating
monocytes in adult period, but in the brain, kidneys, liver and the alveoli of the
lung, tissue macrophages were already residing in each organ and self-renew in situ
since the birth. Adult bone marrow monocytes were not the sources to populate the
MPS of these organs in the physiological status [21]. Interestingly, skin has tissue
macrophages consisting of epidermal Langerhans cells, originated from yolk sac

Table 21.3 Subtypes and origin of monocytes and macrophages in the adult at the steady state

Subtypes (organ) Origin

Monocytes Classical CD14++ CD16− Myeloid

Intermediate CD14++ CD16+

Nonclassical CS14+ CD16++

Macrophages Microglia (brain) Yolk sac macrophages

Langerhans cell (epidermis,
skin)

Yolk sac macrophages/Fetal liver
monocytes

Dermal macrophage (skin) Adult bone marrow monocytes

Kidney macrophage Fetal liver monocytes

Kupffer cell (liver) Fetal liver monocytes

Alveolar macrophage (lungs) Fetal liver monocytes

Intestine Adult bone marrow monocytes

Heart macrophage Adult bone marrow monocytes
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macrophages and fetal monocytes, and dermal macrophages derived from adult
bone marrow monocytes [21, 22] (Fig. 21.1 and Table 21.3).

This clarification of the difference between tissue macrophages already resident
in the tissues and monocyte-derived tissue macrophages stimulated the under-
standing of the roles of the former tissue-resident macrophages in physiology and
inflammation. Specifically in liver, Kupffer cells are the main cells in MPS and
occupies almost more than 80% of entire MPS of the body [23]. Kupffer cells are
not derived from circulating monocytes and they are in the state of M2 and
tissue-resident macrophages. Only after activation of TLRs, PRRs such as PAMP or
DAMP and inflammatory cytokine receptors, M2 Kupffer cells came to be M1 [24–
26]. Kupffer cells are considered to be derived from liver-resident self-renewing
cells seeded during embryogenesis and stationary throughout the adult life in
non-pathologic conditions [8, 27, 28].

Several decades ago, physiologic and pathologic status of MPS were frequently
evaluated by colloid liver-spleen scan. Tc-99m labeled tin or sulfur colloid was
mostly taken up by MPS system (85% in liver, 10% in spleen and 5% in bone
marrow). The size of colloids ranged sub-micron or around 1 lm. As is known,
when colloids were clumped to make 10 lm or larger aggregates, they were trapped
immediately by alveolar capillaries of the lungs. Cumulated experience acquired
from the routine practice of clinical nuclear medicine revealed how consistent these

Fig. 21.1 Macrophages according to their origin in mice. Yolk sac or fetal liver are the embryonic
origin of tissue-resident macrophages. In the brain, kidneys, and liver, microglia, renal macrophage
and Kupffer cells become tissue-resident macrophages since the birth. Bone marrow
monocyte-derived macrophages are resident at low levels in physiologic conditions in these
organs. In contrast, alveolar or cardiac macrophages are mostly derived from circulating
monocytes. Skin has both tissue-resident macrophages and circulating monocytes derived from
fetal liver or bone marrow. Modified from [21] with permission
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findings were in normal individuals. These colloids were redistributed to the spleen
and the bone marrow in chronic liver diseases, especially in liver cirrhosis [29].

Kupffer cells and hepatocytes in the liver competes for the clearing of the
extraneous molecules such as biomacromolecules or larger particulate materials as
well as small molecules from the circulation. These extraneous molecules, if they
are trapped in colloids and escaped the size filter of pulmonary capillary flow, meet
circulating humoral mediators of antibodies or pentraxins [4] or circulating innate
immune cells [17]. They can act as hapten, make opsonin, activate complement
system, make circulating immune complex and further again phagocytosed by
macrophages or trapped by neutrophil extracellular trap (NET) in the localized
inflammation sites by neutrophils by neutrophil extracellular trap, and presented
again to adaptive immune cells to elicit further production of antibodies or retali-
ation by cytotoxic T cells [10, 11]. This continues repetitiously until resolution.
Among these complicated purposeful surveillance system, Kupffer cells take
important roles to remove most of the injected foreign materials [8, 23, 25].
Considering their high proportion among MPS and easy accessibility from both the
intestines via portal vein and the systemic circulation via hepatic artery, Kupffer
cells do the role of gatekeeping [8]. Any infective living or injected non-living
materials should pass this toll. In this line of reasoning, systemically injected
therapeutic monoclonal antibodies were considered to be mostly processed in the
liver especially by Kupffer cells.

By the way, the roles of hepatocytes to metabolize and excrete the extraneous
small molecules have been very well-known as detoxification. The fate of nano-
materials, if injected systemically via intravenous routes, are up to the disposal of
differential participation of hepatocytes and Kupffer cells. While hepatocytes are
mainly using hepatobiliary excretion system sometimes using the help of bile acids,
Kupffer cells act as tissue-resident macrophages [27, 28], stationary to maintain the
removal process interacting closely with innate or adaptive immune system. How
these two cells collaborate with each other or these two cells collaborate with
endothelial cells or other minor liver cells are recently reported [30]. Macrophages
can redirect non-professional phagocytes such as endothelial cells to phagocytes.
Among the 20% of non-parenchymal cells of the liver, endothelial cells occupying
50% of these non-parenchymal cells do phagocytize invading or injected materials,
animate or inanimate, under the direction of Kupffer cells occupying the other 20%
of non-parenchymal cells of the liver.

Tissue macrophages of the spleen are also the major player to eradicate the
foreign infectious and injected materials. As capillary size is 5–10 lm, materials
less than this size reach spleen as well as liver, and spleen weighs 150 g just 1/10 of
the liver and taking up the same equivalent of Tc-99m colloid in colloid liver-spleen
scan. In the sinusoid of the spleen, the infective and injected materials meet immune
cells of innate immunity and adaptive immunity. They need to evade immune
response to circulate further in systemic circulation and also they might modulate
innate immune response as well as activate naïve T cells. Pretending-self strategy of
infective or injected materials was reported. While infectious agents have developed
this strategy by evolutionary processes, recent investigation has tried to use
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self-recognition mechanism of spleen cells to use CD47 as another component for
surface modification of nanomaterials [31]. CD47 is thought to represent self-signal
for the spleen-resident macrophages.

21.4 Innate Immunity to Nanomaterials

Immune response to the nanomaterials should be understood in the context of how
body is accustomed to respond to invading organisms such as viruses, bacteria,
protozoas and helminths. Most of them are extracellular organisms but can be
engulfed by macrophages or trapped by NET. Platelets also are involved to
cooperate with neutrophils or macrophages and trapped organisms are lysed by
extracellular enzymes released by platelets. Extracellular organisms per se can elicit
immune response, and if this response belongs to adaptive immunity, they elicit
Th2 activation and following stimulation of B cells or Tc cells [32]. Sometimes,
Treg cells previously known to be suppressor T cells are activated and the tolerance
is induced.

21.4.1 How Nanomaterials Meet Bodily Immune System

Investigators do not make hydrophobic nanomaterials to be injected systemically as
they already know very well that hydrophobic materials do aggregate in aqueous
milieu and make no feature of nanomaterials any more. Thus, they hydrophilize first
the surface of the nanomaterials using many known substances. And the most
popular one is polyethylene glycol (PEG) and the recently proposed ones are
polybetaines or other zwitterion polymers [33–35]. PEGylated nanomaterials do not
aggregate and can pass through alveolar capillaries to reach any peripheral tissues
except for brain, testis and cornea, which are sanctuaries having barriers or no
vascularity.

Now investigators would now imagine what will meet injected PEGylated
nanomaterials. PEGylated nanomaterials enter the blood circulation in concentrates
and meet plasma components, mainly proteins consisting of albumins and globu-
lins. Some plasma proteins wrap the nanomaterials with high affinity and are called
hard corona proteins and others bind loosely and transiently and called soft corona
proteins [36–39]. Recent progress of proteomics revealed the heterogeneous con-
stitution of these corona proteins [40]. Corona proteins are believed to influence the
bodily response to the injected nanomaterials and because of this, the response of
the cells cultured in vitro to the nanomaterials mixed in the culture fluid will rarely
simulate the cellular response in vivo [41–43]. In addition, the flow of the nano-
materials along the surface of endothelial cells will affect much the chance of
nanomaterials to encounter the tissue cells. In brief, peripheral endothelial cells see
the circulating nanomaterials very infrequently and might almost ignore the
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corona-protein wrapped PEGylated nanomaterials circulating in a very dilute
concentration which would occur very soon after systemic injection [44].

Immune system would have evolved to handle this naughty situation to enforce
surveillance over the injected circulating nanomaterials as well as invading
organisms. MPS is the expert clearance system and used to make a very slow flow
in the liver, spleen or bone marrow than the usual venous capillaries of every corner
of the periphery of the entire body. Passage of nanomaterials through peripheral
capillaries of these organs are much slow and endow nanomaterials more chance to
interact with endothelial cells, however, these endothelial cells are non-professional
phagocytes [30]. Professional phagocytes are called tissue-resident macrophages
[27, 28], the best-known of which is hepatic macrophages, i.e. Kupffer cells [24,
26]. Kupffer cells reside alongside hepatic sinusoid in association with sinusoidal
endothelial cells in the hepatic column and they comprise about 80% of total bodily
tissue-resident macrophages. Using this location advantage, Kupffer cells are very
prone to check nanomaterials and process and degrade and/or present them to the
immune cells. Roles of hepatic macrophages as phagocytic cells or APCs are now
begun to be understood in detail [26] (Fig. 21.2). Spleen is another organ majoring
in orchestrating immune response, innate and adaptive ones, and their follicles and
germinal centers are performing pivotal role to compartmentalize immune cells
involved in establishing naïve and memorized immune responses to the injected
PEGylated nanomaterials to reach the specific compartment [45]. Spleen’s resident
macrophages will interact with T cells to make helper T cells later to help B cells or
Tc cells. This further paths of responses belong to adaptive immune responses.

