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Preface

It has been 6 years since the first edition of this book introduced methods for the characteri-
zation of nanoparticles intended for drug delivery. Since that time, basic and translational
research considerably advanced the field of nanotechnology, leading to the clinical develop-
ment of nanomedicines with greater sophistication and characterization requirements. In
response to the growing needs of the nanotechnology community, this second edition book
provides up-to-date protocols to characterize nanomaterials intended as drug delivery
agents. These new and updated protocols are designed as tools for researchers and pharma-
ceutical and biotechnology developers to evaluate the clinical potential of nanomedicines in
preclinical development. Specifically, they can be used to assess the nanomedicine’s physico-
chemical parameters, toxicity, and safety concerns.

Progress in nanotechnology and biology continues to expand nanomedicine develop-
ment, while simultaneously introduces new characterization challenges. Chapter 1 discusses
the advances in nanomedicine and the obstacles in its evaluation. The remainder of the book
contains new or updated protocols for nanomaterial characterization, including methods to
test sterility and endotoxin (Chapters 2 and 3), physicochemical features (Chapters 4–8),
immunological effects (Chapters 9–18), drug release (Chapter 19), and in vivo efficacy
(Chapter 20). While protocols that characterize the physicochemical properties can be
applied to nanomedicines intended for all routes of administration, most of the other
in vitro protocols in this book are meant to evaluate nanoparticles that are administered
intravenously. Most reported nano-based drug delivery agents are designed for intravenous
route of administration. Although the methods in this book can be applied to a variety of
nanoplatforms, certain assays may need to be individually tailored to the specific technology.
Many of these methods have been devised, updated, and validated by scientists at the
National Cancer Institute’s Nanotechnology Characterization Laboratory (NCL)
(https://ncl.cancer.gov) in order to accelerate the development of promising nano-based
therapies and diagnostics. NCL continually optimizes and designs new characterization
methods to meet the evolving requirements of nanomedicine developers.

There is a significant amount of effort and time put in by NCL and other groups at the
Frederick National Laboratory to produce the protocols included in this volume. I would
like to thank all the authors who have contributed to this work and made this second edition
possible. Distinct recognition goes to the key scientists who developed the methods
included in this book and those that serve as scientific leaders at NCL: Drs. Stephan
Stern, Marina Dobrovolskaia, Jeff Clogston, and Pavan Adiseshaiah. Supporting their
expertise is the dedicated, hands-on work by Edward Cedrone, Alpana Dongargaonkar,
Matthew Hansen, Dr. Anna Ilinskaya, Chris McLeland, Barry Neun, Tim Potter, Jamie
Rodriguez, Dr. Bhawna Sharma, and Sarah Skoczen. Collaborators, namely Dr. Krishna
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Kota and Mackensie Smith, are appreciated for their time to enhance these chapters. Special
thanks go out to Dr. Ulrich Baxa and Kunio Nagashima of the Electron Microscopy Lab at
the Frederick National Laboratory and their former colleagues, Sarah Anderson and David
Parmiter, for their development of advanced microscopy techniques for nanoparticle char-
acterization. Also, I express gratitude to Drs. Maggie Swierczewska Scully and Rachael Crist
for their contribution to Chapter 1 and hard work in assembling this book.

Frederick, MD, USA Scott E. McNeil
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Chapter 1

Evaluating Nanomedicines: Obstacles and Advancements

Magdalena Swierczewska, Rachael M. Crist, and Scott E. McNeil

Abstract

Continued advancements in nanotechnology are expanding the boundaries of medical research, most
notably as drug delivery agents for treatment against cancer. Drug delivery with nanotechnology can
offer greater control over the biodistribution of therapeutic agents to improve the therapeutic index. In
the last 20 years, a number of nanomedicines have transitioned into the clinic. As nanomedicines evolve,
techniques to properly evaluate their safety and efficacy must also evolve. Characterization methods for
nano-based materials must be adapted to the demands of nanomedicine developers and regulators. This
second edition book provides updated characterization protocols designed to address the clinical potential
of nanomedicines during their preclinical development. In this chapter, the characterization challenges of
nanoparticles intended for drug delivery will be discussed, along with examples of advancements and
improvements in nanomedicine characterization.

Key words Nanoparticles, Nanomedicine, Therapy, Efficacy, Toxicity, Active targeting, Passive
targeting

1 Introduction

The nanometer is the functional scale in biology. Proteins, for
example, are natural nanomaterials that play essential roles in cells,
such as in cellular communication and motility. Therefore,
controlling materials on the nanoscale offers the opportunity to
develop medicines with precisely engineered functions in the body.
Because nanoparticles can exhibit high surface to volume ratios,
unique optical signals, tunable shapes, and/or modifiable surfaces,
they provide a mechanism for controlling transport of various
therapeutic cargo within the body both temporally and spatially.
The application of nanoscale materials in medicine, generally
termed nanomedicine, has become mainstream. Some of the first
examples of novel nanomedicines that entered the clinic are exem-
plified in Fig. 1. In the last 22 years, the US Food and Drug
Administration (FDA) has approved over 20 nanomedicine pro-
ducts [1–3]. In this time, information about nanomedicine cellular
uptake, toxicity profiles, or how nanoformulations can alter the

Scott E. McNeil (ed.), Characterization of Nanoparticles Intended for Drug Delivery, Methods in Molecular Biology,
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Fig. 1 Timeline of milestone nanomedicines entering the clinical stage. The
evolution of nanotechnology in drug delivery is demonstrated, with an emphasis
on when pioneering nanomedicines first entered clinical trials (orange text) or
reached the commercial market (black text). The nanomedicine formulations
have been previously reviewed [1–3, 5]. Nab: nanoparticle albumin-bound
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pharmacokinetic properties of drugs has greatly advanced, and the
complexity of novel nanomedicines entering early clinical develop-
ment has increased. Correspondingly, the approaches used to char-
acterize these complex and heterogeneous formulations must
adapt. This second edition book introduces both new and updated
protocols for the preclinical characterization of nanoparticles
intended for drug delivery. The techniques are aimed at evaluating
the formulation’s physicochemical parameters, toxicity and safety
concerns, and potential clinical benefit of nanomedicines early in
their development process.

The goal of most nano-based strategies for drug delivery is to
improve the therapeutic effectiveness of the active pharmaceutical
ingredient (API) and/or reduce adverse effects. APIs that were
previously considered ineffective because they may have suffered
from poor pharmacokinetic profiles, inadequate stability, low solu-
bility, or ones with dose-limiting toxicity could become viable
therapies with a nano-based delivery strategy. For example, the
antifungal drug amphotericin B induces dose-limiting nephrotoxi-
city that constrains its therapeutic efficacy [4]. However, AmBi-
some, a liposomal formulation of amphotericin B, decreases the
principle toxicity of the traditional formulation and prolongs its
systemic transport [4]. Consequently, the nanoformulation of
amphotericin B can be safely administered at higher doses. This is
just one example of how nanoplatforms have the potential to
influence the pharmacokinetic profile and improve drug solubility
and stability in order to provide a greater therapeutic index of the
API. There are many others as well, including Doxil, DaunoXome,
and Abraxane, that are reviewed elsewhere [5, 6].

Nanomedicines approved to date generally provide improve-
ments in the delivery of APIs that were already in clinical use.
Diprivan, an injectable emulsion of propofol in soybean oil, glycerol
and egg lecithin used as an anesthetic, and Doxil, a PEGylated
doxorubicin liposome first approved for Kaposi’s sarcoma, are
among the first nanomedicines in the clinic. Between the time
these first nanomedicines were used clinically and 2005, most
nanomedicines that entered the market were for non-cancer indica-
tions, such as one of the first approved nanocrystals, Rapamune, to
prevent organ rejection after kidney transplantation and Visudyne,
a light-activated liposomal drug for the photodynamic treatment of
wet age-related macular degeneration [3]. Approved formulations
in this time consisted of lipid complexes, liposomes, micelles, and
nanocrystals with varied routes of administration from intravenous
injections to oral and topical delivery. Since 2005, cancer nanome-
dicines have dominated the field [1–3, 5]. Most cancer nanomedi-
cines are developed as systemically delivered nanoparticles so they
can reach the tumor through passive means. By engineering nano-
carriers using specific chemical compositions, shapes, and surfaces,
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permeability into solid tumors may be tuned; thus, controlled drug
delivery to its intended site of action may be attained.

To enable clinical translation of nanomedicines, adequate char-
acterization in early development is needed to identify the nano-
particle’s critical attributes and predict clinical success (or failure).
This book introduces updated protocols geared at characterizing
nano-based drug delivery strategies in early development that can
be used to enable an Investigational New Drug (IND) or Investi-
gational Device Exemption (IDE) application with the FDA. The
Nanotechnology Characterization Laboratory (NCL; https://ncl.
cancer.gov), which is a part of the National Cancer Institute’s
Alliance for Nanotechnology in Cancer, has optimized these assays
to work for a variety of nano-based technologies intended for the
delivery of cancer therapeutic and imaging agents. The NCL has
examined several hundred different nanomedicines submitted from
universities and companies worldwide and has helped several com-
panies advance into or through clinical trials. As a result, NCL
scientists have insight into the research and developmental needs
of the nanotech community. With input from the FDA, NCL
develops analytical protocols aimed at bridging the translational
gap between discovery and clinical application of nanomedicine.

2 Evolving Complexity of Nanomedicines

Nanomedicines have gone through several incarnations over the
years, each increasing in sophistication. As new formulations enter
clinical trials, they build on the success of earlier versions, and
introduce new characterization and development challenges. For
example, nanoparticles intended for cancer therapy have evolved in
their tumor-targeting strategies. Recent reviews highlight the prog-
ress of cancer nanomedicine and its challenges in clinical develop-
ment [5, 7], much of which is related to the growing sophistication
in the field.

First-generation cancer nanoparticles utilize passive targeting
to the tumor [8, 9]. Doxil is one of the first approved cancer
nanomedicines that demonstrated passive targeting in humans [6,
10]. Liposomal doxorubicin (Doxil) may be considered a “simple”
first-generation strategy consisting of a liposome loaded with a
previously FDA-approved small molecule; yet, its design features
are far from straightforward [6]. Each component of Doxil has an
important contribution to the nanomedicine’s performance in vivo.
Doxil consists of: (1) a well-controlled ratio of three different lipids
in a specific physical state forming the lipid bilayer; (2) a specific
drug-to-lipid ratio; (3) a PEGylated surface with optimized PEG
length to extend the formulation’s circulation time; and (4) a
number of physical properties (pH gradient, permeability coeffi-
cients, solubility of drug, etc.) that enable active loading of the drug
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into the liposome. Combined, these physicochemical parameters
contribute to Doxil’s advantages over doxorubicin—a longer
in vivo half-life and greater accumulation of drug in the tumor. As
a result, Doxil greatly reduces cardiotoxicity associated with the
legacy drug [6]. Doxil was first FDA-approved in 1995, but new
liposomal nanomedicines are still entering the clinic. Onivyde, an
irinotecan liposome injection indicated in combination with fluo-
rouracil and leucovorin for pancreatic cancer, was approved by the
FDA in 2015. Vyxeos, a liposomal combination therapy, was also
approved by the FDA in 2017. This next-generation formulation
delivers two different cytotoxic drugs at a synergistic ratio. In Phase
III clinical studies, Vyxeos revealed a 31% reduction in the risk of
death compared to the standard of care regimen for the two drugs
in patients with high-risk acute myeloid leukemia [11]. Many first-
generation cancer nanomedicines are liposomes, but nanotechnol-
ogy platforms such as albumin bound nanoparticles and polymeric
nanoparticles have also been utilized to deliver chemotherapeutics
passively to the tumor region [5].

Although passive targeting has become the cornerstone of first-
generation cancer nanomedicines, it is now becoming clear that
nanoparticle distribution varies between and within patient popula-
tions and tumor types [12]. With greater understanding in cancer
biology, efforts are being made at defining biomarkers to afford
better nanoparticle distribution and penetration into tumors, and
to identify patients who can benefit the most from these nanome-
dicines. As a result, a number of novel, next-generation nanomedi-
cine strategies have emerged. For example, nanotechnologies are
being developed to actively target these newly identified biomar-
kers, as well as making use of additional drugs that reduce tumor
microenvironment barriers to maximize tumor penetration. Other
nanomedicine strategies utilize companion or simultaneous imag-
ing strategies to monitor tumor permeability (ClinicalTrials.gov
Identifier: NCT01770353), while others optimize drug release at
the site of the tumor using stimuli-responsive nanoparticles [13,
14]. These and other complex nanomedicine strategies in develop-
ment require a thorough understanding of the attributes that play
critical roles in their intended functionality.

Cancer nanomedicines that target, or steer, the nanomedicine
toward specific tumor biomarkers have additional challenges in
development and characterization. Most nanoparticles are amenable
to surface modifications. Therefore, complex targeting ligands such
as antibodies, peptides, and proteins can be readily incorporated to
aid in tumor targeting and increase drug accumulation. Many of
these second-generation particles are currently undergoing clinical
evaluation. For example, a targeted polymeric nanoparticle carrying
docetaxel completed Phase II trials in patients with advanced solid
tumors; however, these studies have demonstrated varied efficacy
results depending on cancer type (ClinicalTrials.gov Identifiers:
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NCT01300533, NCT01792479, NCT01812746) [15]. Preclinical
data of a novel docetaxel prodrug loaded within a liposomal formu-
lation and directed toward a receptor tyrosine kinase has demon-
strated promising antitumor efficacy. The first-in-human clinical trial
of this targeted nanomedicine, Merrimack’s MM-310, started in
early 2017 [16, 17]. Targeted nanoparticles are also being investi-
gated in the clinic to carry new anticancer agents, such as therapeutic
siRNA to solid tumors (ClinicalTrials.gov Identifiers:
NCT02191878, NCT01159028, NCT02340156,
NCT01517464) [2, 18], which may set the stage for the delivery
of genome editing systems like CRISPR/Cas and TALEN.

Nanoparticles intended for cancer drug delivery are also evolving
based on the type of therapeutic agent being delivered and the
anticancer strategy being tested. Early cancer nanomedicines in the
clinic predominately delivered chemotherapeutic agents that were
previously FDA-approved. But now, nanoparticles are becoming
attractive tools in the field of cancer immunotherapy to serve as
carriers for potent antigens or adjuvants and to access key areas in
the body to induce an immune response [19, 20]. Such complex
nanoformulations have been extensively reported, but their transla-
tion into the clinic has been limited, possibly due to their challenging
characterization questions. The development of nanomedicines
toward these new therapeutic strategies warrants increased efforts
into developing novel characterization methodologies.

Nanocarriers are also being engineered to simultaneously
deliver multiple therapeutic agents, as demonstrated by the recently
approved Vyxeos, or a combination of therapeutic and diagnostic
agents [21]. Combinatorial delivery of multiple therapeutic agents,
not limited to chemotherapeutic agents, could potentially provide a
strategy to combat drug resistance exhibited in many aggressive
tumors. Theranostics, the coupling of therapeutic products with
diagnostic agents, can provide feedback via imaging results or other
diagnostic probes about the efficacy of treatment, which may help
in optimization and personalization of treatment in a more efficient
manner than the current standard of care. Preclinical examples of
these combination therapies have been summarized elsewhere in
the literature [5].

In addition to passively and actively targeted nanoparticles,
targeting the intended disease site can also be achieved with
stimuli-responsive drug delivery nanoparticles [22, 23]. Responsive
nanoparticles are designed to deliver their cargo in reaction to some
intrinsic or external stimulus. The payload is released to the site of
action only after the stimulus is detected and the nanoparticle
undergoes a transition state. An intrinsic stimulus can be the pH,
enzyme concentration, or temperature of the tumor microenviron-
ment. An external stimulus can consist of magnetic or electrical
fields, ultrasound, or radiation. Responsive drug delivery for cancer
therapy can utilize passively or actively targeted nanoparticles for
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transport to the tumor microenvironment upon which the stimulus
is sensed or directly applied. For example, Visudyne is an FDA-
approved, stimuli-responsive nanomedicine using photodynamic
therapy [24]. ThermoDox is a clinical-stage example of heat-
responsive doxorubicin delivery. This technology consists of ther-
mally sensitive liposomes, which change structure when heated to a
temperature range of 40–45 �C, allowing for doxorubicin drug
release [25]. The external stimulus is applied by tumor-directed
radiofrequency. Clinical studies are underway to investigate Ther-
moDox in combination with optimized radiofrequency ablation for
patients with non-resectable liver cancer (ClinicalTrials.gov Identi-
fier: NCT02112656). The goal of these dynamic particles is aimed
at improving drug accumulation at the site of action; however,
assessing drug kinetics in this type of system requires additional
understanding of the particle’s mechanism of physical transition,
the level of stimulation required, and drug release profiles before
and after stimulation. Also, externally stimulated nanoparticles have
the added complexity of potentially being a drug-device combina-
tion, which requires additional know-how and may complicate
translation and adoption by physicians.

Many of the first cancer nanomedicines to the clinic are begin-
ning to go off-patent, that is they are losing their market exclusivity,
permitting the development of affordable, generic nanomedicines.
Generic drugs are copies of brand-name drugs that have the same
dosage form, safety, strength, route of administration, quality, per-
formance characteristics, and intended used. Liposomal Doxorubi-
cin Hydrochloride is the first cancer nanodrug approved through
an Abbreviated New Drug Application (ANDA) pathway. This
generic, or follow-on product, is considered to be a copy of
Doxil. Yet, many questions arise whether sameness can be estab-
lished on such a complex formulation that depends on several
critical parameters. Unlike generic drugs of conventional small
molecules, determining sameness between two nanodrugs is a
more complex process. There are usually several parameters that
contribute to their safety, quality, and performance characteristics,
and those parameters are generally sensitive to minor changes. This
highlights the importance of appropriate characterization.
Many critical properties and tests tend to be overlooked during
the development of all types of nanoparticles, not just follow-on
versions [26]. With greater intricacy of nanoplatforms comes
greater characterization challenges, requiring sophisticated meth-
ods that can best predict clinical success early in the development
path [7].

Evaluating Nanomedicines 9

http://clinicaltrials.gov


3 Characterization Challenges and Advancements

Complexity is an innate part of nanoparticles. Many properties not
generally considered for small molecule medicines need to be thor-
oughly understood for nanoparticles. Multidisciplinary expertise
and testing is essential to grasp a complete understanding of the
design features that contribute to a safer and more effective therapy.
Importantly, physicochemical properties of the nanoformulation
need to be linked to their performance characteristics such as
pharmacokinetic, biodistribution, efficacy, and toxicity profiles.
Because of the demanding characterization needs, a clear advantage
of the nanomedicine over existing formulations should be estab-
lished early on in the development stage, along with a feasible
manufacturing strategy to prevent expensive failures later on [7].
Important properties to investigate for all nanotech drug delivery
formulations include sterility and endotoxin testing (Chapters
2 and 3), physicochemical properties (Chapters 4–8), in vitro
immunological activity (Chapters 9–18), drug release kinetics in
biological matrix (Chapter 19), and efficacy in predictive animal
models of the intended disease indication (Chapter 20). These are
the topics covered in this second edition book. Importantly
though, nanomedicine characterization depends on many factors,
including the drug, platform, and intended use. This book cannot
capture all testing requirements for all nanodrugs in development.
Rather, the protocols included here are meant to serve as a basis for
the early evaluation of nanomedicine products in development.

Endotoxin is a major contaminant in early nanomedicine for-
mulations [26]. If endotoxin levels are above certain thresholds,
many immunotoxicity assays could give false-positive readings [27].
Taking precautions early in the development process to reduce
endotoxin contamination will allow for a more accurate assessment
of the toxicity profile of the nanomedicine and its components.
However, some nanomaterials can interfere with commonly used
assays that assess contaminants and they may exaggerate inflamma-
tory properties of endotoxin [28]. Updated protocols for the
detection of bacterial contamination and practical considerations
to overcome endotoxin contamination are included in Chapters
2 and 3. Controlling bacterial and endotoxin contamination is
highly recommended before conducting toxicity or immunology
assays.

The particle’s physicochemical properties, including size, size
distribution, composition, surface characteristics, purity, and stabil-
ity, are critical parameters to define because they can directly affect
in vivo activity of the nanomedicine. New and updated protocols
that assess physicochemical characteristics of the nanoparticle are
found in Chapters 4–8. All nanoparticles rely on control at the
nanoscale, meaning small variations may cause significant changes
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to the nanoformulation. However, not all techniques are sensitive
enough to detect small changes in physicochemical properties, so
orthogonal techniques are recommended for a more thorough
evaluation.

Surface characteristics, such as coating density, surface charge,
surface area, and surface chemistry, need to be adequately described
to make reproducible batches. Despite the importance of surface
evaluation, it remains one of the most challenging physicochemical
tests. There are only a few widely applicable assays for surface
characterization. Most assays must be individually tailored for the
specific surface ligand–nanoparticle combination being evaluated.
Chapters 5 and 6 are protocols aimed at quantitating surface coat-
ings of nanoparticles using reverse-phase high-performance liquid
chromatography (RP-HPLC) and thermogravimetric analysis
(TGA), respectively. While these too will require some optimiza-
tion, the overall techniques can be used to quantitate various
surface coatings on a variety of nanoplatforms. Imaging by immu-
noelectron microscopy, such as that described in Chapter 7, can
also serve as a qualitative method to illustrate nanoparticle surfaces
where appropriate antibodies are available. Some biological surface
moieties have the added complexity of needing structure/shape
evaluation, not simply quantification, to ensure it remains biologi-
cally active to fulfill its targeting function. Targeting ligands may
not be attached in sufficient quantity or in the correct configuration
to bind to the receptor. Therefore, a combination of different
surface characterization techniques along with biological assays
may be required for molecularly targeted nanomedicines.

Multiple protocols for nanoparticle size analysis were published
in the first edition of this book, including dynamic light scattering
(DLS), transmission electron microscopy (TEM), and atomic force
microscopy (AFM) [29]. This second edition book highlights
advances in TEM to specifically image liposomes, one of the most
popular delivery strategies for cancer nanomedicines. Liposomes
can be particularly challenging to image by TEM due to the soft
nature of the particle, making it prone to imaging artifacts such as
disruption of the bilayer, folding, or other distortion of the particle.
Chapter 8 discusses negative staining and cryo-TEM techniques
and tips for imaging these soft structures.

About a fifth of all drugs in clinical use from the 1970s to early
2000s were removed from the clinic due to adverse effects on the
immune system [30, 31]. In vivo administration of new and com-
binatorial nanoproducts poses additional questions about possible
adverse effects in vivo, including how the human immune system
will respond [32]. Adverse immune reactions may include anaphy-
laxis, allergy, hypersensitivity, idiosyncratic reactions, and immuno-
suppression [30, 31, 33, 34]. Examining how the nanomedicine
and its components interact with blood and immune cells in vitro
can help prevent serious and potentially lethal reactions during
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clinical evaluation [35, 36]. Updated immunological assays for
nanomedicines are included in Chapters 9–18. Chapter 9 is an
updated in vitro protocol to investigate nanomedicine-mediated
hemolysis, particularly relevant for nanomedicines that contain
cationic species or degradation products. Certain systemically
administered nanoparticles can induce thrombosis or blood coagu-
lation, which could become trapped in the lungs and cause embo-
lisms. In vitro protocols, like that described in Chapter 10 to
examine blood coagulation, can be predictive of in vivo thrombo-
genic reactions. Complement activation-related pseudoallergy
(CARPA) is a life-threatening condition in humans. Nanoparticles
delivering nucleic acids and ones made up of certain lipids are
particularly susceptible to inducing CARPA [37]. In vitro assays
to assess complement activation with human or non-human pri-
mate blood, as described in Chapter 13, can be good indicators of
CARPA in vivo. These and other updated immunology assays
included in this book provide knowledge about a nanoformula-
tion’s potential immunotoxicity. This information, if discovered
early, can inform the development and optimization process before
the initiation of costly in vivo studies and clinical trials.

In general, nanomedicines are designed to increase the half-life
of the drug, enabling delivery of the API to its intended site of
action. If the drug releases too quickly, it can produce off-target
toxicities. On the other hand, if the formulation is too stable, the
API will not be delivered in appropriate concentrations making it
therapeutically ineffective. Drug release is therefore an important
measure of nanoparticle stability. However, determining drug
release in vivo is challenging because drug binding can equilibrate
between the nanoparticle and abundant proteins in the blood. The
method described in Chapter 19 is a simple approach to evaluate
drug release in biological matrix. The only requirement for the
method is that a stable isotope-labeled version of the drug be
available. This method is unique from other drug release methods
in that it uses biological matrix (e.g., whole blood or plasma versus
buffered solutions), and can differentiate between free/unbound,
protein bound, and nanoparticle bound drug fractions. It can be
utilized as an in vitro tool to predict nanomaterial stability in vivo or
to evaluate pharmacokinetic parameters from an in vivo study. In
addition, the method can be used to evaluate bioequivalence
between an innovator nanomedicine and a follow-on product look-
ing to enter the market through an ANDA [40].

Preclinical efficacy and safety are essential evaluation criteria for
all nanoformulations in early development. The design of a preclin-
ical animal study is most predictive if the clinical indication for the
nanomedicine is known and the disease model, route of adminis-
tration, and dosing volume closely resemble the parameters that
will be used clinically. Chapter 20 provides a comprehensive proto-
col and recommendations on how to devise and analyze in vivo
preclinical efficacy studies in rodent models. Appropriate drug and
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nanoformulation controls should be carefully selected, especially
for nanomedicines that require molecular targeting and/or internal
or external stimuli to be effective. No in vitro animal model is
completely predictive of clinical results. This is due in part to the
heterogeneous make-up of the patient population that cannot be
adequately captured in a controlled animal setting. Testing in mul-
tiple relevant models affords the best glimpse of clinical outcomes.
For cancer nanomedicines, understanding how the physicochemi-
cal features of the nanoparticle relate to tumor biology is critical to
achieve meaningful results [5, 39]. For this reason, it is imperative
to gain a thorough understanding of the nanoparticle’s properties
through rigorous characterization.

4 Importance of Updated Nanoparticle Characterization

Many characterization assays used during the development of first-
generation nanomedicines leveraged methods used to study con-
ventional, small molecule drugs. But with advancements in nano-
technology, new characterization tools and methods have been
developed that can better account for the unique properties of
nanomaterials. In addition, nanomedicines continue to evolve
with increasingly more complex features that require greater mul-
tidisciplinary scrutiny. Many new nanoplatforms, such as virus plat-
forms and exosomes have been introduced in the literature but have
yet to enter the United States market [40]. Nanoparticles are also
emerging in the field of cancer immunotherapy, prompting the
development of nanocarriers for antigens and adjuvants for the
design of synthetic vaccines. With such advancements, there are
vast opportunities for new therapeutic agents. As a result, there is a
clear need to address this progressive nano-landscape by advancing
characterization techniques that can answer critical regulatory
questions and best predict clinical outcomes.

This second edition book consists of new and updated proto-
cols that are aimed at evaluating the clinical potential of nanome-
dicine products in preclinical development. The protocols are
meant for use by the research community and pharmaceutical and
biotechnology developers of nano-based products intended for
drug delivery. Most in vitro protocols in this book are designed to
evaluate nanoparticles that are administered intravenously, while
protocols that characterize the physicochemical properties can be
applied to nanomedicines intended for all routes of administration.
Although it is envisioned that many of these optimized methods
can be applied to a variety of nanoplatforms, there may be limita-
tions to their application for novel therapeutic platforms. This
second edition book offers up-to-date nanomedicine characteriza-
tion protocols in order to address the growing needs of the nano-
technology community. Optimized characterization techniques,
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like those introduced in this book, can drive the next generation of
innovative cancer therapeutics from discovery to the clinic.
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Chapter 2

Detection of Bacterial Contamination in Nanoparticle
Formulations by Agar Plate Test

Timothy M. Potter, Barry W. Neun, Anna N. Ilinskaya,
and Marina A. Dobrovolskaia

Abstract

Bacterial contamination can confound the results of in vitro and in vivo preclinical tests. This protocol
describes a procedure for detection of microbial contamination in nanotechnology-based formulations.
Nanoparticle samples and controls are spread on the surface of agar and growth of bacterial colonies is
monitored after 72 h of incubation. The intended purpose of this assay is to avoid introduction of microbial
contamination into in vitro cell cultures and in vivo animal studies utilizing the test nanomaterial. This assay
is not intended to certify the material as sterile.

Key words Nanoparticles, Contamination, Bacteria, Yeast, Mold

1 Introduction

This protocol describes a procedure for detection of bacterial con-
tamination in a nanoparticle formulation. The assay requires
0.5 mL of the test nanomaterial in its final formulation. The con-
centration of nanoparticles in this formulation is case-specific.
When such information is not available, for example when a test
nanomaterial is received from a commercial supplier in a form not
intended for biomedical applications, the concentration of the
stock is 1 mg/mL. The weight information can refer to either active
pharmaceutical ingredient or total construct; it can also represent
total metal content or other units. Such information is specific to
each nanoparticle and should be recorded to aid result interpreta-
tion. This test detects bacterial contamination and is mainly
intended to avoid contamination of cell cultures or transmitting
microbial contaminants to animals in preclinical studies of efficacy,
biodistribution, and toxicity. This method is not applicable to test
nanoparticle antimicrobial activity, microbial resistance, validation
of the sterilization procedure, or lot release. If this is your aim,

Scott E. McNeil (ed.), Characterization of Nanoparticles Intended for Drug Delivery, Methods in Molecular Biology,
Vol. 1682, DOI 10.1007/978-1-4939-7352-1_2, © Springer Science+Business Media LLC 2018

19



in-depth analysis of sterility parameters can be performed according
to the United States Pharmacopeia standards USP30-51, 30-61,
and 30-71 [1–3]. Safety precautions for working with engineered
nanomaterials are summarized in Note 1.

2 Materials

1. Sterile PBS.

2. Luria-Bertani (LB) Broth: LB Broth composition is 10 g/L
Tryptone, 5.0 g/L Yeast Extract, and 0.5 g/L NaCl. It is
supplied as a liquid, but can also be purchased as a powder. If
you use liquid media, it does not require any additional manip-
ulation. Powdered media has to be reconstituted in water. In
this case, please follow the instruction from the manufacturer
of the powdered media. Sterilize the media you prepare from
powdered formula for 15 min at 121 �C. Cool to room tem-
perature and either use fresh or store in the refrigerator.

3. LB Agar Plates. The composition of the LB agar is 10 g/L
Tryptone, 5.0 g/L Yeast Extract, 0.5 g/L NaCl, 15 g/L Agar.
It can be prepared by dissolving 15 g of agar in 1 L of LBmedia
or from the commercial powdered formula containing all com-
ponents in a dry form. For example, the commercial LB agar
(Sigma, L3272) is supplied as a powder. When prepared
according to the manufacturer’s instructions, 30.5 g of powder
is dissolved in 1 L of water, then heated to boiling until com-
plete dissolution and autoclaved for 15 min at 121 �C to
sterilize. The media should be cooled and poured into petri
dishes to solidify. The plates can be used freshly prepared or
stored at 4 �C (Fig. 1).

4. Negative control: Sterile PBS or water. The negative control is
acceptable if no colony forming units (CFU) are observed
upon completion of the test.

5. Positive control: Bacterial cultures (e.g. ATCC #25254) at a
dilution which will allow at least 10 CFU/mL.

Fig. 1 Sample of agar plate test results. Positive results from agar plate test of a silica-based nanoparticle
formulation
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6. 0.1 N Hydrochloric acid (HCl). Prepare by diluting commer-
cial stock reagents in sterile water.

7. 0.1 N Sodium Hydroxide (NaOH). Prepare by diluting com-
mercial stock reagents in sterile water.

8. Buffer used to reconstitute test nanomaterial.

9. Test nanoparticles reconstituted in sterile PBS, water, or in
appropriate vehicle. If the vehicle is a buffer or media other
than water and PBS, the vehicle control should be included in
the test. The nanoparticle samples are tested directly from stock
and at several serial 10-fold dilutions: no dilution, 10-fold,
100-fold, 1000-fold. The pH of the study sample should be
checked using a pH microelectrode and adjusted with either
sterile NaOH or HCl as necessary to be within the pH range
6–8. If NaOH or HCl are not compatible with a given nano-
particle formulation, adjust pH using a procedure recom-
mended by the nanomaterial manufacturer. To avoid sample
contamination from the microelectrode, always remove a small
aliquot of the sample for use in measuring the pH.

10. Sterile tubes, 5 mL.

11. Petri dishes.

3 Methods

1. Remove the LB plates from the refrigerator and allow them to
warm up to room temperature. Prepare two plates for each
sample and four plates for negative and positive controls.
Plate one set of negative and positive controls before plating
test samples, and plate the second set after plating test samples.

2. Using sterile conditions apply 50 μL of controls or nanoparticle
preparation at each dilution onto the surface of the agar and
evenly distribute the sample using a sterile disposable bacterial
spreader. Allow liquid to absorb, then recap the Petri dish, turn
it upside down to prevent condensation and place into the
incubator.

3. Incubate for 72 h at a nominal temperature of 37 �C.

4. Remove dishes from the incubator and examine for appearance
of colonies. Perform colony count.

5. Report results according to the following formula (see Notes
2 and 3):

#Colonies�Dilution Factor� Sampling Factor ¼ CFU=mL

6. Review Note 4 for additional details.
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4 Notes

1. Always wear appropriate personal protective equipment and
take appropriate precautions when handling your nanomater-
ial. Many occupational health and safety practitioners recom-
mend wearing two layers of gloves when handling
nanomaterials. Also, be sure to follow your facility’s recom-
mended disposal procedure for your specific nanomaterial.

2. To estimate sampling factor, consider what proportion of the test
sample is represented by 50 μL of the test aliquot spread on the
plate. For example, if the final formulation is supplied as a 1 mL
aliquot, the sampling factor is 20; if it is 10 mL, the sampling
factor is 200; if it is 0.5 mL, the sampling factor is 10, etc.

3. To assess whether nanoparticles can inhibit bacterial growth, a
positive control sample at the same final dilution is spiked into
the test nanoparticle sample. For example, when you spike
440 CFU per 2.2 mL of nanoparticle solution at a given
dilution and 50 μL is plated on the surface of agar, the final
inhibition control contains the same concentration of nanopar-
ticles as the nanoparticle unspiked sample and the same con-
centration of bacteria as in the positive control (10 CFU/mL).

4. NCLdoes not endorse suppliers.However, we found that a new
user benefits from knowing catalog information of reagents
used in our assays. If you need ideas of what reagents are
used at the NCL, please review NCLmethod STE 2.2 available
at https://ncl.cancer.gov/resources/assay-cascade-protocols.
When other reagents are used, the assay performance may
change. When using reagents and instruments from sources
other than that used in our protocols, assay performance quali-
fication is needed to verify the assay functionality and validity.
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Chapter 3

Considerations and Some Practical Solutions to Overcome
Nanoparticle Interference with LAL Assays and to Avoid
Endotoxin Contamination in Nanoformulations

Barry W. Neun and Marina A. Dobrovolskaia

Abstract

Monitoring endotoxin contamination in drugs and medical devices is required to avoid pyrogenic response
and septic shock in patients receiving these products. Endotoxin contamination of engineered nanomater-
ials and nanotechnology-based medical products represents a significant translational hurdle. Nanoparticles
often interfere with an in vitro Limulus Amebocyte Lysate (LAL) assay commonly used in the pharmaceu-
tical industry for the detection and quantification of endotoxin. Such interference challenges the preclinical
development of nanotechnology-formulated drugs and medical devices containing engineered nanomater-
ials. Protocols for analysis of nanoparticles using LAL assays have been reported before. Here, we discuss
considerations for selecting an LAL format and describe a few experimental approaches for overcoming
nanoparticle interference with the LAL assays to obtain more accurate estimation of endotoxin contamina-
tion in nanotechnology-based products. The discussed approaches do not solve all types of nanoparticle
interference with the LAL assays but could be used as a starting point to address the problem. This chapter
also describes approaches to prevent endotoxin contamination in nanotechnology-formulated products.

Key words Endotoxin, LAL, Interference, Inhibition enhancement control

1 Introduction

Endotoxin is a building block of the gram-negative bacterial cell
wall [1]. Many cell types have an endotoxin receptor complex and
respond to this bacterial ligand. Mononuclear phagocytes are par-
ticularly sensitive and produce cytokines, chemokines, and other
pro-inflammatory messengers in response to low (picogram) quan-
tities of endotoxin [2]. These pro-inflammatory substances result in
pathophysiological events leading to fever and hypotension and at
high levels may also lead to severe tissue and organ damage [1].
Common life-threatening conditions observed in response to high
endotoxin levels in humans are septic shock syndrome, toxic ante-
rior segment syndrome, multiple organ failures (mainly kidney,
lungs, and liver), and disseminated intravascular coagulation.
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Endotoxin contamination is particularly problematic for pharma-
ceutical products and medical devices. If these products get con-
taminated with endotoxin, the results of preclinical toxicity and
efficacy studies may be confounded and lead to wrong conclusions.
In the clinical setting, they will lead to immunotoxicity in patients.
Regulatory authorities recognize this problem and mandate endo-
toxin limits that depend on the type of product, the dose, and the
route of administration of the given pharmaceutical product. The
biological activity of endotoxin is measured in endotoxin units
(EU). The endotoxin limit (EL), specific for each product, depends
on the threshold pyrogenic dose (K) and the maximum dose (M) of
the given product administered per kilogram of body weight per
single hour. The EL for parenteral drugs is calculated according to
the formula K/M. The K-value described in the United States
Pharmacopeia is 5 EU/kg for all parenteral routes except for intra-
thecal route, for which the threshold pyrogenic dose is 0.2 EU/kg
[3]. The EL for radiopharmaceuticals depends on the volume of the
product in milliliters (V) and is equal to 175/V and 14/V for most
parenteral routes and intrathecal route, respectively [3]. The allow-
able ELmandated for the surfaces of medical devices is 0.5 EU/mL
(or 20 EU/device) and for products in contact with the cardiovas-
cular and lymphatic systems and cerebrospinal fluid is 0.06 EU/mL
(or 2.15 EU/device) [4]. According to the new FDA guideline, the
EL for intraocular fluids is 0.2 EU/mL and that for solid ocular
devices is 0.2 EU/device [5].

Due to its presence virtually everywhere (air, water, many com-
mon laboratory reagents, equipment, and surfaces) and resistance
to autoclaving, endotoxin is a common contaminant in engineered
nanomaterials and nanotechnology-formulated drugs and devices
produced in research laboratories [6, 7]. As much as one-third of
nanotechnology formulations fail in preclinical phase due to exces-
sive endotoxin contamination [8].

In addition to the concerns regarding endotoxin presence in
pharmaceutical products and devices discussed above, nanotech-
nology products experience an additional challenge. Recent reports
from our laboratory [9] and other investigators [10–14] demon-
strated that some nanoparticles are not pro-inflammatory alone but
exaggerate the inflammatory properties of low concentrations of
endotoxin. This challenge complicates the estimation of the EL
using formulas we discussed above and, in the absence of a specific
regulatory guideline or standard, suggests that nanotechnology
products possessing the endotoxin-exaggerating property should
be virtually free from endotoxin.

The in vitro method traditionally used in the pharmaceutical
industry to detect and quantify endotoxin contamination is the
Limulus Amebocyte Lysate (LAL) test, which exists in three for-
mats: turbidity, chromogenic, and gel-clot [15]. Both turbidity and
chromogenic assays can be performed in an end-point and kinetic
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mode. In addition, a newer version of an LAL derivative assay has
been developed with recombinant factor C [16–18]. This assay
utilizes a substrate that upon cleavage by endotoxin-activated lysate
produces a fluorescent product and operates in the kinetic mode
[16–18]. The kinetic assays, in general, have greater assay sensitivity
(or lambda) than their end-point counterparts [15]. Understand-
ing the difference in lambda of various LAL assays is necessary for
both experimental design and inter-assay data comparison, because
this value is used to calculate the maximum valid dilution (MVD).
Many chemicals may interfere with the LAL assays, however, due to
their complex composition and unique physicochemical properties.
Nanotechnology-based products experience a greater spectrum of
interference with the LAL [15, 19, 20].

In this chapter, we discuss factors one may consider when
selecting an LAL assay suitable for the given nanoformulation and
suggest several practical approaches, which may be used to over-
come interference from certain nanomaterials. Although the pro-
posed experimental steps do not completely solve the problem of
nanoparticle interference with the LAL assays, they may serve as a
starting point to analyze nanoparticles with physicochemical prop-
erties similar to those used in our case studies. We will also discuss
approaches to prevent endotoxin contamination in
nanotechnology-formulated products and to remove endotoxin
from contaminated particles.

2 Choosing an LAL Format

Some of the nanoparticle interferences with the LAL can be pre-
dicted based on the nanomaterial’s basic physicochemical proper-
ties such as absorbance spectrum at or about 405 nm because
chromogenic LAL assay is performed at this wavelength. The deci-
sion tree presented in Fig. 1 may be helpful in making a choice
about the LAL format.

3 Overcoming False-Positive Results Due to Contamination with Beta-Glucans

Despite its high sensitivity to endotoxin, traditional LAL assays also
detect beta-glucans. The LAL proteins activated by endotoxin and
beta-glucans are different. Factor C is activated by the endotoxin,
while Factor G is triggered by beta-glucans [15]. Despite the
difference in the sensing protein and pathway, the result (e.g.,
gelation or turbidity) of the LAL reaction triggered by endotoxin
and beta-glucans is the same and often leads to overestimation of
endotoxin in the sample containing beta-glucans. While monitor-
ing the presence of beta-glucans is important to identify potential
fungal contamination of pharmaceutical products, it should be
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performed using specific assays, e.g., Fungitell [21, 22]. When
present in the LAL reaction, beta-glucans activate Factor G path-
way and result in inaccurate detection and quantification of endo-
toxin. Filtration through cellulose acetate filters commonly used
during production of nanotechnology-based formulations is the
common reason for nanoparticle contamination with beta-glucans.
Cellulose-based filters are a known source of beta-glucans and
increase the rate of false-positive LAL results [23]. The interference
from beta-glucans can be overcome by performing sample analysis
using recombinant Factor C assay [16–18], by reconstituting lysate
in the Glucashield buffer or by diluting the test sample with β-G-
Blocker reagent (see Note 1). In the case study presented in Fig. 2,
the false-positive interference from beta glucan in several nanopar-
ticle formulations was solved by using Glucashield Buffer for recon-
stitution of the lysate before proceeding with the LAL reaction.

Fig. 1 Decision tree for selecting LAL format. Selection of the LAL format starts at evaluating the nanoparticle
physicochemical properties. Two LAL formats are used to analyze the same formulation. If the results are in
agreement, the LAL results are reported. If the results disagree, follow-up assessment is conducted using a
biological assay. This decision tree was initially described in reference [35] and is presented here with
modifications. MAT monocyte activation test; RPT rabbit pyrogen test; asterisk according to the USP and FDA
guideline, in case of discrepancy between test results of different LAL methods, the decision is made by the
Gel-Clot assay; double asterisk MAT application is limited when a test nanoformulation contains cytotoxic
drug; other methods and controls can be used; apply scientific justification to result interpretation and
preparation of appropriate controls
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4 Overcoming False-Negative Results Due to the Presence of Cationic Charge

Endotoxin is the heterogeneous and chemically diverse entity. The
central part of the endotoxin is lipopolysaccharide (LPS), which in
turn has a complex chemical structure. The biologically active
component of LPS is lipid A, composed of a disaccharide backbone,
four to six fatty acids, and one or two phosphate groups [1].
Anionic phosphate groups of lipid A can react electrostatically
with cationic materials. Such an interaction neutralizes LPS and
makes it invisible to the LAL reaction. Therefore, inhibition of
endotoxin detection is commonly observed with cationic nanopar-
ticles (e.g., amine-terminated dendrimers and liposomes). This
type of interference can be overcome by dilution not exceeding
the MVD. However, dilution alone is often ineffective for many
cationic nanomaterials. In some cases, adding sodium dodecyl
sulfate (SDS) to such test samples may help to overcome the
interference (Fig. 3; see Note 2).

5 Overcoming False-Negative Results Due to Endotoxin Entrapment

Endotoxin is lipophilic and can be entrapped in lipid-based, hollow
nanoparticles such as liposomes [1]. The LAL assays detect only
endotoxin present in solution and therefore can miss endotoxin
entrapped in nanoparticles. The entrapment, therefore, may lead to
the underestimation of endotoxin in the liposome formulations.
Processing of a nanoparticle test sample before LAL analysis may be
needed to release the entrapped endotoxin. Here, we describe a
procedure which was developed and verified for liposomes with a
composition identical to that of commercial Doxil formulation
(Fig. 4). The method includes heat treatment. Place the test sample
into a borosilicate tube, cover with parafilm, and incubate on a

Fig. 2 Overcoming false-positive results caused by beta-glucan contamination. Five nanoparticle formulations
(NP1-NP5) were tested by kinetic turbidity LAL procedure as described earlier [24]. The same nanoparticle
sample was analyzed with and without GlucaShield buffer. A decrease in the assay result generated using
GlucaShield buffer is indicative of beta-glucan contamination commonly arising from cellulose-based filters
used during nanoparticle manufacturing. Shown is the mean response of two replicates (%CV < 20)
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heating block set at 96 �C for 15–30 min (see Note 3). Allow the
sample to cool down to room temperature and centrifuge at
2500� g for 5 min to bring all sample content down to the bottom
of the test tube. After that proceed with preparing dilution and
testing according to the standard LAL procedure, for example, like
the procedure described in reference [24].

6 Some Experimental Approaches to Remove Endotoxin from Reagents, Equipment,
Contaminated Nanoparticle Formulations, and Their Components

Endotoxin removal from equipment and reagents used for nano-
particle synthesis depends on the type of materials and their resis-
tance to depyrogenation procedures. The easiest, reliable, and
widely accessible depyrogenation method is baking at high

Fig. 3 Overcoming false-negative results due to the cationic charge. Cationic DOTAP liposomes were analyzed
by kinetic turbidity LAL procedure as described earlier [24]. The cationic liposome sample (Neat) was analyzed
at several dilutions within the assay MVD. The spike recovery of the untreated sample at all dilutions was
below 2%. The same sample was also tested at the same dilutions after addition of 0.5% SDS and showed an
acceptable spike recovery. Shown is the mean spike recovery � SD (N ¼ 2)

Fig. 4 Example of endotoxin release from liposomes after heat treatment. Two formulations of PEGylated
liposomes (product 1 and product 2) were tested by kinetic turbidity LAL procedure as described earlier [24].
The composition of these liposomes was identical to that used in Doxil. The active pharmaceutical ingredients
(APIs) were different in product 1 and product 2. The same nanoparticle sample was analyzed without heat
treatment (Before heat treatment) and after 30 min of incubation at 96 �C (After heat treatment). Shown is the
mean response of two replicates (%CV < 20)
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temperature (�200 �C) for at least 30 min. This procedure can be
used to depyrogenate glassware, spatulas, and other heat-resistant
tools commonly used during synthesis of nanoparticles. The high
temperature is damaging the most nanomaterials. However, some
(e.g., carbon nanotubes and certain metallic particles) can tolerate
it. The combination of high temperature and an acid or base is used
to depyrogenate materials by acid or base hydrolysis, respectively.
While different hydrolysis procedures are available, incubation in
the presence of 0.05 M HCl for 30 min at 100 �C or in 0.5 M
NaOH at 50 �C for 30 min are used most frequently [25]. Gamma-
irradiation is another conventional sterilization and depyrogenation
process [26]. Some nanoparticles (e.g., citrate-stabilized gold col-
loids) can tolerate it, while other materials (e.g., silver colloids) do
not [27]. Since most cell culture grade disposable plasticware (e.g.,
serological pipets, tips, flasks, dishes, and tubes) are sterilized by
gamma-irradiation, using these materials during nanoparticle syn-
thesis can help reduce endotoxin in the final product. Both heat and
gamma-irradiation procedures are not applicable to nanomaterials
containing biological components (recombinant proteins and anti-
bodies), nucleic acids, and peptides. Sterile filtration, autoclaving,
ethylene oxide, high hydrostatic pressure, and UV light are addi-
tional methods commonly used to sterilize surfaces, medical
devices, and some nanomaterials. Some of these procedures, such
as ethylene oxide sterilization, are also efficient depyrogenation
methods. Similar to gamma-irradiation discussed above, most of
these approaches are too harsh for most nanomaterials, especially
those containing proteins, peptide, and nucleic acids [26]. Endo-
toxin can be removed from these nanoparticles and their compo-
nents using other methods including, but not limited to, ion
exchange chromatography, Triton X-114 extraction, and affinity
columns [28–33].

Different sensitivity of nanoparticle carriers, drugs, and target-
ing ligands to standard sterilization and depyrogenation procedures
makes terminal sterilization approaches unfeasible for most nano-
formulations [26]. However, applying suitable methods to clean
individual formulation components followed by pyrogen-free
assembly into a final product is often considered an efficient way
of producing endotoxin-free nanoformulations. Cavicide, a quater-
nary ammonium containing disinfectant, is useful in both steriliz-
ing surfaces and endotoxin removal. Cavicide can be used to clean
laboratory surfaces and parts of the synthesis equipment intolerant
to high temperatures. If Cavicide is used to clean plastic surfaces or
tubings which come in contact with the nanoformulation during a
synthetic procedure, rinsing these surfaces with an excess of
pyrogen-free water is recommended to remove traces of Cavicide
after depyrogenation.
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7 Precautions to Avoid Endotoxin Contamination in Nanoformulations

Although various procedures are available for endotoxin removal
[30–33], it is easier to prevent contamination than to clean up a
contaminated product. The following steps are found useful for
avoiding contamination of nanoparticles with endotoxin during
synthetic procedures [15, 34]:

(a) Clean and disinfect working surfaces with Cavicide.

