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Preface

Understanding the cell using principles of physics is a fast expanding interdisci-
plinary area of modern scientific research. Cellular systems are largely composed of
structures that work at the nanometer (nm) to micrometer (µm) dimensions. As
such, physical states and functional expressions of cellular structures in biological
systems are often better described by classical physics and quantum mechanics.
Soft condensed matter physics has evolved to deal with precise aspects of the
complex environment. Technology has also evolved to a point that we can even
visualize and monitor the physical energetics-based fluctuations and dynamics of
cellular systems, especially at a single molecule level, such as single lipid move-
ment and flipping on cell surface, small drug transport through cellular boundaries,
ion channel dynamics in membrane, and nucleic acid-based disorders, among
others. Significant research data are available on the subject that may be congre-
gated to explain crucial cellular processes where scale-dependent physics principles
are applicable. Through ‘Nanoscale Biophysics of the Cell,’ we explore how to
harness the abundant research findings to explain the cellular processes.

Biological cell research focuses mostly on understanding the cellular structural
and functional aspects including especially the cell signaling pathways. The
knowledge helps find the origins of cell-based diseases. Interdisciplinary approa-
ches to the cell research ensure participation from multiple groups and individuals
to the platform to create collaboration among medical professionals, pharma sci-
entists, biomedical engineers, social scientists, biologists, chemists, and physicists.
Four classes of professionals construct most of the perfect interdisciplinary research
teams:

(i) Experts in the cell (biologists),
(ii) Experts in principles in scientific research (physicists, mathematicians,

chemists, and biologists),
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(iii) Experts with a thorough understanding of the delivery mechanisms into
cellular compartments (pharmaceutical science people and biomedical
engineers),

(iv) Experts to understand the socioeconomic impact of cell-based research
inquiries.

Over the last three decades, collaborations among the four groups have increased
dramatically due to increasing health risks and the emergence of complex medical
issues. The reason for this mutual interest is obviously the modern biology’s pre-
eminent role on the front lines of scientific research targeting medical discoveries.
The collaborating connections between the physical and biomedical sciences have
been developing rapidly since especially the groundbreaking discoveries in
molecular genetics. There is clearly a need for a continuing dialogue and a
cross-fertilization between life sciences and physical sciences. Due to the inter-
disciplinary nature of the life sciences, numerous new border areas are being cre-
ated and developed. Therefore, disciplines such as mathematical biology,
biophysics, computational biology, biostatistics, biological physics, theoretical
biology, biological chemistry (and of course biochemistry), and biomedical engi-
neering have been undergoing exponential growth. The ultimate goal of all these
interdisciplinary scientific subjects and fields lies in understanding one thing ‘life.’

What is life?
How does life work?
Why does life fail?
Probably, these are the questions scientists have always been after. The answers

lie in using sophisticated technologies to address cellular aspects determining the
very causes of life. Application of appropriate techniques that help not only to
understand the cell but also the smaller nanoscale dimension structures inside the
cell is required. The techniques have to address the cell-based structures that
undergo local interactions and energetics-driven fluctuations at even femtosecond
(fs) timescale. Principles of nanotechnology, imaging, femtochemistry, etc., help
understand the smaller ordered or disordered individual and complex sections,
interactions, and dynamics inside the cell. In the nm scale, we can now visualize,
measure, physically handle, and manipulate the small-scale constructs of cells. We
find various types of smaller building blocks performing versatile activities within
cells, the traditionally considered building block of life. Of course, the cell is still
the ultimate kingdom where most of the life’s processes are found. But within the
cell, there are important sections or tiny worlds where crucial processes originate.

Distinguishable diversity present in biological systems is a simple result of the
multitude of possible combinations of the finite number of structural elements. The
physiological function of biological systems follows from the complexity of the
specific organization of various molecular systems where individual molecule’s
functions are mostly governed by fundamental laws of physics. The principle of
complexity begetting function is familiar to physicists and has often been referred to
as an emergent phenomenon. It is a characteristic feature of atomic systems to
display new emergent properties as they become more complex. Especially, certain
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biological aspects of molecules at nm scale rely on resultant physical actions that
are governed by specific physics laws. For example, in structures of biomolecules
like proteins, enzymes localized fluctuations, displacements, disorders are occa-
sionally found to happen at low dimensions. Although at a global scale, such
small-scale regulations in structures may mean almost nothing in eyes of biologists.
But in physicists’ careful eyes, these nm scale perturbations may seem to be just the
initiation of unknown major changes in the systems’ biological expressions. In such
small-scale changes, some fundamental physics principles, such as harmonic and
anharmonic oscillation energetics, can be utilized to understand the mechanical
condition and predict the future trends. This type of fundamental mechanism-based
understanding in low-scale biological systems may appear quite important, espe-
cially when things come to get dealt for understanding the initiation of major
disease conditions. Functional fundamental physics rules are hidden in mainly
low-dimension biological systems that dictate the normal functioning of building
blocks making whole living organisms. Some of this low-scale biological
system-based physics will be pinpointed or discovered and utilized in this book
along with my earlier book ‘Membrane Biophysics’ published by Springer-Verlag
in 2012. Current experimental techniques are sophisticated enough to measure
parameters related to structural and functional properties of biomolecules at a global
scale as well as, in many cases, at the nm scale building block levels. These
experiments aid our understanding of low-scale structure functioning physics
principles, develop analytical expressions to connect various parameters explaining
the physics, perform the numerical computations to address the role of these
parameters, and compare between many sources of experimental data.

The book is focused on a detailed description of the diverse mechanisms and
phenomena associated with structure and function of the cell and its fundamental
units inside, especially those at nm scale. There are nine chapters presenting the
fundamentally relevant materials.

It has been possible for me to take this big project due to my training and active
research in condensed matter physics including dealing especially with soft bio-
logical systems at a single molecular level. My decadelong experience in teaching
biophysics related courses at both the undergraduate and graduate levels has also
played a crucial role in understanding the importance of accumulating current
relevant information about this subject in a book. I have added enough novel
scientific ideas and models into this information and presented them in a profes-
sional manner, systematically, so that the interested readers find them quite
understandable and entertaining. It is a hope that this monograph will be found of
use as source of valuable information and conceptual inspiration to both students of
biophysics, biology, biomedical engineering, pharmaceutical science, medical sci-
ence, and expert researchers. We have avoided going into the details on calculations
and presented only the necessary forms of physical formulas to make the presen-
tations quite understandable for all. A bulk of experimental data are also avoided
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from presentation, and only the summary of them are mentioned. Discussion on
nanoscales of cell could be extended to covering many other areas as this is a large
field now. But we limited us within most important aspects that we found necessary
for addressing the important physics active in cell biology at low dimensions.

Riyadh, Saudi Arabia Mohammad Ashrafuzzaman
January 2018
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Chapter 1
General Introduction and Nanoscale
View of the Cell

Interdisciplinary scientific initiatives that focus at understanding of the cell are
enormous. It started considerably as early as in seventeenth century when an
eminent physicist Robert Hooke discovered the cell. The general or microscopic
concepts about cells suggest that a collection of varieties of them construct a body.
A living system can be subdivided into various functional sections and its smallest
unit is cell what contains even smaller structures and hosts a lot of physical natures,
trends, and techniques. Cell’s appearance and function are ensured due to the
biological expressions of thousands of genes, as well as the ongoing activities of
inner molecular structures following physical and chemical formalisms.