Once nanomaterials are engulfed by tissue-resident macrophages, macrophages
process the nanomaterials. The fate of dis-encapsulated, fragmented, degraded
nanomaterials, their cores and coats, or their surface binders and constituents should
have been understood much better, however, dissecting the outcomes of degrada-
tion is very difficult and by any chance if ever done, the endeavor to elucidate the
fate would have been laborious. This job reminds the metabolomics, which pro-
duces a huge galaxy of data based on the analysis of small molecule drug’s
metabolism.

21.4.2 Kupffer Cells Examine Nanomaterials as Gatekeeper

In normal healthy subjects, liver has heterogeneous macrophages consisting mostly
of embryonal yolk-sac-derived or fetal liver-derived tissue-resident macrophages
and in minor amount of bone marrow monocyte-converted myeloid dendritic cells
[26] (Fig. 21.2). Of course injured liver can have further the monocyte-derived
macrophages, either inflammatory or restorative, and monocytic myeloid-derived
suppressor cells [26]. Alongside the hepatocytes, conventional dendritic cells
(cDC) or plasmacytoid dendritic cells (pDC) reside and have their own
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characteristic phenotypes (Fig. 21.2). Dendritic cells are sampling the pattern of
non-self invaders using PRRs such as TLR and contribute as APCs to evoke
adaptive immunity and harbor MHC molecules on their surfaces.

Kupffer cells engulf most of the circulating pathogens and the similar objects by
recognizing their repetitive patterns of invasive ones such as protozoa, bacteria and
viruses. They also have FccR which recognize immunoglobulins and immune

Fig. 21.2 Tissue-resident macrophages as Kupffer cells (KC). Nanomaterials reach the sinusoid
to meet Kupffer cells or endothelial cells (LSEC: liver sinusoidal endothelial cells), or pass through
fenestrae to arrive at space of Disse. Here nanomaterials will meet myeloid dendritic cells (DC),
conventional DC (cDC) or plasmacytoid DC (pDC). Hepatocytes are also watching the
nanoparticles. Monocyte-derived macrophage (MoMF) is usually in the sinusoid and enters the
space of Disse in injury. cMoP: common monocyte progenitor, HSC: hematopoietic stem cell.
Modified from [26] with permission
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complexes [46]. If the antigens were exogenous antibodies (immunoglobulins),
those antibodies are also recognized by Kupffer cells using this receptor FccR too.
In contrast, FcRn (neonatal Fc receptor) resides in hepatocytes, most of the
epithelial and endothelial cells as well as macrophages, which act to protect IgG
from degradation, by recycling the endocytosed IgG to the circulation [46, 47].

Once nanomaterials reach liver via systemic circulation, they will be contacted
by macrophages or non-professional phagocytic cells or dendritic cells (in liver,
mDC, pDC) and these cells examine whether these nanomaterials have the patterns
of pathogens or damaged cells. Nanomaterials would be taken up by Kupffer cells,
escape via fenestrae to space of Disse to reach hepatocytes and/or pDC, or circulate
back to the systemic veins (hepatic vein and inferior vena cava) via the heart to
come back again to the sinusoids [26]. It is known that the surface characteristics of
nanomaterials influence their fates in biodistribution and the innate immune
responses to systemic-injected nanomaterials had better be understood according to
the composition of the modified surfaces of these nanomaterials.

Nanomaterials are usually PEGylated and have the ligands such as antibodies on
their surface. PEGylated nanomaterials circulate longer and have been stealthy in
that they hide from immune responses [44]. PEGylated surface, either brush or
mushroom [48], should not have induced immune responses either innate or
adaptive. Interestingly, it caused IgM responses on the second injection, which
raised concern [49]. Kupffer cells would have either engulfed PEGylated nano-
materials removing completely them from the circulation very rapidly, not pre-
senting them to the lymphocytes of adaptive immunity, or would have digested and
presented them to the cells in charge of adaptive immunity. Or the cells in charge of
this latter endeavor of antigen presenting would have been rather mDC cells or
other myeloid cells than Kupffer cells [50].

Elimination of biologics or specifically of therapeutic monoclonal antibodies
have come to be understood in very much detail during the last two decades [51–53].
As we can decorate the surfaces of nanomaterials with human, humanized, chimeric
or murine monoclonal antibodies or their engineered fragments, our knowledge of
the disposal of biomacromolecules are now be cited to predict the fate of engineered
antibody-bound nanomaterials. When the therapeutic monoclonal antibodies were to
be approved from regulatory agencies, humoral immune responses were routinely
examined and we know that ‘immunogenicity’ of these antibodies range from 0 to
99% [54, 55]. Murine antibodies tended to elicit higher anti-antibody responses,
however, human antibodies were not without antibody responses and this antibody
was supposed to be against complementarity-determining region (CDR) among
variable domains of the light and heavy chains [55]. Investigators have tried to avoid
this antibody response to the therapeutic antibodies by removing such problematic
non-human glycosylation as galactose-a1,3-galactose, N-glycolylneuraminic acid,
b1,2-xylose and a1,3 fucose during their manufacturing or by adding carbohydrate
residues to improve biodistribution [55].

Summarizing the current understanding, IgG types of therapeutic antibodies are
supposed to be cleared via FccR after uptake by expert phagocytic cells such as
Kupffer cells or recycled via FcRn after endocytosis by non-professional phagocytic
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endothelial and epithelial cells and even hepatocytes as well as professional
phagocytic cells. The difference between immunoglobulins and immunoglobulin-
bound nanomaterials lies possibly in their presentation pattern. Immune complex
are formed with immunoglobulins against therapeutic antibodies and presented to
tissue-resident macrophages including Kupffer cells, while immunoglobulins on the
nanomaterials’ surface may be hidden and thus may not be detected by anti-Ig
immunoglobulins or anti-Ig TCR.

21.4.3 Macrophages Respond to the Exogenous
Nanomaterials in Spleen

Spleen is the organ in charge of adaptive immunity and innate immunity [45]. Red
pulp sinusoidal macrophages (RpMU) may be tissue-resident macrophages spe-
cialized in aged or damaged erythrocyte disposal. However, during infection, cir-
culating monocyte-derived macrophages join the pool of RpMU [56]. Marginal
zone macrophages (MZMU) phagocytize blood-borne pathogens and clear them
from the circulation. Marginal metalophillic macrophages (MMMU) also phago-
cytize and process the pathogens to present them, in collaboration with DCs, to the
T lymphocyte. MZMUs work for innate immunity and MMMU for adaptive
immunity [56].

PEGylated nanomaterials, if they are administered via intravenous routes, will
arrive at spleen crossing white pulp to reach marginal zones and red pulp. They will
meet either MZMUs or MMMUs (Fig. 21.3). If they mimic LPS and meet TLR4, or
have glycosylphosphatidylinositol (GPI) and meet TLR2/TLR4 or have CpG motif
and meet TLR9, they will be endocytosed by MZMUs as final destiny or by
MMMUs to be presented to immune cells [56]. Extracellular matrix protein,
fibronectin or intracellular DNA binding protein or oxidized low-density lipoprotein
(LDL) were found to be taken up by these splenic macrophages and thus,
surface-mimicry of nanomaterials will make these nanomaterials be treated like
invading pathogens. The possibility of PEGylated nanomaterials to stimulate innate
or adaptive immunity reside in their similarity in structure to invading pathogens.

21.4.4 Prediction of Immune Responses
of Therapeutic-Radioisotope-Labeled Nanomaterials

Therapeutic radioisotopes such as lutetium-177 (177Lu) or yttrium-90 (90Y) were
shown to be labeled easily with chelators surface-bound to the nanomaterials. In
recent reports, Jeong and others [57] presented their approach of simply modifying
the surface of alkylated nanomaterials simultaneously with PEG, chelator-alkyl
linker, ligand-alkyl linkers or antibodies. This was called encapsulation and the
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production of capsule was the most elaborate step and further procedure was just as
simple as mixing, vortexing and separation, which takes advantage of van der
Waals’ force interaction. This physical labeling interestingly stabilized the labeling
even after being administered to the systemic circulation and elimination was via
hepatobiliary tract without detachment of capsules, i.e., as an integral entity [58].

Investigators have tried to understand the immune responses to biologics
especially liposomes and found that the liposome-drug-conjugates could eliminate
IgM-mediated accelerated blood clearance. Oxaloplatin within the liposome
delivered to the spleen, if taken up by the MZMUs or MMMUs, it could abrogate
the antibody-production responses [59]. We expect that therapeutic radioisotope-
labeled nanomaterials would mimic this phenomenon because 177Lu or 90Y reach
and kill macrophages and might abrogate further generation of innate or adaptive
immunity.