(b) Whenever possible, use disposable pyrogen-free materials.
Depyrogenate all non-disposable materials (glassware, spatu-
las, stir-bars, etc.) necessary for the synthetic procedure.

(c) Depyrogenate or use disposable pyrogen-free parts of the
equipment that will come in contact with the nanomaterial
(columns, tubing, etc.).

(d) Select starting reagents and verify that all chemicals, compo-
nents, and precursors used during synthesis are pyrogen-free
(see Note 4).

(e) If possible, perform the synthetic procedure in a biological
safety cabinet or a clean room facility.

(f) Wear gloves and clean them by spraying and rubbing in
Cavicide before touching tubes, reagents and other materials
and parts of equipment used during the synthesis. Change
gloves frequently.

(g) Do not cough, sneeze, or breath directly to reaction tubes.
Avoid touching non-sterile surfaces. Change tips and replace
pipettes if they accidentally touched the side of the tube,
reagent storage bottle, or another non-sterile surface.

8 Notes

1. Recombinant Factor C assay kit and β-G-blocker reagents are
commercially available products produced by Lonza (catalog
numbers 50-658U and N190, respectively). GlucaShield
Buffer is a commercially available reagent provided by Associ-
ates of Cape Code (catalog number GB051-5). A test nano-
material with excitation/emission wavelengths at or around
380/440 nm or light absorbance at or around 440 nm may
interfere with Recombinant Factor C assay. This interference
can be overcome by increasing sample dilution. The dilution of
the test sample, however, should not exceed the MVD which is
calculated according to the following formula:

EL � sample concentrationð Þ=λ
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When performing Recombinant Factor C assay, one needs to
consider using inhibition enhancement controls similar to
those employed in the traditional LAL assay. β-G-blocker is
combined with the test sample at a 1:1 volume ratio. It demon-
strates good performance in the LAL kits from the same man-
ufacturer. GlucaShield buffer is used to reconstitute the LAL
lysate. Similar to β-G-blocker, this reagent exhibits excellent
performance with kits and other LAL reagents produced by the
same manufacturer that produces the buffer.

2. Prepare 1% SDS in LAL grade water. Prepare dilutions of the
test nanomaterials according to the MVD. Combine equal
volumes of the test sample and 1% SDS, and proceed with the
analysis according to the standard LAL protocol. It is impor-
tant to account for the 2-fold dilution during experiment
planning and the result analysis. For example, if the MVD is
500 and the neat test sample is analyzed at dilutions 5, 50, and
500, you will need to dilute the test sample 2.5, 25, and 250-
fold. When equal volumes of the nanoparticle at these dilutions
are combined with 1% SDS solution, the final test sample
dilutions are 5, 50, and 500, and the concentration of the
SDS is 0.5%.

3. Performance verification of this procedure was conducted
using control standard endotoxin (CSE), which is known to
be less stable than naturally occurring endotoxin. Heat treat-
ment for a period exceeding 30 min results in a decrease in the
CSE spike recovery below 50%.

4. Most commercially available water for cell culture is pyrogen-
free (e.g., Hyclone, catalog number SH30529.02) and is suit-
able for nanoparticle synthesis. Specialized LAL grade water
such as that available from Lonza (catalog number W50–1000)
and Associates of Cape Code (catalog numberW100P) can also
be used. In general, 18 MΩ per se is not indicative of pyrogen-
free water. Bacteria can colonize in water pipes and filters
commonly used in laboratory water purification systems. Auto-
claving is appropriate for sterilization but does not eliminate
endotoxin. Therefore, in-house produced, autoclaved 18 MΩ
water can be used instead of commercial pyrogen-free water
only after analysis by LAL assay demonstrating endotoxin levels
below the assay sensitivity (ideally <0.001 EU/mL).
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Chapter 4

Elemental Analysis in Biological Matrices Using ICP-MS

Matthew N. Hansen and Jeffrey D. Clogston

Abstract

The increasing exploration of metallic nanoparticles for use as cancer therapeutic agents necessitates a
sensitive technique to track the clearance and distribution of the material once introduced into a living
system. Inductively coupled plasma mass spectrometry (ICP-MS) provides a sensitive and selective tool for
tracking the distribution of metal components from these nanotherapeutics. This chapter presents a
standardized method for processing biological matrices, ensuring complete homogenization of tissues,
and outlines the preparation of appropriate standards and controls. The method described herein utilized
gold nanoparticle-treated samples; however, the method can easily be applied to the analysis of other
metals.

Key words ICP-MS, Biological matrices, Nanoparticles, Blood, Biodistribution, Homogenization

1 Introduction

Inductively coupled plasma mass spectrometry (ICP-MS) is an
elemental analysis technique based upon the theories of mass spec-
trometry [1]. Inductively coupled plasma is used as the ionization
technique and it atomizes anything that passes through the plasma.
Once atomized, the atoms in the solution are separated based on
their m/z ratio. For ICP-MS, masses are scanned from 1 to
283 amu, and most elements can be analyzed [1]. To ensure
efficient atomization, samples are often homogenized prior to
introduction into the plasma. This is increasingly important for
biological samples that contain solid matter (tissues) or other com-
ponents (lipids, proteins, cells). Those components could stick to
surfaces in the sample introduction system of the ICP-MS and
adversely affect the accuracy of the results [2, 3]. To prevent this,
biological samples are often digested in concentrated acids and
heated to high temperatures in order to provide a timely and
efficient break down of the biological material [2–5].

Herein we describe a basic method for processing biological
samples and analyzing them for the presence of metals, more
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specifically for the presence of gold nanoparticles in tissue samples.
The first step in this process will be to ensure the complete dissolu-
tion of the biological material and the nanoparticles. Once a homo-
geneous liquid sample has been created, approximate concentrations
of the elements of interest will be determined by a semi-quantitative
analysis of the samples. The samples will then be diluted as needed
and appropriate calibration standards will be prepared. Furthermore,
the preparation of appropriate controls, standards, as well as addi-
tional methods for eliminating matrix effects when there are insuffi-
cient blank samples will be discussed.

2 Materials

1. Inductively coupled plasma mass spectrometer with auto-
sampler.

2. 30 mL and 60 mL low-density polyethylene (LDPE) sample
bottles.

3. 18 mL LDPE sample vials.

4. 250 mL high-density polyethylene (HDPE) sample bottle.

5. Ultra-pure (18 MΩ-cm resistance) water.

6. Trace element grade acids (HCl and HNO3).

7. NIST standard reference materials (SRM) 2131 (Au), NIST
SRM 3124a (In), NIST SRM 3129a (Li), NIST SRM 3131a
(Mg), NIST 3134 (Mo), NIST SRM 3167a (Y), NIST SRM
3113 (Co), NIST SRM 3108 (Cd), NIST SRM 3110 (Ce), and
NIST SRM 3158 (Tl).

8. MARS Xpress microwave digestion system (CEM Corp.).

9. Vessel capping station for MARS Xpress (CEM Corp.).

10. 10 mL perfluoroalkoxy alkane (PFA) microwave vessels (CEM
corp.).

11. 1.5% HNO3: 4% HCl Acid Solution: In a 2 L LDPE container,
add 1.74 L of ultra-pure water, 43 mL of concentrated HNO3,
217 mL of concentrated HCl, and mix well.

3 Methods

3.1 Sample

Homogenization

1. Allow tissue samples to equilibrate to room temperature.

2. Pre-weigh and record the weights of the microwave vessels (see
Note 1).

3. Add the tissue samples to the microwave vessels.

4. Weigh and record the weight of the vessels containing the
tissue.
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5. Add 1 mL of concentrated HNO3 and 3 mL of concentrated
HCl to the sample vials (see Notes 2 and 3).

6. Allow to sit uncapped for at least 15 min in a chemical fume
hood. During this time gas will evolve from the sample, and it is
important to allow the gas to completely dissipate prior to
weighing.

7. After gas has dissipated, weight the vessel again and record the
weight (see Note 4).

8. Cap the microwave vessel using the capping station.

9. Place the microwave vessels in the sample carousel and record
the position of each microwave vessel.

10. Microwave the samples according to the parameters in Table 1.

3.2 Sample Dilution

(First Dilution)

1. Allow the sample to cool.

2. Label and weigh 60 mL LDPE sample vials.

3. Transfer the complete contents of the microwave vessel to the
appropriately labeled LDPE bottle.

4. Weigh and record the weight of the bottle plus the digested
sample.

5. Dilute the samples to a total volume of 50mL by adding 46mL
of ultra-pure water.

6. Record the final weight of the vial plus the solution.

3.3 Semi-

Quantitative Standards

3.3.1 10 μg/g Semi-

Quantitative Standard

1. Weigh an empty 250 mL HDPE sample bottle.

2. Add 250 μL each of NIST SRMs for Ce, Co, Y, Tl, Li, Mg,Mo,
and Cd, recording the weight of the sample bottle after each
SRM is added.

3. Dilute the standards to a total volume of 250 mL by adding
248 mL of the 1.5% HNO3: 4% HCl solution.

4. Record the weight of the final solution.

Table 1
Microwave digestion program for tissues in small (10 mL) vessels

Step Power (W) Power setting (%) Ramp time (min) T (�C) Hold time (min)

1 800 100 25:00 120 20:00

2 400 0 0 0 30:00

3 800 100 15:00 195 20:00

4 400 0 0 0 25:00
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3.3.2 50 ng/g Semi-

Quantitative Standard

1. Record the weight of an 18 mL LDPE sample vial.

2. Add 50 μL of the 10 μg/g semi-quant standard solution to the
sample vial.

3. Weigh and record the weight of the sample bottle plus the
standard solution.

4. Dilute the standard to a total volume of 10 mL by adding
9.95 mL of the 1.5% HNO3: 4% HCl solution.

5. Weigh and record the weight of the final solution and sample
vial.

3.4 Semi-

Quantitative Analysis

1. Perform the semi-quantitative analysis according to the proce-
dures specified by your ICP-MS manufacturer. For the Agilent
ICP-MS, transfer approximately 10 mL of sample to the 18 mL
sample vials. Arrange the samples on the carousel such that the
first sample is the semi-quantitative standard solution prepared
in section 3.3.2.

2. Prepare a sequence with a minimum of 1 blank run between
each sample acquisition. Blank runs consist of the 1.5% HNO3:
4% HCl solution.

3. Once the acquisition is finished, use the recorded weights from
sections 3.3.1 and 3.3.2 to determine the exact concentration
of each standard contained in the semi-quantitative standard
solution. Use these values to calibrate the semi-quantitative
analysis and determine the approximate concentration of the
analyte in each sample. This value should be within 30% of the
actual value of the analyte in solution, and will provide a good
estimate of the order samples should be run in, arranged from
lowest concentration to greatest, and whether any additional
dilutions should be performed.

3.5 Perform

Necessary Dilutions

1. Because the target concentration range for the quantitative
analysis will be from 0 to 50 ng/g, it may be necessary to dilute
the samples further for them to fall within this concentration
range. If additional serial dilutions are needed, follow the steps
outlined in Subheading 3.2, adjusting the amount of sample
being diluted accordingly to obtain the desired approximate
concentration.

2. Perform all additional dilutions using the 1.5%HNO3: 4%HCl
solution. Samples may be made up to a total of 30mL using the
30 mL LDPE sample bottles to save resources. In either
instance, make sure to record all weights and retain any unused
samples from prior dilutions, should samples need to be
remade.
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3.6 Calibration

Standards

3.6.1 50 μg/g Au

Standard Solution

1. Label a 30 mL LDPE sample bottle “50 μg/g Au SRM 3121.”
Weigh and record its weight (see Note 5).

2. Add 150 μL of the Stock NIST SRM 3121 Au standard solu-
tion to the bottle. Weigh and record the weight of the standard
plus the bottle.

3. Dilute to a total volume of 30 mL by adding 29.850 mL of the
1.5% HNO3:4% HCl solution. Weigh and record the weight of
the total solution plus the bottle.

3.6.2 1 μg/g Au Standard

Solution

1. Label a 60 mL LDPE sample bottle “1 μg/g Au SRM 3121.”
Weigh and record its weight.

2. Add 1 mL of the 50 μg/g Au standard solution from section
3.6.1 to the bottle. Weigh and record the weight of the stan-
dard plus the bottle.

3. Dilute to a total volume of 50 mL by adding 49 mL of the 1.5%
HNO3:4% HCl solution. Weigh and record the weight of the
total solution plus the bottle.

3.6.3 Calibration

Standards

1. Label and weigh empty 60 mL LDPE sample bottles 0–50 ng/
g in 10 ng/g increments (total of 6 bottles) (see Note 6).

2. From the 1 μg/g solution prepared in section 3.6.2, transfer 0,
0.5, 1, 1.5, 2, and 2.5 mL into the bottles labeled 0, 10, 20, 30,
40, and 50 ng/g Au, respectively. Weigh and record the weight
of the samples plus the bottles.

3. If there is sufficient control (blank; untreated) tissue sample
digest left after Subheading 3.2, then matrix match the calibra-
tion standards. To do this, add the appropriate amount of the
blank tissue digest, which when diluted to 50 mL will match
the dilution at which the samples will be analyzed (seeNote 7).

4. Dilute the samples to a total volume of 50 mL using the 1.5%
HNO3:4% HCl solution. Weigh and record the weight of the
bottle plus the solution.

3.6.4 50 μg/g In

Standard

1. The internal standard can be T’ed in with the sample through
the use of a separate solution and input line, or can be added
individually to each sample. Preferably, the former method is
used for internal standards. When choosing an internal stan-
dard, it is important to choose an element based on two cri-
teria. First, the element should not interfere with the analyte,
i.e., it cannot have isotopes or form polyatomic complexes in
the plasma with the same mass as the analyte. Secondly, it
should be relatively close in mass to the analyte. In this
instance, In was chosen as the internal standard to be used
with Au as it fulfills the two prior requirements. Additional
elemental standards may also be used.
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2. Begin preparation by labeling a 30 mL LDPE sample vial
“50 μg/g In.” Weigh and record its weight.

3. Add 150 μL of the Stock NIST SRM 3124a In standard to the
bottle and weigh and record the weight of the bottle with the
standard.

4. Dilute the sample to a total of 30 mL using the 1.5%HNO3:4%
HCl solution. Weigh and record the weight of the bottle with
the solution.

3.6.5 Internal Standard

Solution

1. Begin preparation by weighing and recording the weight of a
60 mL LDPE sample vial.

2. Add 50 μL of the 50 μg/gNIST SRM3124a In standard to the
bottle and weigh and record the weight of the bottle with the
standard.

3. Dilute the sample to a total of 30 mL using the 1.5%HNO3:4%
HCl solution. Weigh and record the weight of the bottle with
the solution.

3.7 Quantitative

Analysis of the

Digested Tissue

Samples

1. Turn on and run the normal startup and tuning as recom-
mended by the manufacturer of your ICP-MS instrument. For
the Agilent 7500cx used in this experiment, this entails tuning
the instrument with a standard solution containing 1 ng/g of
Ce, Li, Y, Co,Mg, and Tl. Tuning is done tomaximize the signal
response for the full range of elements, followed by tuning the
Pulse to Analogue factor to ensure linear response as the instru-
ment switches from one detector to the next.

2. Create a sequence file containing the order for the samples to
be run. In a typical experiment, generally run two calibration
curves, one immediately preceding the samples, and one imme-
diately succeeding them. This is done to average out sensitivity
decreases of the instrument over the run time, and is increas-
ingly important as the length of the run increases. Immediately
following the first calibration set, five blanks consisting of the
1.5% HNO3:4% HCl solution should be run. Next the samples
should be arranged in the sequence from lowest concentration
to highest concentration. This information can be estimated
from the semi-quantitative analysis performed in section 3.5.
Running the samples from lowest to highest will help insure
minimal crossover from sample to sample. Each sample will be
run in triplicate, sampling three times from the sample vial.
Between each different sample, a minimum of two blanks
should be run. After the final sample is run, five more blanks
should be run prior to the second calibration curve.

3. Transfer approximately 10 mL of sample into a labeled 18 mL
LDPE sample vial. Load the samples into the auto-sampler in
the same order that is specified by the sequence. Each sample
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and calibration standard needs to be loaded only once, since
each will contain enough of the sample to complete the neces-
sary runs.

4. “T” in the internal standard solution using a t-mixer. This will
create a consistent flow of internal standard for each sample.

5. Set up the acquisition parameters for the sample. A sample of
the acquisition parameters used to analyze gold in tissue is
presented in Table 2. A total of ten replicates are run per sample
analysis. Also, ensure that the analyte stream has stabilized in
the instrument prior to starting analysis. To achieve this, the
uptake time should be set to 40 s to ensure the analyte stream is
in the nebulizer and analysis is delayed by 30 s to ensure that
the sample has hit a steady state of introduction. Following
each sampling, the sample introduction is rinsed for 60 s to
help reduce carry over from sample to sample.

6. Once steps 1–5 have been completed, execute the pro-
grammed sequence.

Table 2
Acquisition parameters for Au in tissue

Mass Element per Point per Mass

197 Au 0.6 1.8

115 In 0.6 1.8

Before acquisition

Uptake speed: 0.50 rps

Uptake time: 40 s

Stabilization time: 30 s

After acquisition (rinse port)

Rinse speed: 0.00 rps

Rinse time (sample): 0.00 s

Rinse time (STD): 0.00 s

After acquisition (rinse vial)

Step 1 Step 2 Step 3

Rinse vial: 1 1 1

Rinse speed: 0 0.5 0.1

Rinse time: 0 60 10

Rinse port rinse time: 0 0 0
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3.8 Data Analysis 1. The following data analysis procedure will cover exporting the
data and using an external spreadsheet program to perform the
analysis. This is our preferred method; however, most ICP-MS
instruments come with analysis software which may be used
with the data analysis. The first step in the data analysis is to
normalize the data with respect to the internal standard. This is
done by dividing the analyte signal by the internal standard
signal. This will reduce any discrepancies in the data caused by
variations in flow rate of the sample into the instrument as well
as eliminate the effects of instrumental drift, since the ratio of
analyte to internal standard should remain consistent through-
out analysis.

2. Construct a calibration curve plotting concentration of the Au
standards versus the normalized signal for the respective stan-
dards. The exact concentrations for the calibration standards
can be determined using the concentration and weight data
recorded in section 3.7, steps 1–3. Once the concentrations of
Au in each standard have been determined, average the normal-
ized signals from each standard of the two calibration curves
and use the average value for the signal associated with each
standard. The calibration curve should look similar to the plot
in Fig. 1. Determine the slope of the calibration curve. There is
no need to subtract the blank or force the origin though zero,
as the y-intercept will correspond with the background or zero
signal and will be accounted for in the slope equation for
the line.

3. Determine the concentration of Au in the tissue samples using
the linear equation for the calibration curve. This concentra-
tion will be the concentration of gold at the dilution it was
tested. In order to determine the initial concentration of gold

Fig. 1 Typical gold calibration curve. The normalized counts are plotted as a
function of standard concentration
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in the tissue sample, use the weight data recorded in sections
3.2 and 3.6. Average each set of triplicates to obtain the con-
centration of gold in each tissue sample (see Note 8).

4 Notes

1. All solutions should be made up in plastic containers, and
contact with glassware should be avoided. This is due in part
to glass having metallic impurities which can leach out when
exposed to concentrated acids, or dilute acids for prolonged
periods of time.

2. Take proper precautions when working with tissue samples and
concentrated acids. It is important to wear proper eye wear,
clothing, and laboratory gloves, especially when concentrated
acid and biological samples are being used. All samples should
be processed in a fume hood. Tissue exposed to Aqua Regia will
produce a gas that should be properly vented. When mixing
acids and water, it is important to add the acid slowly into the
water as heat will generate when the two are mixed.

3. It is important to use the appropriate acid matrix for the
elemental being analyzed. In this example, the analyte Au
needs Aqua Regia in order to fully dissolve, hence the use of
HCl andHNO3. However, if the analyte was silver or any other
element that forms an insoluble salt when reacted with a halide,
HCl would not be an appropriate acid to use. The resulting
salts could fall out of solution creating a non-homogeneous
sample and affect the results.

4. Use of weights over volume is preferred for all liquid additions
for two reasons. First, volume is dependent on temperature,
and unless the temperature is measured for each sample when
weighed, the volume can unknowingly fluctuate and introduce
error into the measurements. Secondly, when pipetting tens to
hundreds of samples, it can be difficult to consciously maintain
proper pipeting technique. By weighing each sample after it has
been pipetted, the accurate amount of sample added to the vials
is known. This will also help to reduce errors in measurement
by introducing a secondary check.

Volumes should compare relatively close to weights provided
the density is close to that of water. For samples containing
high amounts of acid, the weight will vary, because concen-
trated acids generally have a higher density than water. Addi-
tionally, keeping all sample weights above 50 mg will also help
with reducing error. Samples below this amount become
increasingly harder to accurately determine.
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5. To further validate results, controls can be used. When there is
a nanoparticle reference material available (NIST RM 8011-
8013 Au NPs or NIST RM 8017 Ag NPs), this should be used
as the control in lieu of the dissolved standard. To create the
control samples, follow the steps outlined in section 3.1. Digest
the nanoparticles in the equivalent amount of acid; however,
do not add any tissue to the sample. The sample will be matrix
matched similar to the calibration standards, where the digest
of the tissue control/blank sample will be added at later dilu-
tions after microwave digestion. When nanoparticle samples
are not available, use NIST SRM dissolved standards following
the same procedure.

6. In this example, the calibration standards were constructed from
a range of 0–50 ng/g. However, it may be necessary to create
calibration standards that are well below or above this range. The
semi-quantitative analysis will give an idea of whether any
changes need to be made to the calibration standards.

7. In the instances where there are no or insufficient control blank
tissue samples to complete a matrix-matched calibration curve,
a spike recovery examination or standard addition calibration
curve can be constructed using the samples with unknown
analyte concentration.

To conduct a spike recovery experiment, in a pre-weighed
sample vial weigh a known amount of the 1 μg/g NIST SRM
3121 (in a concentration between 0.5 and 1.5 � the estimated
concentration of the unknown). Dilute the sample to a total
volume of 10 mL and record the final weight. Run in parallel
with the non-spiked sample and determine the concentrations
as in section 3.7, step 3. Determine the concentration of the
NIST SRM 3121 added to the unknown sample. Subtract the
concentration of the non-spiked sample from the total concen-
tration of the spiked sample. Divide the remainder by the
calculated concentration of the spike added, and convert to a
percentage by multiplying by 100. Repeat this for as many
samples as deemed necessary.
Constructing a standard addition calibration curve will be sim-
ilar to the spike recovery procedure, except multiple spiked
samples with different concentrations of NIST SRM added
will be required, and no external calibration will be run to
calculate the concentration of analyte in the non-spiked sample.
Create a standard addition by creating a minimum of four
solutions from the sample tissue precursor sample (this will be
referred to as Sample A): (1) Sample A without any additional
SRM 3121 added, (2) Sample A with SRM 3121 added at a
concentration of 10 ng/g Au, (3) Sample A with SRM 3121
added at a concentration of 20 ng/g Au, and (4) Sample A with
SRM 3121 added at a concentration of 30 ng/g Au. Run the

46 Matthew N. Hansen and Jeffrey D. Clogston



standard addition samples along with the other unknown sam-
ples. Plot the normalized counts of the four internal standard
solutions versus the amount of SRM 3121 added. To deter-
mine the concentration of the standard without any added
SRM, extrapolate the linear regression line back to the y-
intercept. The concentration of Au in the sample will be the
absolute value of the y-intercept. To determine the concentra-
tion for all other unknown samples, add the concentration of
the non-spiked sample to the concentration of all the standard
additions calibration standards, re-plot the calibration curve
and determine the linear regression. Use this new linear regres-
sion equation to determine the amount of Au in the remainder
of the unknown samples.

8. At substantially lower concentrations, mid to low pg/g levels, a
determination of the limit of quantitation and limit of detection
should be carried out to ensure the validity of the results. Both
measurements should be made by placing a matrix-matched
blank sample (similar in composition to the 0 ng/g standard)
prior to both the first and last calibration curve. The sample
should be run in triplicate both times. The average background
counts and the standard deviation (σ) of the background counts
should then be determined. The limit of detection is defined as
3σ and the limit of quantitation is defined as 10σ.
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Chapter 5

PEG Quantitation Using Reversed-Phase High-Performance
Liquid Chromatography and Charged Aerosol Detection

Mackensie C. Smith and Jeffrey D. Clogston

Abstract

This chapter describes a method for the quantitation of polyethylene glycol (PEG) in PEGylated colloidal
gold nanoparticles using a reversed-phase high-performance liquid chromatography (RP-HPLC) with
charged aerosol detection. The method can be used to calculate the total PEG on the nanoparticle, as
well as the bound and free unbound PEG fractions after a simple centrifugation step. This is a significant
distinction as the bound PEG fraction affects biocompatibility, circulation time, and overall nanoparticle
efficacy. PEG quantitation can be achieved through two methods, one involving the dissolution of colloidal
gold nanoparticles by potassium cyanide (KCN) and the other by displacement of PEG by dithiothreitol
(DTT). The methods outlined herein were applied to 30 nm colloidal gold grafted with 20 kDa PEG, but
they can be easily adapted to any size colloidal gold nanoparticle and PEG chain length.

Key words Polyethylene glycol (PEG), Surface characterization, Charged aerosol detector, Gold
nanoparticles, Stability, Displacement, Dissolution

1 Introduction

Understanding the nanoparticle surface is one of the challenges in
nanoparticle characterization, yet it is an important feature to
measure because it defines the nanoparticles’ biocompatibility
[1–4]. For example, colloidal gold nanoparticles are often surface
functionalized with the biocompatible, hydrophilic polymer poly
(ethylene) (PEG, i.e., PEGylation) to reduce opsonization, increase
circulation half-life, and provide stability by preventing aggregation
as a result of its neutral charge [5–9]. Physicochemical characteri-
zation techniques such as UV–Vis spectroscopy for gold nanopar-
ticles concentration, dynamic light scattering for hydrodynamic
size, and zeta potential analysis indicative of surface charge are
commonly employed to characterize PEGylated colloidal gold
nanoparticles. These techniques can qualitatively assess the pres-
ence of PEG but are not sensitive enough to distinguish differences
in PEG quantity, density, or presentation.
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To address this characterization gap, two methods have been
developed which allow for the quantitative measurement of PEG
on PEGylated gold nanoparticles (Fig. 1). In the first method,
referred to as the displacement method, dithiothreitol is used to
displace PEG from the gold surface. Centrifugation pellets the
dithiothreitol-coated gold nanoparticles while the supernatant con-
tains the excess dithiothreitol and dissociated PEG, which are
further separated using RP-HPLC. In the second method, referred
to as the dissolution method, potassium cyanide is used to dissolve
the gold nanoparticles and liberate the PEG. Excess CN�, Au
(CN)2

�, and free PEG are separated using RP-HPLC. In both
methods, detection of the PEG is accomplished via charged aerosol
detection after RP-HPLC separation. A centrifugation step prior to
either of the two methods can be used to separate free PEG from
bound PEG (Fig. 2). The displacement and dissolution methods
are outlined here using 20 kDa PEGylated 30 nm colloidal gold
nanoparticles but can be extended to other size colloidal gold
nanoparticles and PEG chain lengths [10].

2 Materials

1. RP-HPLC system consisting of a degasser, capillary pump,
well-plate autosampler, PLRP-S column (100 Å, 4.6 mm
ID � 150 mm, 5 μm), and charged aerosol detector (CAD).

Fig. 1 Displacement and dissolution techniques to quantitate the total (bound and free) PEG on AuNPs. RP-
HPLC with CAD is used for both techniques to quantitate the PEG coating. (A) The displacement method
requires excess DTT to displace PEG from the gold nanoparticle surface. After centrifugation, the displaced
PEG and excess DTT make up the supernatant while the gold nanoparticles form a pellet. (B) The dissolution
method dissolves gold nanoparticles with the addition of potassium cyanide (KCN). RP-HPLC separates the
PEG component. Reproduced with permission from ref. 10
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2. Acetonitrile with 0.14% (w/v) trifluoroacetic acid, HPLC
grade.

3. Water with 0.14% (w/v) trifluoroacetic acid, HPLC grade.

4. 1 M potassium cyanide (KCN) in water, HPLC grade (seeNote
1).

5. 550 mM dithiothreitol (DTT) in water, HPLC grade, make
fresh as required.

6. PEGylated (20 kDa) colloidal gold nanoparticles (AuNP);
50 μg/mL gold concentration.

7. Free 20 kDa PEG, ideally from the same lot of PEG used in the
nanoparticles.

3 Methods

3.1 Dissolution

Method

3.1.1 Sample

Preparation for Total PEG

1. Add 10 μL of 1 M KCN solution to 100 μL PEGylated AuNP
(see Note 1). The red solution (AuNP) will turn clear after
several minutes of vortexing, signaling the end of the dissolu-
tion process (see Note 2).

3.1.2 Sample

Preparation for Unbound

and Bound PEG

1. Centrifuge 200 μL of the PEGylated AuNP sample for 30 min
at 17,500 � g and 26 �C, yielding a red pellet (see Note 3).

2. Remove the supernatant and reserve for HPLC analysis to test
for free unbound PEG.

3. Record the pellet volume for each sample (typically 6–15 μL)
and add the appropriate volume of water to give a total volume
ranging from 50 to 100 μL. Resuspension volumes vary to
meet the detection limits of the RP-HPLC CAD system. The

Fig. 2 Separation method to quantitate bound and unbound PEG on AuNPs.
A centrifugation step of the PEGylated AuNPs forms a fraction of the unbound
PEG in the supernatant and the AuNP-bound PEG in the pellet. Then, PEG can be
quantitated for each of these populations by RP-HPLC with CAD. Reproduced
with permission from ref. 10
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pellet fraction is analyzed for bound PEG concentration by
HPLC.

4. Add 10 μL of 1 M KCN solution to the resuspended pellet.
Vortex sample until it turns clear. Test for bound PEG.

3.2 Displacement

Method

3.2.1 Sample

Preparation for Total PEG

1. Add 10 μL of 550 mM DTT solution to 100 μL of PEGylated
AuNP (seeNote 4). Vortex the sample thoroughly. A minimum
of 5 min for incubation is ample time to allow the PEG to be
displaced from the surface of the AuNP.

2. Vortex sample and centrifuge for 30 min at 17,500 � g and
26 �C, yielding a red pellet (AuNPs). The clear supernatant,
containing displaced (bound) PEG and any free unbound
PEG, is retained for HPLC analysis.

3.2.2 Sample

Preparation for Unbound

and Bound PEG

1. Centrifuge 200 μL of the PEGylated AuNP sample for 30 min
at 17,500 � g and 26 �C, yielding a red pellet (see Note 3).

2. Remove the supernatant to test for free unbound PEG.

3. The pellet fraction is analyzed for bound PEG concentration.
Record the pellet volume for each sample (typically 6–15 μL)
and add water for a final volume range of 50–100 μL. Resus-
pension volumes vary to meet the detection limits of the RP-
HPLC CAD system.

4. Add 10 μL of 550mMDTT solution to the resuspended pellet.
Vortex the sample thoroughly. Incubate sample for a minimum
of 5 min to allow the PEG to be displaced off the surface of the
AuNP.

5. After addition of DTT, vortex the sample and centrifuge for
30 min at 17,500� g and 26 �C, yielding a red pellet (AuNPs).
The clear supernatant, containing displaced (bound) PEG, is
reserved for HPLC analysis.

3.3 Prepare PEG

Calibration Standards

1. Prepare a set of PEG calibration standards in HPLC grade
water based on the lower limit of quantification (LLOQ) and
limit of detection (LOD) (see Note 5). Calibration standards
are typically prepared at concentrations ranging from 2.5 to
60 μg/mL in HPLC grade water (see Note 6). A minimum of
seven standards are recommended.

2. Mix 100 μL calibration standard with 10 μL 1 M KCN. Stan-
dard samples are prepared fresh and used immediately.

3.4 RP-HPLC

Conditions

1. The essential component of the chromatographic system
needed for PEG quantitation is a charged aerosol detector
(CAD). The CAD is operated with a fixed drift-tube tempera-
ture of 35 �C. The nebulizer gas consists of compressed nitro-
gen with a flow rate of 1.68 L/min and pressure of 35.1 psi.
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2. The mobile phase consists of water/acetonitrile (A/B, HPLC
grade, 0.14% (v/v) trifluoroacetic acid).

3. The elution gradient is 30% B for 3 min, ramp to 50% B in
20 min, hold at 50% B for 3 min, and ramp down to 30% B in
3 min (see Note 7).

4. The injection volume is 40 μL and the flow rate is 1 mL/min.

3.5 Data Analysis 1. Open the elution profiles of the PEGylated AuNP (Fig. 3) as
well as those of the standards.

2. Integrate the PEG peak area for each sample.

3. Create a calibration curve plotting each calibration standard’s
peak area versus concentration. If the curve is nonlinear, plot
log peak area against log of the PEG concentration and use this
graph to quantitate the amount of PEG in each sample. While
this log–log analysis is more traditional in regards to CAD
response, one may be able to plot peak area against PEG
concentration on a linear scale with a lower range of standards
(in our case 2.5–25 μg/mL) for sample PEG quantitation.

Fig. 3 (A) RP-HPLC CAD chromatograms of 2-, 5-, 10-, and 20 kDa mPEG-SH. (B) 20 kDa mPEG-SH standard
calibration curve. The PEG samples include 50 mM DTT. Separation and quantitation were performed on an
RP-HPLC system (Agilent G4225A, Palo Alto, CA) with a capillary pump (Agilent G1312B), well-plate auto-
sampler (Agilent G1329B), Agilent PLRP-S column and CAD (ESA Corona Ultra). The analysis was performed
using Agilent Chemstation. Figure (A) reproduced with permission from ref. 10
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4 Notes

1. Always wear appropriate personal protective equipment and
take precautions throughout this procedure. Be especially care-
ful when handling KCN as it is extremely toxic. Follow your lab
safety protocols for handling and disposing of such chemicals.

2. When preparing samples for the dissolution method, 1MKCN
diluted 10-fold in the PEGylated AuNP represents a 10-fold
molar excess of KCN relative to 50 μg/mL AuNPs, the stock
concentration used in our samples. For the AuNP containing
samples, vortex thoroughly and observe a color change from
red to clear. Be sure the sample has completely turned clear
prior to injection. Typically, this color change occurs within
20 min of incubation with KCN.

3. If the amount of bound PEG falls below the LLOQ and there is
no detectable free PEG, the sample will need to be concen-
trated appropriately to increase signal strength. In order to do
this, centrifuge the sample down at 17,500 � g, 25 �C for
30 min and then remove a known volume of supernatant. For
example, spin down 300 μL of sample and remove 150 μL of
supernatant. This will concentrate the sample 2-fold and thus
increase signal strength. This can be done as many times as
necessary to bring the sample to a concentration that falls
roughly in the middle of the calibration standards range. As
long as the 1:10 ratio of KCN or DTT to PEGylated AuNP is
maintained, any appropriate volumes may be used to meet
sample injection requirements. Be sure to correct for concen-
tration during data analysis.

4. For the displacement method, 10 μL of 550 mM DTT diluted
10-fold in PEGylated AuNP sample represents a near 1000-
fold excess of DTT relative to PEG. After incubating DTT with
the PEGylated AuNP, vortex thoroughly and PEG displace-
ment should occur instantly.

5. When determining the LLOQ, construct a calibration curve
and probe the lower end until a concentration is reached that
does not fall in line with the rest of the curve. The point on the
curve above this one is the LLOQ. To determine the LOD,
inject consecutively lower concentrations of PEG until there is
no apparent peak. The lowest concentration that produces a
visible peak is the LOD.

6. In order to fall in the linear range on the calibration curve,
standards usually will fall somewhere between 2.5 and 60 μg/
mL. This range will also vary instrument to instrument so be
sure to test the LLOQ and LOD to construct a proper calibra-
tion curve. In addition, signal strength will vary slightly with
PEG molecular weight due to peak broadening for the lower
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weight PEG chains. For example, 2 kDa and 5 kDa PEG will
require a slightly higher calibration range than 10 kDa and
20 kDa PEG. Also note that both methods of PEG quantita-
tion wouldmost likely work for any molecular weight PEG, but
was only tested here for 2, 5, 10, and 20 kDa.

7. The elution gradient for 10 kDa PEG was 30% B for 3 min,
ramp to 50% B in 20 min, hold at 50% B for 3 min, and ramp
down to 30% B in 3 min. The elution gradient for the 5 kDa
PEG was 30% B for 3 min, ramp to 50% B in 10 min, hold at
50% B for 3 min, and ramp down to 30% B in 3 min. The
elution gradient for the 2 kDa PEG was 30% B for 3 min, ramp
to 50% B in 5 min, hold at 50% B for 3 min, and ramp down to
30% B in 3 min.
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Chapter 6

Quantitation of Surface Coating on Nanoparticles Using
Thermogravimetric Analysis

Alpana A. Dongargaonkar and Jeffrey D. Clogston

Abstract

Nanoparticles are critical components in nanomedicine and nanotherapeutic applications. Some nanopar-
ticles, such as metallic nanoparticles, consist of a surface coating or surface modification to aid in its
dispersion and stability. This surface coating may affect the behavior of nanoparticles in a biological
environment, thus it is important to measure. Thermogravimetric analysis (TGA) can be used to determine
the amount of coating on the surface of the nanoparticle. TGA experiments run under inert atmosphere can
also be used to determine residual metal content present in the sample. In this chapter, the TGA technique
and experimental method are described.

Key words TGA, Surface coating, Nanoparticles, Colloidal metal nanoparticles, Inorganic
nanoparticles

1 Introduction

Thermogravimetric analysis (TGA) is an experimental technique to
measure the change in mass of a sample as a function of temperature
and/or time in a controlled atmosphere [1]. The thermogravi-
metric analyzer used for TGA experiments consists of a high-
precision thermobalance, which is connected to a pan/crucible
holder inside a temperature-controlled furnace. The pan/crucible
holder is located on a sensor that is supported with a thermocouple
to measure the sample temperature. A purge gas introduced into
the furnace, such as nitrogen for an inert atmosphere or air/oxygen
for an oxidizing atmosphere, controls the sample environment.
TGA experiments are generally run from ambient temperature to
1000 �C [2].

The result of a thermogravimetric measurement is displayed as
a mass versus temperature or time curve, known as the thermo-
gravimetric (TGA) curve [1]. A derivative plot of the TGA curve,
referred to as the derivative thermogravimetric (DTG) curve, shows
the rate at which mass changes and is displayed as a rate of mass loss
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versus temperature curve [3]. Mass changes in a sample can occur
due to processes such as evaporation, drying, desorption or adsorp-
tion, sublimation, and thermal decomposition. These changes in
mass are observed as step changes in the TGA curve or peaks in the
DTG curve [1].

There are various factors or experimental conditions that affect
TGA measurements:

1. Buoyancy. Buoyancy is the upward force exerted on the sample
by the surrounding atmosphere which results in an apparent
increase in mass [2]. The buoyancy effect is caused by the
change in density of the gas due to an increase in temperature
and can be corrected by performing a blank measurement
without any sample [1]. The blank measurement should be
performed with the same temperature program and crucible
that would be used for the sample. To get a corrected final
curve, the blank curve can be subtracted from the sample
measurement curve.

2. Heating rate. An optimum heating rate should be used to
obtain a better resolution of the thermal events/transitions
occurring during a TGA measurement. Slow heating rates are
recommended so that individual thermal events can be
resolved. If heating rates are too fast, multiple thermal events
may overlap [4].

3. Choice of crucible. The container used for the samples during a
TGA measurement is called a crucible. The crucible material
should not react with the sample nor undergo any physical
changes in the temperature range of interest. Generally, alumi-
num oxide crucibles are used for TGA measurements. A cruci-
ble is closed at the top by a loosely fitted lid containing a very
small hole, so it is vented to the atmosphere [1].

4. Furnace atmosphere. A protective gas, such as nitrogen, is
introduced into the furnace to protect the balance from any
corrosive gases being discharged during the measurement.
Additionally, purge gas and/or reactive gas can be introduced
in the furnace through separate gas lines at a rate of 30–50mL/
min to help remove gaseous products from the furnace [1].

TGA can be used to determine properties and characteristics of
polymers, decomposition temperatures of polymers, absorbed mois-
ture content, or residual metal content in a sample. It can also be
interfaced with infrared spectroscopy (IR), mass spectrometry (MS),
or gas chromatography (GC) to analyze the residual components or
gases involved. Based on these capabilities, TGA is a useful tool to
analyze the surface coating of nanoparticles. Herein, we describe the
methods and related analysis to measure the amount of surface
coating on colloidal metal nanoparticles using TGA. As an example,
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we include TGA analysis of polyvinylpyrrolidone (40 kDa PVP)-
stabilized silver nanoparticles. The initial measurement will be the
blank measurement performed on an empty crucible followed by the
sample measurement with the same temperature program. For eval-
uation, the final TGA curve will be obtained by blank curve correc-
tion, and the DTG curve will be generated from the final TGA curve.
The final TGA and DTG curves will be used for further analysis and
mathematical calculations.

2 Materials

1. Thermogravimetric analyzer.

2. Alumina crucibles with lids (70 μL or 150 μL capacity or ones
compatible with the crucible holder and furnace).

3. Tweezers for holding the crucible.

4. Metallic nanoparticle sample for analysis. Polyvinylpyrrolidone
(40 kDa PVP)-stabilized silver nanoparticles with a 110 nm
nominal size used as example.

5. Spatula for transferring sample into crucible.

3 Methods

3.1 Performing a

Blank Measurement

Using an Empty

Crucible

1. Set up and save an experimental method by defining the tem-
perature program (see Note 1).

2. Start the experiment and allow the furnace and crucible holder
to equilibrate to the starting temperature.

3. After the temperature equilibrates and the instrument’s display
screen reads a variation of “Insert sample,” open the furnace
and carefully place an empty crucible along with a lid on the
crucible holder using tweezers. Close the furnace.

4. When the crucible weight is displayed on the screen, zero the
crucible weight.

5. Allow the weight value indicated on the display to stabilize to
zero and proceed with the experiment.

3.2 Performing a

Sample Measurement

After the Blank

Measurement

1. Start the same experimental method as that performed for the
blank measurement. Same temperature program and crucible is
required for blank curve correction.

2. When the display screen on the instrument reads a variation of
“Insert sample,” open the furnace and carefully place the empty
crucible, which was used for the blank measurement, along
with a lid on the crucible holder using tweezers. Close the
furnace.
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3. When crucible weight is displayed on the screen, tare the
crucible weight and allow the weight value indicated on the
display to stabilize to zero.

4. Open the furnace again and remove the crucible.

5. Transfer the sample into the crucible using a spatula (seeNotes
2–4). As an example of TGA analysis, the sample used is
lyophilized PVP-stabilized silver nanoparticle. Cover the cruci-
ble with the lid.

6. Place the crucible filled with sample on the crucible holder and
close the furnace.
Allow theweight value indicated on the display to stabilize (do not
press the tare button again) and proceed with the experiment.

3.3 Data Analysis

3.3.1 Performing Blank

Curve Subtraction

1. Once both the blank measurement and sample measurement
are collected, open the evaluation window for data analysis.

2. Open the mass loss versus temperature or time curves for both
the measurements simultaneously in one window.

3. For blank curve correction, subtract the blank measurement
curve from the sample measurement curve using the curve
subtracting function on the analyzer software.

4. The subtracted curve obtained is the blank corrected sample
curve and also the final TGA curve that will be used for further
analysis. Remove the initial blank and sample measurement
curves used for subtraction from the evaluation window.

3.3.2 Generating a

Derivative

Thermogravimetric (DTG)

Curve

1. Select the final TGA curve obtained in Subheading 3.3.1 and
generate the DTG curve using the “1st derivative” option in
the analyzer software.

2. The final TGA and DTG curves can be displayed in the same
evaluation window.

3.3.3 Performing Step

Evaluation to Determine

Weight Loss

1. The TGA and DTG curves show the decomposition of the
surface coating and the metallic content present in the sample
from the residual amount left after the measurement. In this
example, PVP is the surface coating and silver is the residual
metal. To determine the weight loss due to decomposition of
the surface coating, draw a frame around the section of the
curve that shows a weight loss event; this indicates sample
decomposition. Because the weight loss event is best seen in
the DTG curve, use the DTG curve to draw a frame around the
decomposition event and correlate that frame to the
corresponding location in the TGA curve. Then, use the
“Step Horizontal” option or a similar selection in the analyzer
software to obtain the weight loss value (see Notes 5 and 6,
Figs. 1 and 2, and Table 1).
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Table 1
Determination of PVP concentration in the PVP-stabilized silver sample

Weight after water loss (Total construct),
mg

PVP loss,
mg

Silver NP at 1000 �C,
mg

[PVP], μg PVP/mg
Ag

5.93 0.35 5.46 64.1
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2. To determine the residual metal amount, select the full range of
the curve and use the same software option described above to
display the total weight loss and residual amount left at the end
of the measurement (see Note 7).

4 Notes

1. For the PVP-stabilized silver nanoparticle analysis, the sample
was held at 25 �C for 5 min, after which the temperature was
increased to 1000 �C at a heating rate of 20 �C/min. Nitrogen
was used as the purge gas at a rate of 40 mL/min.

2. Standard precautions must be taken while handling nanoparti-
cle aqueous solutions and powders. It is important to wear
proper clothing, laboratory gloves, and eyewear while
performing the experiments. Powdered/lyophilized samples
must be prepared and transferred into the crucible in a fume
hood. As an extra precaution, a respiratory mask may be used.

3. When loading the sample (aqueous or powdered samples) into
the crucible for measurement, care should be taken to add an
appropriate amount of sample depending on the capacity of the
crucible so as to prevent overflowing of the sample after it is
covered with a lid.

4. For the example study, an aqueous suspension of the PVP-
stabilized silver nanoparticle sample was measured initially
(50 μL of sample was loaded into a 70 μL-capacity crucible
for measurement). However, since the samples were in water,
water loss was observed below 150 �C of the TGA curve and
this peak dominated the curve. Also, the amount of PVP pres-
ent in the sample was below the level of detection of the
instrument. To solve this and achieve better sensitivity, the
aqueous sample was lyophilized before TGA measurement.
About 20–30 mL of the sample was frozen using dry ice with
acetone slurry and lyophilized for 15–18 h to remove water.
The resulting lyophilized powder was used for TGA
measurement.

5. Figures 1 and 2 show the TGA and corresponding DTG curve
for the 40 kDa PVP (control) and PVP-stabilized silver nano-
particle sample. Both the samples decompose in two stages.
Initial weight loss (step 1) is observed due to water loss (below
150 �C) followed by decomposition of PVP between 300 �C
and 500 �C (step 2). 40 kDa PVP has a decomposition tem-
perature (Td) of approximately 450 �C, and it decomposes
completely upon heating to 1000 �C. However, the decompo-
sition temperature of PVP in the silver sample is approximately
400 �C, which is lower than that observed in the PVP control
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measurement; presumably, silver catalyzes the thermal decom-
position of PVP. The residual weight at 1000 �C is attributed to
the silver content in the sample.

6. The calculation for PVP concentration in the sample is sum-
marized in Table 1. The resulting weight after water loss is the
total construct weight in the sample. This value can be used to
calculate the concentration of PVP as mg PVP per mg total
construct.

7. If the coating surface material is known, it is good practice to
include that material as a control to compare weight loss events
between the coated nanoparticle and the coating alone.
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Chapter 7

Immunoelectron Microscopy for Visualization
of Nanoparticles

Sarah R. Anderson, David Parmiter, Ulrich Baxa, and Kunio Nagashima

Abstract

Immunoelectron microscopy (IEM) on a solid phase such as a carbon film is a fast and powerful way to
detect and visualize surface antigens on nanoparticles by using a transmission electron microscope (TEM).
Nanoparticles, in particular ones for medical applications, are often modified on the surface with soft
materials to make them more soluble, less toxic, or targetable to cancerous tumors. Imaging the soft
material on the surface of solid nanoparticles by electron microscopy is often a challenge. IEM can
overcome this issue in cases where antibodies to any of the surface material are available, which is often
the case for proteins, but also for commonly used materials such as polyethylene glycol (PEG). This effective
procedure has been used traditionally for viruses and macromolecules, but it can be directly applied to
nanoparticles.

Key words Electron microscope, Negative stain, Immune electron microscopy, Indirect solid phase
immunolabeling, Nanomaterial

1 Introduction

Many nanoparticles have modified surfaces designed for specific
purposes such as increased solubility, reduced immunotoxicity,
and site-specific targeting [1]. Imaging such surfaces on nanopar-
ticles in the electron microscope is an important part of develop-
ment and quality control; but, it can be challenging, especially on
solid metal-type nanoparticles and even on soft matter particles
such as liposomes. Proteins and lipids can often be imaged with
methods like negative staining or dark field scanning transmission
electron microscopy (STEM) [2, 3], but other materials, especially
soluble polymers such as PEG, are challenging to image in the
electron microscope without the use of specialized support films
and high-end microscopes [4, 5]. As antibodies become available,
IEM is a powerful method for imaging such cases.