Attempts at applying physics principles to living systems containing varieties of
cells can be traced to the early creators of modern science. Galileo applied physical
principles to analyze the structure of animal bones, Newton applied optics to the
perception of color, Volta and Cavendish studied animal electricity, and Lavoisier
demonstrated that the respiration process is an oxidative chemical reaction. Robert
Mayer got inspired by physiological studies to formulate the first law of thermo-
dynamics. Another important area of application of physics to physiology is
hydrodynamics. Blood flow was analyzed by Poiseuille, and air flow in the lungs
has been described consistently with aerodynamics. Hermann von Helmholtz laid
the foundations for the fundamental theories of vision and hearing. The list of
physicists making huge impacts on biology and physiology is very long. A few of
the well-known figures who have crossed the rapidly thinning current boundary
between physics and biology have just been mentioned. Delbrück, Kendrew, von
Bekesy, Crick, Meselson, Hartline, Gamow, Schrödinger, Hodgkin, Huxley,
Fröhlich, Davydov, Cooper, and Szent-György have undoubtedly pushed the
frontier of the life sciences in the direction of exact quantitative analysis.

The tools to observe small things like cells and organisms have mostly been
developed using fundamental physics principles and engineering techniques. The
applications of these tools with their ever-enriching sophistications in ever-growing
number of biological fields are beyond imagination. Hard-core physics principles
are now utilized in exploring deep biological problems too. For example,
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techniques like X-ray, crystallography are regularly used in exploration of the
biological systems. Physical modeling of the DNA double helix structures by
Huxley and Hodgkin based on X-ray crystallography data of Franklin was an
inspiration for subsequent studies aiming at understanding tuned biological aspects
of cell using pinpointed application of physics techniques even at nanometer (nm)-
scale dimensions. Another physical technique nuclear magnetic resonance
(NMR) has found its enormous applications in understanding biological cell’s
molecular processes. NMR has been used to study biological cells since the early
days (almost seven decades ago) of its development on the shoulders of giants like
Stern, Rabi, Bloch, Ernst, Wüthrich, Lauterbur. Novel discoveries on understanding
the structures of various proteins inside cells, membranes are made regularly these
days. We can now also track the low nm resolution (as close as a lipid cross section)
cell surface dynamics based on the mosaic model of Springer and Nicholson, dis-
covered about 5 decades ago with subsequent developments. The twenty-first century
scientific advancement in optical microscopy by Betzig, Hell and Moerner, and many
others ensures observing the cellular system’s nanoworld what was once considered
impossible as in 1873, the microscopist Ernst Abbe stipulated a physical limit for the
maximum resolution of traditional optical microscopy—it could never become better
than 0.2 micrometers (µms). We visualize the pathways of individual molecules
movements inside living cells. We can see how molecules create synapses between
nerve cells in the brain; we can track proteins involved in diseases as they aggregate;
we follow individual proteins in fertilized eggs while dividing into embryos. Optical
microscopy technique is now so powerful that it lets us observe nm resolution
structural formation, fluctuations, displacements, movements, etc., ahead of under-
standing the underlying mechanisms.

Concepts of many-body interactions, charge particle interactions, stochastic prin-
ciples, principles of electrostatics and electrodynamics, etc., are found quite applicable
to addressing various phenomena in cellular systems. Classical mechanics principles
have long been used in understanding mechanisms behind cellular systems’ functions.
Besides, quantum mechanics principles have recently been found important in
exploring cell dynamics. Computational techniques are popularly used now to address
all kinds of molecular properties, from a molecule’s stability and movement to its
reactions with other molecules. Since early 90s, the computing power and algorithms
began catching up with theory to enable the application of calculations to relevant
biomolecules like proteins, drugs, and materials, thanks to Karplus, Warshel, and
Levitt among others whose groundbreaking initiatives made this possible. Computer
visualization of the simulated behavior, real-life movement of complex entities like
drugs, proteins, large molecular systems like liposomes, membrane monolayers and
bilayers, ion channels help understand the nm resolution active physics principles
involved in constructing the biological systems.

The cell exploration has now systematically been taken to a nanodimensional
world what is popularly known as ‘nanotechnology.’ Femtosecond (fs) chemistry
address of cell reaction research is also within our understanding realm. We can
now regulate the cell constituents’ structure and functions at nm-dimension reso-
lution. Both slow and fast kinetics of them can be manipulated. That is why we can
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no longer just believe totally that the cell is the building block of life. Specialized
building blocks that are smaller than and within the cell have been discovered. Of
course, the cell is the kingdom where most of the life’s processes are collectively
found but cell also hosts pretty important sections or many smaller worlds where
most of the cellular processes might be distinguishably originated at or controlled
from. We can now put our fingerprints at the genetics, related genes or codes in
nucleic acids and often can act at the DNA structures to create pinpointed changes
and repairs at low nm dimensions. Nanoscale biophysics is a subject that aims to
deal with this kind of exploration. Cell’s internal nanostructures are understood
using biophysics techniques what has become quite popular nowadays. The
physical understanding of the nanostructure geometry, function, and their alteration/
modulation helps address important questions about life. Nanoscale biophysics of
the cell and nanotechnology of the cell are complementary to each other. Nanoscale
biophysics helps us understand biological processes, while nanotechnology helps
manipulate the nanostructures of the cell as required to repair especially disease
states of the structures. This book will address these aspects quite in detail.

The cell’s nanoscale world and the related biology fields will be scrutinized
through the analysis of existing and novel experimental and theoretical data along
with the techniques of their production, methods of interpretations, and under-
standing of their applications. Structural and functional mechanism perspectives of
both normal cell conditions and perturbed conditions under the influences of dis-
eases are the focal points here. A lot of specific cell-based structural components
have been taken into consideration as examples for explaining the biophysics
aspects of mainly the nm-dimension cell components.

Following the address on the defining aspects of cell (see also Ashrafuzzaman
and Tuszynski 2012a), the book starts with the search of a descriptive definition of
life. With the development of technology over centuries, we have been able to
revise our knowledge on the cell by going deep into its finest structures.
Consequently, life’s definition, once used to be made up using biological per-
spectives, now requires considerations of physical principles and phenomena for
clarifications. Cell hosts varieties of life processes, such as nonstop dynamics,
diffusion, and transport aspects what need to be explained using low-dimension
scale functioning physics principles. Considerable existing rules and models, as
well as novel understanding and analytical expressions, are required. New physics
is yet to emerge to help understand many unexplored areas. I have accumulated
here a considerable amount of conceptual approaches what readers may find as their
mind opening and thought creating for further explorations.

Biological cells are enriched with molecular machines (see Wilson 1925; Taylor
2001) which account for most of the molecular-level solid-state structures that
regulate cellular functions. Their pre-creation stage molecular mechanisms, states,
and energetics of physical existence and physiological function aspects are
inspected in detail. The book contains rigorous discussion where molecular
machines have been scrutinized in regard to their physical roles in creating
cell-based natural nanotechnology. The principles of this nanotechnology along
with artificial biophysics techniques can be utilized to regulate the functions of
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cellular machines. These principles may also indirectly help us design agents for
repairing the cellular disorders.

Understanding of the states of cell-based diseases (as a result of cellular disor-
ders including altered structures of cellular machineries) and drug effects has been
historically made mainly using chemical, biochemical, biological, and medical
techniques. Careful biophysical analysis reveals that the physiological disorders in
mostly cell-based structures occur at nm-scale resolution, so do the effects of most
of the drugs. The use of biophysics principles in analyzing and understanding these
small-scale structural and functional issues is new. The ideas are therefore not
always well organized. I have made an attempt to explain the structural and
functional disorders of specific ion channels in various cancer cells. This analysis
will help us understand how the rise of disorders in the structures and functions of
cell-based general molecular machines participates in altering the physiology of
cells.

Quantum mechanics application in cell is quite new, but it offers some promising
tools to initiate understanding crucial cellular processes. Quantum mechanical
calculations and other related aspects are briefly provided to mainly pinpoint the
future trends in cell research.