Investigators have tried to predict the biodistribution of biologics especially
therapeutic antibodies using the murine experimental data of pharmacokinetics for
therapeutic antibodies [60, 61]. They first developed allometry-based conversion
equations and found that they worked well in gross terms [60]. However, the
problems of the species differences between mouse and human ranged from dif-
ferences in mouse/human target receptors, mouse/human antibody affinity for the
target, mouse/human FcRn to yield differences in half-lives of administered ther-
apeutic antibodies [46]. Pharmacokinetics of newly-developed therapeutic

Fig. 21.3 Microstructure of spleen emphasizing microcirculation. Nanomaterials will arrive at
spleen via central arteriole and follicular arteriole crossing follicles to reach marginal zone. In and
near marginal zone, nanomaterials shall meet marginal zone macrophages (MZMU) and marginal
metalophillic macrophages (MMMU). Modified from [45] with permission
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antibodies was measured in mouse models, and recently even in humanized FcRn
mouse models [62]. Findings in mouse models were extrapolated to humans taking
the inter-species differences into account with further modification than simple
allometry. Once physiologically-based pharmacokinetic model (PBPK) was
established [51, 60], predictive projection to human pharmacokinetics using mouse
data and PBPK has been highly recommended [46].

Radiolabeled PEGylated nanomaterials will enhance the predictability of human
pharmacokinetics while they allow single-photon emission computed tomography
(SPECT) or positron emission tomography (PET) acquisition which enable to
elucidate the exact biodistribution and its temporal changes. Target-mediated drug
disposition (TMDD) model which was originally developed and used for
small-molecule drugs such as tyrosine kinase inhibitors, was further used for
understanding target disposition of biologics (therapeutic monoclonal antibodies) in
small animals [51, 60]. Recently again, like PBPK, TMDD model was also used for
projection to predict human target disposition of therapeutic monoclonal antibodies
such as rituximab [60].

If we bind rituximab upon the surface of PEGylated nanomaterials, we are going
to measure the biodistribution and thus understand pharmacokinetics of new ther-
apeutic nanomaterials, and then the projection to human pharmacokinetics will be
tried using inter-species scaling methods, allometry, PBPK and TMDD models [46,
60]. Though physiological differences between mouse and human are considered
with these models, immunogenicity and its difference between species will still cast
a great ambiguity in this projection. We think that we need to know the con-
founding variables for the determination of in vivo fates of radionanomaterials and
devise how to remove the effect of these variables to grossly-correct prediction of
the estimated amount of antibody-bound PEGylated nanomaterials in humans.

Of course, the exact amount of nanomaterials in the target tissues can only be
obtained from the human imaging studies using PET or SPECT [63, 64]. Cupper-64
(64Cu) or zirconium-89 (89Zr) are for PET and indium-111 (111In) is for SPECT
studies with appropriate physical half-lives. The amount of nanomaterials is not
important for therapeutic radioisotopes as the beta radiation is usually used for the
treatment. When we are able to increase the specific activity (Bq/g for radionu-
clides, Bq/mole for radiopharmaceutical or nanomaterials), the radioactivity really
counts but not the antibody or ligand on the nanomaterials’ surfaces, which orig-
inally was used for targeting. Nanomaterials would be less than 30 nmole/injection
for microdosing study in humans according to the rules announced by the each
country’s agency for nanomaterials as well as biomacromolecules. If 1 mCi is
going to be injected to human, 3.7 � 107 Bq/30 � 10−9 � 6 � 1023 is allowed
and thus theoretically 1016 particles can be given.

In summary, in case of therapeutic radioisotope-labeled nanomaterials, we need
to examine the biodistribution of radioactivity using PET or SPECT in small ani-
mals or monkeys and project the preclinical findings the human pharmacokinetics
[46, 60]. The target disposition is also to be projected. To keep in mind, the
therapeutic effect is not from the biological action of target-cumulated biologics, but
instead, from the radioactivity of nanomaterials’ surface-bound chelator labeled
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beta-ray-emitting radioisotopes. Beside therapeutic responses, immune responses to
these therapeutic radioisotope-labeled nanomaterials might be modified by the
radioactivity. This radioactivity might destroy tissue macrophages such as Kupffer
cells and/or change the response of immune cells of innate immunity (Kupffer cells
of hepatic sinusoid or MZMUs of the spleen) or even immune cells of adaptive
immunity (mDC of space of Disse of the liver or MMMUs of the spleen) [26, 45].
Though anti-PEG IgM antibody was developed against PEG coating the nanoma-
terials at second injection of the PEGylated nanomaterials, and blood clearance was
accelerated concordantly [49], we are not sure that IgM response of adaptive
immunity is the unique aspect of this trained memory response. We need to remind
that innate immune responses can also be trained and thus be enhanced at second
injection [3], and the cells involved in innate and adaptive responses are often
overlapped implying the concomitant activation of the downstream immune acti-
vation [2]. Considering all these phenomena of bodily immune responses to ther-
apeutic radioisotope-labeled PEGylated nanomaterials, what we need to get is how
much of the injected materials are reaching the targets while other innate or
adaptive immune organs are responding to the collateral accumulation of the same
therapeutic materials. Further to this, how much amount of radioactivity should be
given to the patients should also be elucidated using the preclinical PET/SPECT
imaging and individualized dosimetry. Understanding the fate of radio-
nanomedicines made of radiolabeled nanomaterials in human will be feasible
referring all the facts and principles of innate immunity as well as adaptive
immunity and physiology unique to the human being.
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Part VIII
Prospects

Chapter 22: Molecular Imaging Using Radionanomedicine
Chapter 23: Therapeutic/Theranostic Use of Radionanomedicine

In this part, the eternal goal of radionanomedicine is explained. I, as editor of this
book, coauthored these two chapters. I can assure you that the readers will feel the
direction of radionanomedicine, one is for molecular imaging and the other is for
therapeutic application which should be translated to the clinics for human use to
classify the diseases and to predict the prognosis which are the premises of nuclear
medicine as well as radiology/ diagnostic imaging. The credit of nuclear medicine
goes into its pioneering activities of personalizing the therapeutic options based on
diagnostic or theranostic imaging with personalized dosimetry. Development of
instruments even for the small animals and refinement of tracer kinetic analysis was
the bases of this capability of nuclear medicine and nuclear medicine is now
adopting the outputs of nanotechnology researches and products thereof, as
radionanomedicines, once radiolabeled, the products are going to be the substances
to be able to be used for clinical tomographic quantitative imaging and therapy.
These two chapters were coauthored by my youngest nuclear medicine physician
colleagues and the readers can feel the hue of the future direction of radio-
nanomedicine from the perspectives of the next generation. I am sure that the next
generation nuclear medicine physicians and nanomedicine experts, scientists, and
engineers will bring the field to the clinical ones, eventually.

I wish the direction should be in developing personalized theranostics, which
means that therapeutics are going to be imaged for their in vivo behaviors
elucidating the molecular impact of the radionanomedicine therapeutics.
Radionanomedicines as theranostics and therapeutics are now to be tested for their



translatability to the clinical application. No more hype with the profuse possibil-
ities of application of new materials and the principle of evidence-based medicine
will prove or disprove the applicability of the new radionanomedicines.
Radionanomedicine as combined nuclear and nanomedicine will succeed in moving
forward to clinics just as clinical nuclear medicine had been successful for the last
six decades since its birth.
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Chapter 22
Molecular Imaging Using
Radionanomedicine

Yong-il Kim and Dong Soo Lee

Abstract Nanoparticles (NPs) have recently attracted great attention as biomedical
imaging agents. Many types of NPs have been investigated with combinations of
various molecular targeting groups. In addition, multiplex imaging has been studied
with NPs, including surface-enhanced Raman scattering (SERS) NPs.
Single-photon emission computed tomography (SPECT) or positron emission
tomography (PET) by molecularly targeted, radiolabeled NPs provides several
benefits over usual imaging probes in the aspect of sensitivity and quantitation. In
addition, multimodal imaging probes that are combinations of both
radionuclide-based and non-radionuclide-based imaging approaches, such as opti-
cal imaging or magnetic resonance imaging (MRI), could be applied to next
medical studies. Furthermore, molecularly targeted probes which could be identi-
fied by more than three imaging modalities are possible. In conclusion, nanotech-
nologies promise to extend the limitations of current molecular imaging techniques,
and nanomedicine may play an important role in the future.
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22.1 Molecular Imaging by Nanotechnology

Nanotechnology has great potential for the detection and diagnosis of cancers and
nanoparticles (NPs) can be used in the personalized treatment of various diseases
[1]. In general, the diameter of a NP is between one to hundreds nanometers. NPs
can interact with biomolecules both on the surface of and inside cells, which could
be helpful in the diagnosis and treatment of disease. One major application of
nanotechnology is in medicine [2].

Molecular imaging is defined as in vivo characterization and measurement of
biological processes at the cellular or molecular level [3] (Table 22.1). In contrast to
diagnostic imaging, molecular imaging attempts to determine the molecular
abnormalities that underlie diseases. A key feature of molecular imaging is uti-
lization of biomarkers, which are defined as measuring quantitative parameters of
biological processes that serve as indicative endpoints [4]. Biomarkers can be
generically depicted as the molecular signatures of biological systems. The diffi-
culty in molecular imaging depends on identifying targets that are suitable for
sensitive and accurate imaging.