IEM on a solid phase has been used traditionally for viruses and
macromolecules [6]; but, it can be directly transferred to
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nanoparticles. It is a faster and easier method compared to the
conventional pre- and post-embedding IEM, because it does not
require any plastic embedding. The technique involves three steps:
(1) attach the nanomaterial sample on the surface of a carbon
coated support film grid, (2) block any non-specific IgG binding
sites by commercially available blocking buffer or phosphate buffer
containing normal serum and bovine serum albumin, and (3) incu-
bate the grid in a primary antibody followed by gold-conjugated
secondary antibody. In the case of soft matter nanoparticles, the
procedure can be followed by negative staining with heavy metal
salts to give the soft material adequate contrast. The heavy metal
salts are typically phosphotungstic acid (PTA), uranyl acetate (UA),
or uranyl formate. IEM can also be performed in liquid phase,
which involves incubating the sample with primary and secondary
antibodies in solution followed by drop-cast mounting on a carbon
surface and in some cases negative staining. In such procedures, the
concentrations have to be very carefully optimized to avoid aggre-
gation of the sample prior to mounting.

In this chapter, we describe the procedures of solid phase IEM
using an indirect immunolabeling method of nanomaterials and
show results of two nanoparticle samples—PEG on metal oxide
particles (Fig. 1) and 30 nm gold particles coated with tumor
necrosis factor alpha (Fig. 2).

Fig. 1 IEM of PEG-coated metal oxide particles using 10 nm gold secondary antibodies. (a) IEM image of
particles labeled with the primary antibody specific to PEG main chain (ethylene glycol moiety). Primary
antibody: Anti-PEG mouse monoclonal, Clone 9B5-6-25-7 (Life Diagnostics, Inc.); secondary antibody: goat-
anti-mouse IgG (Aurion). (b) Image of particles labeled with an antibody specific to the methoxy end of PEG
chain. Primary antibody: anti-methoxy-PEG mouse monoclonal, Clone 5D6-3 (Life Diagnostics, Inc.); second-
ary antibody: goat-anti-mouse IgG (Aurion). (c) Control image without any primary antibody. Bar¼ 100 nm for
all panels
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2 Materials

1. Formvar carbon filmed 300 mesh copper grids.

2. Tweezers.

3. Paraffin film.

4. Glow discharger (see Note 1).

5. Polysorbate 20.

6. 0.1% poly-L-lysine in water.

7. Blocking solution for gold conjugates, proprietary commercial
formulae (seeNote 2) or normal serum; bovine serum albumin
(BSA); phosphate buffered saline (see Note 3).

8. Dilution solution, 50 mM Tris buffer containing 125 mM
NaCl; 0.1% w/v bovine serum albumin (BSA).

9. Washing solution, 50 mM Tris buffer containing 250 mM
NaCl; 0.1% w/v BSA; 0.05% polysorbate 20.

10. Primary antibody (see Note 3).

11. Gold-conjugated secondary antibody corresponding to pri-
mary antibody (see Notes 3 and 4).

12. 0.5% w/v uranyl acetate aqueous solution (UA).

13. Glass-distilled water (DDH2O).

Fig. 2 IEM of 30 nm gold particles coated with tumor necrosis factor alpha (TNF-α). To produce a clear
difference in size between the 30 nm core particles and the gold-label, 10 nm gold-labeled secondary
antibody was used. (a) Low magnification shows the specificity of the reaction. All the gold labels are found
close to 30 nm core particles. Almost no gold labels are found on the carbon film, indicating very low
background. (b) High magnification of the labeling reaction. Bar ¼ 100 nm in both panels
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3 Methods

3.1 Prepare the

Formvar Carbon Film

Grids

1. Cut a clean filter paper to 100 � 200 and place on a clean glass slide.

2. Place the grids on the filter paper film-side up.

3. Load the slide with the grids on it into the glow discharger’s
vacuum tube chamber.

4. Introduce a vacuum into the chamber, either by the discharger’s
automatic setting or through procedure optimization.

5. Under the automatic setting, the glow discharger automatically
pumps the chamber and reaches optimal vacuum for glow dis-
charge. After the discharge is done, it automatically vents the
chamber. The process takes less than 5 min from beginning to
end.

6. Remove the grids for use. The grids can be used within 48 h of
preparation without losing much of the hydrophilic property.

3.2 Adsorb the

Nanomaterial on the

Grid

1. Lay a clean paraffin film sheet (200 � 400) on a flat surface.

2. Place a 5 μL drop of sample solution on the paraffin film.

3. Place the grid on the drop with the film-side down using
tweezers and float the grid on the sample drop.

4. Let the nanomaterial adsorb to the film for up to 5 min. In
many cases, 2 min adsorption time is sufficient.

5. Remove the grid and blot excess solution with a filter paper.
Allow the grid to air dry (see Note 5).

6. Place 5 μL of blocking buffer on the paraffin film and place the
grid film-side down to float over the blocking buffer. Block
non-specific IgG binding sites for 10 min. Place a petri-dish lid
over the drop to prevent evaporation during longer incuba-
tions (see Note 6).

7. Prepare primary antibody dilution. Start with a serial dilution
(e.g., 1/50, 1/100, 1/200) using the dilution buffer (seeNote
7).

8. Place the dilution(s) on the paraffin film (5 μL of each dilution
is sufficient) and place the grid over the primary antibody drop.
Incubate for 1 h. Cover the drop with a petri-dish lid to prevent
evaporation.

9. After the primary antibody incubation, the grid is removed
using tweezers and blotted with filter paper to remove excess
solution.

10. Place 3 drops of 10 μL washing buffer on the paraffin film for
each grid. Float the grid on each washing buffer drop for 10min.

11. After the end of the third washing float, remove the grid and
blot excess solution with the filter paper.
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12. Place a drop of 10 μL of gold-conjugated secondary antibody
(1/25 dilution) for each grid on the paraffin film (see Note 8).

13. Place the grid over the secondary antibody and incubate for
1 h. Cover the drop with a petri-dish lid to prevent
evaporation.

14. After the secondary antibody incubation, remove the grid and
blot excess solution from the grid using filter paper.

15. Place 3 drops of 10 μL washing buffer on the paraffin film for
each grid and float the grid on each drop for 10 min, as in step
10 above.

16. At the end of the third washing step, remove the grid and blot
excess solution with the filter paper.

17. Wash the grid in a 10 μL drop of water (DDH2O) for 10min to
remove any remaining salts and BSA from the washing buffer.

18. Proceed directly with negative stain, if necessary. Otherwise air-
dry the grid and image in the TEM (see Note 9).

3.3 If Necessary for

Soft Material

Nanoparticles,

Perform Negative

Staining

1. Using a fine tweezer with a rubber o-ring, secure the grid.

2. Place 3 μL UA aqueous solution on the grid and quickly blot
with a filter paper.

3. Repeat step 2 above two more times. Then, blot excess solution
and allow the grid to air dry.

4. The grid is ready to examine in the TEM (see Notes 9 and 10).

4 Notes

1. If there is no access to a glow discharger, the formvar carbon
film grid can be dipped in 0.1% poly-L-lysine solution and
allowed to air dry before adsorbing the nanoparticle sample.

2. Normal serum is added from the same species as the secondary
antibody used. Commercial blocking solution used in Fig. 1
contains BSA and cold water fish skin gelatin in phosphate
buffered saline with sodium azide as preservative.

3. Make sure the antibody species, subclasses, and blocking solu-
tion correspond accordingly to each other. The secondary
antibody has to target the correct species and subclass of pri-
mary antibody, and the blocking solution should be from the
same species as the secondary antibody. For example, if the
primary antibody is a monoclonal mouse IgG1, then the
corresponding secondary antibody is a goat anti-mouse IgG1
and the matching blocking solution is goat normal serum.

4. Make sure the size of gold on the secondary antibody agrees
well with the application. If you are trying to label gold
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nanoparticles or other metallic nanoparticles, use a significantly
different size of gold for the secondary antibody.

5. The proper amount of nanomaterial adsorbed to the grid can
be checked without continuing the complete procedure. Just
stop the protocol after this step and proceed to air dry or
negative stain, if appropriate. Check the grid in a microscope.
There should be plenty of particles visible, but they should be
dispersed enough so that labeling specificity can be verified
(e.g., label on particle vs. random label binding to the carbon
film).

6. During the incubation and washing steps, the grid is often
unable to stay afloat because the BSA and Polysorbate 20
reduces the solution’s surface tension. To help with this,
allow the grid to air dry after each wash cycle before starting
the primary and/or secondary antibody incubation. Drying
the grid does not reduce immune-reactivity in our hands;
however; if there is any concern about loss of structure during
air drying (e.g., denaturation of antigen proteins); the com-
plete procedure should be performed without any air drying
until the last step. In this case, place the grid film-side up into
the solution drops, because it will not stay afloat on the top of
the drops.

7. The best primary antibody concentration is highly dependent
on the affinity of the antibody–antigen pair under the specific
conditions used and has to be optimized for each new primary
antibody and for each nanoparticle. It is recommended to start
with a dilution series to avoid repeating the experiment many
times. Without any prior knowledge, dilutions of 1/50, 1/
100, and 1/200 are good starting concentrations. Based on
the results, the concentration may have to be adjusted.

8. The gold-conjugated secondary antibody concentration
should be optimized based on previous outcomes. Without
prior knowledge, a dilution of 1/25 is a good starting
concentration.

9. The goal of IEM is to have a low background and high specific
labeling (i.e., very few gold particles randomly attached to the
carbon film but many gold particles at the targeted area around
the nanoparticles). Controls (without primary antibody) can
help recognize the specificity. If there is a high background,
reduce the concentration of the primary and secondary anti-
bodies. If there is no background but also little specific binding,
increase the concentrations of antibodies. High background
can also be reduced by increasing the salt concentration in the
washing buffer to 0.5 M NaCl, however this reduces the spe-
cific binding reaction.
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10. UA forms a fir tree-like precipitation with phosphate if PBS was
used as a washing buffer. This precipitation can be reduced by
extra washing of the grid in DDH2O.
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Chapter 8

Imaging of Liposomes by Transmission Electron Microscopy

Ulrich Baxa

Abstract

TEM is an important method for the characterization of size and shape of nanoparticles as it can directly
visualize single particles and even their inner architecture. Imaging of metal particles in the electron
microscope is quite straightforward due to their high density and stable structure, but the structure of
soft material nanoparticles, such as liposomes, needs to be preserved for the electron microscope. The best
method to visualize liposomes close to their native structure is cryo-electron microscopy, where thin films of
suspensions are plunge frozen to create vitrified ice films that can be imaged directly in the electron
microscope under liquid nitrogen temperature. Although subject to artifacts, negative staining TEM can
also be a useful method to image liposomes, as it is faster and simpler than cryo-EM, and requires less
advanced equipment.

Key words Liposomes, Emulsions, Lipids, Transmission electron microscopy, Negative staining,
Cryo-electron microscopy

1 Introduction

Size and size distribution of liposomes can have a major effect on its
use as a drug or diagnostic. TEM is one of the most frequently used
methods to characterize the ultrastructure of nanoparticles in gen-
eral, and liposomes in particular, along with scanning electron
microscopy (SEM), atomic force microscopy (AFM), and other
techniques. Liposome samples have to be prepared and stabilized
in such a way to survive the high vacuum in the electron micro-
scope. The three main techniques used include negative staining
TEM, plunge freezing (also referred to as cryo-EM), and freeze
fracture. Each of these has its advantages and disadvantages and
results in slightly different information [1, 2].

Negative staining is probably the most commonly used method
because it is simple, fast, requires little material or specialized
equipment, and results in high contrast images [3, 4]. Essentially,
particles will be adsorbed to a carbon film grid, surrounded by a
heavy metal salt, and quickly air dried during which the heavy metal
salt forms an amorphous film embedding the particles of interest in
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the process. The grid is then imaged in the electron microscope
where the particles appear bright against the background of the
heavy metal stain. The complete protocol is performed at room
temperature for a few minutes and the resulting grids can be
imaged on any electron microscope and on almost any camera
system (Fig. 1). Negative staining works extremely well for protein
samples, because proteins are often preserved very close to their
native structure [5, 6]. The same is not always true for liposomes
and other lipid and emulsion preparations, which are more

Fig. 1 Examples of negatively stained liposome preparations. (a) Liposome preparation with a relatively
monodisperse size distribution containing a few bicelles (arrows). In negative stain, bicelles can be recognized
only when visualized on edge (side view). Top views of bicelles will appear very similar to liposomes. The
bicelles in this preparation have been confirmed by imaging in cryo-EM. (b) Liposome preparation with a wide
range of sizes. Some of the large liposomes are obviously torn during the drying process (arrow). (c) Mixture of
liposomes and open lipid films. Some parts of the films show a rippled lipid phase (arrow points to some areas
with rippled phase visible). The lipid films with rippled phases in this preparation have been confirmed by
imaging in cryo-EM
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susceptible to artifacts in negative stain. Results, therefore, have to
be carefully interpreted and examined, and unexpected observa-
tions have to be crosschecked with other methods (Fig. 2).

Cryo-EM, on the other hand, can directly visualize particles
without any staining in a hydrated (albeit vitrified) state [7–11].
That means that liposomes can be imaged directly, and the lipo-
some structures are preserved very close to their native state in
solution (Fig. 3). Cryo-EM can probably be considered the gold
standard for liposome imaging, and many review articles and pro-
tocols have been published [12–15]. Even for cryo-EM, however,
some preparation is still involved. The suspension has to form a thin
film (usually <500 nm) before plunge freezing to allow for fast
freezing and to result in a thin enough layer for imaging in the
electron microscope. Some rearrangement and flattening of larger
liposomes are possible in this process, which has to be taken into
account when interpreting the results. For cryo-EM imaging of
liposomes for size measurements and general morphology, almost
any type of TEM can be used; however, if details like membrane
thickness are being analyzed, a high-end TEM and imaging system
is needed [16].

For preparations that contain larger liposomes (>500 nm),
freeze fracture and related methods may be preferred [1, 17]. In
freeze fracture a thicker layer of the sample is quickly frozen, then
fractured along its length which exposes surfaces with weak molec-
ular interactions (within lipid bilayers) followed by some etching
(water sublimation in the vacuum). The exposed surface is then
metal shadowed and the replica are eventually imaged in the elec-
tron microscope.

This chapter provides detailed protocols and advice for data
interpretation on negative staining and cryo-EM of liposomes.
Although the freeze fracture technique is not discussed, it is fully
described in references 1, 17.

2 Materials

2.1 Negative

Staining of Liposomes

1. Choice of negative stain:

(a) 1% uranyl acetate (UA)
UA (and uranyl formate, UF) stain has the highest con-
trast of all stains and is usually a good choice for
liposomes—it should be the first choice when new experi-
ments are started. Weigh out the proper amount of UA for
the target concentration and dissolve in distilled water—
this can be slow at higher concentrations. Can put on
shaker overnight. Filter through 0.2 μm membrane and
discard the first 0.5 ml to rinse the membrane. This stain
can be kept with light protection at 4 �C for up to 1 year.
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Fig. 2 Interaction of liposomes with the carbon film. Schematic on top shows liposome in solution, intact but
flattened liposome in negative stain, and a liposome spread out on the carbon film. The right side explains the
size increase of liposomes by flattening. Note that most experimentally observed flattening is by a factor of
about ~1.25. (a) and (b) show a preparation of liposomes that tends to spread on carbon and forms worm-like
micelles and tubes at high concentrations. Dilution can resolve the problem of tubes, but the liposomes are
still observed to spread on the carbon film (examples shown by small white arrows). (c) and (d) show a
liposome preparation that spreads on carbon film and forms a continuous film. Using variation 3 from
Subheading 3.2 keeps most of the liposomes intact
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(b) 2% ammonium molybdate
Ammonium molybdate stain has a neutral pH and has
some advantage for certain preparations; but, the contrast
is significantly reduced compared to UA. Make a 2% solu-
tion in distilled water and adjust the pH with ammonium
or sodium hydroxide to pH 7.0 or slightly below. Do not
exceed pH 7.0 by much as crystallization/precipitation
may occur during drying of the stain.

(c) 0.7% uranyl formate (UF)
UF stain has a particularly fine grain and therefore results
in very high resolution and detailed imaging of proteins,
particularly small proteins. However, for most liposome
preparations it does not result in any advantage over UA.
The stain can be prepared according to [4].

Fig. 3 Examples of cryoEM data of liposome preparations. (a) CryoEM images of Doxil®. The typical football-
shaped liposomes and striated doxorubicin crystals inside are visible. (b) DPPC liposomes showing gel phase
at room temperature. (c) and (d) Highly monodisperse liposome preparations at different sizes
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(d) 2% methylamine tungstate and 2% methylamine vanadate
(NanoVan, Nanoprobes, Yaphank, NY)
Methylamine tungstate and methylamine vanadate are
both neutral pH stains that result in good high-resolution
staining. In particular, methylamine vanadate has a small
grain size and shows fine details; however, it has the lowest
contrast of all the stains. Methylamine tungstate is a good
universal stain with good wetting properties, often creat-
ing deeply stained areas.
Inclusion of 1% (w/v) of trehalose or sucrose in any of
these stains can reduce flattening and potentially reduce
some other artifacts of negative staining, but I have not
studied this systematically. When adding trehalose or
sucrose it might be advantageous to increase stain concen-
tration (use 4% UA or 5% ammoniummolybdate) [3, 18].

2. Biological grade tweezers.

3. Filter paper.

4. Carbon film only grids with around 5–6mm thickness. Thinner
carbon films allow more contrast, but are also less stable.

5. Glow-discharger or plasma cleaner. Home-built glow dischar-
ger can be made according to [19].

6. 0.1% polylysine.

7. Transmission electron microscope. Basically, any TEM can be
used to image negative stained samples as they have high
contrast and need no special treatment. For negative stain
imaging of small details at lower doses, high-sensitive cameras
might be needed.

2.2 Cryo-EM of

Liposomes

1. Plunge freezer (see Note 1).

2. Transmission electron microscope set up for cryo-EM opera-
tion. Requirements for imaging of liposomes are not as strin-
gent as for high-resolution cryo-EM of single particles. Almost
any transmission electron microscope can be used. However, a
high-quality CMOS or CCD camera is necessary for low-dose
imaging. High voltage of the microscope (200–300 kV) is an
advantage as the ice for the larger liposomes can be quite thick,
but 120 kV will work in many cases.

3. Cryo-holder.

4. Holey carbon film grids.

5. Cryo-grid boxes.

6. Glow-discharger or plasma cleaner.

7. Storage dewar.
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3 Methods

3.1 Standard

Protocol for Negative

Staining of Liposomes

1. Glow-discharge carbon film grids for a short time with the
carbon surface toward the plasma, using any type of plasma
cleaner. Optimize the time to have good spreading of water/
solutions on the grid–longer times are not necessary. Glow-
discharged grids should be used the same day (see Note 2).

2. Hold a glow-discharged grid using high-quality sharp forceps,
or anti-capillary forceps with the carbon-coated side facing up
(see Note 3). Lock the forceps with a rubber O-ring or use
reverse action forceps and place it in an elevated position (e.g.,
on top of a closed petri dish) so the grid is easily accessible to
pipetting.

3. Apply 4.5 μl of diluted liposome preparation to the glow-
discharged grid, and wait for 30 s (see Notes 4 and 5).

4. Wick off the sample using filter paper and immediately add
4.5 μl of the same buffer—wait 10–15 s (see Notes 6 and 7).

5. Repeat wicking and adding buffer one more time to remove all
sample not adhered to the carbon surface.

6. Wick off the buffer using filter paper and immediately add
4.5 μl of stain solution.

7. Repeat this step three more times in quick succession. Leave
the last addition of stain on the grid for 30 s.

8. Wick off stain solution with filter paper. Carefully watch the
liquid as it is wicked off and pull away the filter paper just when
all visible solution is gone (see Note 8).

9. Dry the grid by fast movement of the forceps through the air
back and forth. An incandescent light bulb can add some heat
to increase the speed of drying. If available, a mild stream of
compressed air or dry nitrogen can be used for very fast drying
(see Notes 9 and 10).

10. After quick drying, let the grid dry for a few more minutes on
the bench. Then image the grid in any TEM. Find properly
stained areas (often intermediate stain levels are best) and adjust
the protocol based on the observations (see Notes 11–13).

3.2 Variations of the

Negative Staining

Protocol for Certain

Circumstances

1. To change the charged surface of the carbon film:

Before adding sample, put a drop of 0.1% polylysine solution
on the grid and wait for 30 s. Then wick off the polylysine, wash
twice with buffer and continue with adding the sample (see
Note 14). Continue with the same procedure as above.

2. To avoid buffer solution from getting sucking into the forceps
and/or wetting the copper backside of the grid (which causes
bad staining), use a droplet method for the negative staining
procedure:
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On a clean piece of parafilm put separate ~40 μl droplets of
diluted liposome preparation, wash buffer, and stain. Let the
freshly glow-discharged grid swim on the droplet with the
carbon surface toward the solution and carefully move the
grid from droplet to droplet with the forceps without wetting
the backside of the grid. In extreme cases hold the grid with the
forceps and keep it slightly away from the droplet so that the
solution has no chance to touch the reverse side of the grid.
Use the same order of one sample drop, two wash buffer, and
four stain droplets as described in the standard protocol. Then
dry the grid the same way as described in the standard protocol.

3. To reduce the time of liposome carbon surface interactions (a
good choice for cases in which artifacts from liposome spread-
ing are observed):
Dilute liposome preparation into 1% UA, quickly place 4.5 μl
on the carbon film, wick completely, and immediately dry
down as fast as possible with a mild nitrogen stream (see
Fig. 2 and Note 15).

3.3 Interpretation

and Troubleshooting of

Negative Stained

Liposome Images

1. Negative staining of liposomes results in artifacts more often
than negative staining of protein complexes. Lipids are not
“fixed” in their native structure as proteins are by uranyl stains
[5, 6], and their interaction with the carbon film surface often
leads to spreading of lipids and sometimes recombination of
lipids to hydrophilic films or other structures. Large liposomes
might break during the drying process or fold into strange
shapes (see Fig. 2). When liposome preparations interact
strongly with the carbon film, further dilution of the prepara-
tion and variation of the protocol can alleviate some of the
problems. But the results have to be carefully evaluated and
interpreted. Unexpected observations/structures (e.g., open
lipid films, rippled lipid phases, worm-like micelles and tubular
structures, bicelles, micelles, etc.) should not solely rest on
negative stain results but have to be confirmed by cryo-EM.
Lipid composition likely explains most of the different behavior
of liposome preparations toward carbon surfaces; in particular,
a large amount of micelle-forming lipids (like DSPE-PEG
2000) probably allows easier transition from closed intact lipo-
somes to open films and could encourage spreading on carbon
surfaces. Buffer components (like salt, sucrose, etc.) can also
influence interaction of liposomes with the carbon surface and
could be varied to result in better negative staining. However,
it is very difficult to systematically predict the interaction of
liposomes with the carbon film. Some liposome preparations
might not produce useful results under any condition (proba-
bly because they formed bilayer films very quickly and even at
low concentrations).
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2. Size measurements: If results of negative staining are free of
artifacts, the images can be used to measure size distribution.
However, negative stained liposomes are “flattened” and
increase therefore in their measured size. At first approxima-
tion, the maximum diameter observed for flattened liposomes
is half of the circumference of the original spherical liposomes
(see Fig. 2), and therefore the measured diameter would be π/
2 times the real diameter. Empirically, comparisons between
cryo-EM and negative stain measurements have resulted in
slightly smaller factors of 1.2–1.3. In cases where liposomes
spread out onto the carbon film to form a lipid bilayer or even a
lipid monolayer, measured sizes would be even higher and care
should be taken to avoid measurements of such structures.

3.4 Cryo-EM of

Liposomes

3.4.1 Plunge Freezing of

Liposome Preparations

(see Note 1)

1. Prepare grids in glow discharger with the carbon surface
toward the plasma. Grids should be used within 1 h.

2. Prepare Vitrobot by loading 60 ml of water in the humidifier
and setting the humidity to 100%.

3. Set up the liquid ethane dish by filling liquid nitrogen on the
outside, wait for 5 min and then start slowly flowing ethane gas
from a nozzle into the ethane cup. Fill the cup completely with
liquid ethane, then remove the “spider tool” and wait for the
ethane to solidify. Once a lot of the ethane is solid use a metal
rod to melt most of the ethane in the center of the cup, but try
to leave some solid ethane on the edges; this indicates that the
ethane is at melting temperature and as cold as possible (see
Note 16). Carefully put a grid box into the liquid nitrogen dish
without splashing nitrogen into the ethane.

4. Set the Vitrobot to blotting force �5, blotting time 2.5 s (see
Note 17).

5. Pick up a freshly glow discharged grid with the tweezers and
secure it with the o-ring. Load the grid into the environmental
chamber and start the process. Carefully load 3 μl of the lipo-
some sample (see Notes 18 and 19) on the grid without
touching the grid surface with the pipette tip.

6. Start the process on the Vitrobot. The Vitrobot will blot the
grid and plunge it into the liquid ethane. Watch each blotting
carefully, as the contact of the grid with the filter paper and the
solution on the filter paper after blotting will indicate whether
it was a successful process.

7. Remove the tweezers from the plunging rod without taking the
grid out of the ethane. Unlock the o-ring and move the grid
quickly through the nitrogen atmosphere into liquid nitrogen
for a short while and then into the grid box (seeNotes 20–22).

8. Grids can be stored in liquid nitrogen for extended periods of
time, but can also be transferred to the cryo-EM holder
immediately.
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3.4.2 Plunge Freezing for

Gels, Emulsions, and Very

Viscous Samples

1. Instead of loading the empty grid into the Vitrobot as
described in step 5 of Subheading 3.4.1, apply 3 μl of the gel
on the grid and remove almost everything by pulling the edge
of a piece of filter paper over it in a shallow angle. This has to be
done carefully to not damage the carbon film, but strongly
enough to remove all visible gel—the grid should look almost
completely fresh after the procedure.

2. Add 3 μl of appropriate buffer on the grid and proceed with the
protocol as described above. These grids usually need longer
blotting time to create good ice.

3.4.3 Transferring Grid

and Loading the Cryo-

Holder into the Microscope

1. Place the cryo-holder (see Note 23) into the transfer station.

2. Cool down the transfer station and the holder by continuously
filling with liquid nitrogen. Once the holder dewar and work-
station are full and the bubbling has subsided, wait for at least
another 5 min to make sure the holder is completely cold.

3. Move the grid box with frozen grids into the transfer station.
Transfer one grid with precooled tweezers into the holder tip
(see Notes 20 and 24). Secure the grid with the clip ring or
screw ring (depending on exact holder model). Immediately
close the holder shutter and fill liquid nitrogen level to cover
the holder tip.

4. Prepare the microscope for insertion of cryo-holder (depend-
ing on microscope model follow vendor instructions). For a
Tecnai F20, fill dewar for anticontaminator with liquid nitro-
gen and keep cool for at least 1 h before loading the holder. Set
stage position to x ¼ 0, y ¼ 0 and tilt to �60�. Prepump the
airlock, set the airlock cycle to 90 s, start the turbo pump, and
wait until it is at full speed.

5. Transfer the holder quickly but carefully into the airlock. Wait
for the airlock cycle to complete (90 s) and insert into the
column vacuum smoothly by resetting the stage rotation to
0� and rotating the holder counterclockwise (see Note 25).

6. Wait for column vacuum to reach levels close to before inser-
tion of the holder. Then proceed with opening the shutter and
starting to image the grid in the low-dose mode.

3.4.4 Imaging Liposomes

at Low Dose

1. Use the low-dose imaging mode on the TEM to image the
samples. On an FEI microscope (like the Tecnai F20) perform
the normal alignment, adjust the eucentric height and set up
Search, Focus, and Exposure modes (see Note 26). Use the
Search mode to look for promising areas (based on ice thick-
ness and contamination; see Note 27); use Focus mode to
adjust the focus (see Note 28) and take an image by pressing
the Exposure button.
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2. If the grid has a good quality, take enough images for a com-
plete analysis of the liposome preparation (see Note 29).

3. If more grids have to be loaded into the microscope, precool
the transfer station after it has been completely warmed up and
is at room temperature. Close the shutter and remove the
holder from the microscope. Place the holder quickly into the
precooled transfer station. The imaged grid can now be
removed and a new grid can be loaded.

4. Remove the cryo-holder from the microscope. Place it back
into the pumping station and run a warm-up cycle, followed by
a zeolite cycle. Run a cryo-cycle on the microscope.

3.5 Interpretation

and Troubleshooting of

Cryo-EM Liposome

Images

1. In most cases, cryo-EM images can be interpreted directly as
two-dimensional projections of the three-dimensional struc-
ture of the liposomes. Some flattening in the thin ice layer
can happen in particular for liposomes larger than about
150 nm. Tilted image pairs (e.g., 45� and 0�) can add addi-
tional information and be useful in some cases to confirm
particular structures or situations, like checking whether lipo-
somes are slightly compressed or confirming the flatness of
bicelles.

2. The contamination of samples with ice from different sources is
a common problem in cryo-EM [10, 20]. When contamination
is observed, it is useful to know where ice is most likely result-
ing from so that workflows can be optimized. There are gener-
ally four different types of ice contamination each from
different sources (see Fig. 4):

3. So-called “leopard” ice usually results from bad vacuum in the
microscope or problems with the cryo-holder during transfer.
When such ice is observed, check the anticontaminator in the
microscope and the cryo-holder for problems. Also, blotting
liquid ethane before transferring grids into liquid nitrogen can
help mitigate such contaminations.

4. Large areas of crystalline (hexagonal) ice usually result from
slow freezing or warming up of the grid during transfer. Check
the plunge freezing process and the transfer of grid procedure
(reduce the number of times that the grid is held in gaseous
nitrogen atmosphere).

5. Small amorphous looking blobs of ice crystals (often cubic
structure) usually result from transfers of the holder through
a humid environment.

6. Large amorphous blobs and large crystals (usually hexagonal
ice structure) result from contaminated liquid nitrogen.

TEM Imaging of Liposomes 83



4 Notes

1. Any commercial or homebuilt plunge freezer can be used. How-
ever, for liposomes, an environmental chamber (like Vitrobot)
can be useful. This allows for a high relative humidity environ-
ment for the grid before it is frozen and avoids structural changes
due to osmotic pressure and temperature variations [21].

2. Unused grids can be glow-discharged again the next day with-
out damage to the carbon film.

3. It is necessary to use high-quality forceps or anti-capillary
forceps. Otherwise, liquid sample will be sucked away from
grids by the capillary force between the forceps. If this is a
continuous problem, use variation 2 of the negative stain pro-
tocol in Subheading 3.2.

Fig. 4 Examples of ice contamination problems: (a) “leopard” ice, (b) cubic ice crystals, (c) large hexagonal ice
crystal, (d) hexagonal ice sheets, often present over large areas of the grid
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4. The dilution of liposomes should be done in the same buffer or
something with very similar osmolarity to avoid any osmotic
shock to the liposomes as much as possible. The dilution has to
be optimized based on observations of the final negative stain
result. HEPES, TRIS, MOPS, and many other buffers can be
used; phosphate buffer should be avoided. If original liposomes
are in phosphate-based buffer try using HEPES with similar
salt concentration for dilution and washing (e.g., use 20 mM
HEPES, 150 mM NaCl instead of PBS).

5. If liposome solution gets to the reverse side (non-carbon cop-
per side) of the grid, discard this grid and start over—it will
result in very bad staining. When this continues to be a prob-
lem, reduce the application volume or use variation 2 of the
negative stain protocol in Subheading 3.2.

6. Wick the grid from the side; the angle between the plane of the
grid and the plane of the filter paper should be between 45� and
90�. Do not touch the carbon film surface of the grid directly.

7. Never let the grid completely dry until the last step of the
protocol. Always add the next solution within a few seconds
to prevent the grid from drying out.

8. For most stains, this procedure will leave a deep enough layer of
stain in all areas of the grid for imaging. However, for higher
concentrated stains (2% and higher) keep the filter paper in
place a little longer to wick away more solution.

9. The quick drying creates areas with different stain depth on the
grid, which enables the choice of optimal depth of staining.
One can also leave grids on the bench or in a chemical hood to
air dry more slowly. This creates a more even distribution of
stain, but in that case it can be a problem to find optimal stain
depth for imaging.

10. Step 8 and in particular step 9 (final wicking and drying speed)
are the most important steps for high-quality staining. The
faster the drying speed, the fewer artifacts are usually observed.
These parameters should be varied and optimized based on the
quality of staining observed.

11. Some samples do not adhere well to the carbon surface (e.g.,
PEGylated liposomes) and might be washed off by the
repeated washing steps. If this is a problem (amount of lipo-
somes is much lower than expected), the wash steps (steps 5
and 7) can be reduced or completely omitted. For extreme
cases, variation 3 of the negative stain protocol can be used
(Subheading 3.2). However, this might increase precipitation
and crystallization of salts and other buffer components on the
grids. The balance between amount of particles and precipita-
tion background has to be optimized in such cases.
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12. Negatively stained grids can be stored for many days in a dry
place with the exception of ammonium molybdate. Grids
stained with ammonium molybdate have to be imaged imme-
diately and cannot be stored even for one night.

13. Any TEM with almost any camera system can be used for
imaging. Most stains are very stable under the beam, but use
of lower doses can be useful to preserve especially small details
in some cases.

14. The polylysine changes the surface of the carbon film from
slightly negative to slightly positive, which can change the
adhesion of oppositely charged liposomes.

15. This method might create artifacts from salt crystallization/
precipitation or other buffer components as washing is mini-
mal. However, it minimizes the time liposomes have to interact
with the carbon surface and therefore often reduces artifacts
that result from liposomes spreading out onto the carbon film.

16. As the ethane temperature is not controlled in the Vitrobot,
make sure to set up the ethane in this way. Homebuilt plungers
work in a similar fashion. Other commercial plunge freezers have
different ways of controlling ethane temperature—make sure to
follow vendors’ instructions to get ethane as cold as possible.

17. These are good starting conditions, but for each sample and
new buffer this may have to be optimized.

18. The sample volume can be optimized based on observed
results. Larger volume will create thicker ice layers, less volume
will create thinner ice layers.

19. Liposome suspension should be about 1.0–5.0 mg/ml lipid,
which corresponds to about 3 � 1013 liposomes per ml. Buffer
additives like glycerol and sucrose should be kept to a mini-
mum, because they can significantly reduce the contrast at high
concentrations.

20. Always precool any instruments used to touch the grid directly
or indirectly (tweezers to move the grids or screwdrivers to
close the grid box).

21. When transferring the grid, reduce the incidents and time that
the grid is exposed to the nitrogen atmosphere while held in
place by tweezers. During these instances, the grid is not
cooled by any medium and the warm tweezers can very quickly
warm up the grid to above �150 �C or higher to cause recrys-
tallization of vitreous ice to hexagonal ice.

22. Sometimes large amounts of solid ethane on the grid can cause
the microscope vacuum to crash and yield excessive amounts of
leopard skin ice. If this is the case, excess ethane can be
removed from the grid before putting it into liquid nitrogen.
Precool filter paper in nitrogen atmosphere of the dish for 20 s
and then quickly touch the grid to the filter paper.
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23. The cryo-holder should be prepared before use by being in the
pumping station for at least a 2 h zeolite cycle to create a good
vacuum in the holder dewar. Before the zeolite cycle, the
holder has to be at room temperature.

24. Grid transfer can be performed with the liquid nitrogen level
well above the holder tip or with the liquid nitrogen level
slightly below the holder tip (in the gas phase). Avoid levels
close to the tip, because the bubbling will cause the grid to
move around and jump unexpectedly, resulting in the grid
getting lost.

25. A smooth movement without using any unnecessary force on
the holder is needed to avoid crashing the microscope column
vacuum.

26. Set the Exposure mode magnification to the lowest possible
value that still results in an acceptable pixel size for analysis, as
that allows for the largest possible field of view. Taking images
with different magnifications of the same sample is
recommended.

27. Promising areas for liposome imaging often have intermediate
ice thickness. If the ice is too thin, no liposomes are observed
(depending on their size) as they are excluded. Image areas
with different ice thickness on each sample to find optimal
conditions. Try to find the thinnest possible ice that still con-
tains liposomes.

28. Choose the amount of defocus based on the necessary analysis.
To image high-resolution details (e.g., measuring membrane
thickness), it has to be close to focus (defocus of �1.5 to
�2 μm); for rougher analysis, like overall size measurements,
it can be further from focus (defocus of �4 to �5 μm) to
increase contrast. It is often useful to take an image of the
same area close to focus and another at higher defocus.

29. It is generally not recommended to save cryo-grids once loaded
into the microscope because each transfer will increase ice
crystal contamination. But, this can be done for very good
grids with important samples.
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Chapter 9

Updated Method for In Vitro Analysis of Nanoparticle
Hemolytic Properties

Barry W. Neun, Anna N. Ilinskaya, and Marina A. Dobrovolskaia

Abstract

Hemolysis is damage to red blood cells (RBCs), which results in the release of the iron-containing protein
hemoglobin into plasma. An in vitro assay was developed and described earlier for the analysis of nanopar-
ticle hemolytic properties. Herein, we present a revised version of the original protocol. In this protocol,
analyte nanoparticles and controls are incubated in blood. Undamaged RBCs are removed by centrifuga-
tion and hemoglobin, released by the damaged erythrocytes, is converted to cyanmethemoglobin by
incubation with Drabkin’s reagent. The amount of cyanmethemoglobin in the supernatant is measured
by spectrophotometry. This measured absorbance is compared to a standard curve to determine the
concentration of hemoglobin in the supernatant. The measured hemoglobin concentration is then com-
pared to the total hemoglobin concentration to obtain the percentage of nanoparticle-induced hemolysis.
The revision includes updated details about nanoparticle sample preparation, selection of nanoparticle
concentration for the in vitro study, updated details about assay controls and case studies about nanoparticle
interference with the in vitro hemolysis assay.

Key words Nanoparticles, Hemolysis, Hemoglobin, Red blood cells (RBC)

1 Introduction

Erythrocytes comprise approximately 45% of whole blood by vol-
ume. Hemolysis refers to the damage of red blood cells leading to
the release of intracellular erythrocyte content into the blood
plasma. When it occurs in vivo, hemolysis can lead to anemia,
jaundice, and other pathological conditions, which may become
life threatening. Hemoglobin is a dominant protein carried by
erythrocytes. When it is contained inside the cell, it plays a key
role in carrying oxygen to other cells and tissues. However, extra-
cellular hemoglobin is toxic and may affect vascular, myocardial,
renal, and central nervous system tissues. This is why all medical
devices and drugs which come in contact with blood are required to
be tested for potential hemolytic properties.
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This chapter describes a revised protocol for quantitative color-
imetric determination of total hemoglobin in the whole blood
(TBH) and plasma-free hemoglobin (PFH) (Fig. 1). The original
protocol was presented in the first edition of this book [1]. The
revision includes updated details about nanoparticle sample prepa-
ration, selection of nanoparticle concentration for the in vitro
study, assay controls, and case studies about nanoparticle interfer-
ence with the in vitro hemolysis assay.

An increase in the PFH is indicative of erythrocyte damage by the
test material (a positive control substance or a nanoparticle). Hemo-
globin, released from damaged erythrocytes, is unstable and forms
several derivatives with different optical properties. Hemoglobin and
its derivatives, except sulfhemoglobin, are oxidized to methemoglo-
bin by ferricyanide in the presence of alkali. Addition of theDrabkin’s
solution containing cyanide (also called CMH Reagent) converts
methemoglobin into CMH form, which is the most stable form of
hemoglobin and can then be detected by spectrophotometry at
540 nm. Addition of CMH Reagent to the whole blood sample is
needed to lyse erythrocytes and estimate TBH, while its addition to
plasma is used to detect PFH. A hemoglobin standard is used to build
a standard curve covering the concentration range from 0.025 to

Fig. 1 Schematic illustration of the steps in this in vitro assay to evaluate nanoparticle hemolytic properties.
PFH plasma-free hemoglobin, CMH Cyanmethemoglobin, TBH total blood hemoglobin
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0.80 mg/mL, and to prepare quality control samples at low
(0.0625 mg/mL), mid (0.125 mg/mL), and high (0.625 mg/mL)
concentrations for monitoring assay performance. The results,
expressed as percent of hemolysis, are used to evaluate the acute
in vitro hemolytic properties of nanoparticles. Other versions of the
hemolysis assay are available in the literature; these protocols typically
omit reduction of the hemoglobin to its stable CMH form and
estimate the amount of hemolysis by measuring oxyhemoglobin at
one of its primary absorbance peaks (i.e., 415, 541, or 577 nm).
These assays and their limitations have been previously reviewed by
Malinauskas [2]. The protocol described in this document is based on
ASTM International standards [3, 4]. We recently reviewed the
in vitro–in vivo correlation of the hemolysis assays based on both
the Nanotechnology Characterization Lab (NCL) experience with
this protocol and on the literature using other assay formats [5].
Critical review of nanomaterial hemolytic properties as well as meth-
ods for their estimation is also available in a recent review by Wildt
et al. [6].

2 Materials

1. Cyanmethemoglobin (CMH) Reagent.

2. Hemoglobin Standard.

3. Ca2+/Mg2+-free Phosphate Buffered Saline (PBS).

4. Normal human whole blood anti-coagulated with Li-heparin
from at least 3 donors.

5. 1% Triton X-100 diluted in sterile diluted water.

6. Analyte nanoparticle sample (see Note 1).

7. 96-well plates suitable for cell culture.

8. Water bath set at 37 �C or incubator set at 37 �C with a tube
rotator.

9. Plate reader capable of reading absorbance at 540 nm.

3 Methods

3.1 Preparation of

Standards and

Controls

1. Prepare fresh hemoglobin calibration standards for each exper-
iment, discard leftovers after use. An example of the prepara-
tion of standards at concentration range of 0.025 mg/
mL–0.8 mg/mL is shown in Table 1. Volumes can be adjusted
as needed.

2. Prepare fresh quality control (QC) samples for each experiment,
discard leftovers after use. An example of the preparation of QC
samples at 0.0625, 0.125, and 0.625 mg/mL is shown in
Table 2. Volumes can be adjusted as needed.
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3. Prepare positive control sample. Any reagent or a nanomaterial
that reproducibly induces �8% of hemolysis in this assay can be
used as the assay positive control. Triton X-100 at a stock
concentration of 1% (10 mg/mL) is an example positive con-
trol. Triton X-100 can be prepared in sterile distilled water and
kept refrigerated (at a nominal temperature of 4 �C) for up to
2 weeks. Alternatively, a commercial 10% solution can be used
and stored according to the manufacturer’s instructions.

4. Prepare negative control sample. PBS supplied as a sterile solu-
tion can be used as the negative control. Store the stock solu-
tion at room temperature. Alternatively, a solution of
polyethylene glycol or any other material known not to be
hemolytic can be used as the negative control. When such
reagents are used, please refer to the preparation and storage
instructions by the reagent manufacturer.

5. Prepare vehicle control sample. Vehicle control is the buffer or
media used to formulate test nanomaterials. Common excipients
used in nanoformulations are trehalose, sucrose, and albumin.
However, other reagents and materials are also used alone or in
combination. Vehicle control should match formulation buffer
of the test-nanomaterial by both composition and concentration.
This control can be skipped if nanoparticles are stored in PBS.

6. Prepare an inhibition/enhancement control. This control is
needed to estimate potential interaction between nanoparticles

Table 2
Preparation of quality control samples

Standard
Nominal concentration
(mg/mL) Preparation procedure

QC 1 0.625 1.5 mL of stock solution +0.42 mL CMH reagent

QC 2 0.125 200 μL QC 1 + 800 μL CMH reagent

QC 3 0.0625 100 μL QC 1 + 900 μL CMH reagent

Table 1
Preparation of calibration samples

Standard
Nominal concentration
(mg/mL) Preparation procedure

Cal 1 0.80 2 mL of stock solution

Cal 2 0.40 1 mL Cal 1 + 1 mL CMH reagent

Cal 3 0.20 1 mL Cal 2 + 1 mL CMH reagent

Cal 4 0.10 1 mL Cal 3 + 1 mL CMH reagent

Cal 5 0.05 1 mL Cal 4 + 1 mL CMH reagent

Cal 6 0.025 1 mL Cal 5 + 1 mL CMH reagent
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and PFH which masks hemoglobin from detection by the assay.
Prepare by spiking cell-free supernatant obtained from the posi-
tive control sample with nanoparticles at the concentrations
matching those analyzed by the assay. For example, if a nanopar-
ticle is tested at four concentrations (0.008, 0.04, 0.2, and 1mg/
mL), then cell-free supernatant derived from the assay positive
control should be spiked with 0.008, 0.04, 0.2, and 1mg/mLof
that nanoparticle. This control is helpful in identifying false-
negative results when a material with strong hemolytic potential
(i.e., % hemolysis>90) is used as the assay positive control. It also
helps identify a potential enhancement type of interference when
a low potency positive control (% hemolysis 8–50) is used. Dilu-
tion factor of 1.1 is used to adjust the test results derived from
these samples to account for the positive control dilution. False-
positive interference resulting from nanoparticle optical proper-
ties overlapping with the assay wavelength (540 nm) is identified
by the nanoparticle-only blood-free control (see step 7).

7. Prepare blood-free control. Nanoparticles diluted in PBS to the
same final concentration as those evaluated in the assay using
whole blood and subjected to the same manipulation as test
samples (i.e., incubation at 37 �C for 3 h, followed by centrifu-
gation and mixing with CMH reagent listed in steps 16–18,
21, and 23 in Subheading 3.3) can serve as an additional
control to rule out false-positive assay results.

3.2 Preparation

of Blood and

Nanoparticle Samples

1. Prepare blood. Collect whole blood in tubes containing Li-
heparin as an anticoagulant from at least three donors. Discard
first 10 cc. The blood can be used fresh or stored at 2–8 �C for
up to 48 h. On the day of the assay, prepare pooled blood by
mixing equal proportions of blood from each donor. Donors
are preselected so that compatible blood types are mixed. The
assay can also be performed in the blood of individual donors.

2. Prepare nanoparticle samples. This assay requires 1.0 mL of
nanoparticle solution, at a concentration 9 times the highest
final tested concentration, dissolved/resuspended in PBS. The
concentration is selected based on the plasma concentration of
the nanoparticle at the intended therapeutic dose. For the
purpose of this protocol, this concentration is called “theoreti-
cal plasma concentration.” Considerations for estimating theo-
retical plasma concentration were reviewed elsewhere [5] and
are summarized in Box 1. This assay utilizes human whole
blood; therefore, estimation of theoretical plasma concentra-
tion should be based on human dose. If a given nanoparticle
formulation was tested in animals, conversion of the animal
dose into human equivalent dose is needed. For considerations
about performing such conversion, please refer to the FDA
guidance for industry [7].
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3.3 Blood

Qualification (Steps

1–8) and Hemolysis

Assay (Steps 9–25)

1. Take a 2–3 mL aliquot of the pooled blood and centrifuge
15 min at 800 � g (see Note 1).

2. Collect supernatant. Keep at room temperature while prepar-
ing a standard curve, QCs, and total hemoglobin sample. The
collected sample is used to determine PFH.

3. Add 200 μL of each calibration standard (CAL), QC, and blank
(CMHReagent, B0) per well on a 96-well plate. Fill 2 wells for
each calibrator and 4 wells for each QC and blank. Position test
samples so they are bracketed by QC (Fig. 2, Plate Map 1).

4. The assay will evaluate four concentrations: 10� (or when feasi-
ble 100�, 30�, or 5�) of theoretical plasma concentration,
theoretical plasma concentration, and two 5-fold serial dilutions
of the theoretical plasma concentration. When the intended
therapeutic concentration is unknown, the highest final concen-
tration is 1mg/mLor the highest reasonably achievable concen-
tration. For example, if the final theoretical plasma concentration
to be tested is 0.2 mg/mL, then a stock of 18 mg/mL will be
prepared and diluted 10-fold (1.8mg/mL), followed by two 1:5
serial dilutions (0.36 and 0.072 mg/mL). When 0.1 mL of each
of these samples is added to the test tube andmixed with 0.7 mL
of PBS and 0.1 mL of blood, the final nanoparticle concentra-
tions tested in the assay are: 2.0, 0.2, 0.04, and 0.008 mg/mL.

5. Add 200 μL of TBH sample prepared by combining 20 μL of
the pooled whole blood and 5.0 mL of CMH Reagent. Fill 6
wells (Fig. 2, Plate Map 1).

6. Add 100 μL of plasma (PFH) per well on a 96-well plate. Fill 6
wells (Fig. 2, Plate Map 1).

Box 1 Estimation of nanomaterial concentration. The box shows an example of calculating nanoparticle
concentration for the in vitro hemolysis assay. Reproduced with permission from ref. 5
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7. Add 100 μL of CMH Reagent to each well containing sample
(see Note 2).

8. Cover plate with plate sealer and gently shake on a plate shaker
for 1–2 min. Shaker speed settings should be vigorous enough
to allow mixing, but should avoid spillage and cross-well con-
tamination (e.g., LabLine shaker speed 2–3).

9. Read the absorbance at 540 nm to determine hemoglobin
concentration. Use a dilution factor of 2 for PFH samples
and a dilution factor of 251 for TBH. If calculated PFH con-
centration is below 1 mg/mL, proceed to the next step.

10. Dilute pooled whole blood with Ca2+/Mg2+-free PBS to adjust
TBH concentration to 10 � 2 mg/mL (TBHd).

11. Set up 2 racks. Rack 1 contains tubes for the sample incubation
with blood. Rack 2 contains tubes for the nanoparticle-only
(no blood) control. Prepare 6 tubes for each test sample and
place 3 tubes into Rack 1 and 3 tubes into Rack 2. Place 4 tubes
for the positive control, 2 tubes for the negative control and

Fig. 2 Example plate map for a 96-well plate. B0 blank, CAL calibration sample, QC quality control sample,
PFH plasma-free hemoglobin, TBH total blood hemoglobin, TBHd total blood hemoglobin after dilution to the
theoretical value of 10 mg/mL, NP nanoparticle sample
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2 tubes of the vehicle control (if the vehicle is PBS, this samples
can be skipped) into Rack 1.