As mentioned earlier, physics principles besides biological and chemical prop-
erties are naturally in built that drive physical structures into functioning.
Interaction, force, and energy principles are found to determine the regulation of the
statics, dynamics, and technological architectures (specifically nanotechnology) of
the cell. Determination of correct expressions of parameters related to universal
mechanisms, e.g., energetics, entropy, that dictate various cellular processes, is
often not any easy task. But these tasks appear relatively easier with the application
of physics laws, using mostly classical and occasionally quantum mechanical cal-
culations that are relevant in the complex biological systems. Disorders in disease
conditions can also be addressed through understanding the perturbations in
structures and functions of related cellular components using physics principles.
Such perturbations require the change of order parameters ensuring the necessary
free energy changes that cause the transitions of structural states from one energy
trap (often is referred to as a harmonic potential well) to other ones. Special
attention has been given on explaining the ion channel aberrations in cancer cells
and other disease conditions. The readers will get a summary of huge information
on all of these topics. The knowledge will create catalysts for future studies of the
cell in regard to its treatment at the nanoscale components where various tech-
nologies are available.

Subsequent chapters of the book will address specific areas covered in funda-
mental and medically relevant aspects of the nanoscale view of the cell. The
explorations will be done on mainly the applications of specific modern physics
principles and latest technologies to address the cellular biology. We have avoided
presenting complicated equations, formulas, and their derivations as the book is
primarily written for students, researchers, faculties, and biomedical scientists
working in the interdisciplinary areas of science. We have instead presented a lot of
physical models and sketches to explain complicated biological aspects in a
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simplistic manner so that with minimal physics knowledge and interests readers
with nonphysics backgrounds face no issues to understand most of the aspects
covered in this book. Before going to the advanced stages, the readers may still
require understanding of the necessary basic physics, chemistry, and technology
that a cell hosts in its various low-dimension compartments. Therefore, I wish to
provide the basics of a few introductory areas involved in low-dimension biology
and biophysics of the cell here.

1.1 What is a Cell?

The basic unit of a living organism is called cell. Cell is the primary unit which
provides the basis of the biological structures and functions. Cells are the building
blocks of life. It means that life perhaps originates at the cell. Alternatively, the
collective actions of cellular activities are responsible for life.

From the commonly accepted definition of a cell presented above, it is clear that
the cell holds two unique defining features: (i) structural aspect that actually helps
make a cell and (ii) mechanism aspect that qualifies the cell. The latter follows from
the former—the mechanism aspect is often the result or the collective expression of
the structural aspect. From the perspective of structural aspect, we observe plant and
animal cells to differ. From the perspective of mechanism aspect, we observe cells
from various organs within the same body to differ. Besides, cells of the same organ
may also differ from both structural and mechanism perspectives while the organ
falls into any disease state. Moreover, the dynamic nature of various structural
components of a cell makes it functionally quite variable. The disease-affected cells
may not show the characteristics of a normal cell. The same cell being affected by
different kinds of diseases may also behave differently. A neuron makes the type of
a cell which is primarily for communicating information throughout the body. All
the mentioned contradictions make our task quite hard when we attempt to provide
a unique definition for cell. Cells from different organs in normal and disease states
may host organ- and state-specific structures and characteristics that are subject to
be continued fluctuations. But the general definition of a cell emerging from the first
paragraph of this section is perhaps still traditionally the best.

1.2 Optophysics to Discover Cells

Optophysics techniques helped discovering the µm-dimension objects cells. In
1590, the microscope was invented by two lens grinders Hans Lippershey and
Zacharias Janssen in the Netherlands who placed two lenses in a tube. People
discovered a way to see tiny objects through a microscope. During fifteenth and
sixteenth centuries, a revolution happened in the field of microscope and telescope.
People came to know ways to observe many objects that were either too small or
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too far to see. After bringing lens in the pathway of sighting, things appeared big
that were tiny ones or closer that were distant ones. The modern foundation was
made by many scientists including Robert Hooke, Galileo Galilei, Newton, and
many other icons. The origin even dates back to eleventh century when an Arab
scientist Ibn Al-Haytham first discovered the concept of a camera and published his
‘Book of Optics.’ Ibn Al-Haytham was the first to experiment to prove that we see
as a result of light from objects traveling in a straight line into our eyes. Ibn
Al-Haytham and his student Kamal Ad-Din observed the camera obscura phe-
nomenon which is defined as ‘dark chamber.’ A cardboard with a tiny pinhole on it
allowed the light to pass, and thus, concept of a camera (popularly referred as
pinhole camera) emerged. Haytham’s famous optical diagram and eye diagram
from perspectives of light transmission and reflection both made the background to
understand the proof of principles in optophysics. In today’s pinhole cameras,
lenses are added and thus the optical diagrams of modern cameras have further
evolved in complexity and have become more powerful.

During the seventeenth century, a British scientist Robert Hooke who was pri-
marily a physicist developed his own microscope to study various objects and
published his results in Micrographia in 1667 (Gutenberg eBook 1964). He viewed
a thin cutting of cork through his microscope and found empty spaces contained by
walls (see Fig. 1.1). He called them ‘cells.’ More precisely, he saw plant cells.
Within a decade, in 1678, a Dutch scientist Antony van Leeuwenhoek, one of the
earliest microbiologists, reported that he had observed little animals—bacteria and
protozoa through his simple microscope. This discovery was confirmed by plant
cell discoverer Hooke through his compound microscope. Within a short time,
humankind found the smallest unit of a plant and little ‘animal’ called bacteria.
Both of these discoveries happened, thanks to the technological developments in
optophysics. People learned to use machine-made eyes to observe things. These
discoveries created opportunities for scientists to try to understand if there were
similarities between smaller organisms and larger ones.

The discovery of cell and bacteria initiated the exploration of things at µm scale.
Both of these discoveries were just observational. Nothing was known about the
activities of these smallest units. Now we just do not see the cells, we go beyond to
see the constituents of the cells. A cell is perhaps the smallest building block
holding almost complete criteria of a living body. But the cell’s constituents have
independent structures and functions. They are very different within. The cellular
constituents are often orders of magnitude smaller than the µm-scale cell. With the
development of microscopic techniques, it is no longer hard to explore smaller
scales than those at cell dimensions. The cellular constituent observation-based
understanding of cells found the beginning of its in-depth understanding with the
discovery of nm-scale detailed DNA double helical structure by Watson and Crick
in 1953 based on the famous X-ray photograph of DNA produced by Franklin
(Watson and Crick 1953). Within a year of this groundbreaking discovery, another
great scientist Linus Pauling was awarded a Nobel Prize in chemistry for his famous
works on the structure of molecules and crystals, including a clear picture on
chemical bonds. The nanoscale-level first-ever complete understanding of
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biomolecule structures happened about 100 years after the first isolation of nucleic
acid in cell by a Swiss physician Friedrich Miescher. But the nanoscale structure
understanding led to the creation of a huge platform for biomolecule structure
studies which subsequently changed the primitive view about the cell. The
modern-day concept of the cell emerged on various structural studies about different
compartments within cell interior and exterior regions. A cell’s generally accepted
model is shown in Fig. 1.2. We shall not provide details on cell components here as
there is quite a large amount of literature available on these topics.

1.3 Cell Imaging

How a cell looks like under microscope is known. In biological research, micro-
scopic images are taken regularly. We also took many such images recently to
demonstrate biophysical aspects of the cell. We specifically aimed at understanding
the functional physics at cellular compartments with dimensions as low as nm- to
µm-scale range. We shall explain a few example cases in this chapter.