Nuclear medicine is one of the most important fields in which molecular imaging
techniques are applied using radioisotopes. The workflow of molecular imaging
with radioisotopes includes (1) the design of target-specific molecules, (2) the
attachment of radioisotopes without changing the biological properties of the target

Table 22.1 Characteristics of molecular imaging modalities (modified from Table 1 of [87])

Modality Form of energy
used

Spatial resolution
(mm)

Advantages Clinical
translation

PET Annihilation
photons

1–2 (microPET) High sensitivity
Quantitative
Tracer amount of
probe

Yes

SPECT Gamma rays 0.5–2 (microSPECT) High sensitivity
Quantitative
Tracer amount of
probe

Yes

MRI Radiofrequency
waves

0.01–0.1
(small-animal MRI)

High spatial
resolution
Superb soft tissue
discrimination

Yes

Fluorescence
imaging

Visible to
infrared light

<1 (fluorescence
reflectance imaging)

High sensitivity
Multiplexed
imaging

Yes

Bioluminescence
imaging

Visible to
infrared light

3–5 High sensitivity
Multiplexed
imaging

No

Ultrasonography
(US)

High frequency
waves

0.04–0.1
(small-animal US)

High sensitivity
Portable

Yes
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molecules, and (3) in vivo imaging with both high resolution and sensitivity. The
techniques are single-photon emission computed tomography (SPECT) or positron
emission tomography (PET). The main advantages of nuclear molecular imaging
(i.e., SPECT or PET) over other imaging (for example, optical or magnetic reso-
nance imaging [MRI]) are that they are highly sensitive, quantitative, and not
limited in tissue penetration [5].

This chapter focuses on the use of NPs in the field of medicine, including
radiolabeled NPs. Various types of NPs (Fig. 22.1), targeting groups, multiplex
imaging, radiolabeled NP imaging, and multimodal imaging are reviewed.

22.2 Nanomaterials and Targeting Groups

22.2.1 Nanomaterials

22.2.1.1 Gold Nanoparticles (GNPs)

GNPs are suitable for production of imaging probes because of several attractive
characteristics, for example, size controllability, excellent biocompatibility, and
simple surface modification [6]. In addition, GNPs show special optical properties,
for example, distinctive extinction bands in the visible region [7]. Using GNPs as
probes with multiple functions, such as X-ray absorption, optical quenching, and
surface-enhanced Raman scattering (SERS), requires modifying the characteristics
of GNPs by altering size, shape, or surface chemistry. The major concerns of
medical imaging applications are the toxicity and biodistribution. Several previous
studies have suggested that particle size could be a key parameter in defining the

Fig. 22.1 Several types of nanoparticles for molecular imaging. Adapted from [84] with
permission
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biological characteristics of GNPs. GNPs of size between 10 and 100 nm are
mainly accumulated in the reticuloendothelial system (RES), and the distribution
homogeneity increases as the particle size decreases [8]. GNPs of size between 15
and 20 nm could pass through the blood–retinal barrier or blood–brain barrier [9].
Small sized GNPs with diameter between 1 and 2 nm have higher toxicity
potential due to the possibility that they irreversibly bind to some important
biopolymers [10].

22.2.1.2 Quantum Dots (QDs)

QDs are semiconductor particles which emit light by stimulation [11]. The color or
wavelength of the light emitted from a QD depends on the crystal’s size. QDs with
smaller size (less than 2 nm in diameter) exhibit blue fluorescence (380 in diameter)
exhibit red fluorescence (605 in diameter) [12]. QDs are made of a metalloid
crystalline core and shell, which protects the core and gives bioavailability [13].
QDs have distinct electronic and optical characteristics, for instance, large
absorption coefficients, and high levels of photostability and brightness. The broad
excitation wavelength range and the narrow and symmetric emission spectra mean
that QDs are appropriate for multiplex imaging using several intensities and colors
by combination of encoded proteins/genes to image tumors [14].

22.2.1.3 Iron Oxide Nanoparticles (IONPs)

IONPs categorized according to size as standard superparamagnetic iron oxide
(SPIO) (60–150 nm), ultra-small superparamagnetic iron oxide (USPIO) (5–
40 nm), or monocrystalline iron oxide (MION)—a part of USPIO (10–30 nm).
Superparamagnetic iron oxide nanoparticles (SPIONPs) have distinctive properties,
for instance, biocompatibility and easy surface modification, making them attractive
as tumor imaging probes. SPIONPs are made of ferric iron and ferrous iron.
SPIONPs can make a T2 relaxation effect, which results in T2-weighted MRI
images signal reduction. This T2 relaxation effect is due to the heterogeneity of the
magnetic field surrounding the NPs, thus results in proton magnetic moments
dephasing [15]. As SPIONPs are dissolved under acidic conditions, SPIONPS are
considered benign in the body [16]. Although some IONPs have toxicity problems,
coated SPIONPs have been investigated and identified as relatively nontoxic [17].
When used for MRI contrast agents, SPIONPs are usually covered with synthetic
polymers, for example, silicone or sugars [18].
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22.2.1.4 Dendrimers

Dendrimers are repetitively branched molecules. Imaging moieties can be encap-
sulated in the internal side or on the surface, and the degree of polymerization
control allows dendrimers to be made with diverse sizes with different weights and
chemical components. Their payload capacity and ability to form various polymer
structures mean that dendrimers are attractive probes for the construction of mul-
timodal imaging [19]. The large number of attachment position which are acces-
sible on a dendrimer’s surface can be exploited by various dendrimer-based
imaging probes that have been developed using novel synthetic chemistry strategies
for multimodal tumor imaging methods [20].

22.2.1.5 Liposomes

Liposome is a spherical vesicle with at least one lipid bilayer. NPs that enclose an
aqueous area that can accommodate hydrophilic/lipophilic drugs. Liposomes can
passively accumulate in tumors via cell-specific targeting or through extravasation
of abnormal leaky tumor vasculature. In addition, liposomes have versatile modi-
fiability as they can encapsulate, insert, or attach functional molecules to the inner
membrane, the membrane bilayer, and the membrane surface, respectively. Several
ways have been made for liposome preparation with different sizes, structures, and
distributions [21]. Several liposome formulations have been approved by the FDA
or are being actively tested in clinical trials [22]. The biodistribution of liposomes is
a major concern in clinical applications. Similar to other NPs, conventional lipo-
somes are susceptible to eliminate by the cells of the RES from systemic circulation
[23]. Many articles have verified that 50–80% of liposomes are absorbed by RES,
within first 15 min after their intravenous administration [24]. Nevertheless, it has
been found that and modulation of the surface charge and reduction of the size of
liposomes could diminish their uptake by the RES. Therefore, for imaging and
therapeutic applications, liposomes with smaller diameters (80–200 nm) that are
composed of negatively charged or neutral lipids and cholesterol have been
developed [21].

22.2.2 Targeting Groups

22.2.2.1 Antibody Molecules

Antibodies, which are commonly used in immunohistochemistry, are ideal targeting
agents. The potential of antibodies was suggested by Ehrlich [25], who described
that they could serve as “magic bullets” as they can specifically recognize epitopes
with high binding affinity. Antibody molecules have been enhanced via genetic
engineering. Furthermore, the potential of making human antibodies and antibody
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fragments without a human host, and the generation of entirely new and clinically
relevant antibodies without immunization have been studied. Antibody molecules
have been used to target NPs; however, relatively large size (approximately 12 nm)
and Fc region immunogenicity of antibody molecules necessitate the utilization of
antibody fragments rather than intact antibody molecules.

22.2.2.2 Antibody Fragments

Antibodies are about 150 kDa in size, so they clear slowly from the blood pool.
This characteristics lead to significant accumulation of antibody molecules in
normal organs and restrict their conveyance to target lesions [26]. The effective
penetration of monoclonal antibodies (mAbs) into a bulky solid tumor is rarely
reported [27]. The utilization of the antibody fragments could improve their entry to
target area. And single-chain fragments (scFvs) could not activate immune function.
Intact IgG molecules have two Fv chains, whereas scFvs have only one single
binding area; thus, binding affinity of scFvs is less than intact IgG molecules.
Compared to divalent IgG molecules, scFvs with faster clearance and lower affinity
can result in there being a lower effective dose at the target site; it should be
compensated by using a higher signal production in the functional site. Because
scFvs generated by phage display can be engineered to function without inducing
an immune response, it is likely that they will be utilized in the future to lead NPs to
the targets.

22.2.2.3 Oligonucleotides (Aptamers)

Aptamers are oligonucleotide or peptide molecules with molecular weights about
5–10 kDa that can act as ligands that bind to proteins [28] or small molecules
including metabolites [29]. They can be screened rapidly and efficiently to select the
sequences that are optimal for binding to a specific target [30]. In addition, aptamers
can recognize single protein in complex compound that are originated from cells.
[31]. Therefore, they are excellent for both cancer research and therapy [32] and
cardiovascular research and therapy [33]. Their advantages as targeting agents
include inexpensiveness and rapid synthesis with homogeneity. Aptamers are also
secure for long-term storage at room temperature. Unlike peptides, their conjuga-
tion chemistry can be simplified via hybridization or co-synthesis, and unlike lipids,
they can target specific cell types [34]. Furthermore, low molecular weights of
aptamers promote their entry to cells. Since they are tiny, they should be attached to
NPs with sufficiently long linkers to ensure that their interactions with their specific
targets are not sterically hindered.
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22.2.2.4 Peptides

Oligopeptides have various functions; some could be used as NP production
templates, and others could be utilized as charged molecules for NP production,
especially homo-oligomers [35]. Small peptides are usually the type of drugs that
are incorporated into NPs. Many other peptides are utilized as targeting groups,
such as RGD [36], NC-1900, which is an active fragment analog of arginine
vasopressin [37], and hexa-L-aspartic acid, which targets bone tissues [38].
Oligopeptides have similar advantages to aptamers when used as targeting groups.