12. Add 100 μL of the test sample or control in corresponding
tubes in Rack 1 and Rack 2 as described in step 10.

13. Add 700 μL of Ca2+/Mg2+-free PBS to each tube in Rack 1.

14. Add 800 μL of Ca2+/Mg2+-free PBS into each tube in Rack 2.

15. ‘Add100μLof theTBHdprepared in step9 to all tubes inRack1.

16. Cover tubes and gently rotate to mix (see Note 3).

17. Place the tubes in a water bath set at 37 �C and incubate for
3 h � 15 min, mixing the samples every 30 min. Alternatively,
tubes may be incubated on a tube rotator in an incubator set at
37 �C.

18. Remove the tubes from water bath or incubator. If a water bath
was used, dry excess water with absorbent paper.

19. Centrifuge the tubes for 15 min at 800� g (seeNotes 4 and 5).

20. Prepare a fresh set of calibrators and QCs.

21. Prepare inhibition enhancement controls by spiking positive
control supernatant from step 18 with nanoparticles at the
final particle concentration as in the test samples.

22. To a fresh 96-well plate, add 200 μL of blank reagent, calibra-
tors, QCs, and TBHd prepared by combining 400 μL of blood
from step 9 with 5.0 mL of CMH reagent. Fill 2 wells for each
calibrator, 4 wells for blank and each QC, and 6 wells for the
TBHd sample. As before, position all test samples between
QCs on the plate (Fig. 2, Plate Map 2).

23. Add 100 μL per well of test samples and controls (positive,
negative, and vehicle with and without blood) prepared in step
18 as well as inhibition/enhancement control from step 20.
Test each sample in duplicate (Fig. 2, Plate Map 2).

24. Add 100 μL of CMH Reagent to each well containing sample
and controls (see Note 2).

25. Cover plate with plate sealer and gently shake on a plate shaker
(LabLine shaker speed settings 2–3 or as appropriate for a
given shaker).

26. Read the absorbance at 540 nm to determine the concentra-
tion of hemoglobin. Use a dilution factor of 18 for samples and
controls and a dilution factor of 13.5 for TBHd.

3.4 Calculations and

Results Interpretation

Four-parameter regression algorithm is used to build a calibration
curve. The following parameters should be calculated for each
calibrator and QC sample:

Percent Coefficient of Variation (%CV):

Standard deviation

Mean
� 100%
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%CV should be calculated for each blank, positive control,
negative control, and unknown sample.

Percent Difference from Theoretical (PDFT):

Calculated concentration� Theoretical concentrationð Þ
Theoretical concentration

� 100%

Percent Hemolysis:

Hemoglobin in test sample

TBHd
x 100%

Percent hemolysis less than 2 means the test sample is not
hemolytic; 2–5% hemolysis means the test sample is slightly hemo-
lytic; and >5% hemolysis means the test sample is hemolytic [2, 3].

3.5 Acceptance

Criteria

The acceptance criteria described herein are based on the standard
practices for bioanalytical method validation [8, 9]. Please review
Note 6.

1. %CV and PDFT for each calibration standard and QC should
be within 20%. The exception is the lowest calibration standard
(Cal 6), for which 30% is acceptable. A plate is accepted if 2/3 of
all QC levels and at least one of each level have demonstrated
acceptable performance. If not, the entire run should be repeated.

2. %CV for each positive control, negative control, and unknown
sample should be within 20%. At least one replicate of positive
and negative controls should be acceptable for a run to be
accepted.

3. If both replicates of the positive control or negative control fail
to meet acceptance criterion described in step 2, the run
should be repeated.

4. Within the acceptable run, if two of three replicates of
unknown sample fail to meet acceptance criterion described
in step 2, this unknown sample should be re-analyzed.

4 Notes

1. Always wear appropriate personal protective equipment and
take appropriate precautions when handling your nanomater-
ial. Many occupational health and safety practitioners recom-
mend wearing two layers of gloves when handling
nanomaterials. Also, be sure to follow your facility’s recom-
mended disposal procedure for your specific nanomaterial.

2. Do not add CMH Reagent to wells containing calibration
standards, QCs, TBH, and TBHd. These samples were already
prepared and diluted in CMH reagent.

Nanoparticle Hemolysis 99



3. Vortexing may damage erythrocytes and should be avoided.

4. When centrifugation is complete, examine tubes and record
any unusual appearance that can help in result interpretation
(Fig. 1).

5. If nanoparticles have absorbance at or close to 540 nm, removal
of these particles from supernatant will be required before
proceeding to the next step. For example, 10–50 nm colloidal
gold nanoparticles have absorbance at 535 nm. After step 18 of
Subheading 3.3, supernatants should be transferred to fresh
tubes and centrifuged for 30 min at 18,000 � g. Removal of
nanoparticles from supernatant is specific to the type of nano-
particles; and when applied, appropriate validation experiments
should be conducted to ensure that a given separation proce-
dure does not affect assay performance. In certain cases,
removal of particles is not feasible. When this is the case, assay
results obtained for a particle incubated with blood is adjusted
by subtracting results obtained for the same particle in the
nanoparticle-only no blood control (see step 10 of Subheading
3.3 and refer to samples in Rack 2). Examples of interference
and ways to remove it are shown in Figs. 3 and 4.

Fig. 3 An example of false-negative interference. This example demonstrates the importance of recording
sample appearance after centrifugation to avoid false-negative results. Polystyrene nanoparticles with a size
of 20 nm (tube 1) and polystyrene nanoparticles with a size of 50 nm (tube 2) demonstrated hemolytic activity
that can be observed by the color of the supernatant. Polystyrene nanoparticles with a size of 80 nm were also
hemolytic. However, the 80 nm-sized polystyrene nanoparticles absorbed hemoglobin as seen from the pellet
size and color. Sample #4 is the negative control. No hemolytic activity was observed in the supernatant, and
intact red blood cells formed a tight dark pellet on the bottom of the tube
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6. NCL does not endorse suppliers. However, we found that a
new user benefits from knowing catalog information of
reagents used in our assays. If you need ideas of what reagents
are used at the NCL, please review NCL method ITA-1 avail-
able at https://ncl.cancer.gov/resources/assay-cascade-
protocols. When other reagents are used, the assay perfor-
mance may change. When using reagents and instruments
from sources other than that used in our protocols, assay
performance qualification is needed to verify the assay func-
tionality and validity.
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Chapter 10

In Vitro Assessment of Nanoparticle Effects on Blood
Coagulation

Timothy M. Potter, Jamie C. Rodriguez, Barry W. Neun, Anna N. Ilinskaya,
Edward Cedrone, and Marina A. Dobrovolskaia

Abstract

Blood clotting is a complex process which involves both cellular and biochemical components. The key
cellular players in the blood clotting process are thrombocytes or platelets. Other cells, including leukocytes
and endothelial cells, contribute to clotting by expressing the so-called pro-coagulant activity (PCA)
complex on their surface. The biochemical component of blood clotting is represented by the plasma
coagulation cascade, which includes plasma proteins also known as coagulation factors. The coordinated
interaction between platelets, leukocytes, endothelial cells, and plasma coagulation factors is necessary for
maintaining hemostasis and for preventing excessive bleeding. Undesirable activation of all or some of these
components may lead to pathological blood coagulation and life-threatening conditions such as consump-
tive coagulopathy or disseminated intravascular coagulation (DIC). In contrast, unintended inhibition of
the coagulation pathways may lead to hemorrhage. Thrombogenicity is the property of a test material to
induce blood coagulation by affecting one or more elements of the clotting process. Anticoagulant activity
refers to the property of a test material to inhibit coagulation. The tendency to cause platelet aggregation,
perturb plasma coagulation, and induce leukocyte PCA can serve as an in vitro measure of a nanomaterial’s
likelihood to be pro- or anticoagulant in vivo. This chapter describes three procedures for in vitro analyses of
platelet aggregation, plasma coagulation time, and activation of leukocyte PCA. Platelet aggregation and
plasma coagulation procedures have been described earlier. The revision here includes updated details about
nanoparticle sample preparation, selection of nanoparticle concentration for the in vitro study, and updated
details about assay controls. The chapter is expanded to describe a method for the leukocyte PCA analysis
and case studies demonstrating the performance of these in vitro assays.

Key words Nanoparticles, Thrombogenicity, Platelet aggregation, Platelet, Blood, Plasma coagula-
tion, Coagulation factors, Leukocyte procoagulant activity, Thrombosis, Disseminated intravascular
coagulation, DIC

1 Introduction

Formation of a thrombus is a natural mechanism to prevent blood
loss upon blood vessel damage. However, when a thrombus is
caused by other conditions (e.g., thrombocytosis or a foreign
material or drug), it may lead to a life-threatening condition such

Scott E. McNeil (ed.), Characterization of Nanoparticles Intended for Drug Delivery, Methods in Molecular Biology,
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as stroke. Undesirable formation of a blood clot may result in
partial or complete occlusion of a blood vessel, congestion and at
later time points a hemorrhage. Hemorrhage can also result from
inhibition of normal blood clotting by certain materials and drugs.
Inhibition of blood coagulation is needed to prevent thrombosis,
while activation of coagulation is required to prevent a hemorrhage.
In health, the pro- and anticoagulant pathways are balanced to
maintain hemostasis. Blood clotting is a complex process and
involves multiple components. The key players include platelets,
leukocytes, endothelial cells, and plasma coagulation factors. Plate-
lets are small cells (~2 μm in size), which originate from megakar-
yocytes in the bone marrow. Previous studies have demonstrated
that some nanomaterials can cause platelet aggregation and that
this property largely depends on particle surface characteristics [1].
Procoagulant activity (PCA) of leukocytes, endothelial cells, and
some cancer cells is accepted as an important component in the
onset of disseminated intravascular coagulation (DIC). DIC is
common in acute promyelocytic leukemia (APL) and other forms
of cancer [2–6]. DIC in cancer patients is often observed after
initiation of therapy with cytotoxic oncology drugs that act by
altering DNA replication (e.g., doxorubicin, daunorubicin, and
vincristine) [4, 7]. Cytotoxic oncology drugs acting by other
mechanisms (e.g., methotrexate and paclitaxel) do not induce
DIC [8, 9]. DIC is also a common complication in sepsis
[10–13]. Cytotoxic drugs (doxorubicin, daunorubicin, and vincris-
tine) and endotoxin have previously been shown to induce leuko-
cyte PCA in vitro and DIC in vivo [14–22].When nanoparticles are
used for delivery of cytotoxic drugs, induction of the leukocyte
PCA can be reduced. However, some carriers are not immunologi-
cally inert and can exaggerate this toxicity [23]. Nanoparticles may
also contain traces of endotoxin. Besides being a pro-coagulant
itself, endotoxin even at low concentrations can induce stronger
leukocyte PCA when combined with certain nanocarriers [23].
Some nanocarriers may affect more than one component of the
coagulation cascade. For example, cationic PAMAM dendrimers
activate platelets and induce platelet aggregation as well as exagger-
ate endotoxin-mediated PCA [23, 24]. Platelet activation and
aggregation and leukocyte PCA are commonly used to assess
material/drug-mediated thrombogenicity. In vitro–in vivo correla-
tion for these methods have been described earlier [25].

Plasma coagulation cascade is complex. It involves multiple
coagulation factors, whose function is coordinated in several path-
ways. The three main pathways are intrinsic (also known as the
contact activation pathway, because it is activated by a damaged
surface); extrinsic (also known as the tissue factor pathway); and the
final common pathway. Each pathway can be assessed by a
specialized test. For example, the activated partial thromboplastin
time (APTT) assay is used to assess the intrinsic pathway, while the
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prothrombin time (PT) assay is a measure of the extrinsic pathway.
Extrinsic and intrinsic pathways converge into the common path-
way. Thrombin time (TT) is an indicator of the functionality of the
final common pathway. Each pathway involves many coagulation
factors, some of which overlap between pathways. The assays mea-
suring plasma coagulation in APTT, PT, and TT pathways are used
in the clinic to assess functionality and reveal deficiency of plasma
coagulation factors. The APTT assay assesses the functionality of
factors XII, XI, IX, VIII, X, V, and II. The PT assay assesses the
activity of factors VII, X, V, and II. All three assays assess the role of
fibrinogen. Prolongation of PT and APTT ex vivo is used as a
diagnostic marker for DIC [26]. Prolongation of the coagulation
pathways in response to a test material in vitro suggests that the test
material may interact with and inhibit plasma coagulation path-
ways. Since nanoparticle interaction with plasma proteins may
result in a change in the protein function, the coagulation assays
can be used to assess nanoparticle ability to interfere with normal
plasma coagulation. It is important not to over-interpret the results
of the in vitro plasma coagulation tests for nanoparticles. The
positive response obtained for a given nanoformulation in vitro
using PT, APTT, and TT assays described in this protocol have to
be verified in vivo. Altogether, plasma coagulation, platelet aggre-
gation, and leukocyte PCA assays can be used to assess the compat-
ibility of a test nanomaterial with blood.

In this chapter, we describe three in vitro methods for analysis
of a nanoparticle’s propensity to affect blood coagulation. These
methods include analysis of the nanoparticle’s ability to: (1) induce
platelet aggregation or interfere with collagen-induced platelet
aggregation (Fig. 1), (2) affect the plasma coagulation cascade
(Fig. 2), and (3) trigger leukocyte PCA (Fig. 3). All assays are
based on human blood derived from healthy donor volunteers.

Fig. 1 Schematic diagram of platelet aggregation assay. This figure outlines the main steps of the platelet
aggregation assay. PRP platelet-rich plasma, Z2 counter commercial cell and particle counter
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Platelet aggregation and plasma coagulation assays have been
described earlier [27]. This chapter presents the revised version of
these methods to include updated details about nanoparticle sam-
ple preparation, selection of nanoparticle concentration for the
in vitro study, and updated details about assay controls as well as
to describe a protocol for the assessment of leukocyte PCA.

Fig. 2 Schematic diagram of coagulation time measurement. This figure outlines the main steps of the plasma
coagulation assay

Fig. 3 Schematic diagram of Leukocyte Procoagulant Activity Assay. This figure outlines the main steps of the
two-day procedure used to analyze leukocyte procoagulant activity. PBMC peripheral blood mononuclear cell
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2 Materials

When planning coagulation experiments, it is important to review
Subheading 5. Notes 1–9 contain technical details helpful in
understanding the nuances of individual assay. Note 10 provides
a reference to reagents used in the NCL.

2.1 Platelet

Aggregation Assay

1. 5 μm calibration standard. This reagent is needed to set up and
qualify the instrument.

2. Isoton II diluent.

3. Coulter Clenz solution. This reagent is needed to clean the
instrument after use.

4. Freshly drawn human whole blood anticoagulated with sodium
citrate.

5. Collagen.

6. RPMI-1640 Cell Culture Media.

7. Phosphate buffered saline (PBS).

8. Blood cell counter vials with snap caps.

9. 50 μm aperture tube.

10. Particle count and size analyzer.

2.2 Plasma

Coagulation Assay

1. Human blood from at least three donors, anticoagulated with
sodium citrate.

2. Neoplastine Cl. This reagent is supplied as lyophilized powder
along with reconstitution buffer. Reconstitute according to the
manufacturer’s instructions and use fresh or refrigerate and use
within the time specified by the manufacturer.

3. Thrombin.

4. 0.025 M CaCl2.

5. Owren-Koller Buffer.

6. PTTa reagent.

7. Normal and abnormal control plasma (CoagControl
N + ABN).

8. RPMI-1640 Cell Culture Media.

9. PBS.

10. 5 mL Finntip pipette tips (ThermoScientific).

11. 4-well cuvettes.

12. Coagulometer (see Note 1).

13. Metal balls for coagulometer (see Note 1).
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2.3 Leukocyte PCA

Assay

1. Human blood from at least three donors, anticoagulated with
Li-heparin for peripheral blood mononuclear cell (PBMC)
isolation and anticoagulated with sodium citrate for plasma
coagulation test.

2. Ficoll-Paque Plus.

3. PBS.

4. Heat-inactivated fetal bovine serum (FBS). Thaw a bottle of
FBS at room temperature or thaw overnight at 2–8 �C and
allow to equilibrate to room temperature. Incubate for 30 min
at 56 �C in a water bath, mixing every 5 min. Fifty mL single-
use aliquots may be stored at 2–8 �C for up to 1 month or at a
nominal temperature of �20 �C indefinitely.

5. Complete RPMI-1640 medium: 10% FBS (heat inactivated),
2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL
streptomycin sulfate. Store at 2–8 �C protected from light for
no longer than 1 month. Before use, warm in a water bath.

6. 1 mg/mL Lipopolysaccharide (LPS, Stock). Add 1 mL of
sterile PBS or cell culture medium per 1 mg of LPS to the vial
and vortex to mix. Store daily-use aliquots at a nominal tem-
perature of �20 �C.

7. Buffer A: Prepare Buffer A by dissolving NaCl to a final con-
centration of 150 mM and CaCl2 to a final concentration of
6.6 mM in 20 mM HEPES, pH 7.4.

8. Hanks balanced salt solution (HBSS).

9. Trypan Blue solution.

10. Neoplastine Cl. This reagent is supplied as lyophilized powder
along with reconstitution buffer. Reconstitute according to the
manufacturer’s instructions and use fresh or refrigerate and use
within the time specified by the manufacturer.

11. CoagControl N + ABN (Diagnostica Stago).

12. Calcium ionophore.

13. 5 mL Finntip pipette tips (ThermoScientific).

14. 4-well cuvettes.

15. Coagulometer (see Note 1).

3 Methods

3.1 Preparation of

Study Samples

The concentrations used in these assays are based on an estimated
plasma concentration in an average human patient at the intended
therapeutic dose. For the purpose of this chapter, we refer to this
concentration as the theoretical plasma concentration. Assump-
tions and considerations for estimating theoretical plasma concen-
tration were reviewed elsewhere [25] and are summarized in Box 1.
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Each assay evaluates a nanoparticle formulation at four concentra-
tions: 10� (or when feasible 100�, 30�, or 5�) of the theoretical
plasma concentration, theoretical plasma concentration, and 25-
fold serial dilutions of the theoretical plasma concentration. When
the intended therapeutic concentration is unknown, the highest
final concentration is 1 mg/mL or the highest reasonably achiev-
able concentration.

1. Platelet Aggregation Assay
This assay requires 0.4 mL of nanoparticle solution, at 5� the
highest test concentration. The nanoparticles should be dis-
solved/resuspended in RPMI, or other medium, which does
not interfere with platelet aggregation. For example, if the final
theoretical plasma concentration to be tested is 0.2 mg/mL,
then a stock of 10 mg/mL will be prepared and diluted 10-fold
(1 mg/mL), followed by two 5-fold serial dilutions (0.2 and
0.04 mg/mL). When 25 μL of each of these samples is added
to the test tube and mixed with 0.1 mL of plasma, the final
nanoparticle concentrations tested in the assay are: 2.0, 0.2,
0.04, and 0.008 mg/mL. Three 25 μL replicates are tested per
each sample concentration.

2. Plasma Coagulation Assay
This assay requires 500 μL of nanoparticles, at a concentration
10� that of the highest tested concentration, dissolved/resus-
pended in PBS or other relevant media. For example, if the final
theoretical plasma concentration to be tested is 0.2 mg/mL,
then a stock of 20 mg/mL will be prepared and diluted 10-fold
(2 mg/mL), followed by two 5-fold serial dilutions (0.4 and

Box 1 Example calculation of nanoparticle concentration. Reproduced with permission from ref. 25
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0.08 mg/mL). When 0.1 mL of each of these samples is added
to the test tube and mixed with 0.9 mL of plasma, the final
nanoparticle concentrations tested in the assay are: 2.0, 0.2,
0.04, and 0.008 mg/mL.

3. Leukocyte PCA Assay
This assay requires 1.5 mL of the test nanoparticles dissolved/
resuspended in complete culture medium at a concentration
10� of the highest tested concentration. For example, if the
final theoretical plasma concentration to be tested is 0.2 mg/
mL, then a stock of 20 mg/mL will be prepared and diluted
10-fold (2 mg/mL), followed by two serial 5-fold dilutions
(0.4 and 0.08 mg/mL). When 400 μL of each of these samples
is combined in a culture plate well with 3.6 mL of cells, the final
concentrations of nanoparticles are 0.008, 0.04, 0.2, and
2 mg/mL. Each nanoparticle concentration is plated in
duplicate.

3.2 Preparation of

Plasma

During the blood collection procedure, the first 10 mL of blood
should be discarded. This is necessary to avoid activation of cells
and plasma biochemical cascades (e.g., complement) by venipunc-
ture procedure. Exposure of either blood or plasma to extreme
temperatures (<20 �C or >37 �C) may affect the quality of test
results and should be avoided. Below we describe preparation
procedures specific for each protocol.

1. Platelet Aggregation Assay
You will need three types of plasma to perform this experiment:
platelet-rich plasma (PRP), platelet poor plasma (PPP), and
platelet free plasma (PFP). Plasma from individual donors can
be analyzed separately or pooled together. Pooled plasma is
prepared by mixing plasma from at least two individual donors.
For initial screening experiments we use pooled plasma. Analy-
sis of plasma from individual donors may be needed for mech-
anistic follow-up experiments. Blood is drawn into vacutainer
tubes containing sodium citrate as an anticoagulant. Estimate
the volume of PRP and PFP needed for this experiment based
on the number of test samples. Keep in mind that each 10 mL
of whole blood produces ~2 mL of PRP and ~5 mL of PPP.
Based on the volume of each type of plasma, divide the vacu-
tainer tubes containing whole blood into two groups. Use one
group to make PRP and use the second group to make PPP,
which is needed to produce PFP. Follow the guidance below
for centrifugation time and speed used to prepare each type of
plasma.
PRP—centrifuge whole blood at 200 � g for 8 min, collect
plasma and transfer to a fresh tube (see Note 2).
PPP—centrifuge whole blood at 2500 � g for 10 min, collect
plasma and transfer to a fresh tube.
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PFP—centrifuge PPP at 18,000 � g for 5 min, collect plasma
and transfer to a fresh tube.

2. Plasma Coagulation Assay—Normal Test Plasma Preparation
Use freshly collected whole blood within 1 h after collection.
Spin the blood for 10 min at 2500 � g at 20–22 �C, collect
plasma and pool from at least two donors. Pooled plasma is
stable for 8 h at room temperature. Do not refrigerate or
freeze. The assay can also be performed in the plasma from
individual donors when needed for mechanistic follow-up
experiments. Analyze two duplicates (four total samples) of
test plasma in each of the coagulation assays. Run one duplicate
before the nanoparticle samples analysis and the second dupli-
cate at the end of each run to verify that the plasma functional-
ity is not affected throughout the duration of the experiment.

3. Plasma Coagulation Assay—Normal and Abnormal (Coag
N + ABN) Control Plasma Preparation
Reconstitute each of the lyophilized control plasmas with 1 mL
of distilled water. Let the solutions stand at room temperature
30 min prior to use. Mix thoroughly before use. Keep the
unused portion refrigerated and use within 48 h after reconsti-
tution. These plasma samples are used as instrument controls.

4. Plasma Coagulation Assay—Nanoparticle-Treated Normal
Test Plasma Preparation
In a microcentrifuge tube, combine 100 μL of nanoparticles
and 900 μL of test plasma. Mix well and incubate for 30 min at
37 �C. Prepare three tubes for each test sample (i.e., when each
nanoparticle is tested at four concentrations, one needs three
tubes for each concentration for a total of 12 tubes per test
nanoparticle) (see Note 3).

5. Leukocyte PCA Assay—Normal Plasma
Blood should be collected from the same donors used on Day
One of the experiment for PBMC preparation. Use freshly
collected whole blood within 1 h after collection. Spin the
blood for 10 min at 2500 � g at 20–22 �C. Collect plasma
and label with individual donor number. This plasma is stable
for 8 h at room temperature. Do not refrigerate or freeze.
Autologous plasma is ideal for this assay. The plasma derived
from an individual donor is used to induce coagulation by
PBMC prepared from the same donor. If the use of autologous
plasma is not feasible, plasma pooled from at least two donors
can be used instead of individual donor plasma.

6. Leukocyte PCA Assay—Normal and Abnormal (Coag
N + ABN) Control Plasma
Reconstitute each of the lyophilized control plasmas with 1 mL
of distilled water. Let the solutions stand at room temperature
30 min prior to use. Mix thoroughly before use. Keep the
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unused portion refrigerated and use within 48 h after reconsti-
tution. These plasma samples are used as instrument controls.
The difference between this test and the plasma coagulation
described in step 3 of this section is that this assay will require
normal and abnormal controls for the PT assay only.

3.3 Preparation of

Controls

1. Platelet Aggregation Assay—Negative Control (PBS)
Sterile Ca2+/Mg2+-free PBS is used as a negative control. Store
at room temperature for up to 6 months.

2. Platelet Aggregation Assay—Vehicle Control (relevant to the
given nanoparticle)
When nanoparticles are formulated in solutions other than
saline or PBS, the vehicle of the sample should be tested
separately to estimate the effect of excipients on platelet aggre-
gation. This control is specific to each given nanoparticle sam-
ple. Vehicle control should match the formulation buffer of the
test nanomaterial in both the composition and concentration.
Dilute this sample the same way you dilute the test nanomater-
ials. If PBS is the vehicle, this control can be skipped.

3. Platelet Aggregation Assay—Positive Control (collagen)
Collagen is provided as a solution with a final concentration of
100 μg/mL contained in sealed glass vials. Keep it at a nominal
temperature of 4 �C. After opening, the contents of the vial
should be used within 4 weeks.

4. Plasma Coagulation Assay
Several reagents are used in this assay to initiate plasma coagu-
lation. They are assay-specific and include Neoplastine for PT
assay, PTTa-reagent for APTTassay, and thrombin for TT assay.
These reagents are supplied as lyophilized powders. Reconsti-
tute the reagents according to the manufacturer’s instructions
and use fresh or refrigerate and use within the time specified by
the manufacturer.

5. Leukocyte PCA Assay—Positive Control
Dilute stock LPS solution in cell culture medium to a final
concentration of 1 μg/mL. Store at room temperature. Dis-
card the unused portion after experiment. Alternatively, cal-
cium ionophore at a final concentration of 500 ng/mL can be
used.

6. Leukocyte PCA Assay—Negative Control
Use PBS as a negative control. Process it the same way as your
study samples.

7. Leukocyte PCA Assay—Coagulation Controls (Coag
N + ABN)
Reconstitute lyophilized control plasmas with 1 mL of distilled
water. Let the solutions stand at room temperature 30 min
prior to use. Mix thoroughly before use. Keep the unused
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portion refrigerated and use within 48 h after reconstitution.
These plasma samples are used as instrument controls.

8. Leukocyte PCA Assay—Vehicle Control
Vehicle control is the buffer or media used to formulate test
nanomaterials. Common excipients used in nanoformulations
are trehalose, sucrose, and albumin. However, other reagents
and materials are also used alone or in combination. Vehicle
control should match the formulation buffer of the test nano-
material by both composition and concentration. This control
can be skipped if nanoparticles are stored in PBS.

3.4 Preparation of

PBMCs for Leukocyte

PCA Assay

1. Place freshly drawn blood anticoagulated with Li-heparin into
15mL or 50mL conical centrifuge tubes. Add an equal volume
of room temperature PBS and mix well.

2. Slowly layer the Ficoll-Paque solution underneath the blood/
PBS mixture by placing the tip of the pipet containing the
Ficoll-Paque at the bottom of the blood sample tube. Alterna-
tively, the blood/PBS mixture may be slowly layered over the
Ficoll-Paque solution. Use 3 mL of Ficoll-Paque solution per
4 mL of blood/PBS mixture (see Note 4).

3. Centrifuge for 30 min at 900 � g at 18–20 �C without brake.

4. Using a sterile pipet, remove the upper layer containing plasma
and platelets, and discard.

5. Using a fresh sterile pipet, transfer the mononuclear cell layer
into another centrifuge tube.

6. Wash cells by adding an excess of HBSS and centrifuge for
10 min at 400 � g at 18–20 �C. The HBSS volume should be
about three times the volume of the mononuclear layer (see
Note 5).

7. Discard the supernatant and repeat the wash step (step 6
above) once more.

8. Resuspend cells in complete RPMI 1640 medium. Count an
aliquot of cells and determine viability using trypan blue
exclusion.

9. If cell viability is �80%, dilute cells in complete culture media
to a concentration of 3 � 106 cells/mL and proceed to step 1
of Subheading 3.7.

3.5 Platelet

Aggregation Assay

1. Prepare the Z2 instrument as described in the owner’s manual
(8). Pre-warm all racks and tubes to 37 �C.

2. Prepare PRP, PPP, and PFP as described in step 1 of Subhead-
ing 3.2, then proceed to the next step.

3. Part A (Nanoparticle Ability to Induce Platelet Aggregation):
In a microcentrifuge tube, combine: (1) 100 μL PRP with
25 μL test material; (2) 100 μL PRP with 25 μL of positive
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control (collagen); (3) 100 μL PRP with 25 μL of negative
control (PBS); and (4) 100 μL PRP with 25 μL of vehicle
control (a buffer or media used to formulate nanoparticle; if
nanoparticle is formulated in PBS, this sample can be skipped).
Prepare in triplicate for each sample.

4. Part B (Nanoparticle Ability to Interfere with Collagen-
Induced Platelet Aggregation): In a separate set of tubes com-
bine: (1) 100 μL of PRP with 50 μL of negative control (PBS);
(2) 100 μL of PRP with 25 μL of positive control (collagen)
and 25 μL of RPMI; (3) 100 μL of PRP with 25 μL of positive
control (collagen) and 25 μL of test nanomaterial; (4) 100 μL
PRP with 25 μL of vehicle control (a buffer or media used to
formulate nanoparticle; if nanoparticle is formulated in PBS,
this sample can be skipped) and 25 μL of RPMI. Prepare each
test combination in triplicate (see Note 6).

5. Part C (Assessment of Nanoparticle Interference with the Assay):
Prepare 1 control tube, by combining 100 μL of PFP and
25 μL of nanoparticle solution (see Note 7).

6. Briefly vortex all samples to mix ingredients and incubate for
15 min at a nominal temperature of 37 �C.

7. Add 10 mL of Isoton II diluent into a blood cell counter vial.
Prepare two vials for each sample replicate. Each replicate will
be diluted into two Isoton II containing vials and a platelet
count will be obtained using a Z2 counter. The mean response
will then be calculated for each replicate.

8. Add 20 μL of PRP treated with positive control, negative
control, vehicle control (if applicable), or test nanomaterial
prepared in steps 3–5 to the Isoton II containing vials from
step 5. Cover vials and gently invert them to mix diluted
samples.

9. Proceed with platelet count determination using the Z2
counter immediately (see Notes 8 and 9).

3.6 Plasma

Coagulation Assay

1. Set-up instrument test parameters for each of the four assays
(Table 1). Allow the instrument to warm up 5–10 min prior to
use.

2. Prepare all reagents and warm to 37 �C prior to use. Note that
lyophilized reagents should be reconstituted at least 30 min
prior to use.

3. Place cuvettes into A, B, C, and D test rows on the coagul-
ometer (see Note 1).

4. Add one metal ball into each cuvette and allow cuvette and ball
to warm for at least 3 min prior to use.

5. Add 100 μL of control or test plasma to a cuvette when testing
PTor thrombin time, and 50 μL when testing APTT (Table 1).
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Prepare two wells for each test tube prepared in step 4 of
Subheading 3.2.

6. This step is only for APTT: Add 50 μL of PTTa reagent to plasma
samples in cuvettes.

7. Start the timer for each of the test rows by pressing the A, B, C,
or D timer buttons. Ten seconds before the time is up, the
timer will beep. When this happens, immediately transfer cuv-
ettes to PIP row and press the PIP button to activate the
pipettor (see Note 1).

8. When time is up, add coagulation activation reagent to each
cuvette and record the coagulation time. Refer to Table 1 for
the type of coagulation activation reagent and volume for each
of the four assays.

3.7 Leukocyte PCA

Assay

Performing this experiment requires 2 days. Below we describe the
procedure for each of the days.

Day 1

1. Aliquot 3.6 mL of cell suspension into each well of a six-well
plate.

2. Add 400 μL of test nanoparticle, positive control, and negative
control to respective wells (Fig. 4).

3. Incubate cells with nanoparticles and controls for 24 h.

Fig. 4 Example of a plate map for Leukocyte Procoagulant Activity Assay. TS test
sample, NC negative control, PC positive control, VC vehicle control
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Day 2

4. At the end of the incubation time, remove cells from the
incubator, transfer cells into 5 mL tubes, and wash cells two
times with 1 mL of PBS. For each wash cycle, spin cells at
400 � g for 5 min.

5. After last wash, reconstitute cell pellet in 1 mL of Buffer A,
which usually results in a cell concentration of 10 � 106 cells/
mL and transfer cells into 20 mL scintillation vials or
equivalent.

6. Keep cell suspensions at room temperature. Place in an incuba-
tor set at 37 �C for 5–10 min prior to testing to warm up.
Transfer cells to the 37 �C chamber on the coagulometer when
ready to start.

7. Set-up the instrument test parameters as shown below:

Max Time: 360 s.
Incubation Time: 120 s.
Single/Duplicate: Duplicate.
Precision: 5%.

Allow instrument to warm up 5–10 min prior to use.

8. Prepare all reagents and cells, and warm them up to 37 �C prior
to use. Note that lyophilized reagents should be reconstituted
at least 30 min prior to use. It is not advised to keep more than
10 cell samples at 37 �C at on time.

9. Place cuvettes into A, B, C, and D test rows on the coagul-
ometer (see Note 1).

10. Add one metal ball into each cuvette and allow to warm for at
least 3 min before use.

11. Add 100 μL of test plasma from step 5 of Subheading 3.2 or
control plasma from step 6 of Subheading 3.2 to a cuvette.
Prepare one cuvette (1 strip, 4 wells) for each plasma sample.

12. Start timer for each of the test rows by pressing A, B, C, or D
buttons. Ten seconds before the time is up, the timer will start
beeping. When this happens, immediately transfer cuvettes to
PIP row and press PIP button to activate pipettor.

13. When time is up, add 100 μL of Neoplastine reagent to control
plasma samples or 100 μL of cell suspension from step 6 above
in lieu of coagulation activation reagent to corresponding
cuvettes.

14. Record coagulation time.
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4 Calculations and Data Interpretation

Examples of the data generated using individual assays described in
this chapter are shown in Figs. 5, 6, and 7. A percent coefficient of
variation should be calculated for each control or test sample for all
three assays. This parameter is calculated according to the following
formula:

%CV ¼ SD

Mean
� 100%

%CV between replicates of test plasma samples should be
within 25%. Test samples with %CV greater than 25 should be re-
analyzed. This assay performance requirement is based on the
requirements for bioanalytical method validation guidance for
industry [28].

Other formulas and data interpretation are assay-specific and
are discussed below.

4.1 Platelet

Aggregation Assay

The following parameters should be calculated for each control and
test sample:

1. Platelet Count:

5� Instrument count value

100
¼ #Platelets� 109=L

Fig. 5 Example of data generated using the in vitro Platelet Aggregation Assay. This figure shows induction of
platelet aggregation by cationic, generation 5 PAMAM dendrimers with various degrees of surface
modification. TS1–TS4 refer to the dendrimers with 25, 50, 75, and 100% surface amines, respectively. In
this case study, all samples were assessed at the same concentration 50 μg/mL. The purpose of this
experiment was to estimate the role of nanoparticle surface properties. Shown is the mean response and
standard deviation (N ¼ 3). Control N—normal plasma standard: negative control—PBS, Control P: positive
control—collagen
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Fig. 6 Example of data generated using the in vitro Plasma Coagulation Assay. A test nanoparticle was
evaluated in this assay at four different concentrations on: (a) prothrombin time [PT], (b) activated partial
thromboplastin time [APTT], and (c) thrombin time. The concentrations are shown in mg/mL of the active
pharmaceutical ingredient (API) formulated using a nanoparticle platform. At high concentrations, it resulted in
prolongation of plasma coagulation time in all tests. Based on the results of this assay, the nanoparticle was
selected for follow-up studies to investigate its effects on plasma coagulation factors. The prolongation was
subsequently attributed to the binding and inhibition of plasma coagulation factors. Shown is the mean
response and the standard deviation (N ¼ 3). Untreated: sample untreated with nanoparticles, Control N:
normal plasma standard, Control P: abnormal plasma standard
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This formula is based on the instrument manufacturer’s
instructions [29]. If other instrument and/or sample volume
is used, the formula may require an adjustment.

2. Percent Platelet Aggregation:

Platelet countnegative control � Platelet counttest sample

� �

Platelet countnegative control
� 100%

3. For a positive sample, the assay threshold is 20%. Percent
platelet aggregation values above 20% are considered positive,
i.e., test material induces platelet aggregation.

4. There is no formal guidance on what degree of inhibition
of collagen-induced platelet aggregation is considered
significant. Apply scientific judgment to interpret results from
part B (step 4 of Subheading 3.5) of the study. Statistically
significant inhibition does not necessarily mean it is physiolog-
ically relevant. If an inhibition is observed one should
consider a relevant follow-up in vivo study to verify in vitro
findings.

4.2 Plasma

Coagulation Assay

1. Normal and abnormal control plasma should coagulate within
the time established by the certifying laboratory (e.g., for most
batches of control plasmas, normal coagulation time in the PT
assay is �13.4 s, APTT is �34.1 s and Thrombin is � 21 s;
abnormal control plasma coagulation time should be above
these limits). When normal and abnormal control plasma per-
form as described above and untreated plasma sample

Fig. 7 Example of data generated using the in vitro Leukocyte Procoagulant Activity Assay. This figure shows a
case study investigating the induction of leukocyte PCA by a nanoformulation. The nanoformulation was
studied at three concentrations. The concentrations are shown in mg/mL of the active pharmaceutical
ingredient (API) formulated using a nanoparticle platform. At two high concentrations, this formulation
induced leukocyte PCA in PBMC from all tested donors. Shown is the mean response and the standard
deviation (N ¼ 3). NC: negative control—PBS, PC: positive control—LPS solution
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coagulates within normal time limits, both the instrument and
the test plasma are qualified for use in this test.

2. Nanoparticles have no effect on the assay coagulation cascade
when coagulation time of the test plasma samples after expo-
sure to nanoparticles is within the normal limits.

3. Prolongation of the plasma coagulation time in plasma samples
exposed to nanoparticles suggests that the test particle either
depletes or inhibits coagulation factors. There is no guidance
on the degree of prolongation; but in general, a prolongation
of two fold or more than that in the untreated control is
considered physiologically significant.

4.3 Leukocyte

Procoagulant Activity

Assay

1. A percent procoagulant activity of a nanoparticle test sample is
calculated according to the following formula:

%PCA¼Meantimepositive control sample

Meantimetest sample
� 100%

2. The positive control is considered positive if the coagulation
time in this sample is less than 360 s. Coagulation time of
PBMC treated with LPS may vary from donor to donor. Typi-
cal coagulation times observed in our lab with PBMC treated
with 1 μg/mL LPS is 200–300 s, while that induced by iono-
phore is about 150 s.

5 Notes

1. The protocol is based on the semi-automatic STArt4 coagul-
ometer from Diagnostica Stago [30]. If using a different
instrument, please follow the operational guidelines recom-
mended by the instrument manufacturer.

2. PRP must be prepared as soon as possible and no longer than
1 h after blood collection. PRP must be kept at room tempera-
ture and should be used within 4 h.

3. Insoluble nanoparticles, which can be separated from the bulk
plasma by centrifugation, may be removed by spinning the test
tubes for 5 min at 18,000 � g. It is assumed that any proteins
involved in the coagulation process and adsorbed onto the
particle surface will be removed from the sample in this step
and the consequences of such binding on the plasma coagula-
tion pathways will be assessed. Often, nanoparticles are soluble
or modified with poly(ethylene glycol), and therefore cannot
be easily separated from plasma at the end of the incubation
step. In this case, the sample analysis can proceed to the next
step in the test procedure without centrifugation.
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4. To maintain Ficoll–blood interface, it is helpful to hold the
tube at 45� angle.

5. Typically, 4 mL of blood/PBS mixture results in about a 2 mL
mononuclear layer and requires 6mLofHBSS for thewash step.

6. The final concentration of nanoparticles in this case is slightly
(1.2 times) lower than that tested in part A. If there is a reason
to expect that this difference will affect the test results, adjust
the concentration of the stock nanoparticles accordingly.

7. If nanoparticles aggregate to micron size particulates, they
either create an artificially high number of single platelet
count (if the aggregates resemble the platelet size and pass
the aperture) or will not pass through the aperture and prevent
accurate counting of single platelets, resulting in false-negative
or false-positive result, respectively.

8. Dilutions of tested samples and controls should be performed
ex tempore. Counts should be performed within 2 h after
removing from the incubator. When planning the experiment,
take into account that analysis of one nanoparticle sample with
all controls takes approximately 1 h. If the nanoparticle inter-
feres with the assay and results in clogging of the aperture,
additional time will be needed to clean the instrument and
continue counts. This is not a high-throughput screening
assay. Plan your time accordingly.

9. Perform platelet count of the blank PRP used for the experi-
ment in the beginning and the end of the run to confirm that
the quality of plasma is not affected by storage and handling.
Normal platelet count in human plasma should be between
125 and 690 � 109/L (8). Average platelet count in our
experiments is between 300 and 450 � 109/L.

10. NCL does not endorse suppliers. However, we found that a
new user benefits from knowing catalog information of
reagents used in our assays. If you need ideas of what reagents
are used at the NCL, please review NCL methods ITA-2, ITA-
12, and ITA-17 available at https://ncl.cancer.gov/resources/
assay-cascade-protocols. When other reagents are used, the
assay performance may change. When using reagents and
instruments from sources other than that used in our proto-
cols, assay performance qualification is needed to verify the
assay functionality and validity.
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Chapter 11

In Vitro Analysis of Nanoparticle Effects on the Zymosan
Uptake by Phagocytic Cells

Timothy M. Potter, Sarah L. Skoczen, Jamie C. Rodriguez, Barry W. Neun,
Anna N. Ilinskaya, Edward Cedrone, and Marina A. Dobrovolskaia

Abstract

This chapter provides a protocol for analysis of nanoparticle effects on the function of phagocytic cells. The
protocol relies on luminol chemiluminescence to detect zymosan uptake. Zymosan is an yeast particle
which is typically eliminated by phagocytic cells via the complement receptor pathway. The luminol, co-
internalized with zymosan, is processed inside the phagosome to generate a chemiluminescent signal. If a
test nanoparticle affects the phagocytic function of the cell, the amount of phagocytosed zymosan and,
proportionally, the level of generated chemiluminescent signal change. Comparing the zymosan uptake of
untreated cells with that of cells exposed to a nanoparticle provides information about the nanoparticle’s
effects on the normal phagocytic function. This method has been described previously and is presented
herein with several changes. The revised method includes details about nanoparticle concentration selec-
tion, updated experimental procedure, and examples of the method performance.

Key words Nanoparticle, Phagocytosis, Immunosuppression, Zymosan A

1 Introduction

Phagocytosis is a receptor-mediated endocytosis unique to the
phagocytic cells, e.g., cells of the mononuclear phagocytic system
(MPS) [1]. Phagocytosis is an active process and requires actin
polymerization. There are four primary receptors which mediate
phagocytic uptake. Phagocytosis via three of these receptors (com-
plement receptor (CR), FcγR receptor, and mannose receptor
(MR)) is accompanied by inflammatory reactions and cytokine
secretion. Phagocytosis via the fourth receptor (scavenger receptor
(SR)) is not accompanied by inflammatory responses [1]. Inhibition
or suppression of the normal phagocytic function by a test material
(e.g. a drug) may lower the host’s response to pathogens and
transformed cells, and therefore poses a safety concern. Investiga-
tion of nanoparticle effects on the normal phagocytic process is
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among tests used to establish the safety profile of nanotechnology-
formulated drugs and devices. The protocol presented in this
chapter was initially described for the analysis of nanoparticle uptake
and is based on the luminol reagent [2]. Luminol is a dye which is
not luminescent unless exposed to the low pH of the phagolyso-
some. The chemiluminescent signal generated by the cells is pro-
portional to the amount of test material co-internalized with the
luminol. Despite the previous use of this procedure to study nano-
particle uptake [3–5], over recent years, it became evident that
internalization of most nanoparticles by the phagocytic cells
involves multiple routes and is not limited to phagocytosis [6].
Moreover, due to their small size, the amount of luminol co-
ingested by phagocytes during nanoparticle uptake is relatively
low. Altogether, these facts limit the sensitivity of the luminol-
based assay for monitoring nanoparticle uptake. Herein, we present
the revised procedure (Fig. 1). In the updated method, HL-60
promyelocytic cells are used as the model phagocytic cell line, and
zymosan A is used as model bioparticle. The phagocytic activity of
untreatedHL-60 cells and the cells exposed to the test nanomaterial
is visualized by monitoring zymosan uptake in the presence of the
luminol reagent. Nanoparticles may either enhance or inhibit the
function of phagocytic cells. Such effects are identified by compar-
ing the zymosan uptake in control cells with that of the cells exposed
to tested nanomaterials 24 h before the addition of zymosan. Nano-
particles, which demonstrate the ability to inhibit phagocytosis of
zymosan, may be immunosuppressive. The results of this in vitro
method can be used to justify in vivo follow-up studies to verify the
consequences of nanoparticle challenge on host immunity.

Fig. 1 Schematic illustration of the method described in this chapter
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2 Materials

1. Phosphate buffered saline (PBS).

2. 2 mg/mL Zymosan A stock solution diluted in PBS. Use
freshly prepared.

3. Heat-inactivated fetal bovine serum (FBS). Thaw a bottle of
FBS at room temperature or overnight at 2–8 �C and allow to
equilibrate to room temperature. Incubate for 30 min at 56 �C
in a water bath, mixing every 5 min. Single-use aliquots may be
stored at 2–8 �C for up to 1 month or at a nominal temperature
of �20 �C indefinitely.

4. Complete RPMI-1640: 20% FBS (heat inactivated), 4 mM L-
glutamine, 100U/mL penicillin and 100 μg/mL streptomycin
sulfate. Store at 2–8 �C protected from light for no longer than
1 month. Before use, warm in a water bath.

5. Trypan Blue solution

6. Human AB serum or plasma pooled from at least three donors.

7. 10 mM Luminol stock in DMSO. Prepare single-use aliquots
and store at �20 �C. Protect from light.

8. 250 μM Luminol working solution diluted in PBS. On the day
of the experiment, thaw an aliquot of luminol stock solution
and dilute with PBS to a final concentration of 250 μM, e.g.,
add 250 μL of 10 mM stock into 9.750 mL of PBS. Protect
from light. Discard unused portion.

9. Flat bottom 96-well white luminescence plates.

10. HL-60 promyelocytic cells.

11. Hemocytometer.

12. Gel-pack (see Note 1).

13. Plate reader capable of working in luminescence mode (see
Note 2).

3 Methods

3.1 Preparation of

Reagents and Controls

1. Prepare oponized Zymosan A solution. Combine Zymosan A
stock and human AB serum or plasma. Use 1 mL of serum/
plasma per each 0.5 mL of zymosan A stock. Incubate Zymo-
san A with serum/plasma for 30 min at 37 �C. Wash Zymosan
A particles with PBS (use 1 mL of PBS per each 0.5 mL of
original zymosan stock and a centrifuge setting of 2000 � g
for 2 min) and resuspend in PBS to a final concentration of
2 mg/mL.

2. Prepare negative control sample. Use PBS as a negative control.
Process this control the same way as test nanoparticle.

Effects on Phagocytosis 127



3. Prepare vehicle control sample. Vehicle control is the buffer or
media used to formulate test nanomaterials. Common excipi-
ents used in nanoformulations are trehalose, sucrose, and albu-
min. However, other reagents and materials are also used alone
or in combination. Vehicle control should match the formula-
tion buffer of the test nanomaterial by both composition and
concentration. This control can be skipped if nanoparticles are
stored in PBS.

3.2 Preparation of

Nanoparticle Samples

This assay requires 2 mL of nanoparticles at 5� the highest test
concentration dissolved/resuspended in PBS. The concentration is
selected based on the plasma concentration of the nanoparticle at
the intended therapeutic dose. For the purpose of this protocol,
this concentration is called “theoretical plasma concentration.”
Considerations for estimating theoretical plasma concentration
were reviewed elsewhere [7] and are summarized in Box 1. The
assay will evaluate 4 concentrations: 10� (or when feasible 5�,
30�, 100�) of the theoretical plasma concentration, theoretical
plasma concentration, and two 5-fold serial dilutions of the theo-
retical plasma concentration. When the intended therapeutic con-
centration is unknown, the highest final concentration is 1 mg/mL
or the highest reasonably achievable concentration. For example, if
the final theoretical plasma concentration to be tested is 0.2 mg/
mL, then a stock of 10 mg/mL will be prepared and diluted
10-fold (1 mg/mL), followed by serial 5-fold dilutions (0.2 and
0.04 mg/mL). When 200 μL of each of these samples are com-
bined in a culture plate well with 800 μL of cells, the final concen-
trations of nanoparticles are 0.008, 0.04, 0.2, and 2 mg/mL. Each
nanoparticle concentration is plated six times.