Fig. 1.1 Hooke’s cork cells.
To understand the original
details, interested readers can
read from The Project
Gutenberg eBook,
Micrographia by Robert
Hooke, Printed by Jo. Martyn,
and Ja. Allestry, Printers to
the Royal Society, London
(1964). The Project
Gutenberg eBook has granted
automated permission to reuse
the contents in the book.
Other sources can be the
following links: http://www.
nobelprize.org/educational/
physics/microscopes/timeline/
index.html. Hooke: http://
www.science-of-aging.com/
timelines/hooke-history-cell-
discovery.php, http://www.
scribd.com/doc/69985133/24-
Robert-Hooke-Micrographia-
1665
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1.3.1 Cell’s General View Under Microscope

Figure 1.3 shows how cells look like under microscope. A549 cell line (that are the
adenocarcinomic human alveolar basal epithelial cells) are imaged under
microscope.

In Fig. 1.3, we observe simple cell images suggesting cells to be just like spheres
with no constituent structures. Here we observe the cell surface and that gives us an
impression of how cells look like. To observe cell constituents we need to go
deeper. For that, we need to use the power of technological developments and
perform high-resolution microscopy imaging. Sometimes we take help of external
agents (e.g., nanoparticles) without or with fluorescence tags attached and let them
migrate to cell surface or cell-based constituent’s structural vicinity. Through them,
we can observe certain regions quite clearly. Here, we briefly show two indepen-
dent studies that had constructed cell surface images using two independent tech-
niques for general demonstration purposes.

Fig. 1.2 Schematic diagram of a cell showing different parts (cell’s model structure). In no way,
any component schematized here represents the true structure observed in biological cell. PM:
plasma membrane, CP: cytoplasm, VC: vacuole, LS: lysosome, RB: ribosome, MC: mitochon-
drion, GA: Golgi apparatus, RER: rough endoplasmic reticulum, SER: smooth endoplasmic
reticulum, NC: nucleus, NM: nuclear membrane, NP: nucleoplasm, CM: chromatin, NL:
nucleolus. The constituents shown here are found in an animal cell. In plant cell in addition to all
these chloroplasts with photosynthesis ability exist. A plant cell (not an animal cell) also consists
of a cell wall surrounding the plasma membrane which provides tensile strength and protection
against mechanical and osmotic stress. Special credits are due for Imtihan Ahmed of Computing
Science Department, University of Alberta, Canada, who helped to draw this model diagram
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1.3.2 Atomic Force Microscopy to Observe Cell
Surface Landscapes

Atomic force microscopy (AFM) is a powerful imaging technique that is frequently
used to track the low nm-dimension structural changes, surface landscapes, etc.
Here we shall provide a few images that we recently captured for demonstrating
primarily the statistical cell adsorption mechanisms of chemotherapy drugs (CDs),
e.g., colchicines. For details, see Ashrafuzzaman et al. (2016). We just present a few
figures to demonstrate how AFM emerged to help us investigate deep into
low-dimension scale structural components of the cell.

Independent Cell and Cell Targeted Drug Characterization
In Fig. 1.4a, an inverted optical microscope image is shown where position of the
probe and distribution of cells at a large scale is clearly seen. The area of the image
is (700 � 520) µm2. A large-scale AFM topography image of the cell distribution
is shown in Fig. 1.4b. The average size of the cell is approximately 1.2 µm. The

Fig. 1.3 Cells are imaged under microscope. We incubated 1 mL cells in cell culture media
Dmem F12 at 37oC. A549 was supplied by ATCC (http://www.atcc.org/products/all/CCL-185.
aspx). We then added 5 µL cell into 5 µL trypan blue to a glass slide (Fisher). We then took image
[under microscope Axiovert 200 M (Zeiss)] of the plate of which a section is presented here. This
imaging was performed by Ashrafuzzaman with the help of coworkers at the Department of
Oncology, University of Alberta, Canada, during summer, 2014 (yet to be published)
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shape of all cells is not identical. This is expected because the shape of the cell on
surface depends on the range of interactions between the cells and the surface. The
shape of the cell can also be deformed due to tip–sample interactions during
scanning the probe over the surface.

In Fig. 1.4b, AFM height image of the distribution of cells at a large scale is
presented. The heights of the cells are shown in color scale 0 (dark fields)—
293.04 nm (light fields). Thus, we can even detect small geometrical fluctuations
here in color code. This type of information is very important to understand cell
surface mechanical properties.

In Fig. 1.4c, AFM height images of distribution of colchicine (1 µM) molecules
are shown. Colchicine molecules are on average with 1 nm dimension. The heights
of the colchicine molecules are presented in color scale 0 (dark fields)—7.33 nm
(light fields).

(a)

10µm

7.33 nm

0.00 nm

600nm

293.04 nm

0.00 nm

4.0μm

(b)

(c)

0 1 2 3

0

2
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) 
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(d)

Fig. 1.4 Cell and colchicine TM-AFM image on SiO2 substrate. a Optical microscope image at
large scale. b AFM height image of distribution of cells at a large scale. The height of the cells is
presented in color scale 0 (dark fields)—293.04 nm (light fields). c AFM height image of
distribution of colchicine (1 µM) molecules. The height of the colchicine molecules is presented in
color scale 0 (dark fields)—7.33 nm (light fields). (d) A height profile recorded along the dashed
line in Fig. 1.4c. For details, see Ashrafuzzaman et al. (2016)
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Finally in Fig. 1.4d, a height profile that was recorded along the dashed line in
Fig. 1.4c is presented. This provides the linear scale conversion for color scale.

The images in Fig. 1.4 demonstrate the cell surface structures at nm-scale res-
olution. This kind of inspection is always crucial while dealing with nanoparticle
adsorption in the cell surface. This imaging helps quantify the cell surface
adsorption as well as understand the modulation of the cell surface geometry what
happens at nm scale as a result of the surface adsorption of drugs or general
nanoparticles.

1.3.3 Confocal Imaging to Observe Cell Substances

Confocal imaging is a powerful technique that helps to image high-resolution small
structural components in cell. Here, we present one of our captured confocal
microscope images of the A549 cell line illustrating deep inside into cell structures,
e.g., tubulin. See Fig. 1.5. This imaging was performed by Ashrafuzzaman and
coworkers at the Department of Oncology, University of Alberta, Canada during
summer, 2012.

In Fig. 1.5, we observe cellular constituents, e.g., microtubules. This has been
possible due to the use of a high-resolution confocal microscope imaging. This
technology helps us see in the nanoscale-order resolution, as low as 1 nm or even
fraction of nanoscale-dimension cellular constituents. This developed setting helps
us model the µm-dimension cell’s structural concept almost accurately at nm res-
olution. The rise of disease conditions and corresponding low-resolution structural
changes are also monitored using imaging techniques. Drug effects through direct

Fig. 1.5 Confocal imaging to observe cell interior structures. Confocal microscope image of the
A549 cell line illustrating deep into cell structure like tubulin (Ashrafuzzaman, unpublished). The
tubular polymers grow in µm scale while the diameter in nm scale

1.3 Cell Imaging 11



drug binding at the structural sites are also monitored. Yet, we lack in under-
standing the role of many cell compartments in detail unless we perform various
chemical analysis on the components and perform studies on the components’
dynamics. Various constituents are not well structured or the structures are not
mutually distinguishable to offer understandable images. That depends mainly on
the kind of structures or indirectly the state of the structures, namely solid state,
liquid state. That leaves the cell studies still in not so under control condition.

The nanoscale-dimension structural studies through the application of mainly
optophysics techniques and varieties of chemical analysis of the cell constituents
led to understanding the versatile biological natures of individual structures and
compartments most of what rely on corresponding physical properties. We can now
brand the type of state of every structure and often of every compartment which is a
collection of unitary, binary or tertiary structures. Based on their structural state
classification, we can also understand state-specific mechanisms that are governed
by fundamental laws of physics. We can also extend our understanding by corre-
lating the physical structural states and related mechanisms with the corresponding
biological expressions. The definition of the cell underlies in the collective actions
what we often brand as resultant of the mechanisms contained in all these physical
structures making the known biological shape of a cell.