22.3 In Vitro, Ex Vivo, and In Vivo Multiplex Molecular
Imaging by SERS

22.3.1 SERS Nanoparticles (SERS NPs)

SERS NPs can cause a plasmonic effect that adsorbs molecules onto a noble metal
surface (gold or silver), enhancing the Raman signal as much as 1014-fold to 1015-
fold [39]. These NPs have multiplex capability and high sensitivity [40].
Furthermore, the low autofluorescence and photobleaching of SERS NPs can
increase the diagnostic accuracy in SERS NP-based imaging.

22.3.2 In Vitro Cell Analysis

The gold standard of identifying tumor cells has been histopathology based on
hematoxylin and eosin (H&E) staining in clinical study. However, this classifica-
tion method provides no or little data about the cells’ chemical and immunologic
components.; So, Raman spectroscopy has the potential to complement H&E
staining. Raman spectroscopy’s high diagnostic value to identify tumor cells has
been proven over the years. Chan et al. [41] demonstrated sensitivity of more than
98% when they categorize hematopoietic immortalized cell lines as normal or
neoplastic through laser tweezers confocal Raman spectroscopy and principal
component analysis from the Raman spectra. The results showed that distinction
between normal and tumor cells could be quantified based on the differences of
DNA and protein concentration.

Although the variation in immortalized cell lines may have been lower than that
in potential samples from patients, the same group further verified that individual
leukemia cells could be identified in blood that were acquired from cancer patients
[42].
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22.3.3 Ex Vivo Tissue Analysis

At the tissue level, great efforts have been done to confirm and quantify the
chemical differences between normal and cancer tissues via Raman spectroscopy.
The main advantage of Raman spectroscopy is its greatest shortcoming as well. As
each spectrum includes a lot of information, it is sometimes hard to extract exact
information. Despite this shortcoming, many previous studies have successfully
proved the ability to analyze diseased tissue. Taking Raman spectra at defined
points on excised parathyroid tissue allowed Das et al. [43] to demonstrate that
Raman spectroscopy could discriminate between parathyroid adenomas and
hyperplasia with 95% sensitivity. In addition, quantification of the chemical dif-
ferences between normal and diseased tissues is crucial to improve the sensitivity
and specificity. In addition, quantification of the chemical differences between
normal and diseased tissues is crucial to improve the sensitivity and specificity. De
Jong et al. [44] utilized Raman spectroscopy in conjunction with numerous mul-
tivariate data analysis to discriminate cells in bladder tissues. As differentiation
between normal and cancer is pivotal, Chowdary et al. [45] demonstrated that
Raman spectroscopy could be utilized to discern between benign and cancer in
breast tissues.

22.3.4 In Vivo SERS Imaging

Several techniques have recently been developed for the rapid in vivo acquisition of
multiple Raman signals. As expected, the most straightforward approach is tar-
geting the skin. Raman spectroscopy has been conducted at very early stages to
assess pigments and antioxidant levels. In recent years, near-infrared Raman
spectroscopy [46] has been used to diagnose skin cancers. Compared to
histopathological analysis, Raman spectroscopy of skin lesions has consistently
demonstrated high diagnostic performance while performing studies, thus showed
potential for clinical applicability. Interestingly, if only data from the high
wavenumber area of the Raman spectra (>2800 cm−1) are evaluated, a similar
diagnostic performance was achieved when compared with the fingerprint region
(approximately 400rformanc−1). Therefore, the probe’s design can be considerably
simplified because there is no need to build high-performance filters into the probe
head [47].

Raman spectroscopy data acquisition typically requires second range; however,
recent progress of camera and spectrometer technology make data acquisition time
to be the millisecond range, which could facilitate the real-time assessment of
in vivo lesions [48]. Several applications of in vivo spectroscopy have been shown,
including the various type of cancer diagnosis (Fig. 22.2). A recent in vivo Raman
study of atherosclerosis proved that Raman spectroscopy can detect vulnerable
plaques [49]. In another study, the same group found that in vivo Raman
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spectroscopy allowed the assessment of the breast cancer tissue margin after
operation; they also found and categorized cancer tissue which was ignored during
operation, important data to recommend additional treatment [50].

22.4 Molecular Imaging Using Radiolabeled NPs

22.4.1 SPECT

Gamma ray emissions are the source of SPECT images [51]. Radioisotopes decay
and emit gamma rays, which could be identified by a gamma camera to acquire
three-dimensional images. An emitted gamma photon meets collimator, which
permits gamma photons traveling along certain directions to correctly express the
source of gamma ray. Commonly used radioisotopes for SPECT are 99mTc, 67Ga,
111In, and radioiodine (e.g., 131I) (Table 22.2).

The generator-produced SPECT radiotracer, 99mTc, permits nuclear imaging
when cyclotron is not available. 99mTc (t1/2 = 6 h) permits SPECT imaging up to
1 day after injection, and it is the most commonly utilized radiotracer. 99mTc has
been labeled to IONPs [52], silver NPs (AgNPs) [53], GNPs [54], and silica

Fig. 22.2 Dual-modal, multiplex molecular diagnosis of colorectal cancer using surface enhanced
Raman scattering (SERS) nanoparticles. Adapted from [85] with permission
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nanoparticles (SNPs) [55]. Another example of a 99mTc tracer is the FDA-approved
formulation of filtered 99mTc-sulfur nanocolloid (<100 nm) for the imaging of
sentinel lymph nodes (SLNs) in prostate cancer [56]. In addition, SLN mapping
with ultra-small SNPs has been studied [57].

For longer duration imaging, 67Ga, 111In, and various iodine species can be used.
67Ga (t1/2 = 2.2 days) and 111In (t1/2 = 2.8 days) have been utilized for radiolabel
NPs using chelator-free methods [58, 59] (Fig. 22.3). Certain isotopes release both
therapeutic electrons and gamma photons, enabling the use of the same isotope for
both therapy and SPECT imaging (e.g., 131I [t1/2 = 8 days] and 177Lu [t1/
2 = 6.7 days]). Nontherapeutic uses of 131I often serve as 124I analogs in preclinical
studies because of the lower cost. 125I-labeled albumin and transferrin (t1/
2 = 50 days) have been utilized to investigate the protein corona of 59Fe-SPIOs
[60].

Since lead collimators are used to check the angle of incidence, SPECT imaging
has a low efficiency of detection (<10−4 times from emitted gamma rays) [61].
Recently, SPECT have been evolving with higher sensitivity and spatial resolution
[62]. In addition to superior spatial resolution, the main strength of SPECT over
PET is that simultaneous imaging of several radioisotope is possible, as the emitted
gamma rays from different radioisotopes can be discerned according to their energy
[63]. Whereas PET has higher detection efficiency than SPECT (up to 10%) [64].
PET was first invented in the mid-1970s [65], and micro-PET for small animal was
first emerged in the late-1990s [66]. Until now, PET imaging is widely used in
preclinical and clinical studies.

Table 22.2 Representative radioisotopes and radiolabeling methods of NPs (modified from
Table 2 of [87])

Radioisotopes Half life Emission Energy
(KeV)

Radiolabeling methods

PET
18F 109.8 min b+ 634 Direct (nucleophilic or

electrophilic) or indirect
(prosthetic) labeling

68Ga 67.7 min b+ 770, 1890 Coordination chemistry
64Cu 12.7 h b−, b+ 579, 653 Coordination chemistry
124I 4.18 days b+, c 820, 1543,

2146
Nucleophilic halogen exchange
chemistry

SPECT
99mTc 6.0 h c 141 Coordination chemistry
111In 2.8 days c, Auger

electrons
172, 245 Coordination chemistry

67Ga 3.3 days c 93, 185, 296 Coordination chemistry
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22.4.2 PET

PET utilizes positron emitting radioisotopes for imaging and measurement of
biological processes [67]. With the development of micro-PET scanners dedicated
to small-animal imaging studies, knowledge and molecular measurements can be
readily transferred between species, thus facilitating the clinical translation of newly
developed PET agents [68]. PET imaging is feasible because of the annihilation
process of an emitted positron with its counterpart, the electron. Annihilation
process releases two 511-keV photons at an angle of nearly 180°. Most of the
released photons are identified by detectors around the subject. Importantly, the
more matter these photons get through, the greater the attenuation or absorption of
the photons are induced [69]. When combined with CT or MRI, quantitation of the
PET images (e.g., standard uptake values [SUVs]) could be easily done by CT- or
MRI-based attenuation correction [70]. Common radioisotopes for PET imaging are
11C, 68Ga, 18F, 64Cu, 89Zr, and 124I (Table 22.2).

Fig. 22.3 PET/CT imaging
using intrinsic radiolabeled,
chelator-free silica
nanoparticles for lymph node
evaluation. Adapted from [58]
with permission
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Typically, 11C (t1/2 = 20 min) is not commonly utilized with NPs due to its
short half-life. Nevertheless, a study showed its possibility. 11C-methyl iodide was
used as a methylation agent to react with carboxylic acid and amine functional
groups bound to NPs, which was finally used as a PET/MRI imaging agent [71].
Similar, 13N (t1/2 = 9.97 min) requires the direct bombardment of Al2O3 NPs, thus
nullify a radiolabeling step for in vivo usage and allow imaging until 68 min after
injection [72]. The isotope 68Ga (t1/2 = 68 min) has a half-life that is sufficient for
the in vivo imaging of small and short-circulating NPs. PEGylated IONPs was used
for SLN imaging, thus allowing PET/MRI/Cherenkov luminescence imaging
(CLI) [73]. 18F (t1/2 = 110 min) is attached to NPs via synthetic methods and
imaging is feasible until 8 h after injection. A substitution to synthetic methods is
the usage of a proton beam to bombard TiO2 NPs, providing18F-intrinsically
radiolabeled NP.