Box 1 Example calculation of nanoparticle concentration for this in vitro test. Reproduced with permission
from ref. 7
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3.3 Preparation of

Cells

HL-60 is a non-adherent promyelocytic cell line derived by S.J.
Collins, et al. from a patient with acute promyelocytic leukemia [8].
Cultures can be maintained by the addition of fresh medium or
replacement of medium. Alternatively, cultures can be established
by centrifugation with subsequent resuspension at 1 � 105 viable
cells/mL. Do not allow cell concentration to exceed 1 � 106 cells/
mL. Maintain cell density between 1 � 105 and 1 � 106 viable
cells/mL. On the day of the experiment, count cells using trypan
blue. If the cell viability is �90% proceed to the next step.

3.4 Chemilumine-

scent Assay of

Nanoparticle Effects

on the Zymosan

Uptake by Phagocytic

Cells

The experimental procedure involves 2 days.

Day 1

1. Adjust cell concentration to 1.25 � 106 cells per mL using
complete medium.

2. Plate 800 μL of the cell suspension per well on a 24-well plate.
Prepare 6 wells for each nanoparticle concentration, vehicle
control, negative control and 8 wells for untreated cells. Refer
to Fig. 2 for example of a plate map.

3. Add 200 μL of test samples to corresponding wells. Cover the
plates and incubate at 37 �C overnight (18–24 h).

Day 2

4. Turn on plate reader, allowing it to warm up to 37 �C. Place an
empty white 96-well test plate inside the plate reader chamber,
allowing it to warm to 37 �C as well. Set up the instrumental
parameters.

5. Harvest cells from step 3 into Eppendorf tubes and wash twice
with PBS to remove nanoparticles. Do not pool the content of
individual wells within the treatment group; each well serves as
a separate replicate.

6. After the last wash, reconstitute the cell pellet in 240 μL of
complete media. Use 20 μL of this suspension to determine cell
count and viability by acridine orange/propidium iodide (AO/
PI) staining or other relevant procedure.

7. Adjust cell concentration to 0.9–1 � 107 cell/mL using com-
plete medium. Keep at room temperature.

8. Plate 100 μL of cell suspension per well on the 96-well white
plate pre-warmed in step 1. Prepare 4 wells with 100 μL of PBS
for no cell control and another 4 wells with 200 μL of PBS for
Luminol only. Refer to Fig. 2 as an example of a plate map
(see Note 3).

9. Add 100 μL of Luminol working solution to each well (see
Note 3).
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Fig. 2 Example plate layout. The wells are labeled as follows: NC for negative control (PBS), VC for vehicle
control, TS for test sample
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10. Using a multichannel pipette, quickly add 100 μL of opsonized
Zymosan A from step 1 of Subheading 3.1 to all wells except
for the blank wells (see Note 4).

11. Start kinetic reading on a luminescence plate reader immedi-
ately (see Notes 5 and 6).

3.5 Calculations and

Data Interpretation

1. Using Excel or other relevant software, compare area under the
curve (AUC) for all samples (Fig. 3). Increase in the AUC at
least two fold above the negative control (baseline) is consid-
ered a positive response. Use relevant statistical analysis to
compare AUC values for test samples with that of the baseline.

2. A percent coefficient of variation (%CV) is used to control
precision and calculated for each control or test sample accord-
ing to the following formula:

Standard deviation

Mean
� 100%

%CV for each control and test sample should be<30%. Samples
demonstrating higher variability should be re-analyzed.

3. If the test result in the nanoparticle-treated sample is different
from the test result in the un-treated cells more or equal to two
fold, then the nanoparticle affects phagocytic function of the
cells.

4 Notes

1. This material is optional and may be omitted. It is used to keep
the plate warm for optimal phagocytosis; however, if it takes
longer than 2 min to transfer the plate to the plate reader after

Fig. 3 Example of data generated using this assay. These data demonstrate that a test nanoparticle enhances
phagocytosis of zymosan by phagocytic cells. VC Vehicle Control, NC Negative Control
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addition of all reagents, the phagocytosis process will start
before one starts analyzing the plate on the plate reader.

2. The plates used for this assay have a solid white bottom, there-
fore the plate should be read from the top. Depending on the
type of plate reader, one may need to use a plate adaptor to
provide an optimal condition for the top read.

3. This step can be done at room temperature (20–22 �C). How-
ever, when the room temperature is low, keep the plate on a
warm gel-pack during these steps.

4. This step can be performed on the bench close to the plate
reader to minimize the time between sample addition and
initiation of the kinetic reading.

5. If using the plate reader with both top and bottom read cap-
abilities, do not forget to use a plate adaptor before proceeding
with the plate analysis on the plate reader. This is important
because luminescence reading is performed from the top (the
bottom of the plate is not transparent).

6. NCL does not endorse suppliers. However, we found that a
new user benefits from knowing catalog information of
reagents used in our assays. If you need ideas of what reagents
are used at the NCL, please review NCL method ITA-9 avail-
able at https://ncl.cancer.gov/resources/assay-cascade-
protocols. When other reagents are used, the assay perfor-
mance may change. When using reagents and instruments
from sources other than that used in our protocols, assay
performance qualification is needed to verify the assay func-
tionality and validity.
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Chapter 12

Assessing NLRP3 Inflammasome Activation
by Nanoparticles

Bhawna Sharma, Christopher B. McLeland, Timothy M. Potter,
Stephan T. Stern, and Pavan P. Adiseshaiah

Abstract

NLRP3 inflammasome activation is one of the initial steps in an inflammatory cascade against
pathogen/danger-associated molecular patterns (PAMPs/DAMPs), such as those arising from environ-
mental toxins or nanoparticles, and is essential for innate immune response. NLRP3 inflammasome
activation in cells can lead to the release of IL-1β cytokine via caspase-1, which is required for
inflammatory-induced programmed cell death (pyroptosis). Nanoparticles are commonly used as vaccine
adjuvants and drug delivery vehicles to improve the efficacy and reduce the toxicity of chemotherapeutic
agents. Several studies indicate that different nanoparticles (e.g., liposomes, polymer-based nanoparticles)
can induce NLRP3 inflammasome activation. Generation of a pro-inflammatory response is beneficial for
vaccine delivery to provide adaptive immunity, a necessary step for successful vaccination. However, similar
immune responses for intravenously injected, drug-containing nanoparticles can result in immunotoxicity
(e.g., silica nanoparticles). Evaluation of NLRP3-mediated inflammasome activation by nanoparticles may
predict pro-inflammatory responses in order to determine if these effects may be mitigated for drug delivery
or optimized for vaccine development. In this protocol, we outline steps to monitor the release of IL-1β
using PMA-primed THP-1 cells, a human monocytic leukemia cell line, as a model system. IL-1β release is
used as a marker of NLRP3 inflammasome activation.

Key words Inflammasome, NLRP3, Nanoparticles, IL-1β, THP-1

1 Introduction

Nucleotide-binding oligomerization domain (NOD), leucine-rich-
containing family (NLR) pyrin domain-containing-3 (NLRP3) is
one of the most versatile pattern-recognition receptors (PRR),
making NLRP3 inflammasomes sensitive to a wide variety of sti-
muli. The NLRP3 inflammasome is a multimeric complex consist-
ing of NLRP3 as a sensor; apoptosis-associated speck-like protein
(ASC), an adaptor protein with a caspase recruitment and activation
domain; and the catalytic enzyme pro-caspase-1 [1]. NLRP3
inflammasome activation requires two stimuli for in vitro
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experiments. The first stimulus, such as from lipopolysaccharides
(LPS) or phorbol-12-myristate-13-acetate (PMA), primes mono-
cytes and macrophages by increasing the transcription and transla-
tion of pro-cytokines and NLRP3 inflammasome components
(pro-IL-1β, pro-IL-18, NLRP3) [2]. The second stimulus, devel-
oped from ATP, nanoparticles [3], environmental toxins, etc.,
results in NLRP3 inflammasome activation and the conversion of
pro-IL-1β to an active IL-1β form [4]. Pathogen-associated molec-
ular patterns (PAMPs) such as microbial nucleic acid, LPS, and
glycoprotein, and danger-associated molecular patterns (DAMPs),
like those from ATP and uric acid, activate NLRP3 inflammasomes
[5, 6] (Fig. 1). Some pathogen-associated molecules can serve as
the first and second stimuli to induce inflammasome activation. For
example, monocytes and macrophages produce IL-1β in response
to bacterial LPS without additional stimuli, although the response
can be further potentiated by nanomaterials capable of inflamma-
some activation [7, 8]. Three models have been proposed through
which NLRP3 inflammasome can be activated: (a) lysosomal rup-
ture and release of cathepsin enzymes [9], (b) stimulation of chan-
nels (efflux of K+ or influx of Ca2+ through ion channels or influx of
ATP via ATP channels) [10, 11], and (c) cellular stress, induced by
reactive oxygen species (ROS) [12]. Experimentally, NLRP3
inflammasome activation is monitored by the release of IL-1β and
IL-18 cytokines in culture supernatants from immune cells. Recent
publications have shown that pro-IL-1β can also be detected after
cell necrosis [13], which suggests that nanoparticles causing cell

Fig. 1 Schematic overview of inflammasome assembly
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death can lead to release of detectable pro-IL-1β in the cell super-
natants. Western blot analysis of culture supernatants and reporter
assays using commercially available cell lines that specifically detect
mature IL-1β, such as HEK Blue IL-1β cells, can discern the
presence of inactive or active forms of IL-1β.

Physicochemical characteristics of the nanoparticles such as size
and surface charge play an important role in the activation of
NLRP3 inflammasome. For example, positively charged nanopar-
ticles elicit higher IL-1β secretion when compared to negatively or
neutral charged nanoparticles [14]. Similarly, smaller sized silica
nanoparticles induce higher levels of IL-1β secretion in murine
bone marrow-derived macrophages compared to silica particles
with sizes larger than 1 μm [15]. Although moderate immune
activation can be beneficial for vaccines, a heightened immune
response is generally disadvantageous for most therapeutics. Adju-
vants are specifically designed to have immune-potentiating activity
to enable the use of lower vaccine doses and dosing frequencies,
expanding vaccine supply [16]. However, overt or continuous
activation of inflammasomes is known to cause autoimmune and
chronic inflammatory diseases, like Crohn’s disease and rheumatoid
arthritis [17]. The physicochemical attributes of nanoparticles, e.g.,
silica nanoparticles [18], used for drug or vaccine delivery can
influence immune activation; and therefore, it is important to
understand this relationship between nanoparticle properties and
immunogenicity for successful clinical translation. Nanoparticle’s
ability to induce cytokines and cytokine-mediated toxicities are
monitored in vivo or in vitro using peripheral blood or mononu-
clear cells (PBMC) cultures. The protocol for such analysis is pre-
sented in Chapter 15 of this book. When the results of such tests
reveal that the given nanoformulation induces IL-1β, the current
protocol can be used for further mechanistic studies. In this chap-
ter, we describe an ELISA-based method to monitor the activation
of the NLRP3 inflammasome by silica nanoparticles, using human
monocytic leukemia THP-1 cell line as a model system. The proto-
col is adaptable to any nanomaterial analyte of interest as long as
there is an understanding of the nanoparticle’s physicochemical
characteristics. We utilize three THP-1 cell types to evaluate
NLRP3 inflammasome activation: THP-1 Null cells which have
all NLRP3 inflammasome components; THP-1 defNLRP3 cells
which are deficient in the NLRP3 protein; and THP-1 defCASP1
cells which are deficient in the caspase-1 enzyme. THP-1
defNLRP3 cells are used as a negative control and will not respond
to exclusive inducers of the NLRP3 inflammasome, but may
respond to inducers of other inflammasomes. THP-1 defCASP1
cells are deficient in the caspase-1 component of the NLRP3 com-
plex and function as an additional negative control for NLRP3
inflammasome activation.
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2 Materials

2.1 Cell Culture

Reagents and

Materials

1. THP-1 Null, THP-1 defNLRP3, and THP-1 defCASP1.

2. Growth medium: RPMI 1640 containing 2 mM L-glutamine,
1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM
HEPES, and 1.0 mM sodium pyruvate with 10% heat-
inactivated fetal bovine serum (FBS), 50 U/mL-50 μg/mL
Penicillin-Streptomycin, 100 μg/mL Normocin, and
200 μg/mL Hygromycin. Store at 4 �C and warm to 37 �C
in water bath before use (see Note 1).

3. Assay medium: RPMI 1640 containing 2 mM L-glutamine,
1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM
HEPES, and 1.0 mM sodium pyruvate with 10% heat-
inactivated fetal bovine serum (see Note 1).

4. Phorbol-12-myristate-13-acetate (PMA) (see Notes 2 and 3).

5. T75 flasks.

6. Sterile conical tubes.

7. Automated cell counter or hemocytometer.

8. 96-well flat bottom cell culture plates.

2.2 Control and

Nanoparticle Solutions

1. Positive controls: 250 μg/mL alum and 100 μg/mL high
purity, high quality, fine ground silica powder with maximum
size of 5 μm. Each positive control solution is diluted in RPMI
assay medium (see Notes 4 and 5).

2. Negative control: RPMI assay media.

3. Test material: 20 nm silica nanoparticles diluted in RPMI assay
medium to appropriate concentrations (see Notes 4, 6–8).

2.3 MTT Reagents

and Materials

1. MTT reaction mixture: 5 mg/mL 3-(4,5-Dimethyl-2-thiazo-
lyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) solution in
phosphate buffered saline (PBS). Protect stock solution from
light and store at 4 �C.

2. Dimethyl sulfoxide (DMSO). Store at room temperature.

3. Glycine buffer: 0.1 M glycine and 0.1 M NaCl, pH 10.5. Store
at room temperature.

4. Multichannel or repeat pipettor.

5. Plate shaker.

6. Absorbance plate reader.

2.4 ELISA Reagents

and Materials

1. Anti-human IL-1β ELISA components: primary (coating) anti-
body, secondary (detection) antibody, and recombinant IL-1β
(see Note 9). Store at �80 �C.
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2. Blocking buffer: 1� PBS, 1% bovine serum albumin (BSA),
and 0.5% Tween 20.

3. Washing buffer: 25 mM Tris, 15 MNaCl at pH 7.2, and 0.05%
Tween 20.

4. Streptavidin horseradish peroxidase (SA-HRP). Store at
�80 �C.

5. TMB substrate stored at 4 �C.

6. 2 N sulfuric acid.

7. ELISA plates (see Note 10).

8. Automated plate washer.

9. Absorbance plate reader.

3 Methods

3.1 Cell Culture 1. THP-1 Null, THP-1 defNLRP3, and THP1 defCASP1 cells
are cultured in T75 flasks in suspension in 25 mL of growth
media.

2. On day 1, centrifuge cells in 50 mL sterile conical tubes at
400 � g for 5 min.

3. Aspirate supernatants and resuspend pellets in 5 mL assay
media.

4. Count cells using automated cell counter or hemocytometer.

5. Plate THP-1 Null, THP-1 defNLRP3, and defCASP1 cells at
400,000 cells per mL of assay media containing 50 nM PMA in
a 96-well format (see Notes 2 and 3). The cells are incubated
for 24 h at 37 �C. All three cell lines display similar morphology
(Fig. 2a).

6. On day 2, media is carefully aspirated from the wells in prepa-
ration for treatment.

3.2 Treatment of

Cells with

Nanoparticles

1. Prepare control and test sample solutions by resuspending in
assay media (see Notes 4, 7, and 8).

2. Treat cells at 37 �C for 24 h in triplicate with 200 μL of test
nanoparticles, silica nanoparticles in this example, in a 96-well
plate format. Include no cell wells at each test nanoparticle
concentration (Fig. 3, see Note 8). These wells with no cells
are utilized to monitor any interference by nanoparticles in IL-
1β ELISA (see Note 11).

3. Include wells with RPMI assay media alone (wells with no cells)
as a “blank,” and wells with RPMI assay media and cells as a
“negative control” (Fig. 3) (see Note 11).
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4. Add 100 μg/mL of fine ground silica and 250 μg/mL of alum
diluted in assay media to wells with cells as “positive controls”
for NLRP3 inflammasome activation. Prepare wells in triplicate
for each positive control Fig. 3, see Note 5).

5. Incubate plate at 37 �C for 24 h.

6. Centrifuge plate at 120 � g for 5 min and transfer supernatants
into a 96-well collection plate for ELISA (see Notes 12–14).
Maintain collection plates at �20 �C (same/next day storage)
or �80 �C (longer storage) until ready to start ELISA.
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Fig. 2 NLRP3 inflammasome activation in THP-1 cells. (a) Morphological images of PMA (50 nM, Sigma)
primed THP-1 Null, THP-1 defNLRP3, and THP-1 defCASP1 cells (Invivogen). (b) MTT assay showing cell
viability after 20 nm silica nanoparticles (NanoComposix, Silica NPs, 250 μg/mL), alum (Imject Alum, 250 μg/
mL, Thermo Fisher Scientific) and ground silica (Min-U-sil 5; MUS, 100 μg/mL, US Silica, Berkley Spring, WV)
treatment in THP-1 Null, THP-1 defNLRP3, and THP-1 defCASP1 cells. (c) IL-1β expression as determined by
ELISA (R&D Systems) after 20 nm silica nanoparticles (Silica NPs), alum and Min-U-sil (MUS) treatment in
THP-1 Null, defNLRP3 and defCasp1 cells. ELISA values were normalized with basal IL-1β levels in each cell
type to account for differences in cell number
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3.3 MTT Assay to

Monitor Cell Viability

1. Aspirate any remaining media from the plate with cells and
replace with fresh 200 μL assay media. No wash step is
involved.

2. Add 50 μL of 5 mg/mL MTT solution to each well and
incubate at 37 �C for 2–4 h. Cover plates with aluminum foil
to protect from light. MTT should be added using multichan-
nel or repeat pipettor to avoid delay in chromogen develop-
ment among wells.

3. After incubation, aspirate media and add 200 μL of DMSO and
25 μL of glycine buffer to each well. DMSO is used to solubi-
lize the formazan crystals, while glycine buffer stops the
reaction.

4. Mix contents of each well by placing the plate on a shaker for
5 min with continuous gentle shaking.

5. Read optical density (OD) of entire plate at 570 nm on a plate
reader with a reference wavelength of 680 nm.

6. Normalize MTT results with averaged OD values from cell-free
“blank” wells for each treatment. Percent cell viability is
measured as:

%Cell Viability ¼ Cell Treatment OD‐Mean“Blank” OD

Mean Normalized Media Control OD
� 100

where Normalized Media Control OD ¼ media control
OD – cell-free “Blank” OD

Fig. 3 Plate map for MTT assay. Null: THP-1 Null cells; NLRP3�/�: THP-1 defNLRP3 cells; CASP1�/�: THP-1
defCASP1 cells; MSU: MIN-U-SIL, fine ground silica; P1: analyte concentration 1; P2: analyte concentration 2;
P3: analyte concentration 3
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7. Cell viability (%) is calculated for each OD value (triplicate
treatments) and then the mean and standard deviation of the
three values is plotted on a graph (Fig. 2b).

3.4 IL-1β ELISA

Assay

This part of the protocol has been adapted from another chapter in this
book (refer to Chapter 15).

1. ELISA plates (96-well format) are coated with primary anti-
body at a concentration of 1 μg/mL in 0.2 M sodium
carbonate-bicarbonate buffer, pH 9.4. To coat one ELISA
plate, a 10 mL volume of primary antibody solution is required
(see Note 9).

2. Incubate plates at 4 �C overnight.

3. Next day, aspirate remaining primary antibody from the wells
and tap plate gently on blotting paper to remove excess anti-
body. Add 100 μL of blocking buffer to each well for 1 h at
room temperature to reduce background signal.

4. Prepare standards in duplicate. Recombinant IL-1β protein
standards are made starting at a 250 pg/mL concentration
diluted in assay media. Perform serial dilutions at 1:2 ratios.
The concentration range for the standards used in the experi-
ment shown is 250 pg/mL–3.9 pg/mL (seeNotes 15 and 16).

5. Prepare samples in triplicate. If using frozen samples prepared
during step 7 of Subheading 3.2, spin plates before using
them. Make 1:5 dilutions of samples in assay media in an
intermediate plate before adding the solutions to the ELISA
plate. For example, combine 30 μL of the supernatant sample
with 120 μL of assay media (see Note 16).

6. Prepare quality control standards in duplicate using recombi-
nant IL-1β protein at 100, 50, and 12.5 pg/mL concentrations
from the stock solution. Do not use the same dilution tubes as
used for the standard.

7. Prepare inhibition enhancement controls in duplicate. To
check for interference by nanoparticles, use nanoparticle
blank solutions from step 2 in Subheading 3.2 in the interme-
diate plate. Spike nanoparticle blank wells with IL-1β protein to
make a 50 pg/mL final concentration of the protein in the
wells. If wells are limited in the intermediate or ELISA plates,
use the highest concentration of nanoparticles tested.

8. Aspirate blocking buffer and blot ELISA plate to remove excess
buffer.

9. Once all standards and samples are prepared, transfer 100 μL
from each well of the intermediate plate to the ELISA plate,
which was blocked in step 3 above (Fig. 4). ELISA plate should
include test samples, quality controls, and assay standards.

10. Incubate at room temperature for 1 h.
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11. After incubation, aspirate samples and wash ELISA plate with
washing buffer in two rounds. Each round of washing is made
up of three washes using an automated plate washer.

12. Blot plates dry on blotting paper to remove excess wash buffer.

13. Add 100 μL of 0.5 μg/mL detection (biotinylated secondary)
antibody to the wells and incubate at room temperature for 1 h
(see Note 9).

14. After incubation with the detection antibody, aspirate the anti-
body and repeat washing steps 11 and 12.

15. Add 100 μL of SA-HRP (0.1μg/mL) to each well and incubate
for 1 h at room temperature.

16. Repeat steps 11 and 12.

17. Add 100 μL of TMB substrate to each well. Incubate at room
temperature for 15–30 min and protect the plate from light.
Monitor the development of blue color.

18. To stop the reaction, add 50 μL of 2 N sulfuric acid to each
well. The color in the well will change from blue to yellow.
Read the plate within 30 min of stopping the reaction at
450 nm using a plate reader.

19. Average OD values of blank wells and subtract averaged value
from OD values of all wells (Fig. 2c).

Fig. 4 Plate map for IL-1β ELISA. Null: THP-1 Null cell supernatants; NLRP3�/�: THP-1 defNLRP3 cell
supernatants; CASP1�/�: THP-1 defCASP1 cell supernatants; P1: analyte, concentration 1; P2: analyte
concentration 2; P3: analyte concentration 3; MSU: MIN-U-SIL, fine ground silica; Q: Quality control; CTL:
Media control for each cell type; Blank: Assay media only, no cells; IEC: Inhibition enhancement control; STD:
Standard
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20. Plot a standard curve with averaged OD values of standards
(Y-axis) vs. IL-1β protein concentration (X-axis, pg/mL) used
in the assay.

21. Interpolate the IL-1β concentrations of the samples using the
standard curve equation with the normalized OD values:

IL‐1β Concentration ρg=mLð Þ ¼ Sample OD‐Blank ODð Þ
� Concentration at 1 OD
�Dilution Factor

where Blank OD is the average of duplicate values, Concentra-
tion at 1 OD is from the standard curve fit, and the Dilution
Factor is 5 based on step 5 above.

22. Normalize concentration to account for any differences in cell
number per well (see Note 17).

23. OD values of the inhibition enhancement controls are com-
pared to the quality controls with the same recombinant pro-
tein concentrations. If the values are within 25% of each other,
no interference by the nanoparticle can be inferred. If the
values differ, then the nanoparticle may interfere with the
ELISA. To account for the interference, one can subtract the
nanoparticle blank ELISA OD values from the treatment well
OD values.

4 Notes

1. Different cell types may require different media with other
antimicrobial reagents. Follow the cell supplier’s recommenda-
tions. THP-1 Null, THP-1 defNLRP3, and THP-1 defCASP1
cells shown in Fig. 2 are purchased from Invivogen.

2. PMA is used as a first signal for inflammasome activation and
for the differentiation of THP-1 cells to macrophage-like cells,
which makes THP-1 cells adherent [2].

3. PMA stocks are maintained at 1 mM concentration in
DMSO in 50 μL aliquots. The working concentration of
PMA (50 nM) is obtained by diluting the stock in cell culture
media.

4. Test particles should be monitored for the presence of endo-
toxin. Particles contaminated with bacterial endotoxin can lead
to false-positive results as endotoxin triggers IL-1 gene expres-
sion through Toll-like receptor 4 and can also activate inflam-
masome. LAL assay is one of the most commonly used assays
for endotoxin detection. Detection and quantitative evaluation
of endotoxin contamination in nanoparticle formulations using
LAL-based assays has been described before [19].
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5. Fine ground silica used in studies shown in Fig. 2 is MIN-U-
SIL®. MIN-U-SIL (100 μg/mL) is made fresh from powdered
stock in media for the assay. Fine ground silica should be
weighed and diluted in an aseptic biological safety cabinet
(HEPA filtered BSL-2 class, type B2 biological safety cabinet).
While dealing with powdered silica, wear all personal protective
equipment, because this material is toxic and can cause silicosis
when inhaled.

6. This protocol utilizes silica nanoparticles as the test analyte.
The methods described here can be adapted to other test
analytes, which should be characterized for their physicochem-
ical properties.

7. Use the recommended diluent for the nanoparticle analyte and
make the final dilution in assay media. Make sure the majority
of the final solution is in assay media.

8. The concentration range for the analyte and treatment time to
cells is best chosen with an understanding of the nanoparticle’s
toxicity and its IC50 value using assays like an MTTcell viability
assay or lactate dehydrogenase (LDH) leakage assay. Ideally,
the concentration series should encompass clinically relevant
concentrations if known.

9. Concentrations of ELISA components (antibodies, SA-HRP,
protein) may vary depending upon the manufacturer. Please
follow the manufacturer’s recommendations.

10. ELISA plates designed for high protein binding are recom-
mended for detection of IL-1β. Assay shown as an example in
Fig. 2 was performed using Nunc Maxisorp flat bottom 96-
well plates (eBioscience, San Diego, CA).

11. Platemap should contain cell-free “blank” wells to monitor
nanoparticle interference (e.g., inhibition or enhancement)
with the MTT assay or ELISA results.

12. If nanoparticle treatment causes cell death in the tested cell
model, Western blot analysis of supernatants or commercially
available cell-based reporter assays can be incorporated in this
protocol to detect the mature form of IL-1β.

13. The lactate dehydrogenase (LDH) leakage assay can also be
performed on the culture supernatant (50–100 μL) to monitor
the effect of nanoparticles on cell viability in addition to the
MTT assay.

14. To monitor lysosomal damage or dysfunction as one of the
mechanisms of NLRP3 inflammasome activation, 50 μL of the
culture supernatants can be used to measure cathepsin B release
(using Z-LR-AMC Fluorogenic substrate assay, R&D Sys-
tems). Use of phenol-free media is recommended to avoid
interference with the assay.
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15. Intermediate controls (25,000 pg/mL and 2500 pg/mL)
were made first from the recombinant IL-1β stock (25 μg/
mL) maintained at �80 �C. The standard concentrations for
the assays are diluted from the intermediate controls.

16. Ensure that the analyte concentrations span the detection
range. IL-1β levels in the sample may vary depending on the
cell type and cell density. The dilution of samples may need to
be optimized depending upon the experimental settings.

17. If cells used in the experiment grow differently or one cell type
exhibits more treatment-related cytotoxicity than the other
cells, ELISA data can be normalized to media control wells
for each cell type (basal IL-1β levels in the cells) or % loss of
viability relative to control.
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Chapter 13

Analysis of Complement Activation by Nanoparticles

Barry W. Neun, Anna N. Ilinskaya, and Marina A. Dobrovolskaia

Abstract

The complement system is a group of proteins, which function in plasma to assist the innate immunity in
rapid clearance of pathogens. The complement system also contributes to coordination of the adaptive
immune response. Complement Activation Related Pseudo Allergy or CARPA is a life-threatening condi-
tion commonly reported with certain types of drugs and nanotechnology-based combination products.
While CARPA symptoms are similar to that of anaphylaxis, the mechanism behind this pathology does not
involve IgE and is mediated by the complement system. In vitro assays using serum or plasma derived from
healthy donor volunteers correlate with the in vivo complement-mediated reactions, and therefore are
helpful in understanding the propensity of a given drug formulation to cause CARPA in patients. In the first
edition of this book, we have described an in vitro method for qualitative assessment of the complement
activation by nanomaterials using western blotting. Herein, we present a similar method utilizing enzyme-
linked immunoassay for quantitative analysis of the complement activation, and we compare the perfor-
mance of this approach to that of the qualitative western blotting technique. The revised chapter also
includes new details about nanoparticle sample preparation.

Key words Nanoparticles, Complement, Anaphylaxis, C3, Western blot, Immunoassay, EIA

1 Introduction

The complement system is comprised of several components
organized into a biochemical cascade serving to assist the immune
system in the clearance of pathogens [1]. The biochemical cascade
includes three main pathways—classical, alternative, and lectin
(Fig. 1). Activation of each of these pathways is triggered by differ-
ent factors. For example, an immune complex composed of an
antibody and an antigen is required to activate the classical pathway.
Activation of the alternative pathway does not oblige an antibody
and depends on spontaneous hydrolysis of a C3 component of the
complement and properdin. Mannose-binding lectin triggers acti-
vation of the mannose pathway. These pathways converge on C3
component [1]. Cleavage of the C3 protein results in activation of
the common pathway that culminates with formation of the termi-
nal or membrane attack complex. Complement cleavage products
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C4a, C3a, and C5a are potent immunostimulants also known as
anaphylatoxins. The presence of these proteins in the bloodstream
is associated with induction of inflammation, generation of oxygen
radicals, increase in vascular permeability, the IgE-independent
release of histamine from mast cells, and smooth muscle contrac-
tion [1]. The complement terminal complex functions to destroy
the pathogen, and in the absence of such (e.g., during drug-
mediated complement activation) it damages healthy host cells
[2–5]. Altogether these responses produce anaphylaxis and tissue
damage. Since complement activation enhances antigen presenta-
tion, a certain degree of complement activation is desirable for
vaccines [6]. However, for systemically administered drugs and
combination products, the complement activation is undesirable
due to the CARPA reaction [2–5, 7–12].

Complement-mediated infusion reactions and CARPA are
common dose-limiting toxicities for particular types of drug pro-
ducts including therapeutic oligonucleotides [9–11] and PEGy-
lated liposomal formulations of small molecules [4, 5, 12].

Fig. 1 Complement activation pathways. The antibodies used in this assay detect
split product of C3 component of complement
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For example, liposomal formulations of doxorubicin (Doxil) and
amphotericin (Ambisome), when administered into systemic circu-
lation, activate the complement and result in complement-
mediated hypersensitivity reactions in sensitive individuals [3, 5,
7, 8, 12]. In contrast, subcutaneously administered polymer-based
nanoparticles, which lead to local complement activation, improve
vaccine efficacy by enhancing antigen uptake by dendritic cells,
activating T cells and supplementing the antigen-specific immune
response [6].

Nanoparticle physicochemical properties, including size,
charge, shape, and surface functionalities, determine the particle
interaction with the complement system. For example, charged
nanoparticles were shown to be more potent activators of the
complement system than their neutral counterparts in studies
investigating polypropylene sulfide nanoparticles, lipid nanocap-
sules, cyclodextrin-containing polycation-based nanoparticles, and
polystyrene nanospheres [13–18]. Polymer coatings (such as poly-
ethylene glycol (PEG) and poloxamine 908), which partially neu-
tralize surface charge, have been shown to reduce nanoparticle-
mediated complement activation [13, 16]. Similar studies using
dextran and chitosan coatings reported that charge in combination
with size and conformation of the polymer played the key role in
complement activation by these particles [17]. In the case of Doxil,
the combination of three factors, including particle shape, PEG
coating, and the presence of doxorubicin crystals, determines com-
plement activation [8, 19, 20]. Dr. Janos Szebeni proposed using
analysis of complement activation by PEGylated liposomal drugs to
assess the bioequivalence of generic formulations [3]. In
vitro–in vivo correlation of complement activation is reviewed else-
where [21].

In the first edition of this book, we described an in vitro
method utilizing western blotting technique to perform qualitative
analysis of the complement activation by nanoparticles [22].
Herein, we describe a similar method using quantitative analysis
of the C3 component of complement split product iC3b. In this
protocol, a test sample is incubated with human plasma, and the
amounts of iC3b protein are measured by an enzyme-linked immu-
noassay (EIA). The amount of iC3b is proportional to the level of
complement activation. Other split products, such as C3a, can also
be used to perform this analysis. We selected iC3b because this
analysis generates a higher signal-to-noise ratio (Fig. 2). The
revised method includes considerations for selecting nanoparticle
concentrations for in vitro analysis. We also compare the perfor-
mance of qualitative western blotting and quantitative EIA meth-
ods for analysis of the complement activation by nanomaterials.
This comparison demonstrates that western blotting is a more
sensitive technique than EIA (Fig. 3). The greater sensitivity is
explained by the use of polyclonal antibodies which capture all
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split products. Despite the difference in sensitivities, EIA allows
detection of the complement at the levels relevant to CARPA
induction in vivo. The western blot detects lower levels of comple-
ment split products which may be asymptomatic in vivo. While
both methods can be used for analysis of the complement activa-
tion, EIA overcomes limitations of the western blotting technique
such as low throughput. Although the protocol described herein
focuses on measuring iC3b component of the complement, super-
natants generated in this test can be used to measure other comple-
ment components (e.g., C4a, C4d, and Bb) when identification of
the pathway responsible for the complement activation by a test
nanomaterial is needed.

2 Materials

1. Sterile Ca2+/Mg2+-free phosphate buffered saline (PBS).

2. Cobra venom factor as the positive control.

3. Veronal buffer.

4. Pooled human plasma, anti-coagulated with sodium citrate.

5. iC3b EIA kit (e.g., MicroVue by Quidel Corp.).

6. 1.0 N HCl, as stop solution. Stop solution is provided with
each kit, but can also be prepared separately. Dilute stock
hydrochloric acid to a final concentration of 1.0 N. Filter and
store and room temperature for up to 2 weeks.

Fig. 2 Comparison between C3a and iC3b EIAs. Plasma samples treated with
negative control, positive (cobra venom factor), and Doxil were analyzed by C3a
des Arg and iC3b EIA. Each sample was analyzed in duplicate (%CV < 10). The
mean responses from positive control (PC) and Doxil samples were divided by
the mean response of the negative control sample to estimate the signal-to-
noise (S/N) ratio for each EIA. The background in the C3a EIA was higher. Due to
the differences in the background, the S/N ratio of iC3b assay was higher
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7. Doxil (Doxorubicin HCl, liposome, injection). This is a pre-
scription medication available from a licensed pharmacy. It may
not be available to some research laboratories.

8. Cremophor.

9. Taxol (Paclitaxel in Cremophor EL). This is a prescription
medication available from a licensed pharmacy. This drug may
not be available to some research laboratories.

10. Multichannel (8–12 channel) pipettor for 50–300 μL volumes.

Fig. 3 Comparison between western blotting and EIA of iC3b. The samples of
plasma treated with negative control, positive control, and nanoparticle were
analyzed by western blot (a) and EIA (b). Each bar shows mean and SD of
duplicate response. (a) Cremophor-EL was not analyzed in western blot assay
because the presence of oil affects protein mobility and results in smeared
bands. Western blot results were analyzed by the NIH ImageJ software and
shown is the peak intensity of the band corresponding to C3 split products. (b)
The scale was changed to show levels of iC3b in Cremophor-EL and
nanoparticle-treated samples (NP). The level of iC3b in the positive control
sample (CVF) is 871 � 11 μg/mL. NC: negative control, NP: nanoparticle, CVF:
cobra venom factor

Effects on Complement 153



11. Reagent reservoirs.

12. ELISA plate reader capable of operating at 405 nm.

13. See Note 1.

3 Methods

3.1 Preparation of

Controls and Plasma

1. Prepare Cobra Venom Factor (CVF) as Positive Control 1, a
traditional substance known to activate complement. CVF is
supplied as a frozen solution. Thaw this stock, prepare single-
use aliquots and store them at a nominal temperature of
�80 �C as long as performance is acceptable. Avoid repeated
freeze/thaw cycles. After thawing single-use aliquot and using
it in the assay, discard any leftover material. For this experi-
ment, use 30 μL (1.1–50 U) of CVF solution. This control
activates the complement system through the alternative path-
way (see Note 2).

2. Prepare Positive Control 2, a nanoparticle-relevant control.
Cremophor-EL is an excipient commonly used in the phar-

maceutical industry to dissolve hydrophobic drugs.
Cremophor-EL is a nanosized micelle, which is known to
induce CARPA syndrome [5], and therefore is used as a
nanoparticle-relevant control. The following procedure can
be used to prepare Cremophor-EL with the composition simi-
lar to that in clinical formulation of paclitaxel (Taxol): 527 mg
of purified Cremophor® EL* (polyoxyethylated castor oil) and
49.7% (v/v) dehydrated alcohol, USP and 2 mg of citric acid
per 1 mL. Store at room temperature. To prepare Cremophor-
EL mix commercial Cremophor 1:1 with ethanol containing
2 mg/mL of citric acid to mimic the concentration of
Cremophor-EL, citric acid, and ethanol used in Taxol® and
the generic formulation of paclitaxel.

Cremophor-EL-formulated Paclitaxel (Taxol) can be used
as an alternative for this nanoparticle-relevant positive control.
It is supplied at a stock concentration of 6 mg/mL of paclitaxel.
When used in this assay, the final concentration of Paclitaxel is
2 mg/mL. Store at 2–8 �C.

PEGylated liposomal doxorubicin (Doxil) can also be used
as a nanoparticle-relevant positive control [3]. Doxil is doxo-
rubicin formulated in nanoliposomes. It is available through
the pharmacy as 20 mg of Doxorubicin HCl in 10 mL of
vehicle. Store at 2–8 �C.

3. Prepare the Inhibition/Enhancement Control. Use the posi-
tive control sample after incubation. Prior to loading this sam-
ple onto the ELISA plate, add nanoparticles at the same final
concentrations as in the study samples. For example, one can
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mix 20 μL of the positive control sample and 10 μL of the test
nanoparticle. The test result for this sample needs to be
adjusted by the dilution factor 1.5 prior to comparison to the
test value of the positive control sample. If the test results do
not differ more than 25% of each other, the test nanoparticle at
the given concentration does not interfere with the detection
of the complement split product by ELISA.

4. Prepare the Negative Control. Sterile Ca2+/Mg2+-free PBS is
used as a negative control. Store at room temperature for up to
6 months.

5. Prepare the Vehicle Control, which is relevant to the given
nanoparticle. When nanoparticles are formulated in a vehicle
other than saline or PBS, the vehicle sample should be tested to
estimate the effect of excipients on the complement system.
This control is specific to each given nanoparticle sample. It
should be prepared to match the formulation buffer of the
nanoparticle by both the composition and the concentration.

6. To prepare plasma, the blood is spun down in a centrifuge for
10 min at 2500 � g (see Note 3).

3.2 Preparation of

Nanoparticle Samples

This assay requires 400 μL of nanoparticles in PBS at a concentration
three times higher than the highest final tested concentration. The
concentration is selected based on the plasma concentration of the
nanoparticle at the intended therapeutic dose. For the purpose of
this protocol, this concentration is called the “theoretical plasma
concentration.” Considerations for estimating theoretical plasma
concentration were reviewed elsewhere [21] and are also summar-
ized in Box 1. The assay will evaluate four concentrations: 10� (or
when feasible 100�, 30�. or 5�) of the theoretical plasma concen-
tration, theoretical plasma concentration, and two serial 5-fold dilu-
tions of the theoretical plasma concentration. When the intended
therapeutic concentration is unknown, the highest final concentra-
tion is 1 mg/mL or the highest reasonably achievable concentration.
For example, if the final theoretical plasma concentration to be tested
is 0.2mg/mL, then a stock of 6mg/mLwill be prepared and diluted
10-fold (0.6 mg/mL), followed by two serial 5-fold dilutions (0.12
and 0.024 mg/mL). When 0.1 mL of each of these samples is added
to the test tube and mixed with 0.1 mL of plasma and 0.1 mL of
veronal buffer, the final nanoparticle concentrations tested in the
assay are: 2.0, 0.2, 0.04, and 0.008 mg/mL.

3.3 Assay 1. In a microcentrifuge tube, combine equal volumes (100 μL of
each) of veronal buffer, human plasma, and a test sample (i.e.,
positive control, negative control, nanoparticles, or vehicle
control if different than PBS). Prepare two replicates of each
sample.
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2. Vortex tubes to mix all reaction components, spin briefly in a
microcentrifuge to bring any drops down, and incubate in an
incubator at a nominal temperature of 37 �C for 30 min.

3. Prepare 100 μL aliquots and either use in EIA immediately or
freeze at �20 �C for later analysis.

4. Follow the manufacturer’s instruction to reconstitute comple-
ment standard, buffers, and controls.

5. Dilute plasma samples prepared in step 3 in complement spec-
imen diluent reagent (provided with each kit). Use the follow-
ing dilution guide for each individual assay (see Note 4):

iC3b—1:1500 for positive control sample; 1:75 for negative
control, and other test samples.
C4d—1:30 for all samples.
Bb—1:75 for all samples.

6. Follow the manufacturer’s instruction for plate loading
volumes, incubation time, and plate washing.

3.4 Calculations and

Results Interpretation

Do not forget to use the appropriate dilution factor for control and
study samples. Compare determined amount of complement com-
ponents between positive control or study samples with that in the
negative control. An increase in the complement component spe-
cies two fold or higher above the background (negative control)
constitutes a positive response. If a nanoparticle under study gen-
erated a positive response in any of the EIA assays, compare the
degree of activation between this particle and Doxil or other
nanoparticle-relevant controls. Doxil is used in the clinic and is

Box 1 Example calculation of nanoparticle concentrations for in vitro tests. Reproduced with permission
from ref. 21
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known to induce complement activation-related hypersensitivity
reactions in sensitive patients [5]. Using Doxil helps to interpret
results of this in vitro study for a test nanoparticle. If the degree of
activation observed for the test nanoparticle is equal to or greater
than that observed for Doxil, this nanoparticle formulation will
most likely cause similar or stronger hypersensitivity reactions in
patients and may require modifications before entering in vivo
preclinical and clinical phases. If the degree of activation is lower
than that of Doxil, complement activation should be considered
when designing the in vivo evaluation phase for the given particle;
but, it is less likely to cause concerns similar to Doxil.

4 Notes

1. NCL does not endorse suppliers. However, we found that a
new user benefits from knowing catalog information of
reagents used in our assays. If you need ideas of what reagents
are used at the NCL, please review NCL method ITA-5
available at https://ncl.cancer.gov/resources/assay-cascade-
protocols. When other reagents are used, the assay perfor-
mance may change. When using reagents and instruments
from sources other than that used in our protocols, assay
performance qualification is needed to verify the assay func-
tionality and validity.

2. Heat Aggregated Gamma Globulin (HAGG) acts similarly to
naturally occurring immune complexes and is a very potent
activator of complement through the classical pathway.
HAGG can be used as Positive Control 1 when activation of
the complement through the classical pathway is desired. This
control is available from Quidel under the name “Complement
Activator.” Handling and storage are according to the manu-
facturer’s instructions. Avoid repeated freeze/thaw cycles
when stored at �20 �C.

3. Blood is drawn into vacutainer tubes containing anticoagulant.
Sodium citrate is an ideal anticoagulant for this assay. However,
depending on phlebotomy paraphernalia, plasma anticoagu-
lated with sodium citrate may result in a high background in
the ELISA assay. In this case, using K2 EDTA as an anticoagu-
lant is acceptable. The first 5–10 mL of blood should be
discarded and not used to prepare plasma. For optimal results,
it is important to keep blood at 20–24 �C to avoid exposure to
high temperatures (summer time) and low temperatures (win-
ter time), and to avoid prolonged (> 1 h) storage. Blood is
transported to the lab in a contained Styrofoam box with warm
packs (20–24 �C). After centrifugation to separate plasma, the
plasma is evaluated for the presence of hemolysis. Discolored
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plasma (an indication of hemolysis) is not used to prepare the
pool. Individual plasma specimens that did not show any
indication of hemolysis are pooled and mixed in a conical
tube. Plasma must be used for complement testing within 1 h
after collection. Pooled plasma can be used and prepared by
mixing plasma from at least 2 individual donors. The assay can
also be performed in plasma from individual donors. In this
case, analyze plasma from at least 3 donors. Inter-individual
variability and comparison to pooled plasma is shown in Fig. 4.

Fig. 4 Analysis of complement activation by Doxil in individual and pooled
plasma. Plasma from ten donors was used to analyze Doxil. The plasma was
tested either individually or after pooling. To prepare pooled plasma equal
volumes of individual plasmas were mixed. The analysis was performed accord-
ing to the experimental procedure described in this chapter. (a) Shows results for
controls and Doxil in individual plasma from 10 donors. Each bar represents a
mean and SD from 2 replicates, %CV between replicates is less than 10. (b)
Compares result generated in plasma pooled from 10 donors (black bar, pooled
plasma) and the mean result of ten individual responses analyzed side-by-side
(hatched bars, ten individuals). Black bar shows a mean and SD from two
replicates, %CV between replicates is less than 10. Hatched bars show the
mean result and SD (N ¼ 10)
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It is possible to use pooled sodium citrate plasma from
commercial suppliers; however, when placing the order, one
needs to notify the supplier that the plasma is intended for
complement testing so no delays between blood draw and
plasma collection occur. The supplier then freezes the plasma
immediately after collection and ships it to the lab on dry ice.
When using frozen plasma for the complement activation assay,
it is important to avoid repeated freeze/thaw cycles. The fro-
zen plasma should be thawed in a water bath containing ambi-
ent tap water, mixed gently, and used immediately after
thawing. It is also advised to avoid indefinite storage of frozen
plasma at �20 �C. The sooner the frozen plasma is used, the
better the results are. In general, the degree of complement
activation estimated by comparing intensity of the C3 split
product in the positive control with that of the negative control
is greater in fresh plasma than in thawed plasma.

4. The dilution factors should be determined by each laboratory
and adjusted as needed.
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Chapter 14

Methods for Analysis of Nanoparticle Immunosuppressive
Properties In Vitro and In Vivo

Timothy M. Potter, Barry W. Neun, and Marina A. Dobrovolskaia

Abstract

Adverse drug effects on the immune system function represent a significant concern in the pharmaceutical
industry, because 10–20% of the drug withdrawal from the market is accounted to immunotoxicity.
Immunosuppression is one such adverse effect. The traditional immune function test used to estimate
materials’ immunosuppression is a T-cell-dependent antibody response (TDAR). This method involves a
28 day in vivo study evaluating the animal’s antibody titer to a known antigen (KLH) with and without
challenge. Due to the limited quantities of novel drug candidates, an in vitro method called human
leukocyte activation (HuLa) assay has been developed to substitute the traditional TDAR assay during
early preclinical development. In this test, leukocytes isolated from healthy donors vaccinated with the
current year’s flu vaccine are incubated with Fluzone in the presence or absence of a test material. The
antigen-specific leukocyte proliferation is then measured by ELISA analyzing incorporation of BrdU into
DNA of the proliferating cells. Here, we describe the experimental procedures for investigating immuno-
suppressive properties of nanoparticles by both TDAR and HuLa assays, discuss the in vitro–in vivo
correlation of these methods, and show a case study using the iron oxide nanoparticle formulation,
Feraheme.

Key words Nanoparticles, Immunosuppression, Leukocyte proliferation, Antigen, TDAR

1 Introduction

Approximately 10–20% of drugs were withdrawn from clinical use
between 1969 and 2005 due to their adverse effects on the immune
system function [1–4]. These concerns were described in several
reports from academia [1], the pharmaceutical industry [2] and the
US Food and Drug Administration [3, 4]. The range of adverse
immune reactions responsible for the drug withdrawal included
anaphylaxis, allergy, hypersensitivity, idiosyncratic reactions, and
immunosuppression [1–4]. Nanotechnology-formulated complex
drug formulations are a relatively new class of therapeutics. Investi-
gation of nanoparticle immunotoxicity is performed according to
the framework established for other therapeutics and includes anal-
ysis of immunosuppressive properties [5–7]. The traditional
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immune function test used to estimate materials’ immunosuppres-
sion is a T-cell-dependent antibody response (TDAR) [8].
Although the likelihood of identifying immunotoxicity increases
with progression from preclinical in vitro to in vivo studies,
in vitro methods are often the first choice in the early phases of
the drug’s safety investigation. In addition to the higher through-
put and lower cost, in vitro methods are also helpful when
quantities of novel drug candidates are limited. To study immuno-
suppressive properties of novel drugs, an in vitro method called
human leukocyte activation (HuLa) assay has been developed to
substitute the traditional in vivo TDAR assay [9]. The schematics of
both methods are shown in Fig. 1. The HuLA assay was validated
across a wide range of immunosuppressive agents with different
mechanisms of action (cyclosporine, dexamethasone, rapamycin,
mycophenolic acid, and methotrexate) and demonstrated sensitiv-
ity to these drugs at their respective therapeutic concentrations.
The primary endpoints of TDAR and HuLa assays are antigen-
specific antibody response and leukocyte proliferation, respectively.
Collinge et al. demonstrated that cell proliferation in the HuLA
assay is specific to the flu antigen and involves CD4+ and CD8+ T
cells and B lymphocytes [9]. They further confirmed that cell
proliferation is accompanied by an increase in flu-specific,
antibody-secreting cells.