1.4 Cell Measurements

Cell is small and it has even smaller different distinguishable sections. Types of
measurements on cell can therefore be global, localized, compartmental, etc.
Unaided eyes can see some big cells as unaided human eyes can see objects as
small as about 0.1 mm long. Human eyes have the ability to see, without or with
magnifying glasses, an amoeba proteus, a human egg, and a paramecium. Light
microscopes, electron microscopes, and other imaging devices aid us with high
resolution to go beyond general look at cells to the individual components. AFM
imaging, confocal imaging, etc., provide most of the structural information deep
inside cells at nm-order resolution of the dimensions or beyond. Besides imaging
based mostly geometry related measurements, there are various other types of
measurements we are able to perform on cells. This section will be dedicated to
explaining a few example cases.

1.4.1 Cell Mass

Like small size, the cell mass is also tiny. Measurement of the cell mass is
sometimes considered important. Recently, Grover et al. (2011) published a nice
article where a technique was used to measure the single-cell mass, volume, and
density. Here, approximately 500 cells per hour with a density precision of
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0.001 g mL−1 were utilized for measurement. A microfluidic mass sensor was used
to measure the density of single living cells. Each cell was weighed in two fluids of
different densities.

Cell density measurements generally rely on buoyant force to transport cells to a
location where the surrounding fluid density most closely equals the density of the
cell. But during centrifugation, the lengthy exposure to concentrated solutions of
the substance used to construct the density gradient may inadvertently affect the
density and viability of the cells. Here, a clear buoyant force dependence exists. The
hypothesis adopted in Grover et al. (2011) that the ideal method for measuring a
single-cell density would not rely on buoyant force to slowly push the cell, but
would measure the buoyant force on the cell directly, in any desired fluid. Then, use
the information to calculate density, mass, and volume of the cell. Such a method
was used around 250 B.C. by Archimedes of Syracuse, who was asked by his king
to determine whether a crown was made of pure gold. We all know the story.
Archimedes measured the density of the crown by hanging it in a fluid. He used a
balance to measure the submerged crown’s buoyant mass mb using the following
equation:

mb ¼ m 1� qf
q

� �
ð1:1Þ

Here, m is the mass of the crown, qf is the fluid density and q is the density of the
crown. The buoyant mass of the crown in two fluids of different known densities,
for example, water and air, was measured. Archimedes could then calculate the
density of the crown and compare it to the known density of pure gold. The same
illustration was used for the cell measurements (see Fig. 1.6).

The intrinsic cell-to-cell variation in density was reported nearly 100-fold
smaller than the mass or volume variation. As a result, changes in cell density can
be measured which is indicative of cellular processes that would be otherwise
undetectable by mass or volume measurements. Four examples were reported:
identifying Plasmodium falciparum malaria-infected erythrocytes in a culture,
distinguishing transfused blood cells from a patient’s own blood, identifying irre-
versibly sickled cells in a sickle-cell patient, and identifying leukemia cells in early
stages of responding to a drug treatment (Grover et al. 2011). For details on
techniques, interested readers may learn directly from Grover et al. (2011). Results
are shown in Fig. 1.7.

Beads with known density and size were measured, see Fig. 1.7a: the bead
volume, mass, and density distributions for a sample of 5.0-lm-diameter poly-
styrene beads. Measurements were then performed on a cell sample, P. falciparum
malaria-infected erythrocytes (see Fig. 1.7c). P. falciparum causes significant
physical changes in infected erythrocytes (Mrema et al. 1979; Mills et al. 2007).

Following identical techniques, mass and density measurements of live and dead
gram-negative and gram-positive bacteria were recently measured (see Lewis et al.
2014). Buoyant mass measurements were performed for gram-negative E. coli and
gram-positive L. innocua bacterial cells. Buoyant mass of a growing population of
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Fig. 1.6 The method of Archimedes was applied to measure single-cell mass, volume, and
density. By weighing a cell in two fluids of different densities and plotting the linear relationship
between buoyant mass and fluid density, the absolute mass, volume, and density of the cell can be
determined from the y-intercept, slope, and x-intercept, respectively. Presented with due
permission from Grover et al. (2011)

Fig. 1.7 a Bead mass, volume, and density distributions for a population of 5.0-lm-diameter
polystyrene beads (n = 1069). b A scatter plot of bead mass versus density. Here, error bars
are ± one standard deviation of the mean. c Erythrocyte mass versus density for 690 cells from a
healthy erythrocyte culture (Left) and an equal number of cells from a culture containing
approximately 12% P. falciparum-infected erythrocytes (Right). d Single erythrocyte mass versus
density for an individual with suspected thalassemia trait who also received a transfusion of normal
(nonthalassemic) blood 4 d prior to collection (red; n = 502 cells) compared to a random
nonthalassemic, nontransfused individual (black; n = 502 cells). The patient’s own erythrocytes
(red) are offset from a normal patient’s erythrocytes (black), except for a small number of normal
erythrocytes the thalassemic patient received during the transfusion (red points clustered on black
points). E. Erythrocytes from an individual with sickle-cell anemia who also received a blood
transfusion 35 d before collection (red; n = 502 cells) compared to the same nontransfused
individual as in D (black; n = 502 cells). The widening of the distribution of erythrocyte densities
in sickle-cell anemia reported is consistent with other studies (Rodgers et al. 1985), with the more
dense cells likely representing irreversibly sickled cells (Bertles and Milner 1968). For details, see
Grover et al. (2011)
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bacterial cells was monitored in real time. The buoyant mass (found in femtogram
(fg) order) data were used to determine average density and total mass of live and
dead cells. Buoyant masses of live and dead cells with and without exposure to
hydrogen peroxide stress were measured. Live cells generally were found to have
larger buoyant masses than dead cells.

1.4.2 Electrical Measurements

Besides observing cells and their components at low nm-dimension resolution, we
do various physical measurements to demonstrate cells’ transport properties, elec-
trical conditions, mechanical properties, etc. These measurements distinguish the
intercompartment and intracompartment biological and chemical conditions and
provide information on comparative criteria. Capacitance measurements of a cell’s
compartment, current measurements across cell-based physiological barriers, etc.,
using established techniques provide crucial low-dimension scale biological and
chemical information on cell constructs. We have discussed, quite in detail, the
electrical, capacitive and related issues in regard to the cell membrane in our
previous book ‘Membrane Biophysics’ (Ashrafuzzaman and Tuszynski 2012a). We
shall avoid repeating all those details here. Although we shall brief a few of those
that concern the electrical measurements at the nm-dimension scales. An important
field ‘Electrophysiology’ has evolved based on mainly the electrical conductance
properties of the cell. Due to the lack of space, we wish not to detail on the
electrophysiology here but readers will find their application-based descriptions in
several places in subsequent chapters.

1.4.2.1 Membrane Potential

Membrane potential is the electrical potential difference between the interior and
exterior of a cell. If the potential of the region just outside the membrane is Vo and
the potential of the region just inside the cell near the membrane is Vi the membrane
potential of the cell is Vi−Vo. Using traditional definition of electrical potential, we
can also define the membrane potential to be the energy required to transfer unit
charge from the exterior to the interior of a cell crossing through the cell membrane.
For example, if transfer of Q coulomb charge from exterior to interior of a cell
requires energy of W joules the potential difference, hence the membrane potential
of the cell will be W/Q volts.