If a longer in vivo time is needed, 64Cu (t1/2 = 12.7 h) permits imaging until
48 h after injection. 64Cu can be included into porphysomes until 48 h after
injection. Most importantly, radiolabeled porphysomes can retain their size and
optical properties, and have a nearly same biological properties of cold liposomes,
thus demonstrating that radiolabeling does not alter the characteristics of the par-
ticles [74]. The PET isotopes with the longest half-lives utilized for NP imaging are
89Zr (t1/2 = 78.4 h) and 124I (t1/2 = 4.18 days). Mesoporous SNPs have been
labeled with deferoxamine (DFOA) and demonstrated stability in vivo.
Although DFOA is mainly used for 89Zr radiolabeling, a study with SNPs [75] has
shown that the chelator-free radiolabeling of various isotopes is possible with SNPs
(Fig. 22.4).

Fig. 22.4 PET biodistribution imaging using 89Zr-labeled mesoporous silica nanoparticles
(MSN). Adapted from [75] with permission
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22.5 Multimodal Molecular Imaging

The multimodal probes development has been progressing rapidly due to
advancements in hybrid imaging. Radiolabeled NPs have many strengths as mul-
timodal probes, for example, the injection of a single agent for multimodal imaging.
In addition, the signal is constant at the target region and no difference is found in
biodistribution, which may arise when more than two agents are utilized.

Among several molecular imaging modalities, single modality is not enough for
obtaining all the needed information [5]. For example, fluorescence signal quan-
tification is difficult in vivo, especially in deep tissues. MRI has good resolution but
relatively low sensitivity, whereas nuclear imaging has good sensitivity but com-
paratively low resolution. A combined utilization of several imaging modalities can
offer synergistic benefits. Combination of optical imaging with three-dimensional
tomography, such as PET, SPECT, or MRI, can facilitate noninvasive imaging
in vivo with higher diagnostic value. NPs have large surface areas where multiple
functional moieties can be used for multimodal molecular imaging (Table 22.3).

Cai et al. have developed a QD-based probe for both PET and near-infrared
fluorescence (NIRF) imaging [76]. QD surface modification with RGD peptides
facilitates integrin avb3 targeting, and DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid, a highly effective chelator for various metal ions) conju-
gation enables PET imaging by 64Cu labeling. The PET/NIRF dual-modality probe
can confer sufficient tumor contrast at a much reduced concentration than that
required for in vivo NIRF imaging [77], thus significantly lower the potential

Table 22.3 Representative examples of radiolabeled NPs and imaging methods (modified from
Table 1 of [88])

Radioisotope Nanoparticles Chelator Therapy Imaging method
18F Lanthanide

doped NP
N N PET/ULI (upconversion

luminescence imaging)
68Ga Quantum dot DOTA N PET/CT
64Cu Iron oxide N Y PET/MRI

Quantum dot DOTA N PET/NIRF (near-infrared
fluorescence)

Gold
nanoshell

DOTA Y PET/CT

Liposome DOTA N PET/CT
124I Iron oxide Iodo-bead N PET/MRI/CL (Cerenkov

luminescence)
99mTc Gold DTPA N SPECT/CT

Iron oxide DTPA N SPECT/MRI
111In Iron oxide N N SPECT/CT

Carbon
nanotube

DTPA or
DOTA

N SPECT/CT

68Ga Quantum dot DOTA N PET/CT
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toxicity of cadmium-based QDs and contributing to future biomedical applications
[78]. In another study, liposomes have been labeled with both radionuclides and
gadolinium for SPECT imaging and MRI in vitro [79].

Most of the aforementioned studies demonstrated the possibility of
dual-modality imaging in vivo. However, as the two modalities are not equally
effective, the less sensitive modality is usually used for the ex vivo validation of the
in vivo results obtained from the more sensitive imaging modality (Fig. 22.5). It
was not until very recently that noninvasive dual-modality imaging was developed
using a nanoplatform-based approach [80]. Gene silencing with short interfering
RNA (siRNA) has become an attractive method to identify gene function in
mammalian cells [81, 82]. A study has reported a multifunctional probe for the
in vivo transfer of siRNA and simultaneous imaging of its accumulation in tumors
by both MRI and NIRF imaging [80]. Additionally, the NP has been modified with
a membrane translocation peptide for intracellular delivery [83].

22.6 Conclusion

In recent years, NPs have attracted great interest as tools for biomedical applications
with the increasing use of multiplex, multimodal components. Molecular-targeted,
radiolabeled NPs have several strengths over usual molecular imaging probes.
Strengths of radiolabeled NPs are their high sensitivity and the quantification.

Fig. 22.5 Multimodal in vivo PET (a, b) and ex vivo NIRF (c, d) imaging using 89Zr- and
fluorescence-labeled nanoparticles in pancreatic cancer [86]
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Multimodal imaging probes that unite nuclear imaging, which is highly sensitive
and quantitative, with non-nuclear imaging (e.g., optical imaging for ex vivo
identification of in vivo study; or MRI for anatomical localization) could be
available in future biomedical applications. Molecular-targeted agents which can be
detected by more than three imaging modalities are also possible. Advancements in
nanotechnology could extend the limits of current molecular imaging techniques
and facilitate point-of-care diagnosis, diagnostics/therapeutics integration, and
personalized medicine development.
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Chapter 23
Therapeutic/Theranostic Use
of Radionanomedicine

So Won Oh and Dong Soo Lee

Abstract Radionanomedicine is a newly emerged field of medicine extending
nuclear medicine by means of nanomaterial technology and platforms.
Radionanomedicine utilizes versatility of nanoparticles (NP) and avoids inherent
toxic effect of NPs. This is mainly due to the fact that NPs are used in trace amounts
for targeting. The therapeutic effect of radionanomedicine comes from ionizing
radiation of labeled radionuclides. The core concept of radionanomedicine depends
on both characteristics of radionuclides and properties of NPs. The characteristics of
NPs including multifunctionality, intrinsic properties are exploited to enhance the
therapeutic effect of radiolabeled NPs. In addition, various strategies have been
developed to deliver sufficient amount of radiolabeled NPs, such as local admin-
istration and co-application of thermal stimuli. In an attempt to improve the ther-
apeutic effect of radionuclides, several approaches have been investigated, such as
utilizing intrinsic radioactive properties of NPs or labeling with alpha emitters. The
emergence of radionanomedicine is expected to restore of the essence of nuclear
medicine as well as to enhance the clinical applicability of nanomedicine.
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23.1 Introduction

Radionanomedicine is a newly coined word that indicates the combined use of
nuclear medicine and nanomedicine [1]. This new field of medicine can be con-
sidered as the extension of nuclear medicine utilizing nanomaterial technology and
platforms. Nuclear medicine is often considered as a branch of medical imaging,
but the core of nuclear medicine consists in the utilization of radioactive substances
whether it deals with the diagnosis or treatment of disease. For the treatment of
cancer, nuclear medicine can be versatile not only for its imaging capability but also
for its therapeutic capacity (Fig. 23.1). The clinical nuclear medicine started from
the therapeutic use of radionuclide, i.e. radioactive iodine administration for thyroid
cancer treatment, and concomitant imaging revealed the success of this treatment,
i.e. therapeutic radioiodine scan. Now, nuclear medicine is about to take advantage
of the characteristics of nanomaterials for imaging and therapy. The emergence of
radionanomedicine is expected to restore of the essence of nuclear medicine as well
as to enhance the clinical applicability of nanomedicine.

Radionanomedicine is intended to be radio-theranostics, because the core con-
cept of radionanomedicine depends both on the characteristics of labeled
radionuclides and the properties of nanomaterial platforms. Nanomedicine has got
the limelight in various fields of medicine, but in vivo theranostics using nan-
otechnology meets objections or concerns regarding nanomaterials possible hazards
to humans and the environment [2–4]. Therefore, we need to develop methods to
overcome these concerns about the toxic effects of in vivo use of nanomaterials. In
radionanomedicine, nanomaterials are used in trace amounts for targeting purpose,

Fig. 23.1 Therapeutic properties of radiolabeled nanoparticles (NPs). The radiolabeled nanopar-
ticles can be used for both imaging and therapy, according to the intrinsic properties of
radionuclides
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and their therapeutic effect comes from the ionizing radiation emitted from
radionuclides (Fig. 23.2). Nanomaterials are toxic when they are used in pharma-
cologic amount, but use of trace amount of nanomaterials obviates their inherent
toxic effects of nanomaterials out of concern in radionanomedicine. The adoption of
nanomedicine to nuclear medicine will be accompanied by successful clinical
application, or otherwise be dormant for a long time in the phase of basic research
without translation into clinics.

23.2 Selection of Radionuclides for Therapy/Theranostics

Several factors should be considered when developing in vivo nano therapeutics
labeled with radionuclide. Characteristics of nanoparticles (NPs) such as size,
shape, intrinsic biologic effects, chemical functionality may affect biodistribution
and therapeutic effects of radiolabeled NPs, and convenience of synthesis, etc. For
appropriate selection of radionuclide, not only physical and chemical properties of
radiolabeled NPs but also tumor characteristics to be treated with the radiolabeled
NPs are also taken into account, since radionuclide exerts therapeutic effects after
being delivered to the target cells through locoregional or systemic administration
into the body. Tumor factors are also important to yield successful outcome in the
treatment using radiolabeled NPs. The biological response to internal radiation
therapy of individual cells within a tumor or organ might depend on cell-specific
radiosensitivity and distribution of the radiopharmaceuticals at the macroscopic,
multicellular, and subcellular levels [5]. In this regard, radionuclide therapy, also
known as internal radiation therapy, differs from conventional external beam
radiation therapy.