In this chapter, we describe experimental procedures for analyz-
ing nanoparticle immunosuppressive properties by both TDAR and
HuLa assays. Furthermore, using iron oxide nanoparticle

Fig. 1 Schematic of TDAR and HuLa assays. This figure shows major experimental steps of HuLa and TDAR
methods. For the TDAR assay, the day number for KLH injection and IgM/IgG blood collection may change,
because it depends on the test nanomaterial’s clinically intended dosing regimen. However, there is always
7 days interval between the KLH injection and IgM blood collection. The IgG blood collection can be done at
day 14 or 21 after the KLH injection
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formulation Feraheme, we show a correlation between HuLa and
TDAR assays (Fig. 2a, b). We chose Feraheme as a model particle for
the in vitro–in vivo comparison because several literature reports
demonstrated immunosuppressive properties of another commercial
iron oxide formulation Resovist [10–12], and because immunosup-
pression was a commonly observed toxicity of investigational iron
oxide formulations that we analyzed in the NCL immunological
assay cascade. The main limitation of this immunosuppressive assay
pair is that in vitro assays cannot account for the nanoparticle biodis-
tribution, potential inter-gender differences in particle metabolism,
and sensitivity to the particle-mediated toxicity (Fig. 2c). Therefore,
an in vitro assay is useful for identifying potential immunosuppressive
nanoparticle candidates, while an in vivo method is still needed to
confirm the results of the in vitro test.

Fig. 2 Correlation between HuLa and TDAR assays. Iron oxide nanoparticle Feraheme was analyzed in vitro
and in vivo. (a) The results of HuLa assay show statistically significant (p < 0.05) decrease in leukocyte
proliferation in response to 0.3 mg/mL of Feraheme. NC Negative Control (PBS), PC Positive Control
(Dexamethasome). (b) TDAR investigation was conducted in 6-week-old CD1 mice. Each treatment group
included five males and five females. The animals received i.v. injection of PBS as a negative control (PBS), or
were fed daily with a clinical formulation of cyclosporine in oil for the positive control (Cyclosporin). Feraheme
treatment groups received a single injection of 30 mg/kg of Feraheme (the dose is provided in terms of iron)
1 h prior to KLH injection. The results show a decrease (p < 0.05) in anti-KLH IgM titer in females but not in
males. (c) The same animals as in (b) were sacrificed and terminal blood was collected at day 21 of the study
for the analysis of serum IgG. The results show no significant change in the IgG levels or difference between
males and females
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2 Materials

2.1 HuLa 1. Review Note 1.

2. Human blood from at least three prescreened donors, antic-
oagulated with Li-heparin. The blood from at least three donor
volunteers vaccinated with the current season flu vaccine
should be drawn in vacutainers containing Li-heparin as an
anticoagulant. First 10 cc collected during phlebotomy should
be discarded. Cells from each donors should be tested
separately.

3. Ficoll-Paque Plus.

4. Phosphate buffered saline (PBS).

5. 4 mg/mL clinical-grade dexamethasone (DXM) stock.

6. Fluzone (Sanofi Pasteur). This is a prescription medication that
is seasonal and may not be available to all research laboratories.
Fluzone is supplied as a stock with a final concentration of
90 μg/mL of influenza hemagglutinin. Dilute the commercial
stock 1:50 with complete culture media. The vaccine is avail-
able in both single and multidose vials. Mutidose vials usually
contain preservatives (e.g., mercury) which may interfere with
this assay. Use only preservative-free versions.

7. Heat-inactivated fetal bovine serum (FBS). Thaw a bottle of
FBS at room temperature or overnight at 2–8 �C and allow to
equilibrate to room temperature. Incubate for 30 min at 56 �C
in a water bath mixing every 5 min to heat-inactivate it. Single-
use aliquots may be stored at 2–8 �C for up to 1 month or at a
nominal temperature of �20 �C.

8. Complete RPMI medium: RPMI-1640, 10% FBS (heat-
inactivated), 2 mM L-glutamine, 100 U/mL penicillin,
100 μg/mL streptomycin sulfate. Store at 2–8 �C protected
from light for no longer than 1 month. Before use, warm the
medium in a water bath to 37 �C.

9. Hank’s balanced salt solution (HBSS).

10. Trypan Blue solution.

11. MTT (3-(4, 5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide).

12. Glycine.

13. Sodium chloride.

14. Commercial BrdU cell proliferation assay (e.g., Calbiochem,
QIA58). After initial thaw of the commercially supplied mate-
rial, divide it into small aliquots and store at �20 �C. On the
day of the experiment, thaw the required number of aliquots
and dilute BrdU label 1:2000 in fresh complete media. Prepare
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immediately before use. Dilute BrdU-specific antibody by
1:100 in Antibody Diluent. Prepare immediately before use.
After initial thaw, divide into small aliquots and store at
�20 �C. Reconstitute Peridoxase Goat Anti-Mouse IgG HRP
Conjugate in 250 μL of PBS and let incubate at room temper-
ature for 10 min. Once reconstituted, divide into small aliquots
and store at �20 �C. For use, dilute Peridoxase Goat Anti-
Mouse IgGHRP Conjugate in Conjugate Diluent according to
the dilution instructions on the vial as the dilution factor is lot
specific. Prepare immediately before use. Allow the Fixative/
Denaturing Solution to sit at room temperature for 4 h prior to
use. Thaw the Conjugate Diluent, Substrate, Plate Wash Con-
centrate, and Stop Solution overnight at 4 �C. Once thawed,
these components can be stored at 4 �C. Dilute Plate Wash
Concentrate (20�) to 1� by adding 25 mL of Concentrate to
475 mL of deionized water. Store at 4 �C.

15. 96-well flat bottom plates for BrdU plate.

16. 96-well round bottom plates for MTT plate.

17. Hemocytometer.

18. Test nanomaterial and the buffer or media it was formulated in.

2.2 TDAR 1. 6-week-old male and female mice of CD-1 strain.

2. Keyhole Limpet Hemocyanin (KLH). KLH is supplied as lyo-
philized powder. Reconstitute the KLH in PBS to a final con-
centration of 8 mg/mL. Filter through sterile 0.2 mm filter
and keep at room temperature for no longer than 2 h. Discard
any leftovers. Each animal should receive 0.25 mL of this stock
solution. The dose per animal is 2 mg (see Note 2).

3. 100 mg/mL Cyclosporin A (Neoral). Cyclosporin is supplied
as an oral solution with a concentration of 100 mg/mL. The
dose, 100 mg/kg/day, is administered to mice via oral gavage.
The maximum volume of the gavage is 10 mL/kg or 0.2 mL
per 20 g animal. To deliver a 100 mg/kg dose by gavage, dilute
the commercial 100 mg/mL stock of cyclosporine to 10 mg/
mL for a 20 g animal for example. To adjust the stock solution
concentration, perform dilutions of the commercial stock in
corn oil (see Note 3).

4. PBS.

5. Corn oil, any brand available in a grocery store.

6. Mouse anti-KLH IgM ELISA commercial kit (e.g., Life Diag-
nostics Inc., 4000–1).

7. Mouse anti-KLH IgG ELISA commercial kit (e.g., Life Diag-
nostics Inc., 4010–1).

8. Test nanomaterial.
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3 Methods

3.1 Preparation of

Controls and Study

Sample for HuLa

1. Prepare negative control. Use PBS and process this control in
the same way as the test samples.

2. Prepare positive control of stock DXM. Clinical grade DXM is
provided at a stock concentration of 4 mg/mL. Dilute the
commercial stock in culture medium for a final concentration
of 250 μg/mL.

3. Prepare vehicle control sample. Vehicle control is the buffer or
media used to formulate the test nanomaterials. Common
excipients used in nanoformulations are trehalose, sucrose,
and albumin. However, other reagents and materials are also
used alone or in combination. Vehicle control should match
the formulation buffer of the test nanomaterial by both com-
position and concentration. This control can be skipped if
nanoparticles are stored in PBS.

4. This assay requires 0.5 mL of nanoparticles dissolved/resus-
pended in complete culture medium to a concentration of 16�
the highest tested concentration. The concentration is selected
based on the plasma concentration of the nanoparticle at the
intended therapeutic dose. For the purpose of this protocol,
this concentration is called the “theoretical plasma concentra-
tion.” Considerations for estimating theoretical plasma con-
centration were reviewed elsewhere [13] and are summarized
in Box 1. The assay will evaluate four concentrations: 10X (or
when feasible 100�, 30�, or 5�) of theoretical plasma

Box 1 Estimation of nanomaterial concentration for in vitro assay. The box shows an example of calculating
the nanoparticle concentration for the in vitro HuLa assay. Reproduced with permission from ref. 13
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concentration, theoretical plasma concentration, and two
5-fold serial dilutions of the theoretical plasma concentration.
When the intended therapeutic concentration is unknown, the
highest final concentration is 1 mg/mL or the highest reason-
ably achievable concentration. For example, if the final theo-
retical plasma concentration to be tested is 0.2 mg/mL, then a
stock of 32 mg/mL will be prepared and diluted 10-fold
(3.2 mg/mL), followed by two serial 5-fold dilutions (0.64
and 0.13 mg/mL, respectively). When 0.01 mL of each sample
is added to the plate and mixed with 0.05 mL of Fluzone and
0.1 mL of the cell suspension, the final nanoparticle concentra-
tions tested in the assay are: 2.0, 0.2, 0.04, and 0.008 mg/mL.

3.2 Preparation of

Study Sample for TDAR

Prepare test nanoparticles in appropriate vehicle, which is specific to
each formulation. Nanomaterials are tested at three doses, selected
based on the existing information about the test nanomaterial from
previous toxicological studies, at the: (1) no observable adverse
effect level (NOAEL), (2) maximum tolerated dose (MTD) (e.g.,
a dose which demonstrated a moderate decrease in leukocyte count
and was not accompanied by life-threatening abnormalities), and
(3) dose between dose levels 1 and 2. The frequency and the route
of administration for each test nanomaterial is selected based on its
intended clinical use (e.g., once a week, every day, every other day,
etc., and i.v., s.c., oral, etc.).

3.3 Human

Leukocyte Activation

(HuLa) Assay

1. Place freshly drawn blood into 15 mL or 50 mL conical centri-
fuge tubes, add an equal volume of room temperature PBS, and
mix well.

2. Slowly layer the Ficoll-Paque solution underneath the blood/
PBS mixture by placing the tip of the pipet containing Ficoll-
Paque at the bottom of the blood sample tube. Alternatively,
the blood/PBS mixture may be slowly layered over the Ficoll-
Paque solution. Use 3 mL of Ficoll-Paque solution per 4 mL of
blood/PBS mixture. For example, use 15 mL of Ficoll-Paque
solution per 20 mL of diluted blood.

3. Centrifuge for 30 min at 900 � g at 18–20 �C, without brake.

4. Using a sterile pipet, remove the upper layer containing plasma
and platelets and discard it.

5. Using a fresh sterile pipet, transfer the mononuclear cell layer
into another centrifuge tube.

6. Wash cells by adding an excess of HBSS and centrifuging for
10 min at 400 � g at 18–20 �C. The HBSS volume should be
about three times the volume of the mononuclear layer.

7. Discard the supernatant and repeat wash step 6 one more time.

8. Resuspend cells in complete RPMI-1640 medium. Dilute cells
1:5 or 1:10 with trypan blue, count cells, and determine
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viability using trypan blue exclusion. If viability is at least 90%,
proceed to the next step.

9. Adjust cell concentration to 1 � 106/mL with complete
medium.

10. Aliquot 100 μL of cell suspension to the appropriate wells of
two 96-well plates (Fig. 3). Repeat this step for each individual
donor.

11. Add 10 μL of test nanoparticle, positive control and negative
control to the respective wells. Prepare no cell, control wells
containing nanoparticles only (Fig. 3).

12. Incubate at 37 �C for 1 h.

13. Add 50 μL of media or Fluzone vaccine to appropriate wells.
Do not add Fluzone to “No Fluzone” wells.

14. Incubate at 37 �C for 72 h.

15. Add 20 μL of BrdU label to appropriate wells on BrdU plate,
taking care not to add BrdU to “No BrdU” wells.

16. Incubate at 37 �C for 24 h.

17. Spin BrdU plate for 4 min at 400 � g.

Fig. 3 Example of the plate map for HuLa assay. Wells 1–4 in Rows G and H are the cell-free, test samples;
they do not receive cells. NC Negative Control, PC Positive Control, TS Test Sample, VC Vehicle Control
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18. Aspirate media from BrdU plate, add 200 μL of fixative per
well, and incubate at room temperature for 30 min. Remove
fixative and tap the plate on paper towel.

19. Aspirate plate and add 100 μL of diluted BrdU-specific anti-
body to all wells.

20. Incubate at room temperature for 1 h.

21. Aspirate plate.

22. Wash plate three times using 250 μL/well of 1� Wash Buffer.
Blot the plate on paper towels to remove excess buffer.

23. Add 100 μL of Peroxidase-conjugated Goat Anti Mouse IgG
to all wells.

24. Incubate at room temperature for 30 min.

25. Aspirate plate.

26. Wash plate three times using 250 μL/well of 1� Wash Buffer.
Blot the plate on paper towels to remove excess buffer.

27. Fill wells completely with distilled water.

28. Aspirate plate. Blot the plate on paper towels to remove excess
buffer.

29. Add 100 μL of Substrate Solution to all wells.

30. Incubate at room temperature for 30 min in the dark.

31. Add 100 μL of Stop Solution.

32. Read plate at dual wavelengths of 450 nm (Lm1) and 540 nm
(Lm2) within 30 min of addition of Stop Solution. The final
result is recorded as OD ¼ Lm1-Lm2.

3.4 TDAR Assay 1. On Day 1 of the study, weigh each animal and administer
nanoparticles using dose level and route of administration, as
discussed in Subheading 3.2. The typical treatment groups,
each containing five males and five females, include: untreated
control, vehicle alone, KLH alone, Cyclosporin/KLH (positive
control), Nanoparticles/KLH (test sample).

2. On Day 11, administer KLH (see Note 4).

3. On Day 17 weigh each animal, then collect 100 μL of blood
from each mouse via tail vein. Allow blood to clot. Collect and
freeze serum in a fresh tube for the subsequent IgM analysis (see
Note 4).

4. On Day 25 weigh each animal, then collect 100 μL of blood
from each mouse via tail vein. Allow blood to clot. Collect and
freeze serum in a fresh tube for the subsequent IgG analysis.
Humanely euthanize the animals, according to your institute’s
animal care and use policies, for example via carbon dioxide
asphyxiation (see Note 4).

5. Analyze serum using a commercial ELISA kit for the presence
of KLH-specific IgM and IgG.
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3.5 Calculations and

Data Interpretation for

HuLa

1. A percent coefficient of variation should be calculated for each
control or test according to the following formula:

Standard deviation

Mean
� 100%

%CV for each control and test sample should be less than 30%.

2. Calculate the Stimulation Index (SI) using the following
formula:

Mean ODtest sample �Mean ODcells, no BrdU

Mean ODNo Fluzone sample �Mean ODcells,no BrdU

A good SI in the absence of an immunosuppressive agent is
�3. Preferable SI is �6–7.

3. If positive control or negative control fails to meet acceptance
criterion in step 1 above, the assay should be repeated.

4. Within the acceptable assay, if two of three replicates of
unknown sample fail to meet acceptance criterion described
in step 1, this unknown sample should be re-analyzed.

5. If significant variability is observed in results obtained using
leukocytes from three initial donors, the experiment needs to
be repeated with additional donor cells.

6. The positive control is considered positive if it results in at least
a two fold reduction in SI, when compared to the baseline
sample.

7. Statistical analysis is used to identify the nanoparticle candidate
with potential immunosuppressive properties.

3.6 Calculations and

Data Interpretation for

TDAR

1. %CV for each sample analyzed on ELISA plate should be
calculated as described in step 1 of Subheading 3.5 for HuLa
assay. %CV should be no more than 25%.

2. Compare IgM and IgG levels in the treatment groups with that
in the control group immunized with KLH alone. Perform
statistical analysis using traditional methods.

4 Notes

1. NCL does not endorse suppliers. However, we found that a
new user benefits from knowing catalog information of
reagents used in our assays. If you need ideas of what reagents
are used at the NCL, please review NCL method ITA-18
available at https://ncl.cancer.gov/resources/assay-cascade-
protocols. When other reagents are used, the assay
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performance may change. When using reagents and instru-
ments from sources other than that used in our protocols,
assay performance qualification is needed to verify the assay
functionality and validity.

2. Check your institutional Animal Care and Use Committee
(ACUC) requirements for the needle size. We do not recom-
mend using needles larger than 25 gauge for i.v. injections.

3. Commercial formulation of cyclosporine A contains castor oil.
Castor oil will cause diarrhea in animals which may lead to
dehydration. To avoid diarrhea in the positive control group,
corn oil should be used for the preparation of the working
stock of cyclosporine, which is administered to animals via
oral gavage.

4. The timing between nanoparticle administration and that of
KLH may be modified to select the most relevant schedule
mimicking the clinically intended use. For example, nanoparti-
cles and KLH can be administered on Day 1 with an hour
interval. This dosing regimen is appropriate for nanoparticles
intended for a single dose administration. Such a change will
result in a different number of days of the study. Blood collec-
tion for IgM and IgG assessment is done 7 and 14–21 days
after KLH administration, respectively.
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Chapter 15

Analysis of Pro-inflammatory Cytokine and Type II
Interferon Induction by Nanoparticles

Timothy M. Potter, Barry W. Neun, Jamie C. Rodriguez, Anna N. Ilinskaya,
and Marina A. Dobrovolskaia

Abstract

Cytokines, chemokines, and interferons are released by the immune cells in response to cellular stress,
damage and/or pathogens, and are widely used as biomarkers of inflammation. Certain levels of cytokines
are needed to stimulate an immune response in applications such as vaccines or immunotherapy where
immune stimulation is desired. However, undesirable elevation of cytokine levels, as may occur in response
to a drug or a device, may lead to severe side effects such as systemic inflammatory response syndrome or
cytokine storm. Therefore, preclinical evaluation of a test material’s propensity to cause cytokine secretion
by healthy immune cells is an important parameter for establishing its safety profile. Herein, we describe
in vitro methods for analysis of cytokines, chemokines, and type II interferon in whole blood cultures
derived from healthy donor volunteers. First, whole blood is incubated with controls and tested nanoma-
terials for 24 h. Then, culture supernatants are analyzed by ELISA to detect IL-1β, TNFα, IL-8, and IFNγ.
The culture supernatants can also be analyzed for the presence of other biomarkers secreted by the immune
cells. Such testing would require additional assays not covered in this chapter and/or optimization of the
test procedure to include relevant positive controls and/or cell types.

Key words Cytokines, Chemokines, Interferons, Inflammation, Whole blood, Immunostimulation

1 Introduction

Cytokine storm is a condition characterized by high plasma levels of
inflammatory cytokines, chemokines, and interferons which can be
commonly induced by pathogens or their components (endotoxin,
lipoproteins, DNA, RNA, etc.). Cytokine storm can also be caused
by certain drugs, for example recombinant proteins, therapeutic
antibodies, macromolecular nucleic acid-based therapeutics. It is
often accompanied by fever, hypo- or hypertension and may prog-
ress to a more severe life-threatening condition called systemic
inflammatory response syndrome (SIRS). For example, cytokine
storm was a serious side effect in the phase I clinical trial of an
experimental monoclonal antibody therapeutic, TGN1412, which
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caused six healthy volunteer enrollees to become critically ill,
requiring intensive care [1]. All patients had high serum levels of
TNFα, IFNγ, and other pro-inflammatory messengers [1]. Cyto-
kine storm was not observed in preclinical studies of this drug using
rats and cynomolgusmonkeys [1], butwas readily detectable in vitro
using a cytokine release assay in human primary blood cells [2].

Nanoparticles can be employed for delivery of therapeutic pro-
teins and antibodies, use biologicals (e.g., antibodies, proteins,
peptides) as targeting agents, or can be made of biological mole-
cules (e.g., self-assembling peptides). This warrants investigation of
the nanotechnology platforms, as well as their macromolecular
payload and targeting agents, for their propensity to induce pro-
inflammatory cytokines. Human whole blood is considered a reli-
able and predictive model for this purpose. The data obtained from
such in vitro studies are intended to supplement other preclinical
data to create a safety profile for the technology, and ensure the safe
transition of nanomedicines toward clinical development.

The protocol described herein uses whole blood derived from
healthy donor volunteers and cultures these specimens in the pres-
ence of controls and nanoparticles to identify the potential to
induce a cytokine storm. The culture supernatants are subsequently
analyzed by ELISA assays specific to IL-8, IL-1β, TNFα, and IFNγ.
Commercial ELISA assays and multiplex kits can also be used,
following the instructions from relevant manufacturers. This chap-
ter does not describe a protocol for the detection of type I inter-
ferons. If analysis of type I interferons is desired, another model
(e.g., PBMC or pDC cultures) and other positive controls (e.g.,
oligonucleotides) should be used. There is no harmonized
approach for the type of assay to use or for the choice between
singleplex and multiplex analysis. One should rely on scientific
judgment, focusing on the particular type of nanoparticles, the
kind of the cytokines, and the method for analysis of supernatants.
It takes 24 h to culture whole blood and collect supernatants. An
additional 5–6 h are needed to complete the ELISA or multiplex
analysis. If ELISA or multiplex analysis cannot be conducted imme-
diately after incubation of whole blood with nanoparticles, the
culture supernatants can be frozen at �20 �C. Different cytokines
have different stability at room temperature (RT) and upon
repeated freeze/thaw (FT) cycles. Please refer to Note 1 or man-
ufacturer’s instruction of commercial kits for the information about
RT and FT stabilities. When such information is not available, as in
the case of some commercial kits, analyze supernatants immediately
and prepare multiple aliquots for repeat analysis to avoid multiple
FT cycles.
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2 Materials

1. See Note 2.

2. Human blood, anticoagulated with Li-heparin from at least
three healthy donors.

3. Phosphate Buffered Saline (PBS).

4. Complete RPMI-1640 Medium. Prepare with 10% FBS (heat-
inactivated), 2 mM L-glutamine, 100 U/mL penicillin, and
100 μg/mL streptomycin. Store at 2–8 �C, protected from
light for no longer than 1 month. Warm the media in a water
bath before use. To prepare heat-inactivated FBS, thaw a
50 mL aliquot of FBS stock and equilibrate to room tempera-
ture. Place the tube in a 56 �C water bath and incubate with
mixing for 35min. Chill the serum and use to prepare complete
culture media.

5. 1 mg/mL ultrapure lipopolysaccharide (LPS) from K12 E. coli.
Add 1 mL of sterile water to 1 mg LPS and vortex to mix.
Aliquot 20 μL and store at a nominal temperature of �20 �C.
Avoid repeated freeze–thaw cycles. On the day of the experi-
ment thaw one aliquot and use at a final concentration of
20 ng/mL.

6. 1 mg/mL Phytohemagglutinin (PHA-M) stock. Add 1 mL
sterile PBS or cell culture medium to 1 mg PHA-M. Gently
rotate to mix. Store daily use aliquots at a nominal temperature
of �20 �C. Avoid repeated freezing/thawing. On the day of
the experiment thaw one aliquot and use at a final concentra-
tion of 10 μg/mL.

7. Coating Buffer (BupH Carbonate-Bicarbonate): Dissolve one
pack of BupH Carbonate-Bicarbonate in 500 mL distilled
water and mix well. This produces 0.2 M carbonate-
bicarbonate buffer with pH 9.4. Filter through 0.2 μm filter
and store at room temperature for up to 1 month.

8. Wash Buffer: 1� TBS in 0.05% Tween-20. Dissolve one pack of
BupH Tris Buffered Saline Pack in 500 mL distilled water mix
well and add 250 μL of Tween-20. Store at room temperature
for up to 1 month.

9. Blocking Buffer: 1� PBS with 1% BSA and 0.5% Tween-20.
Weigh 5 g BSA and dissolve in 500 mL of 1� PBS. Then, add
2.5 mL Tween-20 and mix well. Filter through 0.2 μm low
protein binding filter and store at 4 �C for up to 1 month.

10. 1 mg/mL NeutrAvidin Horseradish Peroxidase Conjugate
stock solution. This conjugate is supplied as 2 mg lyophilized
powder. Reconstitute with 0.4 mL distilled water and further
dilute to 2 mL by adding 1.6 mL sterile PBS to achieve a stock
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concentration of 1 mg/mL. For long-term storage freeze
reconstituted product in single use 5 μL aliquots. Avoid
repeated freezing and thawing.

11. Stop Solution: 2 N sulfuric acid (H2SO4). Slowly add 27.7 mL
H2SO4 into 200 mL of dH2O water, mix the solution thor-
oughly, let it cool and bring the solution to 500 mL with
dH2O using a 1000 mL graduated cylinder. Mix well and
store in a bottle at room temperature.

12. Ultra TMB-ELISA Substrate.

13. Human IL-8 monoclonal antibody.

14. Human IL-8 Biotinylated Affinity Purified polyclonal antibody.

15. Recombinant Human IL-8.

16. Human IL-1β monoclonal antibody.

17. Human IL-1β Biotinylated Affinity Purified polyclonal
antibody.

18. Recombinant Human IL-1β.
19. Human TNF-α monoclonal antibody.

20. Human TNF-α Biotinylated Affinity Purified polyclonal
antibody.

21. Recombinant Human TNF-α.
22. Human IFNγ monoclonal antibody.

23. Human IFNγ Biotinylated Affinity Purified polyclonal
antibody.

24. Recombinant Human IFNγ.
25. 24-well round bottom plates.

26. 96-well flat bottom plates.

27. Sealing tape for 96-well plates.

28. Plate reader, 450 nm.

3 Methods

3.1 Preparation of

Reagents and Controls

1. Negative Control. Use PBS as the negative control. Process this
control the same way as the test samples.

2. Vehicle Control. The vehicle control is the buffer or media used
to formulate test nanomaterials. Vehicle control should match
formulation buffer of the test-nanomaterial by both composi-
tion and concentration. This control can be skipped if nano-
particles are stored in PBS.

3. Assay Diluent. Collect whole blood into heparinized tubes.
Centrifuge for 10 min at 2500 � g and 2–8 �C; collect and
pool plasma from at least three donors. Plasma must be
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prepared within 2 h after blood collection and either used
immediately or aliquoted and stored at�20 �C. Avoid repeated
freeze–thaw cycles. Follow one of the approaches described
below to prepare working diluent.
Approach A: Thaw pooled Li-Heparin plasma, pulse-spin in a
microcentrifuge or 10 min at 2500 � g to remove fibrinogen
fibers or any other aggregated material. Dilute plasma in com-
plete RPMI to a final concentration of 20%. The plasma does
not have to match the donors used in a given experiment; a
large pool of plasma from various donors can be prepared in
advance, aliquoted and stored at �20 �C.
Approach B: Autologous plasma collected from the same
donors as used in the culture experiment can be utilized. The
limitation of this approach is that a separate standard curve and
quality control set should be prepared for each donor. Use
fresh; discard any leftover amount after experiment is complete
(see Note 3).
Approach C: Utilize the unused portion of the blood diluted
for the experiment to prepare untreated blood supernatants
from each individual donor and pool these supernatants to
make pooled assay diluent representing all donors used in the
given experiment. Add 1 mL of complete RPMI per each 4 mL
of the pooled supernatant to match the matrix of study samples
by both composition and concentration. Use fresh; discard any
leftover amount after experiment is complete (see Note 4).

4. Inhibition/Enhancement Controls (IEC). Two approaches can
be used to prepare IECs.
Approach A: Use culture supernatant from the positive control
sample and spike with test nanoparticle at four concentrations
(refer to Subheading 3.2). For example, add 100 μL of nano-
particle working dilution into 400 μL of positive control super-
natant. The final concentration of nanoparticle in this sample
will mimic that in supernatants from nanoparticle-treated cells.
The concentration of the analyte (cytokine, chemokine, or
IFN) in the positive control supernatant will be 1.3 times
lower. Compare the analyte level in the positive control super-
natant with that in IEC� 1.3 to account for the dilution factor.
If the difference in test results is within 25%, test-nanoparticle
does not interfere with ELISA.
Approach B: Use cell-free controls and spike with analyte (cyto-
kine, chemokine, or IFN) standard at a concentration equal to
that in Quality Control 2 (QC 2, Tables 1B, 2B, 3B). Compare
this IEC to QC 2. If the difference in test results is within 25%,
test-nanoparticle does not interfere with ELISA.

5. Quality Controls (QCs). QC samples are prepared by dilution
of recombinant cytokine, chemokine, or IFN stock in the Assay
Diluent. Follow Table 1B for IL-8 QC preparation, Table 2B
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for IL-1β, Table 3B for TNFα, and Table 4B for IFNγ. Int A
and Int B are intermediate solutions used to prepare QCs only.
Although Int A has the same nominal concentration as Int A
used to prepare calibration standards, the latter should not be
used to prepare QC in order to avoid duplicating errors if such
an error occurs. Prepare Int A for QC separately from that used
to make calibration standards.

6. Coating Antibody. Prepare appropriate monoclonal antibody
by reconstituting lyophilized powder in sterile PBS to afford a
final concentration of 0.5 mg/mL. Prepare single use aliquots
of 10, 20, 40, and 20 μL for IL-8, IL-1β, TNFα, and IFNγ,
respectively. Store aliquots at �70 �C for up to 6 months. On
the day of the assay, thaw a single-use aliquot at room temper-
ature and add the entire amount to 10 mL of Coating Buffer
(see Note 5).

7. Recombinant Human Cytokine Stock. Prepare appropriate
recombinant human stocks by reconstituting lyophilized

Table 1
Preparation of calibration standard and quality controls for IL-8 ELISA. Table A shows concentrations
and volumes used to prepare calibration standards for the IL-8 ELISA. Table B shows concentrations
and volumes used to prepare quality controls for the IL-8 ELISA

Sample
Nominal concentration
(pg/mL) Preparation procedure

A. Calibration standards

Int A 100,000 2.5 μL of stock +2497.5 μL of assay diluent

Std 1 2000 40 μL of Int A + 1960 μL of assay diluent

Std 2 1000 250 μL of Std 1 + 250 μL of assay diluent

Std 3 500 250 μL of Std 2 + 250 μL of assay diluent

Std 4 250 250 μL of Std 3 + 250 μL of assay diluent

Std 5 125 250 μL of Std 4 + 250 μL of assay diluent

Std 6 62.5 250 μL of Std 5 + 250 μL of assay diluent

Std 7 31.3 250 μL of Std 6 + 250 μL of assay diluent

B. Quality controls

Int A 100,000 2.5 μL of stock +2497.5 μL of assay diluent

Int B 2000 40 μL of Int A + 1960 μL of assay diluent

QC 1 800 400 μL of Int B + 600 μL of assay diluent

QC 2 200 100 μL of Int B + 900 μL of assay diluent

QC 3 100 500 μL of QC 2 + 500 μL of assay diluent

Int intermediate solution, Std standard
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powder in sterile PBS containing 0.1% BSA to a final concen-
tration of 100, 25, 100, and 200 μg/mL for IL-8, IL-1β,
TNFα, and IFNγ, respectively. Prepare single-use aliquots of
5 μL and store at �70 �C for up to 6 months. This stock
solution is used to prepare the calibration standards and QCs
(see Note 5).

8. Secondary Antibody. Prepare appropriate secondary antibody by
reconstituting lyophilized powder in sterile PBS to a final con-
centration of 0.2 mg/mL. Prepare single-use 25 μL aliquots
and store at �70 �C for up to 6 months. On the day of the
assay, thaw a single-use aliquot at room temperature and add
the entire amount to 10 mL of Blocking Buffer (see Note 5).

3.2 Preparation of

Nanoparticle Samples

When the experiment is conducted in 24-well plates, the assay
requires 5 mL of nanoparticles dissolved/resuspended in complete
culture medium at a concentration five times greater than the

Table 2
Preparation of calibration standard and quality controls for IL-1β ELISA. Table A shows
concentrations and volumes used to prepare calibration standards for the IL-1β ELISA. Table B shows
concentrations and volumes used to prepare quality controls for the IL-1β ELISA

Sample
Nominal concentration
(pg/mL) Preparation procedure

A. Calibration standards

Int A 25,000 5 μL of stock +4995 μL of assay diluent

Int B 2500 100 μL of Int A + 900 μL of assay diluent

Std 1 250 100 μL of Int B + 900 μL of assay diluent

Std 2 125 250 μL of Std 1 + 250 μL of assay diluent

Std 3 62.5 250 μL of Std 2 + 250 μL of assay diluent

Std 4 31.3 250 μL of Std 3 + 250 μL of assay diluent

Std 5 15.6 250 μL of Std 4 + 250 μL of assay diluent

Std 6 7.8 250 μL of Std 5 + 250 μL of assay diluent

Std 7 3.9 250 μL of Std 6 + 250 μL of assay diluent

B. Quality controls

Int A 25,000 5 μL of stock +4995 μL of assay diluent

Int B 2500 100 μL of Int A + 900 μL of assay diluent

QC 1 100 150 μL of Int B + 3600 μL of assay diluent

QC 2 50 500 μL of QC 1 + 500 μL of assay diluent

QC 3 12.5 200 μL of QC 2 + 600 μL of assay diluent

Int intermediate solution, Std standard
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highest final test concentration. The concentration is selected based
on the theoretical plasma concentration of the nanoparticle at the
intended therapeutic dose. Considerations for estimating the theo-
retical plasma concentration have been reviewed elsewhere [3] and
are summarized in Box 1. The assay examines four nanoparticle test
concentrations: 10� (or when feasible 100�, 30�, or 5�) of the
theoretical plasma concentration, the theoretical plasma concentra-
tion, and two 5-fold serial dilutions of the theoretical plasma
concentration.

When the intended therapeutic concentration is unknown, the
highest final concentration is either 1 mg/mL, or the highest
reasonably achievable concentration. For example, if the final theo-
retical plasma concentration to be tested is 0.2 mg/mL, then a
stock of 10 mg/mL will be prepared and diluted 10-fold (1 mg/
mL), followed by two 5-fold serial dilutions (0.2 and 0.04 mg/
mL). When 200 μL of each of these samples are combined in a

Table 3
Preparation of calibration standard and quality controls for TNFα ELISA. Table A shows
concentrations and volumes used to prepare calibration standards for the TNFα ELISA. Table B shows
concentrations and volumes used to prepare quality controls for the TNFα ELISA

Sample
Nominal concentration
(pg/mL) Preparation procedure

A. Calibration standards

Int A 100,000 5 μL of stock +4995 μL of assay diluent

Int B 10,000 100 μL of Int A + 900 μL of assay diluent

Std 1 4000 200 μL of Int B + 300 μL of assay diluent

Std 2 2000 250 μL of Std 1 + 250 μL of assay diluent

Std 3 1000 250 μL of Std 2 + 250 μL of assay diluent

Std 4 500 250 μL of Std 3 + 250 μL of assay diluent

Std 5 250 250 μL of Std 4 + 250 μL of assay diluent

Std 6 125 250 μL of Std 5 + 250 μL of assay diluent

Std 7 62.5 250 μL of Std 6 + 250 μL of assay diluent

B. Quality controls

Int A 100,000 5 μL of stock +4995 μL of assay diluent

Int B 10,000 100 μL of Int A + 900 μL of assay diluent

QC 1 1500 600 μL of Int B + 3399 μL of assay diluent

QC 2 750 500 μL of QC 1 + 500 μL of assay diluent

QC 3 375 500 μL of QC 2 + 500 μL of assay diluent

Int intermediate solution, Std standard

180 Timothy M. Potter et al.



culture plate with 800 μL of cells, the final concentrations of
nanoparticles are 0.008, 0.04, 0.2, and 2 mg/mL. Each nanoparti-
cle concentration is plated three times. An additional 600 μL is
required for a cell-free control. When the cell-free control is
prepared for the whole blood plate, an aliquot of blood diluted in
PBS from Subheading 3.3 is spun down for 10 min at 2500� g and
800 μL of this cell-free supernatant is combined with 200 μL of test
nanoparticles.

3.3 Preparation of

Whole Blood

1. Collect whole blood from healthy donor volunteers who have
been clear from infection and unmedicated for at least 2 weeks
prior to blood donation. Use Li-heparin tubes and discard the
first 10 cc. For best results, whole blood should be used within
1 h after collection. Prolonged storage (>2 h) of whole blood
will lead to a decrease in cell function.

Table 4
Preparation of calibration standard and quality controls for IFNγ ELISA. Table A shows concentrations
and volumes used to prepare calibration standards for the IFNγ ELISA. Table B shows concentrations
and volumes used to prepare quality controls for the IFNγ ELISA

Sample
Nominal concentration
(pg/mL) Preparation procedure

A. Calibration standards

Int A 200,000 5 μL of stock +4995 μL of assay diluent

Int B 20,000 100 μL of Int A + 900 μL of assay diluent

Std 1 2000 100 μL of Int B + 900 μL of assay diluent

Std 2 1000 250 μL of Std 1 + 250 μL of assay diluent

Std 3 500 250 μL of Std 2 + 250 μL of assay diluent

Std 4 250 250 μL of Std 3 + 250 μL of assay diluent

Std 5 125 250 μL of Std 4 + 250 μL of assay diluent

Std 6 62.5 250 μL of Std 5 + 250 μL of assay diluent

Std 7 31.3 250 μL of Std 6 + 250 μL of assay diluent

B. Quality controls

Int A 200,000 5 μL of stock +4995 μL of assay diluent

Int B 20,000 100 μL of Int A + 900 μL of assay diluent

QC 1 800 150 μL of Int B + 3600 μL of assay diluent

QC 2 400 500 μL of QC 1 + 500 μL of assay diluent

QC 3 200 300 μL of QC 2 + 300 μL of assay diluent

Int intermediate solution, Std standard
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2. Dilute whole blood four times with complete culture media
(e.g., 3 mL of whole blood and 9 mL of complete culture
media).

3. Dispense 800 μL of diluted blood from step 1 per well in a 24-
well plate. See Fig. 1 for plate layout (see Note 6).

4. Dispense 200 μL of blank media (baseline), negative control,
positive control, vehicle control, and test samples into
corresponding wells on a 24-well plate containing 800 μL of
diluted blood from step 1. Prepare triplicate wells for each

Box 1 Example of calculation of nanoparticle concentrations for in vitro test. Reproduced with permission from
ref. 3

Fig. 1 Example 24-well Plate Template for Culturing Whole Blood. Row D does not contain cells; NC negative
control, PC positive control; TS 1 and 2 test nanoparticle at concentrations 1 and 2, respectively; VC1 and
2 vehicle control at concentrations 1 and 2, respectively
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sample. Prepare cell-free control by dispending 200 μL of
nanoparticles into 800 μL of cell-free supernatant prepared by
spinning an aliquot of whole blood from step 1 for 10 min at
2500 � g. Gently shake plates to mix (see Note 7).

5. Repeat steps 1–3 for cells obtained from each individual donor.
There is no limit to the number of donors that can be used. It is
advised to test each nanoparticle formulation using blood
derived from at least three donors.

6. Incubate 24 h in a humidified 37 �C, 5% CO2 incubator.

7. Collect cultured blood in 1.5 mL centrifuge tubes and spin in a
microcentrifuge at 18,000 � g for 5 min.

8. Transfer supernatants into fresh tubes and either proceed with
ELISA analysis or aliquot and store at �20 �C (see Note 8).

3.4 ELISA 1. Before starting, please see Notes 1 and 9.

2. Refer to Fig. 2 for an ELISA plate template to determine the
number of plates needed. Coat the plate with capture antibody

Fig. 2 Example ELISA Plate Template. This figure shows an example of the ELISA plate layout. Std standard; TS
test sample; QC quality control; B0 blank (assay diluent); NC negative control supernatant; PC positive control
supernatant; VC vehicle control supernatant; TS1, TS2, TS3 and TS 4 supernatant from nanoparticle test
sample at concentrations 1, 2, 3, and 4, respectively; IEC1, IEC2, IEC3, and IEC4 inhibition enhancement
controls for nanoparticles at test concentrations 1, 2, 3, and 4, respectively; CF cell free
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by adding 100 μL of working solution to each well; Cover plate
with a plate sealer and incubate overnight at 4 �C.

3. Aspirate coating solution and dry the plate by tapping on a
paper towel. Add 100 μL of blocking buffer per well and
incubate for 1 h at room temperature.

4. During incubation time in step 3, prepare calibration stan-
dards, QCs, and IECs.

5. Aspirate blocking buffer, tap-dry the plate and add 100 μL of
standards, test samples, QCs, and IECs to appropriate wells.
Carefully cover the plate with an adhesive plate cover. Ensure
that all edges and strips are sealed tightly. Incubate for 1 h at
room temperature. All standards, controls, and samples are
analyzed in duplicate (see Note 10).

6. Carefully remove the adhesive plate cover. Wash the plate six
times with wash buffer. When using an automatic plate washer,
turn plates after first cycle (i.e., first three washes). After final
wash, tap the plate on absorbent paper to remove traces of wash
buffer from wells.

7. Add 100 μL of Secondary Antibody working solution per well,
cover the plate with a plate sealer and incubate for 1 h at room
temperature.

8. Wash the plate six times with wash buffer. When using an
automatic plate washer, turn plates after first cycle (i.e., first
three washes). After final wash, tap plate thoroughly on absor-
bent paper to remove traces of wash buffer from the wells.

9. Add 100 μL of NeutrAvidinHorseradish Peroxidase Conjugate
working solution to each well, cover the plate with a plate sealer
and incubate for 1 h at room temperature.

10. Wash the plate six times with wash buffer. When using an
automatic plate washer turn plates after first cycle (i.e., first
three washes). After final wash, tap plate thoroughly on absor-
bent paper to remove traces of wash buffer from the wells.

11. Add 100 μL of TMB-ELISA substrate per well, cover the plate
with a plate sealer and incubate plate for 20–30 min at room
temperature. Protect from light (see Note 11).

12. Add 50 μL of Stop Solution to each well. The color in the wells
should change from blue to yellow. If the color change does
not appear uniform, gently tap the plate to ensure thorough
mixing.

13. Determine the optical density of each well within 30 min, using
a microplate reader set to 450 nm.

3.5 Calculations and

Results Interpretation

1. The % CV for each test sample, including supernatants from
cell/blood cultures treated with positive control, negative con-
trol, and nanoparticle sample, should be within 20%. At least
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one replicate of positive and negative controls should be
acceptable for run to be accepted.

2. If both replicates of positive control or negative control fail to
meet acceptance criterion described in step 1, the run should
be repeated.

3. Within the acceptable run, if two of three replicates of
unknown sample fail to meet acceptance criterion described
in step 1, this unknown sample should be re-analyzed.

4. Elevation of cytokine level in the test sample �two fold above
that observed in the baseline sample is considered a positive
response. Please see Fig. 3 for an example of the data generated
using this assay.

5. Nanoparticles do not interfere with ELISA if the difference in
test results between IEC and QC or positive control is within
25%.

4 Notes

1. When analysis of cytokines and interferon are performed using
ELISA as described in this chapter, the acceptable number of
freeze/thaw cycles is as follows: one for IL-8, three for IL-1β
and TNFα, and two for IFNγ.

Fig. 3 Example of data generated using this assay. A nanoparticle formulation was analyzed according to the
protocol described in this chapter. The data show that the formulations induced IL-8 in all tested donors and
IL-1β in two of three tested donors. Induction of TNFα and IFNγ was not observed
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2. NCLdoes not endorse suppliers.However, we found that a new
user benefits from knowing catalog information of reagents
used in our assays. If you need ideas of what reagents are used
at theNCL, please reviewNCLmethods ITA-10, ITA-22, ITA-
23, ITA-24, and ITA-25 available at https://ncl.cancer.gov/
resources/assay-cascade-protocols. When other reagents are
used, the assay performance may change. For ELISA assays,
the limits of detection and quantification, the calibration curve
andQCs, and the number of acceptable freeze/thaw cycles may
also change.When using reagents and instruments from sources
other than that used in our protocols, assay performance quali-
fication is needed to verify the assay functionality and validity.

3. If autologous plasma was frozen, pulse-spin in a microcentri-
fuge for 10 min at 2500 � g to remove fibrinogen fibers or any
other aggregated material.

4. If the experiment cannot be completed within the same day, it
is OK to freeze this diluent at �20 �C. If this diluent is stored
frozen and thawed prior to use in the assay, pulse-spin the
diluent in a microcentrifuge for 10 min at 2500 � g to remove
fibrinogen fibers or any other aggregated material.

5. If the protein or antibody from another source is used, the final
dilution of this protein should be adjusted to provide optimal
assay performance (i.e., minimum background, high signal-to-
noise ratio).

6. If positive control supernatants are used to prepare IECs, do
not forget to add extra replicates of the positive control sample.

7. The cell-free sample will be processed the same way as the
whole blood samples and will serve as a control for false-
positive results. To test for potential false-negative results,
supernatant from the positive control can be spiked with nano-
particle at a final nanoparticle concentration identical to that in
the test sample. Alternatively, a cell-free supernatant containing
nanoparticles can be spiked with cytokine standard in each
individual ELISA assay and analyzed against relevant quality
controls. If the nanoparticle inhibits detection of the cytokine,
a decrease in the cytokine level will be seen when compared to
the level of cytokine in the positive control or QC samples.
Additionally, to understand whether a nanoparticle may poten-
tiate or inhibit cellular responses to the assay positive control
(LPS or PHA-M), the positive control can be co-cultured with
nanoparticles in the presence of cells.

8. To avoid multiple freeze/thaw cycles, it is better to prepare
multiple (200 or 300 μL) aliquots for each supernatant.

9. The described procedure is uniform for all ELISAs. Please refer
to Subheading 3.1 for instructions on preparation of coating
antibody, detection antibody, calibration standards and QCs
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specific to individual analytes (IL-8, IL-1β, TNFα, and IFNγ).
Also review Note 1.

10. If samples were stored frozen, pulse-spin in a microcentrifuge
to remove fibrinogen fibers or any other aggregated material. If
it takes longer than 5–10min to load all samples onto the plate,
prepare an intermediate plate and use a multichannel pipettor
to transfer the diluted samples from the intermediate plate
onto ELISA plate.

11. You can pre-read plate at 650 nm at about 15–20 min of
incubation to decide whether to stop or continue incubation
up to 30 min. Criteria for decision to stop and/or continue the
incubation are acceptance of calibration standards and QC and
steepness of the standard curve. (It is better to avoid high
concentration standards reaching maximum OD.) OD units
seen at 650 nm will be lower after addition of stop solution and
analysis at 450 nm.
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Chapter 16

Analysis of Nanoparticle-Adjuvant Properties In Vivo

Barry W. Neun and Marina A. Dobrovolskaia

Abstract

Nanoparticles can be engineered for targeted antigen delivery to the immune cells and for stimulating the
immune response to improve the antigen immunogenicity. This approach is commonly used to develop
nanotechnology-based vaccines. In addition, some nanotechnology platforms may be initially designed for
drug delivery, but in the course of subsequent characterization, their additional immunomodulatory
functions may be discovered that can potentially benefit vaccine efficacy. In both of these scenarios, an
in vivo proof of concept study to verify the utility of the nanocarrier for improving vaccine efficacy is needed.
Here, we describe an experimental approach and considerations for designing an animal study to test
adjuvant properties of engineered nanomaterials in vivo.

Key words Nanoparticles, Vaccines, Adjuvant, Antigen, Antibody

1 Introduction

Nanoparticles can provide a wide variety of advantages over con-
ventional adjuvants. Some benefits include improved solubility of
hydrophobic antigens, option to control antigen release, lower
frequency and severity of side effects, protection of the antigen
from degradation, and concurrent delivery of multiple antigens,
as reviewed elsewhere [1, 2]. Different nanomaterials, including
but not limited to polymeric, chitosan, magnetic, latex, gold, silica,
and polystyrene nanoparticles, have been described as successful
antigen carriers and vaccine adjuvants [3–10]. The most common
target cells for nanoparticle-based vaccines are the antigen-
presenting cells (APC) such as dendritic cells (DC). DC can inter-
nalize nanoparticles loaded with antigens via multiple routes [6,
11]. Macrophages have also shown to utilize multiple pathways for
nanoparticle internalization [12]. Nanoparticle physicochemical
properties, such as size, zeta potential, and surface functionalities,
play a fundamental role in the particle interaction with the immune
cells. Several studies demonstrate that smaller particles generate
stronger immune responses than their larger counterparts [3,
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6–8, 11, 13]. This property can be explained by the ability of
smaller particles to travel to the draining lymph nodes (LN)
where they target LN-resident DC, B-cells, and macrophages [13,
14]. Particles with sizes of 100 nm or larger tend to stay at the site
of injection where they stimulate resident APC. A nanoparticle size
of about 50 nm is suggested to be the most optimal for particle
uptake by DC [15–17]. It has been further demonstrated that
smaller particles are more potent in inducing IFN-α responses,
while larger particles preferentially stimulate the production of
TNF-α [18]. Moreover, smaller particles promote Th1 and CD8+
T-cell responses, while their larger counterparts preferentially stim-
ulate Th2 responses [3, 6, 8]. Engineering the particle surface is
another approach commonly used in vaccine design. For example,
positively charged particles demonstrate greater uptake by DC
[19–21], stronger induction of DC maturation [14, 22–25], and
higher cytotoxic T lymphocyte responses [26]. A comprehensive
review of nanotechnology-based vaccines is available elsewhere
[27, 28].

Nanotechnology platforms are also used to formulate drugs
and imaging agents. Sometimes, in the course of characterization
of such particles, one may discover immunomodulatory functions,
which may potentially benefit vaccine efficacy. In this case, the
carrier may be re-purposed for the delivery of an antigen. In both
situations, when the adjuvant property was intentionally created
and when it was unexpectedly discovered, a proof of concept exper-
iment is needed to verify the nanoparticle-adjuvant property. Here,
we describe an experimental approach which can be used for such a
proof of concept study along with considerations about the route of
administration and dosing regimen (Fig. 1).