Both cellular interior and exterior regions exist with electrical conditions repre-
sented by electrical potentials. Electrical potential of both regions depends mainly on
what are the constituents making the regions. The fluids on both sides of the mainly
lipid membrane contain high concentrations of various ions—both cations and
anions. Among the cations sodium (Na+), potassium (K+) and calcium (Ca+2) are
mentionable especially while chloride (Cl−) is the important anion. Although both
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cations and anions exist in both interior and exterior regions of a cell the concen-
trations of sodium and chloride ions in the exterior is higher than that in the interior.
Similarly, potassium ions exist in higher concentration in the interior region than the
exterior region of a cell. The interior region importantly exists with the giant pres-
ence of protein anions.

Due to the differences in charge types and concentrations between intracellular and
extracellular regions, they exist with different potential conditions; as a result,
membrane exists in an electric field which accounts for the membrane potential. The
membrane therefore plays a role of the cell’s battery by providing a continuous source
of electrical energy originated from the potential imbalance between intracellular and
extracellular regions. This naturally inbuilt source of electrical energy plays impor-
tant roles in regulating many cellular processes like transmitting signals between
different parts of a cell, exciting ion channels across the membrane, etc. As the
concentrations of each of the ion types present in the intracellular and extracellular
regions are different there always exists a concentration gradient for each ion across
the cellular membrane. This gradient causes a tendency for the ions to cross through
the membrane. Potassium ion tries to move from intracellular to the extracellular
region while sodium and chloride try to flow in the opposite direction. The natural
tendency of the movement of charges across membrane causes changes in the
membrane resting potential. Similarly, the changes in membrane resting potential due
to natural reasons or due to artificial stimulus drive charges across the membrane.
These dynamical processes are keys to normal functioning of cellular systems.

1.4.2.2 Resting Potential

Resting potential is simply the potential of a membrane’s interior region in absence
of any excitation. This is in fact the membrane potential of nonexcitable cell or the
membrane potential of an excitable cell in absence of any excitations. Besides the
uneven distribution of other charges as explained earlier about 10 times higher Na+

concentration on the outside and 20 times higher K+ concentration on the inside of a
membrane cause altogether the huge charge density gradient. As a result, in con-
dition of rest or in absence of any excitation, the cell membrane is polarized
maintaining an effective negative interior charge which accounts for a negative
interior resting potential of the order of about −70 mV (see Fig. 1.8).

The chemical gradients across the membrane in rest cause resting potential to get
built (see Fig. 1.8b). The approximately −70 mV potential gradient is built across
the small-scale membrane thickness 3–7 nm, at a very high rate of potential gra-
dient build up *107 V/m.

ATP powered ion pumps or ion transporters play crucial roles. In an animal cell
plasma membrane sodium–potassium pumps (Na+ or K+-ATPase) help to build
sodium and potassium gradients across the membrane. The resting potential may
also be altered due to the changes of acidic environments across the cells. For
example, in cancer cell membrane, due to extra acidic conditions, the resting
potential may alter considerably.
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1.4.2.3 Resting Potential and Neuron Membrane

Brains communicate with other parts of the body through neuron cells. The resting
potentials in neuron membranes help transfer the messages in the form of electrical
pulses. The membrane of a neuron is about 8 nm thick containing two thick layers
of fat molecules embedding larger protein molecules. In the polarized state,
membrane effectively maintains the −70 mV resting potential due to uneven con-
centrations of anions and cations on both sides. In the polarized state, the membrane
is permeable to K+ ions but does not allow big Na+ ions to cross through it. With
sending information along the axon toward the axon terminal, a nerve impulse
occurs. This way the transmission of information from one neuron to other neurons
or cells happens. The nerve impulse or action potential is created by depolarizing
current. The passage of electrical currents happens due to the movements of sodium
and potassium ions across the membrane.

1.4.2.4 Action Potential

An action potential is an event which lasts for a short time and in it the electrical
cell membrane potential rapidly rises and then falls following a special type of
trajectory. The pattern of a typical action potential has been sketched here (see
Fig. 1.9).

In several types of excitable cells like neurons, muscle cells, endocrine, action
potentials occur. An action potential occurs during the time when a neuron sends
information down an axon which goes away from the cell body. These potentials
are caused by an exchange of ions across the neuron membrane. Any stimulus first
causes sodium channels to open, with it sodium ions move into the neuron that
leads neuron to experience depolarization. Potassium channels usually take a longer

+   +   +   + + +   + 

-   -   -   -   -   -   - 

Membrane outer region-inside cell

Membrane outer region-outside cell

Membrane inner core -70 mV  3-7 nm

(a) (b)

Fig. 1.8 a About −70 mV potential in the membrane interior region relative to the membrane
exterior region is a general electrical condition found due to a resultant negatively charged interior
and positively charged exterior membrane regions. b A model diagram is presented here to
demonstrate the opposite polarities between two sides of the cell membrane. The cellular interior
region is negatively polarized, while exterior region is positively polarized. A potential difference
(*−70 mV) between cellular interior and exterior regions is maintained within a distance
(membrane thickness) * 3–7 nm
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time to open but when these channels do open, potassium starts moving out of the
cells which reverses the depolarization. Consequently, sodium channels start to
close. At this repolarization phase, the action potential goes past the −70 mV, a
state referred as hyperpolarization. The ion concentrations across the cell gradually
go back to the resting level and cell returns to the usual resting potential −70 mV.

Similar to the concepts discussed here, depolarization across a plasma membrane
causes the creation of action potential. Certain external stimuli reduce the charge
across the plasma membrane. Stimulus may originate from various kinds of sour-
ces. Mechanical stimuli like stretching, sound waves activate mechanically gated
sodium channels across the membrane. Certain neurotransmitters like acetylcholi-
nes open ligand-gated sodium channels. Certain electrical shock may also stimulate
and causes depolarization. The favorable diffusion of sodium ions into the cell
locally reduces the membrane’s resting potential. If the reduction is considerable,
e.g., if the potential reduces to the threshold voltage (in mammalian neurons, about
−50 mV), an action potential is generated in the cell. This kind of action potentials
usually last for less than 1 ms. Action potentials generated by voltage-gated cal-
cium channels may last much longer, of the order of 100 ms or more. The action
potential is very much organ-specific and appears with lot of complexity because in
different parts the stimuli appear from different sources with different nature. For
example, in some types of neurons a long burst of rapidly emitted sodium spikes
appear due to the slow calcium spike induced driving force whereas in cardiac
muscle cells muscle contraction takes place due to the rapid onset of a calcium
spike provoked from an initial fast sodium spike.

1.4.2.5 Membrane as a Capacitor

A cell membrane separates charges on both sides of it. The inner core of a mem-
brane exists with low dielectric state while the outside with high dielectric state.
Parsegian wrote a nice article almost 5 decades ago to demonstrate the dielectric
aspects (Parsegian 1969). The membrane generally acts as an insulator with con-
ducting media on both sides.

Fig. 1.9 A schematic
diagram of action potential
illustrating depolarization and
repolarization. Membrane
potential goes from −70 to
+30 mV within about 1 ms
(ms) before repolarization
forces the trend to reverse and
finally the resting potential
goes back to −70 mV after
briefly experiencing a
hyperpolarized state

18 1 General Introduction and Nanoscale View of the Cell



From simple electrostatic analysis, we know the capacitance of a body is defined
as the amount of charge needed across it to be stored to create unit potential
difference between two terminals. If a potential gradient V can hold a charge
Q across a capacitor the capacitance C can be defined as

C ¼ Q=V ð1:2Þ

A cell membrane structure is equivalent to a model structure where a relatively
low dielectric medium is surrounded by two conducting media on both sides (in-
tracellular and extracellular regions). This biological arrangement makes a mem-
brane equivalent to a capacitor.