Internal radiation therapy causes cell death via several different mechanisms.
Firstly, ionizing radiation can induce various damages in the cells, which lead to

Fig. 23.2 Advantage of radiolabeled nanoparticles (NPs). Concerns about potential hazards of
nanoparticles to human and environment are avoidable in radionanomedicine. Nanoparticles are
used in trace amount for targeting specific markers on the tumor cells, and main therapeutic effect
is produced by ionizing radiation
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either cell death or survival depending on the extent of given damage and the repair
capability of the cells. Generally, the main target for the biologic effects by ionizing
radiation in the cells is DNA. According to the physical properties of ionizing
radiation, several DNA damages are induced by deposition of radioactivity;
single-strand and double-strand DNA breaks, DNA base damage, and DNA-protein
crosslinks [6]. Second, ionizing radiation that has a long range in tissues allows
killing tumor cells located adjacent to the cells harnessing the target. So, even cells
that lack targets can be affected by ionizing radiation, when they are placed within
the particles’ range. This collateral damage caused by ionizing radiation is as
known as ‘cross-fire effect’, and it is helpful to overcome heterogeneity of
expression of targets within a cancer [7]. Next, there is another mechanism that
ionizing radiation can render damage to cells located far from the target cells. Often
cells receive damages that are not directly traversed by ionizing radiation. This is
defined as ‘bystander effect’, and it occurs when damaged cells release cytokines
and free radicals [8]. In addition, radiation can activate various cell death pathways,
since radiation causes damage not only to DNA but also to cell membranes and
organelles including mitochondria that could initiate signaling of apoptosis [8, 9].

Internal radiation therapy generates heterogeneous, low-dose rate and continuous
irradiation over hours and days. Irradiation at low-dose rate provides a window of
opportunity for the cells to repair radiation-induced sub-lethal damages and to
proliferate after recovery from the damage. In addition, the physical characteristics
of particle-emitting radionuclides can affect biological effect of internal radiation
therapy. For example, linear energy transfer (LET) means the energy that is released
by ionizing radiation over a certain distance, and it depends on the nature of the
emitted radiation from the radionuclides. Low LET radiation mainly causes
sub-lethal damage that can be easily repaired, such as sparse ionization and indi-
vidual DNA lesions, and high LET radiation are more cytotoxic than low LET
radiation at the equivalent absorbed doses [7].

The most commonly used radionuclides in the clinical trials are beta-particle
emitters such as lutetium-177 (177Lu), yttrium-90 (90Y), rhenium-188 (188Re),
copper-64 (64Cu) and iodine-131 (131I). They emit low LET radiation (*0.2 keV/l
m) in the form of beta particles, internal conversion electrons, as well as
gamma-rays or x-rays [10]. It might be undesirable since low LET radiation causes
sub-lethal damages to cancer cells. However, beta emitters are often considered
ideal for treating large tumors because of their long range and relatively long
physical half-life. Beta emitter with a long range enables to deliver radiation
damage not only tumor cells harboring targets but also neighboring cells without
targets on their cell surfaces, thus it helps overcoming heterogeneous target
expression within a tumor. So called ‘cross-fire irradiation’ is particularly advan-
tageous, when not all the tumor cells can be reached by radiopharmaceuticals owing
to the heterogeneous distribution of targets in the tumor tissues. Alpha emitters such
as 213Bi, 212Bi, 211At, and 225Ac that produce high LET radiation (50–230 keV/lm)
have desirable characteristics as cancer therapeutics, since they produce clusters of
DNA damage that are difficult to repair. Moreover, the high cytotoxicity of high
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LET radiation was found to be independent of the dose rate and also independent of
oxygenation [11, 12]. Alpha emitters have high energy, but their path length are
intermediate, merely corresponding to the diameter of several cells [12]. Therefore,
their intermediate particle range and high LET radiation make alpha emitters
suitable candidates for the treatment of blood or bone marrow malignancies, as well
as for small solid tumors and metastases. Lastly, Auger electron emitters have
relatively high LET radiation presenting with low toxicity compared with alpha
emitters, but they are only suited for hitting a blow to single tumor cell. To exert
radiobiological effects of Auger electrons, they must penetrate the cytoplasm and
then reach the nucleus since their ranges in tissues are very short. For this reason,
Auger electron emitters are not desirable as therapeutics in clinical practice.

23.3 Radiolabeled Nanoparticles for Therapeutic/
Theranostic Use

Nanoparticles are defined as materials that have at least one dimension in the range
of 10–100 nm. NPs have novel properties that distinguish them from the bulk
material. In addition to intrinsic properties of NPs, chemical and physical versatility
of NPs could also be exploited to develop drugs for diagnostics and therapeutics.
NPs could even be designed as multimeric systems to produce multivalent effects,
because functionalization of NPs by conjugating biomolecules to their surfaces
makes them target the receptors on the cancer cell surfaces. Moreover, function-
alized NPs with various linkers are able to function as carriers for drugs, genes, and
others. Micelles and liposomes, potential platforms for carrying therapeutics such as
cytotoxic drugs, genes, or radionuclides, have already been used for cancer treat-
ment in clinical practice. Various NPs such as gold nanoparticles, single-walled
carbon nanotubes, quantum dots or iron oxide nanoparticles once labeled with
beta-particle emitters, represent unique, multifunctional and target-specific radio-
pharmaceuticals functioning simultaneously as radiotherapy, thermal ablation and
multimodal imaging systems. In this regard, NPs have emerged as clinically rele-
vant platforms, and NPs labeled with therapeutic radionuclides can also be used as
in vivo theranostics.

NPs labeled with therapeutic radionuclides have been proposed as a new class of
therapeutics. In particular, multifunctionalized NP platforms are useful for taking
advantages of already established radionuclide therapy (Fig. 23.3). The multi-
functional NPs have the potential to carry high levels of radioactivity per particle by
using various linkers and functionalization. Utilizing this advantage, the therapeutic
effect of radiolabeled NPs could be maximized via multimeric receptor-specific
biomolecules interactions. Utilizing this multifunctionality, the radiolabeled NPs
conjugated with different targeting probes could be useful, since it can maximize
therapeutic effects through targeted radiotherapy as well as other type of
therapeutics.
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The multifunctional NPs can be designed to utilize multiple therapeutic
modalities. The most commonly used radionuclides emitting beta-particles are
177Lu and 90Y, and they can be labeled with the multifunctional NPs in clinical
trials. Clinical trials have proven that the multifunctional NPs labeled with
radionuclides are promising for the treatment of malignant tumors. Large numbers
of antibodies, peptides or any molecule with biological activity can be linked to the
surface of a single radiolabeled nanocrystal, metal NP, or single-walled carbon
nanotube, which enables both imaging and therapy of tumors over-expressing those
specific antigens or receptors [13]. Soundararajan et al. evaluated NPs labeled with
a beta-particle emitter (186Re) and combined with radiofrequency (RF) ablation and
liposomal doxorubicin in a xenograft rat model [14]. This combination of triple
cancer therapeutics increased retention of the 186Re-liposomal doxorubicin, which
led to the effective reduction of tumor size, compared with those of single or dual
therapies. The exact mechanism responsible for the synergistic effect of the triple
combination therapies remains insufficiently understood, but it might be due to
beneficial effects of internal radiation therapy of 186Re such as cross-fire effects
stemming from a long-ranged beta-particle.

Various factors including radiolabeling techniques, chemical functionalization,
cost, and availability affect the successful clinical application of the radiolabeled
NPs. In the clinical setting, it is highly recommended that NPs be efficiently labeled
with radionuclides and the radiolabeled NPs keep stable for a sufficient time before
use. Radionuclides should stay within the NPs before being delivered to yield
sufficient therapeutic effects to the tumor. However, radiolabeled NPs must go
through multiple unexpected biological processes before reaching tumor when
administered systemically. The interaction of NPs with serum proteins influences
the targeted delivery of the NPs, and then the NPs’ interaction with the tumor
microenvironment affects the penetration into the tumor tissues. As well as these
biological processes in vivo, intrinsic properties of NPs such as size, surface
characteristics, and radionuclides have an impact on the therapeutic outcome of

Fig. 23.3 Multifunctional nanoparticles (NPs). The multifunctional NPs can load high levels of
radioactivity per particle by using various linkers and functionalization. Therapeutic effect of the
multifunctional NPs can be maximized via multimetric interactions and different targeting probes
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radiolabeled NPs. Thus, meticulous and comprehensive understanding chemistry
and biology of NPs is required to develop successful radionanomedicine
therapeutics.

23.4 Enhancement of Radiolabeled Nanoparticles
for Effective Therapy

Gold nanoparticles (AuNPs) are one of the most actively investigated NPs for
cancer treatment, and modification was suggested to enhance therapeutic effects of
AuNPs. AuNPs have been proposed as localized heat sources for cancer treatment
utilizing two relevant properties of gold; resistance to oxidation and plasmon res-
onance with light [15]. Another beneficial property of gold is thermo-ablation,
which is produced by non-ionizing radiation such as microwaves or radiofrequency
(RF). AuNPs released heat to destroy malignant cells by means of absorbing RF
energy [16]. Besides AuNPs, several NPs such as iron oxide NPs or carbon NPs can
generate thermal heat. For example, iron oxide NPs released heat when they
were activated by an external alternating magnetic field, and then they induced
necrosis of the tumor microenvironment [17].