2 Materials

1. Six-week-old male and female mice of C57BL6 strain.

2. Phosphate buffered saline (PBS).

3. Model antigen, Ovalbumin-Endofit. Ovalbumin is supplied as
a lyophilized powder. Reconstitute in sterile PBS or saline
before injection to a final concentration of 1 mg/mL. Use
freshly prepared material, discard any leftovers.

4. ELISA to detect antibody to the model antigen: Mouse anti-
OVA ELISA kit. OVA specific IgM are assessed at Day 7.
At Day 21, IgG levels are evaluated.

5. ELISA to detect antibody to target antigen.

6. Test nanomaterial and its formulation buffer (vehicle control).
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3 Methods

3.1 Preparation of

Control, Test Antigen,

and Test Nanoparticle

1. Prepare vehicle control. Vehicle control is the buffer or media
used to formulate test nanomaterials. Typical excipients
employed in nanoformulations are trehalose, sucrose, and albu-
min. However, other reagents and materials are also used alone
or in combination. Vehicle control should match the formula-
tion buffer of the test nanomaterial by both composition and
concentration. This control can be skipped if nanoparticles are
stored in PBS.

2. Prepare test antigen of interest, according to the manufac-
turer’s instructions or based on the information unique to
this antigen.

3. Prepare test nanoparticles in an appropriate vehicle, which is
specific to each formulation. Nanomaterials are tested at three
doses, selected based on the existing information about the test
nanomaterial from previous immunological studies.

3.2 In Vivo Assay 1. On Day 0, determine the weight of each animal and collect
100 μL of blood via the tail vein to establish antibody back-
ground for each animal (see Notes 1–4).

2. Inject test samples and controls intradermally into the dorsal
foot skin as a 30 μL total volume bolus (see Notes 2 and 5).

3. On Day 7, determine the weight of each animal and collect 100
μl of blood via tail vein.

Fig. 1 Schematic of the study protocol. This figure shows the main experimental
steps of the method used to assess adjuvanticity of nanoparticles. (a) Treatment
groups and number of animals. (b) Study outline. Ag antigen, i.d. intradermal
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4. On Day 21, determine the weight of each animal, then eutha-
nize the animals via CO2 asphyxiation. Perform terminal blood
collection via cardiac puncture (see Note 6).

5. Allow the blood to clot, centrifuge the tubes for 5 min at
2500 � g, and transfer serum to fresh tubes. The serum can
be analyzed immediately or stored frozen at �20 �C.

6. On thedayof analysis, thaw sera at room temperature and analyze
by ELISA for the presence of antibodies. Day 7 samples are used
for IgM analysis; Day 21 samples are used for IgG analysis.

3.3 Calculations and

Results Interpretation

1. Percent Coefficient of Variation (%CV) should be calculated for
each sample analyzed on ELISA plate according to the follow-
ing formula:

Standard Deviation

Mean
� 100%

2. %CV for each sample should be less than 25%.

3. Compare IgM and IgG levels in the treatment groups with that
in the control group immunized with antigen alone. Perform
statistical analysis using traditional methods.

4 Notes

1. Conduct thorough physicochemical, immunological, and toxi-
cological characterization of a nanomaterial-based formulation
before its testing in the animal study. Ensure that the test
nanoparticle is endotoxin-free. Endotoxin is a potent immu-
nostimulant and can also act as a vaccine adjuvant.

2. Check your Institutional ACUC requirements for animal hus-
bandry and the needle size. We do not recommend using
needles larger than 29 gauges for injections. Perform injections
into only one hind foot per animal. Provide soft bedding and
ensure the ability of animals to reach food and water. Monitor
animals daily for pain/distress or complications at the injection
site for the duration of the experiment or until there is no
evidence of pain or discomfort. Consider humane euthanasia
for mice exhibiting signs of severe pain or distress.

3. The following test groups are included in a typical study: (1)
nanoparticle-formulated antigen [10 animals: 5 males and 5
females]; (2) antigen alone [10 animals: 5 males and 5 females];
(3) nanoparticle carrier only [10 animals: 5 males and 5
females]; (4) nanoparticle carrier mixed with model antigen
(i.e., antigen is not bound or conjugated to the particle surface
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or entrapped into the particle) [10 animals: 5 males and 5
females]. Group 1 can be skipped if the test antigen is not
conjugated to the nanoparticle carrier. The inclusion of the
standard adjuvant (e.g., alum or complete Freund adjuvant
(CFA)) should be considered to estimate the potency of the
nanoparticle carrier.

4. When designing a study, one may also consider a traditional
immunization protocol, which includes prime and boost dos-
ing regimen on Days 0 and 7, respectively. The traditional
protocol will require s.c. vaccination on two flanks of each
animal, and therefore will require larger material quantity.
When traditional protocol is used, the blood is also collected
on Day 14 (7 days after the last immunization). However, if the
test nanoparticle hydrodynamic size is less than 100 nm, nano-
particles can deliver the antigen directly into the draining
lymph nodes. Intradermal injection into the footpad described
in this protocol is optimal and provides better efficacy for such
carriers (Fig. 2). If, however, the test nanoparticle size is over
100 nm, nanoparticles will stimulate the immune cells at the
site of injection, and a traditional immunization regimen
including s.c. vaccination should be considered.

Fig. 2 An example of data generated using this protocol. The hydrodynamic size of the test nanoparticle was
<100 nm. Therefore, it was expected that lymphatic drainage would be essential for the efficacy of the
formulation. The intradermal (i.d.) injection was performed according to the protocol described in this chapter. In
parallel, the same particle was also administered to animals via the traditional subcutaneous (s.c.) route and
dosed using a traditional prime and boost regimen on Days 0 and 7, respectively. Individual animal responses
are shown for (a) males and (b) females. The data demonstrate that immunization using a single footpad
injection described in this protocol resulted in greater antibody levels than repeated administration of the same
nanoparticles via s.c. route. The total dose of antigen delivered via the s.c. route was four times greater than that
delivered via i.d. route. Antibody levels for all animals at Day 0 were the same. Ag antigen, NP nanoparticle
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5. Nanoparticle dose per injection typically does not exceed
500 μg (i.e., per 30 μL volume). The dose of the model antigen
(OVA) is 30 μg per injection (i.e., per 30 μL volume). The
concentration of the target antigen may be different and should
be determined experimentally. Using 30 μg per injection can be
considered as a starting point.
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Chapter 17

In Vitro and In Vivo Methods for Analysis of Nanoparticle
Potential to Induce Delayed-Type Hypersensitivity Reactions

Timothy M. Potter, Barry W. Neun, and Marina A. Dobrovolskaia

Abstract

Delayed-type hypersensitivity (DTH) reactions are among the common reasons for drug withdrawal from
clinical use during the post-marketing stage. Several in vivo methods have been developed to test DTH
responses in animal models. They include the local lymph node assay (LLNA) and local lymph node
proliferation assay (LLNP). While LLNA is instrumental in testing topically administered formulations
(e.g., creams), the LLNP was proven to be predictive of drug-mediated DTH in response to small molecule
pharmaceuticals. Global efforts in reducing the use of research animals lead to the development of in vitro
models to predict test-material-mediated DTH. Two such models include analysis of surface marker
expression in human cell lines THP-1 and U-937. These tests are known as the human cell line activation
test (hCLAT) and myeloid U937 skin sensitization test (MUSST or U-SENS), respectively. Here we
describe experimental procedures for all these methods, discuss their in vitro–in vivo correlation, and
suggest a strategy for applying these tests to analyze engineered nanomaterials and nanotechnology-
formulated drug products.

Key words Nanoparticles, Hypersensitivity, Leukocyte proliferation, Sensitizer, Allergen, Irritant,
LLNA, LLNP, hCLAT, MUSST

1 Introduction

According to several reports from industry, academia, and regu-
latory agencies, many drugs are withdrawn from clinical use due to
their adverse effects on immune system function [1–4]. Although
nanotechnology-formulated drugs represent a relatively new cate-
gory of pharmaceutical products, their safety assessment is con-
ducted using the regulatory framework established for other
products, such as small molecules, therapeutic nucleic acids, and
biologics; and, among other tests, it includes analysis of immuno-
toxicity. Acute immunotoxicity commonly observed in response to
nanomaterials is related to hemolysis, complement activation,
opsonization, phagocytosis, and cytokine secretion, and can be
accurately tested using in vitro assays [1]. Identifying changes in
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the immune system function is more complex and requires more
sophisticated approaches. Since many low molecular weight com-
pounds can induce allergic contact dermatitis, evaluation of skin
sensitization is one of the key safety endpoints for materials used in
cosmetics [2]. Delayed-type hypersensitivity (DTH) reactions to
systemically administered drugs are also a safety concern which
cannot be revealed by standard toxicity studies [3]. Estimation of
a material’s potential to allergic contact dermatitis in human was
historically done using Guinea Pig Maximization Test, Buehler’s
Test, and more recently by Local Lymph Node Assay (LLNA).
Local Lymph Node Proliferation Assay (LLNP) is a modification
of LLNA which was shown to accurately predict DTH reaction to
systemically administered pharmaceuticals [3]. The change in
LLNP involves subcutaneous (s.c.) injection of a test material
instead of topical application onto a skin surface like in LLNA.
Both LLNA and LLNP require administration of a test material
to mice once a day for three consecutive days, followed by 2 days of
rest and then intravenouos (i.v.) administration of 3H-thymidine.
Animals are sacrificed 5 h after thymidine injections and draining
lymph nodes are analyzed by scintillation counting. 3H-thymidine
incorporation into DNA of lymph node resident leukocytes is used
as an indication of T-cell activation involved in allergic sensitization.
Several years ago, the European Cosmetics Association (COLIPA),
through a number of inter-laboratory studies, validated two in vitro
assays that are proposed to decrease and possibly eliminate animal
use in analysis of DTH reactions. These tests are the human cell line
activation test (hCLAT) and myeloid U937 skin sensitization test
(MUSSTor U-SENS) [2, 4–8]. For the purpose of this chapter, we
will refer to the MUSST/U-SENS assay as MUSST. They were
originally developed by several researchers in Japan [2, 9–13], and
subsequently adopted by several European labs [14–17]. The prin-
ciple of these methods is based on the fact that allergic sensitization
requires formation of T-cell memory and the essential step in the
process is the activation of antigen-presenting cells such as dendritic
cells. Due to the complexity of isolation and high inter-donor
variability between primary human dendritic cell cultures, the
researchers have selected monocyte-macrophage cell lines THP-I
and U-937. They found that these cells possess one of the proper-
ties of activated primary dendritic cells, i.e., they express CD86
and/or CD54 in response to allergens. Despite original publica-
tions describing the expression of both CD54 and CD86 by THP-I
cells, both our laboratory and BD Biosciences found that THP-1
lack CD86 (NCL unpublished data and reference 18). The hCLAT
and MUSST tests described in this chapter are adaptations of
previously published methods and evaluate the expression of sur-
face markers CD54 and CD86 in THP-1 and U937 cell lines,
respectively. Both in vitro and in vivo DTH tests are schematically
depicted in Fig. 1. These assays apply to engineered nanomaterials
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and nanotechnology-formulated drug products. However, due to
the complexity of these novel materials, the in vitro–in vivo corre-
lation between LLNA, LLNP, and hCLAT, MUSST assays may be
observed for some but not all nanoparticles (Fig. 2). In vitro
methods have a greater rate of positive response than in vivo tests;
moreover, among in vitro assays MUSST is more sensitive in iden-
tifying positive responses than hCLAT (Fig. 3). Therefore, the
in vitro assays can be used for rapid screening of multiple nanofor-
mulations. However, positive responders established in these
in vitro tests require verification using a relevant in vivo method.

2 Materials

2.1 hCLAT and

MUSST

1. Phosphate buffered saline (PBS).

2. Heat-inactivated fetal bovine serum (FBS). Thaw a bottle of
FBS at room temperature or overnight at 2–8 �C and allow to
equilibrate to room temperature. Incubate for 30 min at 56 �C
in a water bath mixing every 5 min to heat-inactivate it. Single-
use aliquots may be stored at 2–8 �C for up to 1 month or at a
nominal temperature of �20 �C for a longer duration.

3. 10 mg/mL stock glycerol. Prepare 10 mg/mL stock by adding
80 μL of glycerol into 9.92 mL sterile water and filter through
0.2-μm filter. Make sure to use pyrogen-free water.

4. Reagent to distinguish between life and dead cells, such as
trypan blue solution or arcindine orange/propidium iodide
(AO/PI) staining solution.

Fig. 1 Schematic of LLNA, LLNP, MUSST, and hCLAT methods. This figure depicts the major experimental
steps of in vitro MUSST and hCLAT, and in vivo LLNA and LLNP methods
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5. Albumin from bovine serum (BSA).

6. Bovine Serum Albumin (BSA) blocking buffer. BSA reagent is
provided as lyophilized powder. Dissolve 50 mg of the reagent
and in 50 mL ice-cold PBS. Mix well and place on ice. Prepare
fresh before each use. Discard any leftover after the experiment
is complete.

Fig. 2 Correlation between hCLAT, MUSST, and LLNP assays is observed for some but not all nanomaterials.
Micelle nanoparticle (Cremophor EL) and dendrimers (generation 6 carboxy-terminated PAMAM dendrimers)
were tested in vitro in hCLAT and MUSST, and in vivo in LLNP assay. The concentration of dendrimers tested
in vitro is 100 μg/mL. That of Cremophor is 8.5 mg/mL and is equivalent to the cremophor concentration
present in Taxol when the API (paclitaxel) concentration is 25 μM. Taxol is the cremophor-based formulation of
paclitaxel used in the clinic. It is associated with both acute and delayed-type hypersensitivity. Animals were
s.c. injected with 100 μL of nanoparticle stock solution. The concentration of the stock was 8.5 mg/mL and
0.1 mg/mL for cremophor and dendrimers, respectively. NC: negative control (1 mg/mL glycerol in hCLAT and
MUSST and PBS in LLNP), PC: positive control (250 μg/mL Nickel sulfate, 250 μM TNBS, and 50 mg/kg
Streptozotocin in hCLAT, MUSST, and LLNP, respectively). Shown are mean� SD (N¼ 3). The red line depicts
the minimum positive stimulation index of 3

Fig. 3 Comparison of positive response rates between in vitro and in vivo tests. Twenty formulations including
colloidal gold and colloidal silver nanoparticles with various sizes and surface coatings, generations 3, 4, 5,
and 6 PAMAM dendrimers with different surface functionalities, iron oxide nanoparticles, liposomes, and
emulsions were analyzed in vitro using hCLAT and MUSST and in vivo using LLNP assay. Particles producing a
stimulation index �3 were considered positive, while those with a stimulation index of less than 3 were
considered negative. Percentage of positive and negative responders in each test is presented in the charts.
Not all particles that were positive in vitro were positive in vivo, indicating that results correlated between
in vitro and in vivo conditions for some but not all nanoparticles (Fig. 2, for example). The data show that
in vitro assays have a greater rate of positive responses
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7. Globulins Cohn fraction II bocking buffer. Globulins Cohn
fraction II, III human is provided as lyophilized powder. Dis-
solve 5 mg of the reagent in 50 mL of ice cold PBS. Mix well
and place on ice. Prepare fresh before each use. Discard any
leftover after the experiment is complete.

8. 7-Amino-Actinomycin D (7-AAD).

9. Cellometer (NexCelome) or Hemacytometer to perform cell
count.

10. Flow Cytometer (e.g., FACSCalibur) (see Notes 1 and 2).

2.2 hCLAT Only 1. Monocytic leukemia cell line THP-1 (ATCC).

2. R-phycoerythrin (PE) mouse IgG1 isotype control (BD Phar-
mingen, cat# 34076) (see Note 2).

3. PE mouse anti-human CD54 (BD Pharmingen, cat# 555511).

4. 10 mg/mL nickel(II) sulfate hexahydrate stock solution.
Weight 100 mg of nickel(II) sulfate and dissolve in 10 mL of
sterile water to obtain a 10 mg/mL stock solution. Filter this
stock through 0.2-μm filter.

5. Complete RPMI solution: 20% heat-inactivated FBS, 4 mM L-
glutamine, 2-mercaptoethanol to a final concentration of
0.05 mM, and 100 U/mL penicillin. Store at 2–8 �C protected
from light for no longer than 1 month. Before use warm the
medium in a water bath to 37 �C.

2.3 MUSST Only 1. Monocytic leukemia cell line U937 (ATCC).

2. Fluorescein isothiocyanate (FITC) mouse IgG1 isotype control
(BD Pharmingen, cat# 555748).

3. FITC mouse anti-human CD86 (BD Pharmingen, cat#
555657).

4. 170 mM 2,4,6-Trinitrobenzenesulfonic acid solution (TNBS)
stock.

5. Complete RPMI medium: 20% FBS (heat-inactivated), 4 mM
L-glutamine, 100 U/mL penicillin. Store at 2–8 �C protected
from light for no longer than 1 month. Before use warm the
medium in a water bath to 37 �C.

2.4 LLNP and LLNA 1. 7–12 weeks old male and female mice of the following strains:
CBA/Ca, CBA/j, or Balb/c.

2. Streptozotocin.

3. PBS.

4. 1 mCi 3H-thymidine.

5. 5% trichloroacetic acid (TCA) solution. Prepare 5% solution by
dissolving 5 g of TCA in 100 mL of distilled water.
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6. Tuberculin 1 mL syringe.

7. 12 � 75 mm tube with cell strainer cap.

8. Scintillation liquid.

9. Scintillation counter.

10. 20 mL scintillation vials.

3 Methods

3.1 Preparation of

Controls and Cell Lines

1. For hCLAT and MUSST, prepare glycerol as negative control.
Use 100 μL of 10 mg/mL glycerol stock per 900 μL of cell
suspension to achieve a final concentration of 1 mg/mL.

2. For hCLAT, prepare THP-I cell line. Cultures can be main-
tained by the addition of fresh medium or replacement of
culture medium. Alternatively, cultures can be established by
centrifugation with subsequent resuspension at 2–4 � 105 via-
ble cells/mL. Subculture is needed when cell concentration
reaches 8 � 105 cells/mL. It is important not to allow cell
concentration to exceed 1 � 106 cells/mL. Maintain cell den-
sity between 1 � 105 and 1 � 106 viable cells/mL. Do not use
cells exceeding 22 passages.

3. For hCLAT, prepare nickel(II) sulfate hexahydrate as a positive
control. Dilute the 10 mg/mL stock solution by adding 1 mL
of the stock to 3 mL of media to obtain a 2.5 mg/mL interme-
diate solution. Add 100 μL of the 2.5 mg/mL intermediate
solution to 900 μL of cell suspension to obtain a final concen-
tration of 250 μg/mL.

4. For MUSST, prepare U937 cell line. Cultures can be main-
tained by the addition of fresh medium or replacement of
culture medium. Alternatively, cultures can be established by
centrifugation with subsequent resuspension at 1–2 � 105 via-
ble cells/mL. Subculture is needed when cell concentration
reaches 8 � 105 cells /mL. It is important not to allow cell
concentration to exceed 1 � 106 cells/mL. Maintain cell den-
sity between 1 � 105 and 2 � 106 viable cells/mL. Do not use
cells exceeding 22 passages.

5. For MUSST, prepare TNBS solution as a positive control.
Dilute the 170 mM TNBS stock solution by adding 18 μL of
the stock to 982 μL of the media to obtain a 3 mM working
stock. Add 100 μL of the 3 mM working stock solution to
900 μL of the cell suspension to obtain a final concentration of
300 μM.

6. For LLNP, prepare 3H-thymidine dosing solution. Add
11.5 mL of PBS to a dosing vial. Remove stock of the radi-
olabeled material from storage and add 1 mL of this stock to
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the dosing vial containing PBS. Mix well to prepare a dosing
solution. To confirm the concentration of this dosing solution,
remove two 8 μL aliquots of the solution and mix with 20 mL
of water, then use 1 mL aliquots of these diluted dosing solu-
tions and mix each with 10 mL of the scintillation liquid. These
aliquots are used to confirm that each milliliter of the dosing
solution contains ~80 μCi of 3H-thymidine. Dispose of all
radioactive material and perform post work contamination
survey according to the protocol approved by your institutional
committee.

7. Prepare streptozotocin by dissolving lyophilized powder in
sterile PBS or saline at concentration 1.5–2 mg/mL. The
final dose of streptozotocin is 50 mg/kg and the injection
volume is 50–100 μL per animal.

3.2 Preparation of

Study Samples

1. The hCLAT and MUSST require 0.4 mL of nanoparticles dis-
solved/resuspended in complete culture medium to a concen-
tration of 10� the highest tested concentration. The
concentration is selected based on the plasma concentration
of the nanoparticle at the intended therapeutic dose. For the
purpose of this protocol, this concentration is called “theoreti-
cal plasma concentration.” Considerations for estimating theo-
retical plasma concentration were reviewed elsewhere [1] and
are summarized in Box 1. The assay will evaluate four concen-
trations: 10� (or when feasible 100�, 30�, or 5�) of theoret-
ical plasma concentration, theoretical plasma concentration,

Box 1 Estimation of nanomaterial concentration for in vitro assay. The box shows an example of calculating
nanoparticle concentrations for the in vitro assays. Reproduced with permission from ref. 1
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and two 5-fold serial dilutions of the theoretical plasma con-
centration. When the intended therapeutic concentration is
unknown, the highest final concentration is 1 mg/mL or the
highest reasonably achievable concentration. For example, if
the final theoretical plasma concentration to be tested is
0.1 mg/mL, then a stock of 10 mg/mL will be prepared and
diluted 10-fold (1 mg/mL), followed by two 5-fold serial
dilutions (0.2 and 0.04 mg/mL, respectively). When 0.1 mL
of each sample is added to the plate and mixed with 0.9 mL of
cell suspension, the final nanoparticle concentrations tested in
the assay are 1.0, 0.1, 0.02, and 0.004 mg/mL.

2. For LLNP and LLNA, prepare test nanoparticles in an appro-
priate vehicle which may be peculiar to each formulation.
Nanomaterials are tested at three doses, selected based on the
existing information about the test nanomaterial from previous
toxicological studies: (1) at the maximum tolerated dose
(MTD) (e.g., a dose which demonstrated a moderate decrease
in leukocyte count and was not accompanied by life-
threatening abnormalities), (2) half of MTD, and (3) quarter
of MTD.

3.3 hCLAT

Experimental

Procedure

1. Adjust THP-1 cell number to 1 � 106 viable cells/mL and
aliquot 900 μL of the cell suspension to each well on the 24-
well plate.

2. Add 100 μL of test nanoparticles or controls to appropriate
wells. Prepare duplicate wells for each sample. Incubate for
24 h at 37 �C and 5% CO2.

3. After 24 h of incubation with test materials and controls,
harvest the cells and determine cell viability by trypan blue or
another relevant method.

4. Harvest cells into round bottom 12 � 75 mm2 tubes and
centrifuge at 400 � g for 5 min.

5. Aspirate supernatant and wash cells with 2 mL of ice-cold PBS.

6. Resuspend cells in 400 μL of ice-cold Cohn fraction blocking
buffer and incubate on ice for 10 min.

7. Wash cells two times with 1 mL of BSA blocking buffer using
centrifugation at 400 � g at 4 �C for 5 min to pellet the cells.
Discard wash supernatant.

8. After final wash, resuspend cells in 100 μL of ice-cold BSA
blocking buffer.

9. Add 20 μL of monoclonal antibody against CD54 and isotype
control antibody to appropriate tubes (final concentration of
antibody is 5 μg/mL).

10. Incubate at 4 �C for 30 min.
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11. Wash cells twice with 1 mL of BSA blocking buffer and centri-
fugation at 400 � g for 5 min to pellet the cells and discard the
wash supernatant.

12. After final wash resuspend the cells in 400 μL of BSA blocking
buffer.

13. Add 5 μL of 7AAD to each sample.

14. Analyze the samples using flow cytometer (see Notes 1 and 2;
Fig. 4).

3.4 MUSST

Experimental

Procedure

1. Adjust U937 cell count to 1.25 � 105 cells/mL and aliquot
900 μL of the cell suspension to each well on the 24-well plate.

2. Add 100 μL of test nanoparticles or controls to appropriate
wells. Prepare duplicate wells for each sample.

3. After 48 h of incubation with test materials and controls,
harvest the cells and determine cell viability using trypan blue
or another similar approach.

4. Harvest cells into polystyrene round bottom 12 � 75 mm2

tubes and centrifuge at 400 � g for 5 min.

5. Aspirate supernatant and wash cells with 2 mL of ice-cold PBS.

6. Resuspend cells in 400 μL of ice-cold Cohn fraction blocking
buffer and incubate on ice for 10 min.

7. Wash cells two times with 1 mL of BSA blocking buffer using
centrifugation at 400 � g at 4 �C for 5 min to pellet the cells
and discard wash supernatant.

8. After final wash, resuspend cells in 100 μL of ice-cold BSA
blocking buffer.

9. Add 20 μL of monoclonal antibody against CD86 and isotype
control antibody to appropriate tubes (final concentration of
the antibody is 5 μg/mL).
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Fig. 4 An example of flow cytometry analysis of CD54 expression in THP-1 cells. (a) Forward scatter (FSC) vs.
side scatter (SSC) dot plot gated on cells of interest. (b) FSC vs. FL3 cells stained with 7AAD dot plot showing
7AAD negative cells (gate 2). Gate 3 shows dead cells. (c) FSC vs. FL2 profile of cells stained with mouse anti-
human CD54-PE dot plot gated to show only cells from gate 2
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10. Incubate at 4 �C for 30 min.

11. Wash cells twice with 1 mL of BSA blocking buffer and centri-
fuge at 400 � g for 5 min to pellet the cells. Discard the wash
supernatant.

12. After final wash, resuspend the cells in 400 μL of BSA blocking
buffer.

13. Add 5 μL of 7AAD to each sample.

14. Analyze the samples using flow cytometer (see Notes 1 and 2;
Fig. 5).

3.5 LLNA and LLNP

Experimental

Procedure

1. On Day 1, weight each mouse before applying treatment (see
Note 3). If using LLNA, apply 25 μL of the test solution
(either negative control [PBS], positive control [10% neutral
buffered formalin], or nanoparticles) topically to the dorsal
surface of both ears (see Note 4). Just before application of
the treatment, wipe the dorsal surface of each ear with acetone
to aid in absorption. If using LLNP, inject 100 μL of the test
solution (either negative control [PBS], positive control [strep-
tozotocin], or nanoparticles) s.c. in the midline of the head (see
Notes 5 and 6).

2. Repeat Day 1 treatment on two subsequent days (Days 2 and
3). Observe each animal for signs of local irritation.

3. On Days 4, 5, and 6 of the study, observe each animal for signs
of local irritation and record animal weights.

4. OnDay 6 (72� 3 h) after the first treatment, inject each animal
intravenously (i.v.) with 250 μL of sterile PBS containing
20 μCi of 3H-thymidine via the lateral tail vein. Use a 1 mL
syringe with a needle size no larger than 25 guage (seeNote 7).

5. Sacrifice the animals 5 h �45 min after injection of the thymi-
dine using carbon dioxide asphyxiation or another technique
approved by your institute’s animal care committee. Isolate the
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Fig. 5 An example of flow cytometry analysis of CD86 expression in U937 cells. (a) Forward scatter (FSC) vs.
side scatter (SSC) dot plot gated on cells of interest. (b) FSC vs. FL3 cells stained with 7AAD dot plot showing
7AAD negative cells (gate 2). Gate 3 shows dead cells. (c) FSC vs. FL1 profile of cells stained with mouse anti-
human CD86 FITC dot plot gated to show only cells from gate 2
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draining lymph nodes of each ear and collect them into vials
containing sterile PBS (see Note 8).

6. Place lymph nodes into the top compartment of the cell
strainer cap. Using the plunger from the 1 mL syringe, press
the lymph node into the 5 mL round bottom tube. Prepare one
tube per individual animal.

7. Rinse the cap with 5 mL of PBS to move all single cells into the
tube. Discard the strainer cap and remaining tissue debris.

8. Centrifuge for 10 min at 190 � g and 4 �C. Remove superna-
tant and leave 1 mL of solution above the pellet.

9. Repeat step 8 two more times.

10. After the final wash, remove all PBS and gently agitate to break
up the pellet.

11. Add 3 mL of 5% TCA and incubate at 4 �C overnight.

12. Centrifuge for 10 min at 190 � g and 4 �C. Remove superna-
tant and resuspend the pellet in 1 mL of 5% TCA.

13. Transfer each sample to a scintillation vial and add 10–15 mL
of scintillation fluid.

14. Shake well. Dark adapt the samples for 30 min.

15. Analyze the samples using a scintillation counter.

3.6 Calculations and

Data Interpretation—

hCLAT and MUSST

1. A percent coefficient of variation should be calculated for each
control or test according to the following formula:

%CV ¼ Standard deviation

Mean
� 100%

2. Measure the stimulation index (SI) using the following
formula:

SI ¼ Mean% positive cellstest sample

Mean % positive cellsnegative control

An SI �3 is considered a positive response.

3. %CV for each control and test sample should be less than 30%.

4. If a positive control or negative control fails to meet
acceptance criterion described above, the assay should be
repeated.

5. Within the acceptable assay, if two of three replicates
of unknown sample fail to meet acceptance criterion
described in step 3 above, this unknown sample should be
re-analyzed.
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3.7 Calculations and

Data Interpretation—

LLNA and LLNP

1. The proliferative response (PR) in each sample is determined
by the number of radioactive disintegrations per minute per
lymph node, using the following formula:

PR ¼ DPMtest sample �DPMbackground

� �

LN

where DPM is the result reported by the scintillation counter
and LN is the number of the lymph nodes in the sample. The
background DPM (DPMbackground) is determined by analyzing
10 mL of the scintillation liquid without any sample.

2. Measure SI according to the formula:

SI ¼ PRtest sample

PRnegative control

An SI of �3 is considered a positive response.

4 Notes

1. To set up the instrument for data acquisition and analysis,
please refer to the operation manual of your flow cytometer.
The protocol described in this chapter was developed using a
FACSCalibur. With this instrument, we first optimize the
instrument settings to bring the cells in focus using forward
and side scatter. Next, we create a gate around the cell popula-
tion and analyze cells from this gate on the fluorescent channel
3 (FL-3) to distinguish between dead and live cells. We create a
gate around the live cell population in FL-3. Cells negative for
7-AAD staining detected in this channel are the live cells, while
cells positive in 7-AAD staining are dead cells and they are
excluded from the analysis. We acquire CD54+ cells and
CD86+ cells from the 7-AAD negative population using fluo-
rescent channels 2 and 1 (FL-2 and FL-1), respectively. The
FL-1 and FL-2 on the FACSCalibur instrument detect the
FITC and PE labels of the antibodies, respectively. Each test
sample is also stained using the isotype control antibody. The
percent positive cells in each sample stained with CD54 or
CD86 antibody is determined against respective isotype con-
trols of the same sample. If antibodies with different fluoro-
phores are used, one would need to select the appropriate
isotype control and adjust both the antibody concentration
and the acquisition channel.

2. NCL does not endorse suppliers. However, we found that a
new user benefits from knowing the instruments and catalog
information of reagents used in our assays. Therefore, ideas of
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reagents used at the NCL are included in this chapter in par-
entheses. When using reagents and instruments from other
sources, the assay performance may change. We recommend
performing assay qualification to verify the assay functionality
and validity before proceeding with test samples.

3. This procedure requires an animal study protocol and radiation
program approved by relevant institutional committees at your
organization.

4. Consider using a collar to prevent animals from ingesting the
treatments during the grooming process.

5. The point of injection is very important. It should be in the
midline, between the eyes on the top of the head. Point the
needle toward the back of the animal so that the end of the
needle is just forward of the point between the ears. Injection
should be performed slowly so that the bulk of the liquid is
placed either between or just forward of the ears. Injecting too
far to the rear will result in reduced response in the draining
lymph nodes.

6. Typical injection volume is 100 μL, but it may be lower and
vary between 50 and 100 μL. The volume should not exceed
5 mL/kg, and the needle size should be 25 G or smaller.

7. Placing animals on a warm plate may be needed to dilate veins
for easier i.v. injections.

8. The lymph nodes should be processed as soon as possible
within 2 h after isolation from the animals.
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Chapter 18

Autophagy Monitoring Assay II: Imaging Autophagy
Induction in LLC-PK1 Cells Using GFP-LC3 Protein Fusion
Construct

Pavan P. Adiseshaiah, Sarah L. Skoczen, Jamie C. Rodriguez,
Timothy M. Potter, Krishna Kota, and Stephan T. Stern

Abstract

Autophagy is a catabolic process involved in the degradation and recycling of long-lived proteins and
damaged organelles for maintenance of cellular homeostasis, and it has also been proposed as a type II cell
death pathway. The cytoplasmic components targeted for catabolism are enclosed in a double-membrane
autophagosome that merges with lysosomes, to form autophagosomes, and are finally degraded by
lysosomal enzymes. There is substantial evidence that several nanomaterials can cause autophagy and
lysosomal dysfunction, either by prevention of autophagolysosome formation, biopersistence or inhibition
of lysosomal enzymes. Such effects have emerged as a potential mechanism of cellular toxicity, which is also
associated with various pathological conditions. In this chapter, we describe a method to monitor autop-
hagy by fusion of the modifier protein MAP LC3 with green fluorescent protein (GFP; GFP-LC3). This
method enables imaging of autophagosome formation in real time by fluorescence microscopy without
perturbing theMAP LC3 protein function and the process of autophagy. With the GFP-LC3 protein fusion
construct, a longitudinal study of autophagy can be performed in cells after treatment with nanomaterials.

Key words Autophagy, MAP LC3, Fluorescence imaging, Autophagosomes, Lysosomal dysfunction

1 Introduction

Autophagy is a survival pathway that is evolutionarily conserved
from yeast to mammals [1]. The discoveries of mechanisms for
autophagy by Dr. Yoshinori Ohsumi led to the 2016 Nobel Prize
in Physiology or Medicine [2]. Autophagy is induced when cells are
exposed to various stressors (e.g., nutrient deprivation; exposure to
chemotherapy, ionizing radiation, infection, and select nanomater-
ials) resulting in recycling of misfolded or aggregated proteins and
damaged subcellular organelles by the lysosomal enzymes in order
to maintain cell homeostasis. Induction of autophagy results in the
formation of double-layered vacuoles called autophagosomes that
sequester the cytoplasmic contents for degradation by fusing with
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the lysosomes [3]. Exposure to nanomaterials has resulted in
increased accumulation of autophagosomes in various cell types
[4]. The enhanced accumulation of autophagosome can be due to
either increased autophagy induction or blocking of maturation/
degradation of autophagosomes by lysosomal enzymes [5]. Several
methods can monitor autophagy, which include electron micros-
copy, lysotracker assay, and immunoblotting techniques, to evalu-
ate the autophagosomal marker microtubule-associated protein
light chain 3-I (MAP LC3-I) lipidation product—LC3-II (MAP
LC3-II) [6]. MAP LC3-II, a phosphatidylethanolamine-
conjugated form of MAP LC3-I, is incorporated in the autophago-
some membrane making it a commonly assessed marker for autop-
hagy [7].

In this chapter, we present a method to monitor induction of
autophagy by first stably transfecting a green fluorescent protein-
MAP LC3 (GFP-LC3) construct in LLC-PK1 cells (porcine kidney
proximal tubule cell line) and then imaging GFP-LC3 in the cells
using fluorescence microscopy after treatment with nanomaterials,
and positive and negative autophagy controls. The cytosolic GFP-
LC3-I is converted to the autophagosome membrane-bound GFP-
LC3-II upon autophagy induction (Fig. 1), causing GFP-LC3 to
appear as fluorescent puncta under microscopy. The number of
GFP-LC3 puncta is a measure of autophagy induction and/or
blockade in the transfected LLC-PK1 cells. Unlike the methods
used to assess autophagy discussed earlier, the GFP-LC3-trans-
fected cell line method enables both temporal and spatial analysis
of autophagosomes directly for a longitudinal study. The protocol

Fig. 1 Schematic depiction of the role of LC3 protein in autophagy. During autophagy, the cytoplasmic LC3-I is
conjugated to phosphatidylethanolamine to form LC-3-phosphatidylethanolamine conjugate, LC3-II. LC3-II is
recruited to the membranes of autophagosomes. When autophagosomes fuse with lysosomes to make
autolysosomes, LC3-II is degraded by lysosomal hydrolases. Image adapted from ref. 8
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presented here describes methods to stably transfect LLC-PK1 cells
with the GFP-LC3 protein fusion construct and to perform image
analysis of GFP-LC3 puncta.

2 Materials

2.1 Equipment 1. T-75 cell culture flasks.

2. Cloning cylinders.

3. Ninety six well cellular imaging plates.

4. Six-well cell culture plates.

5. Inverted wide-field fluorescent microscope with illuminations/
filters appropriate for GFP (488 nm) visualization.

6. Automated imager with 20� water objective and 405 nm,
488 nm, and 640 nm lasers.

7. Image analysis software with nuclei, cytoplasmic, and spot
detection libraries.

2.2 Reagents 1. LLC-PK1 cells.

2. M199 cell culture media with 3% v/v fetal bovine serum.

3. Serum-free M199 cell culture media.

4. pSELECT-GFP-LC3 plasmid (Invivogen Cat # psetz-gfplc3).

5. Transfecting agent (see Note 1).

6. Zeocin (Life Technologies Cat # R25001) (see Note 2).

7. Nanomaterial treatment solution (see Note 3).

8. Chloroquine solution (25 μM) as positive control.

9. Cellular nuclear stain with an excitation around 350 nm (e.g.,
Hoechst 33342).

10. Cytoplasm stain with excitation around 650 nm (e.g., HCS
CellMask Deep Red).

11. 4% Paraformaldehyde in Phosphate Buffered Saline Solution
(PBS), prepared fresh.

3 Methods

3.1 Stable

Transfection of LLC-

PK1 Cells

1. Seed LLC-PK1 cells in T-75 flask to achieve 50–80% conflu-
ence the following day. Use M199 cell culture media with 3%
fetal bovine serum.

2. After cells reach appropriate confluence, replace media from
the flask with serum-free media for about 30 min at 37 �C.
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3. Dilute pSELECT-GFP-LC3 plasmid DNA to get 24 μg of
DNA in 1.5 mL of serum-free media and incubate solution
for 5 min at room temperature.

4. Dilute 60 μL of transfecting agent with 1.5 mL of serum-free
media and incubate solution for 5 min at room temperature.

5. Mix transfecting agent solution from step 4 with DNA solu-
tion from step 3 in a 1:2.5 ratio and incubate solution for
20 min at room temperature (see Note 4).

6. Add 2.1 mL of solution complex from step 5 to flask of cells
and incubate at 37 �C for about 3 h.

7. Change media to complete media after incubation period.

8. After transfection for 24 h, visualize the cells under a fluores-
cence microscope to evaluate the transfection efficiency (see
Note 5).

9. After 72 h of transient transfection, split cells at a 1:10 dilution
into M199 medium containing 250 μg/mL Zeocin.

10. Replace M199 cell culture media containing Zeocin every
couple of days to maintain the antibiotic selection.

11. After several rounds of selection of cells in M199 media con-
taining the antibiotics, seed the cells at a low density in a 6-well
culture plate to get single colonies (see Note 6).

12. Isolate single colonies using a sterile cloning cylinder.

13. Seed each colony in a T-25 flask for cell expansion (seeNote 5).

14. Freeze 1 mL of early passage stable cells at 2� 106 cells/mL in
a cryovial tube and store in cell repository for future use.

3.2 Cell Imaging 1. Plate GFP-LC3-transfected LLC-PK1 cells onto 96 well imag-
ing plates at a volume of 100 μL/well and 5 � 105 cells/mL
and incubate the cells for 24 h.

2. Treat cells with nanomaterial solution, 25 μM chloroquine as a
positive control and complete media as a negative control
(Fig. 2; see Notes 3 and 7).

3. To determine the best time point for cell fixation, image cells
under a fluorescence microscope with live cell imaging capabil-
ities including CO2 flow, humidity, and above ambient temper-
ature control (37 �C). Then, monitor changes in the GFP-LC3
puncta with appropriate illumination and filters for GFP visu-
alization. Select the time point with the most visible puncta (see
Note 8).

4. At the predetermined time point depending on the treatment
from step 3, fix cells using formaldehyde. First, rinse the tissue-
culture dish twice with ice-cold PBS, incubate cells in 4%
paraformaldehyde for 20 min at 4 �C, and wash cells twice
with ice-cold PBS.
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5. Add nuclear and cytoplasmic dyes to cells as per the manufac-
turer’s instructions (see Notes 9 and 10).

6. Image cells using appropriate illumination/filters for visualiza-
tion of GFP and nuclear/cellular stains as described in Sub-
heading 3.3. Take cell images at predetermined post-treatment
time (Fig. 2; see Note 8).

3.3 Image

Acquisition and

Analysis

1. On a fluorescence microscope, use two exposures to
acquire images and minimize bleed over to other channels
(see Note 11).

Fig. 2 Fluorescent images of GFP-LC3 in LLC-PK1 cells to monitor autophagy induction. Porcine proximal
tubular cells (LLC-PK1) with stable expression of GFP-LC3 construct were treated with chloroquine (25 μg/mL)
for 24 h. Cellular staining was used to monitor the location of the LC3 protein. (a) Blue indicates nuclei stained
with Hoechst 33342 (excitation/emission (nm): 405/450; Thermo Fisher Scientific, Waltham, MA 02451), (b)
red indicates cytoplasm stained with HCS CellMask Deep Red (excitation/emission (nm): 640/690; Thermo
Fisher Scientific), and (c) green indicates GFP-LC3 fusion protein captured using a 488 nm excitation laser. (d)
Overlay of all three channels is shown. High content data was acquired on an Opera confocal reader (model
3842-Quadruple Excitation High Sensitivity (QEHS), Perkin Elmer, Waltham, MA 02451). Imaging was
performed with a 20� high NA water objective
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2. Determine nuclei and cytoplasmic regions of the cells (Fig. 3).
For nuclear detection, fluorescence emitted by a nuclear stain
(e.g., Hoechst 33342) using a UV excitation channel (excita-
tion/emission (nm): 405/450) can be used. For cytoplasm
detection, fluorescence from a visible excitation channel cyto-
plasmic stain (excitation/emission (nm): 640/690) can be
exploited (e.g., HCS CellMask Deep Red).

3. To detect the autophagy puncta, visualize and capture emitted
GFP fluorescence with a 488 nm laser (excitation/emission
(nm): 488/520).

4. Image analysis software provides a nuclei detection library with
different nuclear algorithms. Each algorithm comes with
advanced parameters to further fine tune nuclei detection.

Fig. 3 Determination of nuclear, cytoplasmic, and LC3 puncta spots in cells. Image analysis was accomplished
within the Opera environment using standard Acapella scripts (Perkin Elmer). During image analysis, the use
of separate nuclear Hoechst dye and whole cell CellMask Deep Red stain enabled accurate identification and
segmentation of the nuclei and the cells, respectively. Using the above-segmented nuclei and cytoplasmic
regions, a nuclear mask, whole cell mask (HCS CellMask Deep Red stain; Thermo Fisher Scientific), and spot
regions mask were created on the single image
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For example, separation between background and nuclei can be
controlled by two parameters—Threshold Adjustment and
Individual Threshold Adjustment (see Note 12).

5. Image analysis software provides a cytoplasmic library consist-
ing of cytoplasmic detection algorithms to aid in the differenti-
ation among the background, nucleus, and cytoplasm of a cell
(see Note 12).

6. A cell is considered to have autophagy induction (positive
response) if the average number of green fluorescent puncta
per well are above the background in the negative control cells
and within the boundaries of the cell, as determined by nuclear,
cytoplasmic, and spot detection algorithms (Figs. 3 and 4, see
Note 12).

4 Notes

1. A commonly used transfecting agent is Lipofectamine 2000
reagent (Invitrogen). However, a number of different reagents
can be used to achieve effective transfection.

2. The antibiotic serves as a selection marker for cells transfected
with pSELECT-GFP-LC3 plasmid. If a different plasmid is
selected, the corresponding selection marker should be used.

3. Take appropriate precautions when handling nanomaterials.
Work in the hood and wear appropriate personal protective
equipment. Follow the facility and institutional guidelines for
proper disposal/storage of nanomaterials.

Fig. 4 The quantitation of autophagy induction as monitored by LC3 puncta. The
plot shows an average number of spots per well for media alone and cells
treated with chloroquine (25 μg/mL). The data shown are mean � S.D. (n ¼ 6)
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4. The ratio of transfection reagent and plasmid has to be opti-
mized based on the cell type and transfection reagent used.

5. Transfection efficiency is the ratio of fluorescent cells to the
total number of seeded cells. If efficiency is below 50%, you
may need to adjust DNA concentration and/or increase trans-
fection time to reach appropriate transfection efficiency.

6. Seeding density will depend on the plate format, e.g., 96- or 6-
well plate.

7. Appropriate concentrations of nanomaterial should be evalu-
ated by conducting an in vitro cytotoxicity assay [9]. Nanoma-
terials should be tested at the physiological pH and osmolarity,
either in buffer or complete media. Appropriate control wells
should be maintained with buffer or complete media for the
same time period.

8. Choose the best time points for imaging based on the nanoma-
terial’s activity. Time point selection may depend on the nano-
material treatment concentration, cell line, and autophagy
induction time-course. If the nanomaterial treatment group
induces autophagy at early time points and cells quickly undergo
cell death, earlier and more frequent time points may need to be
monitored to track and capture GFP-LC3 puncta.

9. Depending on the cell type, the staining time will vary signifi-
cantly. Optimize cell staining time to avoid saturation in
nuclear/cytoplasmic stains.

10. Protect the stained cells from light to avoid photobleaching.
Protect dye-containing solutions from light.

11. Wavelengths will depend on the nuclear and cytoplasmic stains
used. When using CellMask Deep Red and Hoechst, the fol-
lowing method is suggested. For the first exposure, consider
using 488 nm and 640 nm lasers to excite the GFP-tagged
autophagy marker (GFP-LC3) and cytoplasmic fluorophores,
respectively. For the second exposure, use a 405 nm laser to
excite the nuclear stain (e.g., Hoechst).

12. Spot Detection algorithm was used to detect autophagosomes
and quantify cell-associated autophagosomes within the con-
focal reader environment using standard scripts (see Fig. 3).
Autophagosomes were detected as spots (LC3-GFP puncta) in
a specified search region (Whole cell) having a higher intensity
than its surroundings. To separate the spatial noise peaks and
other artifacts, all spots detected initially were regarded as spot
candidates. Spot candidates were then separated as “Classified
Spots” based on two parameters: (1) contrast (i.e., contrast
between the maximum intensity and the local background
intensity near the spot candidate) and (2) spot-to-cell intensity
(i.e., the ratio between the maximum intensity of the spot
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candidate and the average intensity of the cell to which the spot
object belongs). The final number of autophagosomes is
exported as the mean spots per well (see Fig. 4).
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Chapter 19

Improved Ultrafiltration Method to Measure Drug Release
from Nanomedicines Utilizing a Stable Isotope Tracer

Sarah L. Skoczen and Stephan T. Stern

Abstract

An important step in the early development of a nanomedicine formulation is the evaluation of stability and
drug release in biological matrices. Additionally, the measurement of encapsulated and unencapsulated
nanomedicine drug fractions is important for the determination of bioequivalence (pharmacokinetic
equivalence) of generic nanomedicines. Unfortunately, current methods to measure drug release in plasma
are limited, and all have fundamental disadvantages including non-equilibrium conditions and process-
induced artifacts. The primary limitation of current ultrafiltration (and equilibrium dialysis) methods for
separation of encapsulated and unencapsulated drug and determination of drug release is the difficulty in
accurately differentiating protein bound and encapsulated drug. Since the protein binding of most drugs is
high (>70%) and can change in a concentration- and time-dependent manner, it is very difficult to
accurately account for the fraction of non-filterable drug that is encapsulated within the nanomedicine
and howmuch is bound to protein. The method in this chapter is an improvement of existing ultrafiltration
protocols for nanomedicine fractionation in plasma, in which a stable isotope tracer is spiked into a
nanomedicine containing plasma sample in order to precisely measure the degree of plasma protein
binding. Determination of protein binding then allows for accurate calculation of encapsulated and
unencapsulated nanomedicine drug fractions, as well as free and protein-bound fractions.

Key words Nanomedicine, Drug release, Stability, Stable isotope, Bioanalytical

1 Introduction

An important step in the early development of a nanomedicine
formulation is the evaluation of stability and drug release in
biological matrices. Additionally, the measurement of encapsulated
and unencapsulated nanomedicine drug fractions is important for
the determination of bioequivalence (pharmacokinetic equiva-
lence) of generic nanomedicines [1]. Unfortunately, current meth-
ods to measure drug release in plasma are limited, and all have
fundamental disadvantages including non-equilibrium conditions
and process-induced drug release. The ultrafiltration method
detailed in this protocol represents a substantial improvement
over existing ultrafiltration methods to measure nanomedicine
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encapsulated and unencapsulated drug fractions in plasma and
assess nanomedicine drug release. The primary issue with existing
equilibrium methods for nanomedicine fractionation in plasma,
including ultrafiltration and equilibrium dialysis, is accounting for
the protein bound component of the non-filterable or dialyzable
drug fractions, respectively, in order to accurately determine the
encapsulated and unencapsulated drug fractions [1]. Since plasma
protein binding for most marketed drugs is in excess of 70% [2] and
can change in a concentration-, time-, and even formulation-
dependent manner [3], accurate determination of the protein
bound fraction is a considerable challenge. This method utilizes a
stable isotope tracer (seeNote 1) of the nanomedicine-encapsulated
drug to measure protein binding [4] (Fig. 1).