To calculate the membrane capacitance we need to use the principles of standard
electrostatics. Here membrane is comparable to the insulator medium. The capac-
itance of a cell membrane can thus be defined as

Cm ¼ je0=d ð1:3Þ

j is the dielectric constant for the membrane’s inner core and e0 is the permit-
tivity of free space. d is the membrane thickness. A low dielectric medium (inner
layer) exists in between two conducting media (outside membrane). Depending on
the variations in the values of je0=d in various types of cells the values of
capacitance of the corresponding membranes vary. But the value is often found to
be of the order of 1.0 lF/cm2 in normal cells. However, the value may vary
substantially in cells under disease conditions.

In model lipid bilayer membrane, under control conditions (Ashrafuzzaman et al.
2006; Hwang et al. 2003; Lundbæk et al. 2005), the membrane capacitance can be
measured quite easily using an electrophysiology set up and is found little different.
Our own measurements of capacitance across dioleoylphosphatidylcholine
(DOPC)/n-decane lipid bilayer provided the value 3.72 ± 0.24 nF cm−2

(mean ± S.D., number of repeats n = 11) (see Ashrafuzzaman et al. 2006). The
capacitance was found so robust in this model lipid bilayer membrane that even due
to the effects of amphipathic molecules the value did not change much. We incu-
bated the model DOPC membrane with an antifusion peptide Z–Gly–Phe at
800 µM and measured the value at 3.94 ± 0.38 nF cm−2 (mean ± S.D., n = 10)
(Ashrafuzzaman et al. 2006), this value was not much different than the modified
value including the effects of other bilayer-active amphiphiles (Hwang et al. 2003;
Lundbæk et al. 2005).

Most importantly, it is mentionable that the cholesterol level, phospholipids and
glycolipids, membrane proteins, hydrocarbons, etc., together are responsible for
certain value of biological cell membrane capacitance. Unlike animal cytoplasmic
membrane, bacteria (prokaryotes) does not have cholesterol which may account for
a considerable effect on membrane’s electrical condition and hence the capacitance.

Understanding the capacitive effect of membrane helps understand the electrical
properties of membrane through a model often referred as Electrical Circuit Model
of the Cell Membrane (see Fig. 1.10).
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Here, the membrane is assumed to appear with a capacitor in parallel to a
resistor. The not necessarily ohmic resistance acts against the flow of ions across the
membrane which is represented by ion current Iion. The capacitive current is
CmdV=dt. The capacitive current and the ion current together conserve the current
flow between the inside and outside of the membrane. Therefore,

CmdV=dtþ Iion ¼ 0 ð1:4Þ

The theoretical calculation of Iion is a long-standing challenge. The following
Goldman–Hodgkin–Katz (GHK) current equation is one such expression for Iion
across membrane:

Iion ¼ D=L z2F2=RT
� �

V N½ �in� N½ �outexpf�zFV=RTg� ��
1� expf�zFV=RTgð Þ

ð1:5Þ

Here, D is the Einstein’s diffusion constant, L is the membrane thickness, [N]in
and [N]out are ion concentrations inside and outside the cell across the membrane.
z is the valence of the ionic species, F is the Faraday constant, R is the universal gas
constant and T is the absolute temperature in Kelvin. Due to limited scopes, we
wish not to detail on the calculations (related to GHK equation) here. However, the
readers will find them in a lot of focused articles and textbooks [e.g., see
Ashrafuzzaman and Tuszynski (2012a), Sterratt (2014)].

1.4.2.6 Excitability and the State of Membrane Potential

Neurons, muscle cells, and similar ones use their membrane potentials as signals.
The operation of nervous system, muscle contraction, etc., depend on the generation

Fig. 1.10 Cell membrane
showing the capacitive
effects. A parallel capacitor
and resistor combination is
the schematic form
representing the electrical
equivalent circuit
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and propagation of electrical signals and membrane potentials in these cases mainly
serve the purposes. Influences of membrane potentials can be regulated by con-
trolling certain cellular processes like the ionic current carrying ion channels across
membranes. The ion channel transport of ionic currents happens across a geometric
length scale which is limited by the nanoscale dimension of membranes. The central
dogma of this nanoscale cell signaling requires not a detailed but a brief analysis in
the current book.

Electrical cell signaling is very much cell type specific. To understand better, the
cells are grouped into two categories, namely nonexcitable cells and excitable cells.
Nonexcitable cells maintain stable equilibrium potentials. If an external applied
current perturbs the membrane potential of a nonexcitable cell, the withdrawal of
the current ensures the potential to be back to its equilibrium state. Epithelial cells,
photoreceptors, etc., are found to fall into the nonexcitable cell category.

Research findings suggest that nonexcitable cells are found not to generate all
action potentials in response to depolarizing stimuli due to a lack of voltage-gated
Na+ or Ca2+ channels (Rink and Jacob 1989; Fewtrell 1993; Clapham 1995;
Berridge 1997). Consequently, membrane potential changes are proposed to
influence the localized (intracellular) concentration of Ca2+ ions ([Ca2+]i), responses
mainly by altering the driving force for Ca2+ entry through ligand-gated or second
messenger-operated channels. However, in a subsequent study (Mahaut-Smith et al.
1999) it was reported that, during stimulation of a nonexcitable cell (e.g., meta-
botropic purinoceptors), membrane depolarization evokes an increase in Ca2+

concentration in the interior cellular regions, primarily due to release of Ca2+ from
intracellular stores. Although depolarization in nonexcitable cells was found to
result in a decrease in [Ca2+]i, hyperpolarization causes an increase of [Ca2+]i
during activation of mast cells, lymphocytes and related cell lines (Prenner et al.
1988; Lewis and Cahalan 1989; Demaurex et al. 1992). All these investigative
research works suggest that the electrogenic influences in nonexcitable cells may
also originate from various organ-specific mechanisms.

On the other hand in excitable cells a strong applied current causes the mem-
brane potentials to go through a large excursion, called ‘action potential,’ before
eventually returning to rest. Most neurons, cardiac cells, smooth and skeletal
muscle cells, secretory cells, etc., fall into the excitable cell category. We shall
mainly address the aspects of electrical signal propagation, mathematical modeling,
etc., in excitable cells. It is a century-old problem and has reached to a very high
level of understanding following few groundbreaking discoveries like the work of
Alan Hodgkin and Andrew Huxley, who developed the first quantitative model of
the propagation of an electrical signal along a squid giant axon in 1952. Hodgkin–
Huxley theory is applicable for not only on electrophysiology but also on applied
mathematics through appropriate modifications. The creation of a new field in
mathematics ‘the study of excitable systems’ has been possible, thanks to the
remarkable simplification and extension of the Hodgkin–Huxley theory. We shall
explain all the details here. Hodgkin–Huxley model of the action potential which is
a quantitative model has been presented in Fig. 1.11.
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The cell membrane has both biochemical and biophysical characteristics. The
biophysical characteristic (some specific aspects) of a cell membrane is represented
by the well-accepted Hodgkin–Huxley model. The lipid bilayer is represented as a
capacitor. The low dielectric (*2) hydrophobic region inside the membrane rela-
tive to the outside hydrophilic regions with high dielectric values (*80) (Parsegian
1969) makes the cell membrane as almost a perfect capacitor. Voltage-gated and
leak ion channels are represented by nonlinear (gn) and linear (gL) conductance,
respectively. The electrochemical gradients driving the flow of ions are represented
by batteries (En and EL), and ion pumps and exchangers are represented by current
sources (Ip). The values of the batteries are determined from the Nernst potential of
specific ionic species.