As well as utilizing intrinsic properties of AuNPs, various attempts have been
performed to modify AuNPs for efficient cancer theranostics. AuNPs can be
conjugated with peptides targeting a specific receptor on tumor cells, e.g. tumor
angiogenesis. Tumor angiogenesis is a well-known biologic process essential to
tumor growth. As an imaging biomarker and a promising therapeutic tactic tar-
geting tumor angiogenesis, arginine-glycine-aspartate (RGD) peptides have been
actively investigated, since it antagonize avb3 integrin thereby effectively
inhibiting angiogenesis. The conjugation of RGD peptides to radiolabeled gold
nanoparticles (177Lu–RGD–AuNP) was evaluated for the treatment of glioma, and
it induced significantly less tumor progression in vivo [18]. Radiolabeled bom-
besin can also be used for cancer treatment. Bombesin is a tetradecapeptide that
has a high binding affinity to the gastrin-releasing peptide receptor (GRP). The
overexpression of GRP was imaged by radiolabeled bombesin on primary prostate
cancer and their metastatic lymph nodes in xenografts [19]. Bombesin conjugated
with 177Lu–AuNP was investigated for the treatment of prostate cancer, utilizing
combination of photothermal therapy and radiation therapy [20]. This study also
demonstrated that the radiolabeled NPs exhibited properties that are suitable for
both plasmonic photothermal therapy and targeted radiotherapy in the treatment of
prostate cancer.
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23.5 Administration Methods of Radiolabeled
Nanoparticles for Therapy

Therapeutic nanoparticles are usually delivered to solid tumor in a non-specific
way, when they are administered systemically. NP accumulation in the solid tumor
is mainly dependent on the non-specific mechanism as known as the enhanced
permeability and retention (EPR) effect. The EPR effect is mainly contributed to
leaky tumor vasculature and poor lymphatic drainage [21, 22]. However, the EPR
effect is often inefficient to achieve a sufficient therapeutic effect, compared with
specific drug delivery. Thus, various strategies have been developed, so as to
adequately treat solid tumors by delivering sufficient amount of NPs to the tumor.
For example, thermal stimuli can be given before systemic administration of the
NPs to enhance the EPR effect. Local application of RF damage prior to NPs
injection greatly increased the accumulation of NPs in the thermal ablation site [23].
This enhancement of the EPR effect seemed as the leakage of NPs expanded into
the tumor and the NPs retained within a wide range of the region associated with
the thermally induced inflammation.

In addition to this efficiency problem of the targeted delivery, there are several
limitations in the systemic administration of the NPs. Nanosized materials are
mainly eliminated by the mononuclear phagocytic system (or reticuloendothelial
systems), and thus liver and spleen uptake could be a major obstacle to the use of
systemically administered NPs for cancer treatment [24]. To overcome this prob-
lem, various strategies were proposed to improve pharmacokinetic profiles and
enhance the therapeutic efficacy, e.g. changing the administration route. Direct
image-guided intratumoral administration of therapeutic agents is currently
undergoing evaluation. Intratumorally administered radiotherapeutic NPs seem to
be a viable option for the use in cancer patients.

Locally administered radionuclide therapy can be considered as brachytherapy
that is a localized and precise form of therapy delivering radiation in a short
distance. Brachytherapy using radiolabeled NPs is different from the current typical
brachytherapy in several aspects. Radiolabeled NPs are well dispersed and retained
in solid tumors, giving a high radiation dose to the tumor while reducing the
radiation exposure to the surrounding healthy tissues. A metallofullerene-based
nanoplatform carrying 177Lu was developed as brachytherapy for brain tumor [24].
This radiolabeled NPs successfully reduced tumor growth rate in a mice tumor
model, and it remained in the brain tumor region. 177Lu-DOTA administered alone
was not effective in comparison to radiolabeled NPs conjugated with nanoplat-
forms, because it rapidly cleared from the brain tumor [25, 26]. Phillips et al.
reported that gliomas of a rat model were treated with absorbed doses as high as
1700 Gray (Gy) by intratumoral administration of 186Re-liposome NPs without
significant toxicity to adjacent normal brain tissues [27]. In addition, their
nanometer size permitted diffusion from the injection site to all over the tumor,
giving further homogeneous radiation dose to the entire tumor. Long range of
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beta-particles also contributes to generating further therapeutic effects probably due
to the cross-fire and bystander effects.

It will be advantageous that brachytherapy using radiolabeled NPs of one kind
are conjugated with another, as they are able to target multiple cancer specific
markers. This multifunctionality of radiolabeled NPs enables them to localize more
precisely and to give higher radiation dose than the conventional brachytherapy.
Yook et al. suggested brachytherapy using 177Lu–AuNP as a local treatment for
locally advanced breast cancer [28, 29]. They designed AuNPs conjugated with
177Lu and panitumumab targeting epidermal growth factor receptor (EGFR), which
were delivered to breast cancer via local intratumoral injection. This
EGFR-targeting NP (177Lu–T–AuNP) was more efficiently bound to
EGFR-positive tumor cells and more cytotoxic in vitro than non-targeting nano-
seeds (177Lu–NT–AuNP) [28]. However, this superiority of targeting NPs in the
therapeutic efficacy was not reproduced in in vivo experiments. In the comparison
experiment of 177Lu–T–AuNP and 177Lu–NT–AuNP in vivo, both different types of
AuNPs arrested tumor growth effectively without causing cytotoxicity to adjacent
normal cells, but they failed to show significant difference in therapeutic efficacy
[29]. This is in the same line with disputes over the superiority (or non-inferiority)
issue of active targeting versus passive targeting (or non-targeting). It is interesting
in that the superiority of targeting strategy was not reproduced in vivo and by
intratumoral injection of radiolabeled NPs. So, many variables would have inter-
vened as confounders.

23.6 Therapeutic Effect of Intrinsic Radioactivity
of Nanoparticles

Nanoparticles can utilize their intrinsic (core) radiotherapeutic properties. In this
regard, 198Au/199Au is one good example. Both isotopes of gold possess intrinsic
radioactive properties that are available for theranostic applications; 198Au (b
ray = 0.96 meV, c ray = 411 keV) and 199Au (b ray = 0.46 meV, c
ray = 158 keV). Khan et al. developed 198Au dendrimer composite nanodevices,
and confirmed therapeutic effects of the 198Au NPs in the treatment of a mouse
melanoma model by intratumoral injection [30]. The therapeutic effects of 198Au
NPs via intratumoral injection were also assessed in a mouse prostate cancer model.
Chanda et al. designed 198Au NPs functionalized with epigallocatechin-gallate
(198Au NP–EGCg) specifically targeting the laminin receptors that were overex-
pressed on prostate cancer cells, and they showed the therapeutic effects of 198Au
NP–EGCg in a mouse prostate cancer model [31]. Shukla et al. confirmed the
therapeutic effects of 198Au NP–EGCg in a mouse prostate cancer model, too [32].
In this study, approximately 72% of 198Au NP–EGCg retained in the tumor after
24 h, and 80% of the tumor volume reduced after 28 days.
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23.7 Therapy with Alpha Emitter-Labeled Nanoparticles

Alpha emitters have also been investigated as therapeutic radionuclides for the
conjugation with nanoparticles. Alpha emitters have desirable characteristics for
cancer therapy, and they are best suited for the therapy of invasive tumor cells. NPs
labeled with 213Bi were intratumorally injected in 5 patients for the treatment of
glioma [33]. In this clinical trial, sufficient intratumoral distribution was achieved in
patients with rather small tumors, whereas the intratumoral distribution of
radioactivity was less homogenous in larger tumors. Other alpha emitters with
relatively longer half-life such as 225Ac have been investigated for the treatment of
large tumors. In addition to the longe half-life, 225Ac is advantageous that it emits 4
alpha-particles in the decay chain: 221Fr, 217At and 213Bi. Therefore, 225Ac could be
a good candidate to improve the efficacy in treating large tumors, since it has a
longe half-life and a cascading nature of decay. However, an appropriate strategy,
i.e. encapsulation is required to keep the radionuclides within NPs, because 225Ac
has such a long half-life of 10 days.

The cascading decay of alpha emitters could be a limitation in the clinical
application of radionanomedicine therapeutics. The potential release of daughter
radionuclides should be considered in the biodistribution of NPs radiolabeled with
alpha emitters. The possibility of chemical complex formation with daughter
radionuclides should also be taken into consideration. In particular, daughter
radionuclides are of concern to their off-target effect, especially when the chelation
cannot retain daughter radionuclides sufficiently. The recoil can also occur when the
heavy alpha particles break the chemical bonds, to leave the nucleus, to change the
chemical properties of the daughter radionuclide [34]. In reality, daughter radionu-
clides could be retained poorly, though a variety of chelators have been investigated
for 225Ac complex [35, 36]. In addition to these disadvantages, the insufficient supply
of 225Ac could limit their vigorous use in the clinical application of 225Ac labeled
NPs. To overcome these limitations, McLaughlin et al. designed a core-shell NP
using GdPO4 to sequester the daughters within the NPs [37]. In this study, the GdPO4

shell was able to retain the majority of the decay-chain daughter radionuclides (88%
of the 221Fr) while reducing the energy of the alpha-particles emitted by only 0.2%.
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