The method explained below details how to conduct an in vitro
drug release study in human plasma, comparing a bilayer-loaded
docetaxel (DTX) nanoliposome to the commercial DTX formula-
tion, Taxotere®, and solvent solubilized DTX. However, this
method can also be used to fractionate nanomedicine-containing
plasma from an in vivo pharmacokinetic study, such as a bioequiva-
lence trial. Following collection of the nanomedicine-containing
plasma sample, the stable isotope is spiked into the plasma.

Fig. 1 Stable isotope tracer ultrafiltration method. Stable isotopically labeled
drug (D*) is spiked into nanomedicine (NM-D) containing plasma, and behaves
identically to normoisotopic drug (D) with regard to protein binding (Pro-D/D*).
Following the attainment of protein binding equilibrium, the plasma sample is
transferred to an ultrafiltration device and the filtrate is separated by
centrifugation. The stable isotope tracer free fraction, represented as the
ultrafilterable fraction, can be used to calculate protein bound,
unencapsulated, and encapsulated drug fractions, according to Eqs. (1), (2),
and (3) in the text, respectively
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The sample is then incubated to allow equilibration of the stable
isotope with plasma protein, an aliquot of the sample is taken for
analysis of total drug, and the remaining sample is transferred to an
ultrafiltration apparatus for collection of the filterable fraction by
centrifugation. The initial aliquot (reservoir drug), used to measure
total drug, and the filtrate, used to measure free/unbound drug,
are analyzed by mass spectrometry to determine both the formula-
tion (normoisotopic) and stable isotope tracer drug concentrations.

Since the stable, isotopically labeled drug (D*) and unlabeled,
normoisotopic drug (D) released from the nanomedicine formula-
tion equilibrate with protein and formulation components to the
same degree, the ultrafilterable fraction of the isotopically labeled
drug is an accurate measure of free unbound fraction. The bound
fraction can be calculated from Eq. (1):

%Bound D∗ ¼ Reservoir D∗½ � � Ultrafilterable D∗½ �ð Þ � 100

Reservoir D∗½ �
ð1Þ

The encapsulated and unencapsulated nanomedicine fractions
can then be calculated using simple Eqs. (2) and (3):

Unencapsulated D½ � ¼ Ultrafilterable D½ �
1� %Bound D∗ð Þ

100

� � ð2Þ

Encapsulated D½ � ¼ Reservoir D½ � � Unencapsulated D½ � ð3Þ

2 Materials

1. Human plasma (pooled) collected fresh from six human donors
in K2EDTA tubes.

2. 1 M HEPES buffer solution.

3. 4 mL plastic blood collection tubes with K2EDTA.

4. 10 kDa molecular weight cutoff (MWCO) cellulose membrane
ultrafiltration device, 0.5 mL capacity.

5. 30 kDa MWCO centrifugal filter units, 4 mL capacity.

6. Acetonitrile (ACN).

7. Docetaxel (DTX).

8. Docetaxel-d5 (DTX-d5).

9. Docetaxel-d9 (DTX-d9).

10. 20 mg/mL docetaxel (Taxotere®), prepared as directed by the
manufacturer (Sanofi-Aventis Corporation, Bridgewater, NJ).

11. Docetaxel nanoliposome (bilayer-loaded) test nanoparticle.
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12. Liquid chromatography-mass spectrometry (LC-MS)
instrumentation.

13. Formic acid.

14. C18 high-performance liquid chromatography column,
2.1 mm � 100 mm and matching C18 guard column,
2.1 mm � 10 mm.

15. Amber glass screw top HPLC vial with fixed Teflon insert and
cap.

16. Evaporator and concentrator workstation.

3 Methods

3.1 Protein Binding

Comparison

The first step in this method is the determination of the time for the
normoisotopic drug to reach equilibriumwith plasma proteins. If the
normoisotopic drug is in equilibrium with both protein and formu-
lation components, then the free fraction should not vary over
progressive time points. The amount of time for the free drug to
come to equilibrium with the protein bound form is generally from
10 to 30 min. Free DTX equilibration time in this example was
determined by incubation for 5, 10, 15, and 30 min and identifying
the earliest time at which protein binding stabilized. This equilibra-
tion time was found to be 10 min, which was then used in the stable
isotope tracer protein binding comparison study below.

Following the determination of equilibrium binding time, the
next step is to evaluate the protein binding characteristics of the
stable isotope tracer, to ensure that the stable isotope behaves
identically to the normoisotopic drug. Deuteration, for instance,
can lead to changes in the physicochemical properties of drugs that
can potentially influence the protein binding characteristics.

1. Prepare human plasma. Collect and pool human blood in
K2EDTA tubes from six donors. Prepare plasma from the
pooled blood by centrifugation at 2500 � g for 10 min. Add
50 μL of HEPES buffer for every 2 mL of plasma and adjust the
pH to 7.4. To prepare protein-free plasma, transfer plasma into
a 4 mL centrifugal filter unit with a 30 kDaMWCO, centrifuge
for 5000 � g for 1 h, and collect filtrate.

2. Solubilize DTX in ACN and spike into 1 mL of prewarmed
plasma samples (37 �C) in triplicate to yield final DTX concen-
trations of 0.5, 1, 2, 5, and 10 μg/mL. Then, spike plasma
samples with ACN solubilized stable isotope tracer DTX-d5 to
yield a final DTX-d5 concentration of 0.5 μg/mL (seeNote 2).

3. Add 400 μL of plasma samples to prewarmed 10 kDa MWCO
centrifuge devices and incubate for 10 min at 37 �C (see Note
3). Spin samples at 6000 � g for 10 min at 37 ºC.
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4. Analyze 50 μL of the ultrafiltrate by LC-MS. Plasma samples
(400 μL) incubated in centrifuge devices at 37 �C and not spun
are also analyzed by LC-MS to determine total drug concen-
tration in the reservoir (see Note 4). LC-MS method is
described in Subheading 3.4.

5. Calculate percent bound drug using Eq. (1).

6. Compare percent bound drug values between the stable iso-
tope tracer and the normoisotopic drug. Ideally, values would
be within 15% of each other.

Protein binding of DTX, over a clinically relevant concentration
range of 500–10,000 ng/mL, was compared to protein binding of a
constant 500 ng/mL deuterated DTX-d5 spike. The isotopically
labeled DTX-d5 behaved identically to the normoisotopic drug,
DTX with percent protein binding between 92% and 96% (Fig. 2).
These data suggest that DTX protein binding characteristics of the
stable isotope tracer were not impacted by deuteration.

3.2 Drug Release in

Human Plasma

This method gives an example of an in vitro drug release experi-
ment in human plasma using DTX liposome as a model nanome-
dicine formulation. Drug release is compared to commercial
Taxotere™ and ACN solubilized DTX. The time points chosen in
advance were 0, 10, 30, and 60 min. These may be adjusted
depending upon the drug release kinetics. The concentrations of
DTX equivalents chosen for this study were 2, 5, and 10 μg/mL, as
they were clinically relevant concentrations based upon its clinical
dose and pharmacokinetic profile.

Fig. 2 Protein binding of DTX and DTX-d5 in human plasma. Displayed are the
free/unbound docetaxel concentration (Unbound DTX), measured as the ultra-
filterable drug concentration (ng/mL), and the percent bound docetaxel (% Bound
DTX), calculated from Eq. (1) (N ¼ 3, Mean � SD)
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1. Collect and pool human blood in K2EDTA tubes from six
donors. Prepare plasma from the pooled blood by centrifuga-
tion at 2500 � g for 10 min. Add 50 μL HEPES buffer for
every 2 mL of plasma and adjust the pH to 7.4.

2. Spike 4 mL of prewarmed plasma samples (37 �C) with DTX
liposome and commercial Taxotere or ACN solubilized DTX in
triplicate to yield final DTX concentrations of 2, 5 and 10 μg/
mL in glass vials. Incubate samples for 0, 10, 30, and 60 min at
37 �C with agitation (see Note 5).

3. At each time point, spike 400 μL aliquots of the plasma samples
with DTX-d5 to make a final DTX-d5 concentration of 0.5 μg/
mL and vortex. Transfer sample to 10 kDa MWCO centrifuge
devices and incubate for 10 min at 37 �C with agitation.

4. Centrifuge samples at 6000 � g for 10 min and analyze 50 μL
of the ultrafiltrate by LC-MS. Plasma samples (400 μL) incu-
bated in centrifuge devices at 37 �C and not spun were also
analyzed by LC-MS to determine total drug concentration in
the reservoir (see Note 4). The LC-MS method is described in
Subheading 3.4.

5. Calculate unencapsulated and encapsulated drug fractions
according to Eqs. (2) and (3), respectively.

A liposomal DTX release study was conducted in human
plasma. The stable isotope tracer method determined rapid release
of DTX from the liposome, with >90% of the drug released within
10 min, and the remainder released over a 30 min period (Fig. 3,

Fig. 3 DTX release. Displayed are the percent unencapsulated values (% DTX Released) for (a) Liposome, (b)
Taxotere, and (c) solvent DTX formulations, calculated from Eq. (2) after 0, 10, 30, and 60 min incubation
(N ¼ 3, mean � SD)
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Table 1
DTX release from liposomal formulation. Displayed are the % bound, % encapsulated, and %
unencapsulated DTX for Liposome, Taxotere, and solvent formulations, calculated from Eqs. (1), (2),
and (3), respectively, over time (N = 3, Mean � SD). TZ time zero, SD standard deviation

% Bound
DTX-d5

Encapsulated
DTX ng/mL

Unencapsulated
DTX ng/mL

%
Encapsulated
DTX

%
Unencapsulated
DTX

Liposome

TZ 2 μg/mL 96 � 0.7 172 � 70 1535 � 70 10 � 4 90 � 4
5 μg/mL 95 � 0.3 183 � 375 4217 � 375 4 � 9 96 � 9
10 μg/mL 95 � 0.4 617 � 376 7819 � 376 7 � 4 93 � 4

10 min 2 μg/mL 95 � 0.3 134 � 43 1598 � 43 8 � 2 92 � 2
5 μg/mL 96 � 1 318 � 162 4177 � 162 7 � 4 93 � 4
10 μg/mL 96 � 1 177 � 256 8098 � 256 2 � 3 98 � 3

30 min 2 μg/mL 97 � 0.2 �26 � 50 1910 � 50 �1 � 3 101 � 3
5 μg/mL 96 � 0.7 7 � 284 4722 � 284 0.2 � 6 100 � 6
10 μg/mL 96 � 0.6 �99 � 118 9376 � 118 �1 � 1 101 � 1

Taxotere

TZ 2 μg/mL 94 � 0.4 5 � 97 2014 � 97 0.2 � 5 100 � 5
5 μg/mL 94 � 0.2 �203 � 289 5044 � 289 �4 � 6 104 � 6
10 μg/mL 90 � 4 �675 � 148 10,607 � 148 �7 � 1 107 � 1

10 min 2 μg/mL 95 � 1 �18 � 71 2521 � 71 �0.7 � 3 101 � 3
5 μg/mL 94 � 1 �219 � 392 5861 � 392 �4 � 7 104 � 7
10 μg/mL 94 � 0.2 �983 � 305 12,588 � 305 �8 � 3 108 � 3

30 min 2 μg/mL 95 � 0.3 �165 � 97 2647 � 97 �7 � 4 107 � 4
5 μg/mL 95 � 0.3 �320 � 79 5963 � 79 �6 � 1 106 � 1
10 μg/mL 94 � 0.2 �861 � 73 11,899 � 73 �8 � 0.7 108 � 0.7

DTX solvent

TZ 2 μg/mL 96 � 0.3 �26 � 34 2229 � 34 �1 � 2 101 � 2
5 μg/mL 94 � 0.4 �249 � 35 5902 � 35 �4 � 0.6 104 � 0.6
10 μg/mL 93 � 0.4 �543 � 135 11,247 � 135 �5 � 1 105 � 1

10 min 2 μg/mL 96 � 0.4 54 � 186 1896 � 186 3 � 10 97 � 10
5 μg/mL 94 � 0.5 �345 � 292 5032 � 292 �7 � 6 107 � 6
10 μg/mL 93 � 1 �717 � 732 9633 � 732 �8 � 8 108 � 8

30 min 2 μg/mL 96 � 0.3 �133 � 82 2353 � 82 �6 � 4 106 � 4
5 μg/mL 94 � 0.1 �355 � 209 6029 � 209 �6 � 4 106 � 4
10 μg/mL 93 � 0.9 �493 � 145 11,138 � 145 �5 � 1 105 � 1
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Table 1). By comparison, Taxotere™ and solvent formulations
released all drug immediately. If the stable isotope was not an
accurate control of free fraction, the percent release estimates for
the various formulations would have lacked precision and accuracy,
and varied dramatically from the theoretical 100% release, based
upon the amount of DTX equivalents added to the plasma sample.

3.3 Control Studies To insure the validity of results, studies should incorporate spike
recovery controls. To determine the accuracy of the unencapsulated
drug estimation, a free normoisotopic drug can be spiked into
plasma with the formulation. An additional control study to exam-
ine the possibility of processing artifacts with regard to
encapsulated drug release can be performed by double processing
the formulation containing plasma, in which a single formulation
containing plasma sample undergoes two successive filtration pro-
cesses. Lastly, a control for the organic spike can be performed
whereby identical formulation containing plasma samples are com-
pared. One sample receives the stable isotope tracer spike, and the
other does not. If the organic spike does not disrupt the formula-
tion, then the concentration of normoisotopic drug in the filtrate of
both samples should be identical, ideally within 15% of each other.

1. Collect and pool human blood in K2EDTA tubes from six
donors. Centrifuge the pooled blood at 2500 � g for 10 min
to prepare plasma. Add 50 μL of HEPES buffer for every 2 mL
of plasma and adjust the pH to 7.4.

2. Spike three sets of 4 mL of prewarmed plasma samples (37 �C)
in glass vials with DTX liposome in triplicate to yield final
concentrations of 600 ng/mL. Incubate samples for 10 min
at 37 �Cwith agitation (seeNote 5). The three sets are used for:
(1) double spin study, (2) 300 ng/mL spike recovery study,
and (3) organic stable isotope spike study.

3. For the double spin study, spike DTX-d5 into 400 μL aliquots
of plasma from set one to make a final DTX-d5 concentration
of 0.5 μg/mL and vortex. Transfer the spiked samples to a
10 kDa MWCO centrifuge device and incubate for 10 min at
37 �C with agitation. Centrifuge the samples at 6000 � g for
10 min at 37 ºC. Analyze 50 μL of the ultrafiltrate by LC-MS
(see LC-MS method in Subheading 3.4). Following this initial
spin, transfer the samples to new centrifuge devices, spin sam-
ples again at 6000 � g for 10 min at 37 ºC, and collect and
analyze a second 50 μL sample of the ultrafiltrate. Plasma
samples (400 μL) incubated in centrifuge devices at 37 ºC
and not spun are also analyzed by LC-MS to determine total
drug concentration in the reservoir (see Note 4). Calculate the
unencapsulated DTX concentrations according to Eq. (2).
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4. For the spike recovery study, spike 300 ng/mL of free DTX
and 0.5 μg/mL of DTX-d5 into 400 μL plasma aliquots from
set two and vortex. Transfer samples to 10 kDa MWCO centri-
fuge devices and incubate for 10 min at 37 �C with agitation.
Centrifuge samples at 6000 � g for 10 min and analyze 50 μL
of the ultrafiltrate by LC-MS (see LC-MS method in Subhead-
ing 3.4). Plasma samples (400 μL) incubated in centrifuge
devices at 37 �C and not spun are also analyzed by LC-MS to
determine total drug concentration in the reservoir (see Note
4). Determine unencapsulated DTX concentrations according
to Eq. (2). To determine spike recovery, the mean of the
calculated DTX concentrations for the first spin of the double
spin study (see step 3 in Subheading 3.3) is subtracted from the
mean of the spiked sample concentrations. Ideally, the protein
binding value of the spike recovery samples would be within
15% of the theoretical value.

5. For the organic stable isotope spike study, take 400 μL of
plasma aliquots from set three and do not spike with ACN
solubilized DTX-d5. Vortex the sample and transfer to 10 kDa
MWCO centrifuge devices. Incubate samples for 10 min at
37 �C with agitation and then centrifuge samples at 6000 � g
for 10 min at 37 ºC. Analyze 50 μL of the ultrafiltrate by LC-
MS (see LC-MS method in Subheading 3.4). Plasma samples
(400 μL) incubated in centrifuge devices at 37 �C and not spun
were also analyzed by LC-MS to determine total drug concen-
tration in the reservoir (seeNote 4). Determine percent protein
binding of the normoisotopic drug, calculated as:

%Protein binding ¼ Total DTX in reservoir½ � � DTX in ultrafiltrate½ �ð Þ
Total DTX in reservoir½ � � 100,

for set one and set three in order to determine the effect of the
organic spike on formulation stability. Ideally, the percent protein
binding values between the two sets would be within 15% of each
other.

Double processing of the DTX liposome containing plasma did
not alter the unencapsulated DTX estimate, supporting the fact
that the centrifugation/filtration step does not alter formulation
stability (Fig. 4). The 300 ng/mL spike recovery was within 10% of
theoretical (Fig. 4). The organic stable isotope spike did not change
the protein binding estimate (within 15%), confirming that the
organic stable isotope spike does not alter formulation stability in
this example (Fig. 5).

3.4 LC-MS Set Up

and Analysis

3.4.1 LC-MS Set Up

1. Set HPLC conditions at: 5 μL injection volume, water-ACN
gradient (30% ACN/0.1% formic acid from 0 to 1.5 min, linear
increase to 80% ACN/0.1% formic acid from 1.5 to 4.5 min,
hold at 80% ACN/0.1% formic acid from 4.5 to 8.5 min, and
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Fig. 4 Double processing and spike recovery controls. Displayed are the
unencapsulated DTX concentrations, calculated from Eq. (2), for the first (Spin
1) and second spin (Spin 2) of the double processing controls and the 300 ng/mL
spike control. The “Spiked Difference” is the difference between the 300 ng/mL
spike and Spin 1 controls. The concentration of liposome was 600 ng DTX/mL in
plasma, and the incubation time was 0 min (N ¼ 3, mean � SD)

Fig. 5 Organic stable isotope spike controls. Displayed are the percent protein
binding values for the normoisotopic drug, calculated as % protein
binding ¼ (total DTX in reservoir-DTX in ultrafiltrate)/total DTX in
reservoir � 100, for liposome containing samples with or without organic
stable isotope (SI) spike. The concentration of liposome was 600 ng DTX/mL
in plasma (N ¼ 3, mean � SD)
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linear decrease to 30% ACN/0.1% formic acid from 8.5 to
10.5 min), flow rate of 0.35 mL/min, and column temperature
of 32 �C. The column regeneration time between injections is
6.5 min.

2. Use anMS instrument with an electrospray ionization source in
positive ion mode. Set detector voltage at 0.2 kV and the
desolvation line (DL) and heat block temperature at 200 �C.
Use high-pressure liquid nitrogen as the drying gas at a rate of
1.5 L/min. DTX, DTX-d5, and DTX-d9 elution times were all
8.9 min, and m/z ions monitored by selected ion monitoring
(SIM) were 808, 813, and 817 respectively (Fig. 6).

3. Measure the peak area ratio of the analyte to the internal
standard, DTX-d9, and use it to interpolate DTX concentra-
tions of unknowns from a linear fit of calibration curves. The
calibration curve range can vary depending on the assay analyte
concentrations using calibration standards prepared in appro-
priate assay matrix. For each calibration run, include quality
control samples from the low, mid, and high points of the
calibration curve prepared in appropriate assay matrix. For
specifics as to how the calibration and quality control samples
are to be prepared, please refer to Subheading 3.4.2 below.

Intensity
114,467

279,358

70,896

808.40(+)@1 (1)

817.40(+)@1 (1)

813.35(+)@1 (1)

min
15.012.5

DTX-d5, stable Isotope

DTX-d9, internal standard

DTX

10.07.55.02.5

Fig. 6 Example Selected Ion Monitoring Spectrometry Spectrograms in plasma matrix of DTX (top), DTX-d9
(middle), and DTX-d5 (bottom). Spectrograms collected on LC/MS 2020 single quad, LC-20AT pump, SPD-
20AC autoinjector, and C-R3A integrator (Shimadzu Scientific Instruments, Inc.)
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3.4.2 Calibration and

Quality Control Standards

Preparation

1. Dissolve stock solutions of DTX, DTX-d5, and DTX-d9 in
ACN for calibration and quality control standards.

2. Prepare DTX and DTX-d5 calibration standards in human
plasma and protein-free plasma at concentrations ranging
from 25 to 25,000 ng/mL. Use DTX-d9 as an internal stan-
dard at a concentration of 250 ng/mL (see Note 6) (Tables 2,
3, 4, 5; Fig. 7).

3. Prepare DTX and DTX-d5 in human plasma and protein-free
plasma in duplicate with concentrations of 125, 1000, and

Table 2
Example of the DTX calibration curve data in human plasma. Percent
accuracy between the theoretical and actual values is shown along with
Quality Control (QC) samples

Theoretical ng/mL Actual ng/mL % Accuracy

25* 63 251

25 22 87

50 45 90

50 47 93

125 132 106

125 128 103

500 542 108

500 525 105

1,000 1,084 108

1,000 1,081 108

5,000 5,174 104

5,000 5,268 105

10,000 10,087 101

10,000 9,878 99

25,000 26,101 104

25,000 23,265 93

QC

125 128 102

125 129 103

1,000 1,054 105

1,000 1,091 109

10,000 9,718 97

10,000 10,233 102

*Value omitted from standard curve
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10,000 ng/mL DTX as low-, medium-, and high-quality con-
trol standards, respectively. The average of the duplicate con-
centrations would ideally be within 15% of theoretical.

3.4.3 Sample and

Calibration Standard

Preparation

1. Add 50 μL of sample and calibration standards spiked with
250 ng/mL of DTX-d9 internal standard to a 2 mL eppendorf
tube, followed by addition of 200 μL of ice-cold ACN with
0.1% formic acid. Vortex.

Table 3
Example of DTX calibration curve data in human protein-free plasma.
Percent accuracy between the theoretical and actual values is shown
along with Quality Control (QC) samples

Theoretical ng/mL Actual ng/mL % Accuracy

25 22 89

25 10 42

50 49 98

50 47 95

125 122 97

125 113 90

500 533 107

500 559 112

1,000 1,056 106

1,000 1,193 119

5,000 5,290 106

5,000 5,436 109

10,000 9,957 100

10,000 10,348 104

25,000 23,224 93

25,000 25,567 102

QC

125 108 86

125 107 85

1,000 1,129 113

1,000 1,167 117

10,000 10,639 106

10,000 10,439 104
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2. Place the sample at �80 �C for 10 min and then thaw on ice.

3. Centrifuge the thawed sample at 14,000� g for 20 min at 4 �C
to pellet precipitated protein.

4. Transfer the supernatant to a glass tube and dry under nitrogen
gas in an evaporator and concentrator workstation at 48 �C.

5. Resuspend the dried residue in 150 μL 30% ACN with 0.1%
formic acid.

6. Transfer the extracted sample to a 0.5 mL eppendorf tube and
centrifuge at 14,000 � g for 5 min at 4 �C.

Table 4
Example of the DTX-d5 calibration curve in human plasma. Percent
accuracy between the theoretical and actual values is shown along with
Quality Control (QC) samples

Theoretical ng/mL Actual ng/mL % Accuracy

25 22 87

25 24 96

50 47 93

50* 82 163

125 124 99

125 123 98

500 526 105

500 502 101

1,000 1,062 106

1,000 1,021 102

5,000 5,522 110

5,000 5,570 111

10,000 10,569 106

10,000 9,839 98

25,000 25,863 104

25,000 22,540 90

QC

125 134 107

125 129 103

1,000 1,034 103

1,000 1,069 107

10,000 9,773 98

10,000 10,228 102

*Value omitted from standard curve
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7. Transfer the supernatant to a 1.5 mL amber glass screw top
HPLC vial with fixed Teflon insert and cap and place in an
HPLC autosampler vial rack.

8. Run matrix sample blank (matrix only), internal standard
spiked matrix blank (e.g., plasma spiked with internal stan-
dard), and quality control samples with each calibration
curve. Follow the LC-MS method in Subheading 3.4.

Table 5
Example of DTX-d5 calibration curve in human protein-free plasma.
Percent accuracy between the theoretical and actual values is shown
along with Quality Control (QC) samples

Theoretical ng/mL Actual ng/mL % Accuracy

25 24 98

25 26 105

50 49 99

50 50 100

125 106 85

125 110 88

500 499 100

500 531 106

1,000 1,006 101

1,000 1,108 111

5,000 5,226 105

5,000 5,343 107

10,000 9,949 100

10,000 10,280 103

25,000 23,596 94

25,000 25,497 102

QC

125 113 90

125 120 96

1,000 1,029 103

1,000 1,092 109

10,000 10,438 104

10,000 10,471 105
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4 Notes

1. The stable isotope tracer is non-radioactive and generally a
deuterated or carbon-13 isotope labeled analog of the normoi-
sotopic drug encapsulated in the nanomedicine formulation. It
is important that this isotope is at least 3 amu different from the
normoisotopic drug in order to ensure accurate mass separa-
tion and quantitation by mass spectrometry.

2. The 500 ng/mL DTX-d5 spike concentration was determined
to be the limit of detection for the unbound stable isotope with
an unbound concentration of approximately 30 ng/mL (~6%
unbound).

3. The ultrafiltration device was determined to have low nonspe-
cific binding to DTX (<20%). Specific binding was determined
by incubating 1 μg/mL DTX in protein-free plasma at 37 �C
for 30 min, centrifuging, and comparing the filtrate DTX
concentration to the reservoir DTX concentration.

4. There is the potential for drug degradation during the ultrafil-
tration process. The in-apparatus incubation control accounts
for this.

5. The concentrations of the nanomedicine chosen should be
clinically relevant, based on the actual or expected pharmacoki-
netic profile.

Fig. 7 Example of DTX and DTX-d5 calibration curves. Curves represent peak area ratio of the analyte to the
internal standard, DTX-d9, as measured with an LC-MS system vs. the DTX concentration (ng/mL). (a) DTX
calibration curve in human plasma. Curve data are shown in Table 2. (b) DTX calibration curve in human
protein-free plasma. Data are shown in Table 3. (c) DTX-d5 calibration curve in human plasma. Data are
shown in Table 4. (d) DTX-d5 calibration curve in human protein-free plasma. Data are shown in Table 5

238 Sarah L. Skoczen and Stephan T. Stern



6. An additional requirement of the method is a second stable
isotope that can be used as an internal standard to allow for
accurate quantitation of the normoisotopic drug and stable
isotope tracer by mass spectrometry. Again, this stable isotope
should be at least 3 amu different from both the normoisotopic
drug and the stable isotope tracer in order to allow for accurate
mass separation and quantitation.
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Chapter 20

Designing an In Vivo Efficacy Study of Nanomedicines
for Preclinical Tumor Growth Inhibition

Pavan P. Adiseshaiah and Stephan T. Stern

Abstract

Novel nanoformulated chemotherapeutics and diagnostics require demonstration of efficacy and safety in
appropriate animal models prior to conducting early-phase clinical trials. In vivo efficacy experiments are
tailored to the tumor model type and route of administration as well as several parameters related to the
nanoformulation, like drug loading to determine dosing volume. When designing in vivo efficacy studies
for nanomedicines, understanding the relationship between tumor biology and the nanoformulation
characteristics is critical to achieving meaningful results, along with applying appropriate drug and nano-
formulation controls. In particular, nanoparticles can have multifunctional roles such as targeting and
imaging capabilities that require additional considerations when designing in vivo efficacy studies and
choosing tumor models. In this chapter, we outline a general study design for a subcutaneously implanted
tumor model along with an example of tumor growth inhibition and survival analysis.

Key words Nanoformulation, Tumor model, Subcutaneous, Statistical analysis, Biology

1 Introduction

Drug discovery for cancer involves a significant investment of
resources, time, and an interdisciplinary team of scientists (biolo-
gists, drug metabolism and pharmacokinetic experts, toxicologists,
and formulation chemists) leading up to the development of a
clinically viable candidate. One of the cost-prohibitive and key
studies prior to clinical translation of a cancer therapeutic is animal
studies to examine toxicology and pharmacology of the lead drug
candidate. In addition to testing potency of the cancer therapy
using numerous in vitro assays, evaluation in tumor-bearing murine
models (e.g., syngeneic, xenograft, orthotopic, genetically engi-
neered) allows comparison of the antitumor activity of a novel
nanoformulation to that of the FDA-approved standard of care
treatment and/or the legacy drug formulation for the specific
indication. Drugs formulated in nanoparticles and delivered sys-
temically can have an enhanced in vivo half-life, controlled drug

Scott E. McNeil (ed.), Characterization of Nanoparticles Intended for Drug Delivery, Methods in Molecular Biology,
Vol. 1682, DOI 10.1007/978-1-4939-7352-1_20, © Springer Science+Business Media LLC 2018
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release profile, as well as altered drug biodistribution, resulting in
an optimized dosing regimen that may vary significantly from that
of the legacy drug. Therefore, prior to evaluating in vivo efficacy in
an animal model, it is imperative to understand the pharmacoki-
netic profile [1] and maximum tolerated dose [2] of the nanofor-
mulated drug in non-tumor-bearing animal models to determine
the appropriate doses, dosing volumes, and dosing regimens. The
majority of nanoformulations are designed for intravenous or intra-
peritoneal delivery; however, certain cancer indications may require
specialized routes, like intrathecal administration for glioma or
periocular injections for retinoblastoma. An understanding of the
physicochemical characteristics of the nanoparticles, the drug
release profile, and its pharmacokinetic properties can help design
meaningful efficacy studies.

In addition to the nanoformulation properties, another critical
aspect to consider when designing in vivo efficacy studies in mouse
mouse models is the tumor biology. The presence of wide gaps
(nano to micrometer) in the endothelial walls (fenestrations) and
dysfunctional lymphatics can enhance nanoparticle accumulation in
the tumor interstitium, the phenomenon commonly referred to as
enhanced permeation and retention (EPR) [3]. Effective nanopar-
ticle extravasation into the tumor site depends on vessel perfusion,
endothelial pore size, and the nanoparticle size [4, 5]. Therefore,
having a detailed understanding of the actual clinical tumor micro-
environment is very important to guide selection of a relevant
tumor model for efficacy studies. Another criterion to consider is
at what tumor size should the dose be administered. As tumors
grow, the microenvironment must adapt to the increasing size,
which can cause changes in the expression levels of a variety of
receptors [6]. The changing receptor expression levels can then
affect the efficacy of receptor-targeted nanoformulations. For
example, VEGF expression is inversely correlated to tumor size in
an U87MG tumor-bearing mouse model [6, 7]. The interstitial
fluid pressure in a growing tumor can also increase, diminishing the
EPR effect and tumor accumulation [8]. Furthermore, certain
indications, like pancreatic cancer, have a stromal barrier that can
greatly restrict drug accumulation in the tumor. Approaches to
reduce the dense fibrotic network in tumors can enhance penetra-
tion and efficacy of systemically injected nanomedicines. Jain et al.
demonstrated that by inhibiting collagen synthesis in tumors of
mouse models, PEGylated liposomal doxorubicin (Doxil) demon-
strated improved drug penetration and tumor growth suppression
compared to the nanomedicine alone [9]. Overall, the tumor
microenvironment in preclinical models can have a significant influ-
ence on the clinical relevance of the model, and thus the predict-
ability of the model with regard to the clinical efficacy of
nanoformulations under study. Understanding the tumor biology
and how the nanoformulation is affected by it can help in the design
of relevant and predictive in vivo efficacy studies.
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The protocol presented in this chapter serves as a general study
design to conduct and analyze in vivo efficacy, using a subcutaneous
implanted LS174T xenograft, a human colon cancer tumor model,
as an example. Subcutaneously implanted tumor models are com-
monly used for initial evaluation of drug activity in vivo. LS174T is
a good representative tumor model with a vascular pore size rang-
ing between 400 and 600 nm and vascular architecture that is
similar to clinical human colon carcinoma [10, 11].

2 Materials

1. Plated LS174T cells, limit to 20 passages.

2. T75 tissue culture flasks.

3. Trypsin/EDTA.

4. Trypan blue exclusion and hemocytometer or automated cell
counter.

5. Light microscope.

6. RPMI medium with 10% serum (medium).

7. Hanks’ Balanced Salt Solution with Ca2+/Na+ Salts (HBSS).

8. 50 mL centrifuge tubes.

9. 6–8-week-old athymic nude mice.

10. Ear tags.

11. 27-G needles.

12. Vernier calipers.

3 Methods

3.1 Cancer Cell

Preparation

1. Harvest LS174T cells in T75 flasks when they are in logarith-
mic growth phase and 70-80% confluent (see Notes 1 and 2).

2. Aspirate cell culture medium and wash cells with HBSS.

3. Add 2–4 mL of trypsin/EDTA to cells and incubate at 37 �C
for 5 min. Gently tap the plate to dislodge the cells and inter-
mittently monitor the cells under the microscope.

4. Add cell culture medium to inactivate trypsin/EDTA and vig-
orously mix the mixture using a pipette to obtain a single cell
suspension.

5. Transfer the single cell suspension to a centrifuge tube and
pellet the cells for 10 min at 930 � g and 4 �C. Save a 50 μL
aliquot of the resulting cell suspension for cell counting.

6. Count the live cells from the aliquot by adding trypan blue
solution and use a hemocytometer or automated cell counter.

7. Resuspend cell pellet inHBSS salt solution at 6� 107 cells/mL.
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3.2 Xenograft

Development

1. Anesthetize mice following IACUC approved animal protocol
(see Note 3).

2. Inject 0.1 mL of the cell suspension into one of the mouse
flanks subcutaneously using a 27-G needle.

3. Add an ear tag on the animals for identification.

4. Following 4–5 days after cancer cell implantation, measure the
length (L) and width (W) of the tumor by calipers to calculate
the tumor volume, V ¼ (L � W2)/2. The width is the smaller
of the two measurements (see Note 4).

5. Once tumors reach the study-desired size, usually 5 mm in the
longest diameter, animals are randomized into different treat-
ment groups based on tumor size (see Note 5 and Table 1).

3.3 Tumor Growth

Inhibition Study and

Ongoing Animal

Survival

1. Treatment groups include the drug containing nanoformulation
and corresponding control groups like the vehicle,
nanoformulation-blank (non-drug loaded), and legacy drug for-
mulation, toevaluate theperformanceof thenanoformulateddrug
(seeNotes6–8). An example of an efficacy studydesign is shown in
Table 2 (seeNote 9).

2. Drug dose and dosing regimens are determined by dose-range
finding and pharmacokinetic studies in non-tumor bearing
animals (see Note 7).

3. Most nano formulations for cancer indications are adminis-
tered by an intravenous route and dosing volume should not
exceed 10 mL/kg by bolus and 25 mL/kg by slow-press

Table 1
Example of successful animal randomization by tumor volume

Treatment groups

Number
of
animals

Mean tumor
volume
(mm3)*

Standard
deviation
(mm3)

Minimum
tumor volume
(mm3)

Maximum
tumor volume
(mm3)

Vehicle control 10 122.57 40.15 62.51 196.32

Blank nanoformulation 10 121.70 55.06 21.85 212.91

Nanoformulation with API,
Dose level #1

10 122.48 60.15 57.02 242.70

Nanoformulation with API,
Dose level #2

10 115.05 49.01 53.19 203.19

Clinical formulation of API,
Dose level #1

10 160.32 97.26 58.99 366.05

Clinical formulation of API,
Dose level #2

10 112.69 29.33 60.37 152.82

*Not significant by ANOVA, p > 0.05
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injection in mice (only in exceptional cases when the relevant
drug dose cannot be achieved) (see Note 10) [12].

4. Tumor and body weights are measured one-three times a week,
depending on study duration, to monitor the tumor burden
and treatment-induced body weight loss. Animals have to be
humanely euthanized if the tumor size reaches 2 cm or if
animals experience �20% body weight loss.

5. Survival studies can follow tumor growth inhibition studies to
track the number of surviving animals over a longer period of
time.

3.4 Data Analysis 1. The effect of treatment on tumor size and body weight change
can be observed by plotting tumor volume and body weight
data as mean � standard deviation, or as percent change from
initial volume/body weight (taken as 100%).

2. Statistical differences in tumor volume and body weight values
among treatment groups can be determined using ANOVA,
with appropriate post-hoc comparisons.

3. Suggested tumor volume and bodyweight analysis (Table 3) for
study time points which contain equal numbers of animals in
each group can be analyzed by ANOVA, with post-hoc compar-
ison using either Dunnett’s Test for statistical significance in
comparison to the control (Table 4) or Duncan’s Test for statis-
tical significance between all treatment groups (Table 5).

4. For study time points which contain unequal numbers of
animals, tumor volume and body weight measurements
(Table 3) over the study can be analyzed for statistical signifi-
cance using ANOVA with suggested post-hoc comparisons by
Tukey’s HSD Test (Table 6).

Table 2
Example of experimental design for an efficacy study. Treatment groups, drug dose, number of
animals, dose volumes, and dose schedule are displayed in the table. Study drugs were administered
by intravenous tail vein injection, once every 3 days (q3d), for a total of three doses (q3d � 3)

Treatment groups
Dose
(mg API/kg)

Number
of animals Dose volume

Dose schedule/Route
of administration

Vehicle control (0.9% saline) – 10 5 mL/kg q3d � 3; i.v

Blank nanoformulation – 10 5 mL/kg q3d � 3; i.v

Nanoformulation with API (low) 10 10 5 mL/kg q3d � 3; i.v

Nanoformulation with API (high) 20* 10 5 mL/kg q3d � 3; i.v

Clinical formulation of API (low) 5 10 5 mL/kg q3d � 3; i.v

Clinical formulation of API (high) 10* 10 5 mL/kg q3d � 3; i.v

*Dose at formulation MTD
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5. Unequal sample sizes are often observed in survival studies, or
time-to-endpoint studies in which animals are terminated at set
neoplasia (tumor diameter reaching �2 cm or tumor ulcera-
tion) or morbidity (loss of �20% of an initial body weight and
or immobility) criteria, as opposed to a set termination day. In
this case, the number of animals per treatment group will vary
over the course of the study due to differences in animal survival
or time to reach neoplasia or morbidity-related endpoints.

Table 3
Example of tumor volume and animal body weight data. Tumor volume and body weight data for all
the treatment groups are shown. Statistical analysis was conducted on this dataset. Tables 4, 5, and
6 show statistical outputs

Treatment groups
Number
of animals

Tumor volume Body weight

Mean (mm3)
Standard
deviation (mm3) Mean (g)

Standard
deviation (g)

Vehicle control 10 268 135 21.4 1.9

Blank nanoformulation 10 312 116 22.2 1.0

Nanoformulation
with API (low)

10 196 87 21.4 1.9

Nanoformulation
with API (high)

10 118 77 21.4 2.1

Clinical formulation
of API (low)

10 270 152 20.8 2.1

Clinical formulation
of API (high)

10 171 94 20.0 1.5

Table 4
Example of statistical output using Dunnett’s test. Significance is presented in comparison to vehicle
control group. MS, Mean Square value; df, degree of freedom

Treatment group
Significance in comparison to vehicle
control group (treatment 1)

Probabilities for post hoc tests (2-sided) error: between MS ¼ 13,046, df ¼ 53.000

Vehicle control

Blank nanoformulation 0.859688

Nanoformulation with API (low) 0.489476

Nanoformulation with API (high) 0.039806*

Clinical formulation of API (low) 1.000000

Clinical formulation of API (high) 0.214997

*Statistically significant value (p � 0.05)
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Table 5
Example of statistical output using Duncan’s test. Significance is presented in comparison to other
treatment groups. Vehicle, vehicle control; Blank, blank nanoformulation; Nanoformulation,
nanoformulation with API; Clinical formulation, clinical formulation with API; MS, Mean Square value;
df, degree of freedom

Treatment group

Significance in comparison to treatment group

Vehicle Blank
Nanoformulation
(low)

Nanoformulation
(high)

Clinical
formulation
(low)

Clinical
formulation
(high)

Approximate probabilities for post hoc tests error: between MS ¼ 12,951, df ¼ 54.000

Vehicle 0.421745 0.162457 0.007835* 0.968396 0.073933

Blank 0.421745 0.040119* 0.000915* 0.414081 0.013995*

Nanoformulation
(low)

0.162457 0.040119* 0.152208 0.175302 0.615460

Nanoformulation
(high)

0.007835* 0.000915* 0.152208 0.008196* 0.306157

Clinical
formulation
(low)

0.968396 0.414081 0.175302 0.008196* 0.077620

Clinical
formulation
(high)

0.073933 0.013995* 0.615460 0.306157 0.077620

*Statistically significant value (p � 0.05)

Table 6
Example of statistical output using Tukey HSD test. Significance is presented in comparison to other
treatment groups.Vehicle, vehicle control; Blank, blank nanoformulation; Nanoformulation,
nanoformulation with API; Clinical formulation, clinical formulation with API; MS, Mean Square value;
df, degree of freedom

Treatment group

Significance in comparison to treatment group

Vehicle Blank Nanoformulation Nanoformulation
Clinical
formulation

Clinical
formulation

Approximate probabilities for post hoc tests error: between MS ¼ 3.9160, df ¼ 54.000

Vehicle 0.999965 0.613775 0.441642 0.059962 0.001439*

Blank 0.999965 0.732861 0.562889 0.094201 0.002566*

Nanoformulation
(low)

0.613775 0.732861 0.999808 0.784073 0.109622

Nanoformulation
(high)

0.441642 0.562889 0.999808 0.906406 0.192588

Clinical
formulation
(low)

0.059962 0.094201 0.784073 0.906406 0.771672

Clinical
formulation
(high)

0.001439* 0.002566* 0.109622 0.192588 0.771672

*Statistically significant value (p � 0.05)



6. Group time-to-endpoint or survival data are commonly ana-
lyzed by the Kaplan-Meier analysis, with the log-rank (Mantel-
Cox) test to determine statistical significance.

7. Kaplan-Meier analyses of time-to-endpoint and survival data
allow for censoring of data. Censoring of non-neoplasia-related
endpoints, such as body weight endpoint (loss of �20% of an
initial body weight) data eliminates drug-related endpoints
from the analysis of neoplasia-related endpoints (tumor diame-
ter reaching �2 cm, tumor ulceration, or neoplasia related
survival) (Table 7; Fig. 1).

4 Notes

1. All cell culture procedures should follow sterile techniques and
be performed in a biological safety cabinet.

2. All cancer cell lines should be tested for human and rodent
pathogens (HIV-1, HIV-2, HTLV-1, HTLV-2, Hepatitis B,
Hepatitis C, CMV, EBV, JCV, and MoMuLV) prior to use in
animal models.

3. Animal study protocols (ASP) should be approved by an Insti-
tutional Animal Care and Use Committee (IACUC) prior to
initiation of an animal study.

4. Depending on the cancer cell line and mouse strain, the tumor
take rate and growth profile can vary significantly. A pilot tumor
growth study is recommended to characterize the tumor
growth profile and take rate prior to therapeutic evaluation.

5. The randomization process will remove any tumor size bias so
the average tumor volume between treatment groups is not
significant. The number of animals per treatment group
required to achieve the statistical power to detect a significant
difference for a given treatment depends on the variability in
tumor growth/survival and magnitude of the treatment
response [13]. Therefore, it is necessary to perform a pilot
study to identify the variability in tumor growth/survival and
the anticipated magnitude of the treatment response. Assum-
ing type I error (alpha) and type II error (Beta) are fixed at 5%
(p< 0.05) and<20%, respectively, then a simplified estimate of
sample size for tumor volume data (continuous variable) is
given by Eq. 1 [13]:

n ¼ 1þ 2C � s=dð Þ2 ð1Þ

where s is standard deviation, d is the anticipated difference
between control and treatment response, and the constant, C,
is 7.85.
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Table 7
Example of Kaplan-Meier time-to-endpoint table (body weight endpoint censored). The remission
codes are “1” for animals reaching a neoplasia-related endpoint and “0” for censored animals which
are euthanized due to drug-related endpoints, and for animals which survived to study termination
(study day 80 when remaining animals are euthanized)

Animal
number

Time to
endpoint
(Days) Endpoint Remission

Animal
number

Time to
endpoint
(Days) Endpoint Remission

Vehicle control Nanoformulation with API (20 mg API/kg)

2 17 Ulcerated
tumor

1 62 22 Body
weight
loss

0

4 29 Ulcerated
tumor

1 64 18 Body
weight
loss

0

6 20 >2 cm 1 66 18 Animal
death

0

8 25 Ulcerated
tumor

1 68 67 Tumor
ulceration

1

10 29 >2 cm 1 70 80 Survived 0
12 22 Ulcerated

tumor
1 72 62 >2 cm 1

14 18 >2 cm 1 74 57 >2 cm 1
16 25 >2 cm 1 76 69 >2 cm 1
18 20 Ulcerated

tumor
1 78 48 >2 cm 1

20 25 >2 cm 1 80 69 >2 cm 1

Blank nanoformulation Clinical formulation of API (5 mg API/kg)

22 17 Tumor
ulceration

1 82 27 > 2 cm 1

24 25 >2 cm 1 84 29 > 2 cm 1
26 15 Tumor

ulceration
1 86 25 > 2 cm 1

28 29 > 2 cm 1 88 36 > 2 cm 1
30 19 Tumor

ulceration
1 90 22 Body

weight
loss

0

32 19 Tumor
ulceration

1 92 34 Tumor
ulceration

1

34 29 >2 cm 1 94 17 Body
weight
loss

0

36 25 >2 cm 1 96 27 >2 cm 1
38 20 >2 cm 1 98 41 Tumor

ulceration
1

40 20 > 2 cm 1 100 29 Tumor
ulceration

1

(continued)
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Table 7
(continued)

Animal
number

Time to
endpoint
(Days) Endpoint Remission

Animal
number

Time to
endpoint
(Days) Endpoint Remission

Nanoformulation with API (10 mg API/kg) Clinical formulation of API (10 mg API/kg)

42 43 >2 cm 1 102 18 Body
weight
loss

0

44 80 Survived 0 104 48 >2 cm 1
46 51 Tumor

ulceration
1 106 18 Body

weight
loss

0

48 22 Body
weight
loss

0 108 80 Survived 0

50 43 >2 cm 1 110 48 >2 cm 1
52 36 >2 cm 1 112 22 Body

weight
loss

0

54 36 Tumor
ulceration

1 114 22 Body
weight
loss

0

56 41 Tumor
ulceration

1 116 18 Body
weight
loss

0

58 36 >2 cm 1 118 51 >2 cm 1
60 22 Body

weight
loss

0 120 20 Body
weight
loss

0

Fig. 1 Example of Kaplan-Meier curve: time to endpoint plots (body weight endpoint censored analysis).
Asterisk indicates Nanoformulation with API (10 mg API/kg), Nanoformulation with API (20 mg API/kg) and
Clinical formulation of API (10 mg API/kg) treatment groups are statistically significant (p � 0.05, log-rank
(Mantel-Cox) test) in comparison to vehicle control. Study day is plotted against the fraction of surviving
animals, by treatment group, based on the parameters displayed in Table 7
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A simplified estimate of sample size for survival data (dichoto-
mous variable) is given by Eq. 2:

N ¼ C � ðpcqc þ ptptÞ=d2
� �þ 2=dð Þ þ 2 ð2Þ

where pc is the proportion of deaths in the control group, qc is
1-pc, pt is the proportion of deaths in the treatment group, qt is
1-pt, d is the anticipated difference between the two groups,
and the constant, C, is 7.85.

The sample size based on the above calculations is generally
not greater than ten animals for an implanted tumor model
with a potent treatment response.

6. Appropriate control agents should be included in the study,
such as standard-of-care treatment for a particular cancer type,
legacy or conventionally formulated drug control, vehicle (for-
mulation) control, and unloaded nanoparticle control (where
applicable). All these agents, along with their doses, intended
route of administration, and dosing volume should be included
in the ASP and approved by the IACUC.

7. Cytotoxic nanoformulations and comparator treatments
should be dosed at equivalent doses and equitoxic maximum
tolerated doses (MTDs) (Table 1; MTD defined as dose pro-
ducing �20% body weight loss in 10% of animals, i.e., severe
toxic dose 10% STD10). Doses should be based on initial dose-
range finding studies in non-tumor bearing animals.

8. Nanoformulation appropriate additional controls should be
included in the treatment arm. If the nanoformulation has an
attached targeting ligand, the inclusion of an untargeted nano-
formulation will help identify targeting advantages. If the
nanoformulation is a species-specific gene therapy (e.g.,
siRNA, plasmid DNA, antisense RNA, etc.), utilizing a mouse
ortholog of the relevant gene is important to allow assessment
of side effects related to manipulation of the gene/protein in
off-target tissues.

9. In Table 2, an investigational nanoformulated API at two con-
centrations is compared with conventional clinical forumula-
tion of API at equitoxic and equivalent doses to evaluate any
improvement in the therapeutic index for the nanoformulated
API.

10. All preclinical studies should be performed using the intended
clinical route of administration to best represent eventual clin-
ical drug exposure and distribution, and related efficacy and
toxicities.
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