In an idealized cell with a small portion of the membrane blown up into an
idealized circuit, we can present the Hodgkin–Huxley model for calculating the
membrane current (Im) by the following current equation:

Im ¼ CmdV=dt þ IK þ INa þ IL ð1:6Þ

Here, V is the membrane voltage, IK and INa are the potassium and sodium
currents, respectively, and IL is the sum of all leakage currents due to the flow of
other ions moving passively through the membrane.

The charge stored in the capacitive membrane qm = CmE where E is the voltage
across the capacitor which is comparable to the transmembrane potential.

Earlier in this chapter, we have explained how current across the membrane
conserves which is possible due that the cell membrane being modeled as a
capacitor in parallel with ionic currents. Now if ionic currents are considered to be

Hodgkin-Huxley Model of the Action Potential
˗ A Quantitative Model

Fig. 1.11 Capacitor resistor representation of the cell membrane. This is a more detailed form of
representation in circuit model than that presented earlier in this chapter. For convenience, we shall
use letter g for the symbol ɡ in the text
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depending on both transmembrane voltage V and time t the membrane capacitive
current follows.

CmdV=dtþ Iion V ; tð Þ ¼ 0 ð1:7Þ

In the Hodgkin–Huxley theory besides the main currents, sodium and potassium
ion currents across the membrane, all other small currents are together considered as
leakage current IL.

In the squid giant axon, the I–V curves of open Na+ and K+ channels are
approximated by linear equations. Therefore, the membrane capacitive current
equation becomes

CmdV=dt ¼ �gNa V � VNað Þ � gK V � VKð Þ � gL V � VLð Þþ Iext ð1:8Þ

Here, Iext is the external applied current. gNa, gK, and gL represent conductance
(reciprocal of Ohmic resistance) for Na+ and K+ ions and other ions responsible for
leakage currents, respectively. VNa, VK, and VL are membrane resting potentials
corresponding to Na+, K+ ions and other leakage ions across the membrane. The
previous first-order ordinary differential equation can be rewritten as a more general
form of equation representing capacitive current of membrane like the following:

CmdV=dt ¼ �geff V � Veq
� �þ Iext ð1:9Þ

Here the grand conductance across the membrane is

geff ¼ gNa þ gK þ gL ð1:10Þ

And the membrane resting potential is

Veq ¼ gNaVNa þ gKVK þ gLVLð Þ=geff ð1:11Þ

Specifically, in voltage-gated ion channels, the channel conductance gi is a
function of both time and voltage (gn(t, V)), while in leak channels gL is a constant
(gL).

The above description can be summarized as like as described in the original
paper of Hodgkin–Huxley on a quantitative description of membrane current
(Hodgkin and Huxley 1952). The electrical behavior of a membrane may be rep-
resented by a network as shown in previous Fig. 1.11. Here Current can be carried
through the membrane either by charging the membrane capacitor or by the
movement ions Na+, K+, etc., through the corresponding resistances in parallel. The
ionic current corresponding to a specific ion is proportional to the difference
between the membrane potential and the equilibrium potential for the specific ion.
Here the proportional constant is the Ohmic conductance specific to the corre-
sponding ion.
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Voltage and Time-Dependent Conductance in the Hodgkin–Huxley Model

As explained earlier the total membrane current Im can be subdivided into mainly
two categories which are capacitive current and ionic currents. Thus in normal
condition, the following equation is valid:

Im ¼ CmdV=dtþ gNa V � VNað Þþ gK V � VKð Þþ gL V � VLð Þ ð1:12Þ

The equation here gives the values of the membrane capacitance to be inde-
pendent of the magnitude and sign of V and is little affected by the time course of
V (Table 1 of Hodgkin et al. (1952), Measurement of current–voltage relation).
Evidence of capacitive current and ionic currents to be parallel are well established
in the study by Hodgkin et al. (1952), (Measurement of current–voltage relation).
A major reservation, however, in the earlier equation is that it takes no account of
dielectric loss in the membrane. But as the capacitive surge was found to be
reasonably close to that calculated for a perfect condenser (Hodgkin et al. (1952),
Measurement of current–voltage relation) it was then predicted that the mentioned
dielectric condition inside membrane would not change the pattern of the equation
dramatically. This has so far been found with modern approaches considering other
constituents inside membranes not unrealistic.

The Potassium Conductance

Hodgkin–Huxley investigated the time dependence of ionic conductance too using
the experimental investigation considering, for example, the case of potassium ion
conduction. From the famous 1952 paper (Hodgkin and Huxley 1952), A quanti-
tative description of membrane current) it is clearly suggestive that the rise of
potassium conductance associated with depolarization of a potential is followed by
the fall of conductance associated with repolarization to the resting potential. Here
the nonlinear rise (depolarizing effect) of conductance gK is found to mathemati-
cally match with ð1� expð�tÞÞ4 while the fall with expð�4tÞ. These two different
fourth-order forms explain nicely of the marked infexion for the rise while a simple
exponential for the fall for gK. Identical mathematical assumption using other order
forms would also be possible but there often would perhaps be needed other term,
e.g., a term representing inactivation would be necessary in the case of third power
in the mentioned representing exponential power series expansion.

Following a detailed analysis in (Hodgkin and Huxley (1952), A quantitative
description of membrane current) the generalized form of gK stands at

gK ¼ g1=4K1 � g1=4K1 � g1=4K0

h i
exp �t=snð Þ

n o4
ð1:13Þ

gK∞ is the value which the conductance finally attains and gK0 is the conductance
at t = 0. sn is the inverse of the sum of the rate constants addressing the timescale of
the resultant net inward flow of ions. The proposed equation best fits with the
experimental results as presented in that paper (Hodgkin and Huxley 1952).
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The Sodium Conductance

The transient change in sodium conductance gNa was addressed considering two
variables, both of which obey first-order equations. Following few formal
assumptions (see Hodgkin and Huxley 1952) gNa was found to well fit with
experimental observations by the following equation:

gNa ¼ g0Na½1� expð�t=smÞ�3 expð�t=shÞ ð1:14Þ

Here g0Na is the value which the sodium conductance would attain in the case of
consideration of the proportion of the inactivating molecules on the outside
boundary of the membrane. sm and sh are the inverse of the net transfer rate
constants toward inside and outside directions, respectively.

Detailed analysis of the rate constants and other related aspects of membrane
conductance addressed in Hodgkin–Huxley models are not only interesting but also
very important. But we wish to offer an invitation for the readers to understand
details going beyond our book and by reading all of the groundbreaking papers
published by this pair independently and with others in the early 50s. The readers
may also go through a few more models which were subsequently built on the basis
of Hodgkin–Huxley models to perform better qualitative analysis and understand of
the various aspects of the Hodgkin–Huxley models [see explanations and references
in ‘Membrane Biophysics’ (Ashrafuzzaman and Tuszynski 2012a)].

1.5 Small Scales of Cell and Physics of Life

By ‘small scales of cell,’ we consider structures with their structure specific pro-
cesses and functions that exist in small dimensions, work within small impact
region and do small independent activities that may have collective big impacts as
global cellular processes. Analysis on historical developments of cellular research
as progressed with the developments of observation/microscopic techniques follows
from Fig. 1.12.

Started with a simple microscope observation of the cell, slow but consistent
technological progresses pushed the cell research all way down to quantum me-
chanical handling (see Chap. 9) of the cellular processes. We are now more
interested to enrich our knowledge at the molecular level. This has become possible
by developing various techniques, e.g., theoretical, experimental and computational
methods to handle a single biomolecule. A flowchart presented in Fig. 1.13
describes a schematic of the length scale of biological molecules and complexes in
the context of larger macroscopic length-scale entities where our modern-day sci-
ence has been successfully pushed to Leake (2013).

At or beyond (lower than) nm-scale cell, world is now within our scientific
reach. Classical and quantum mechanical techniques are fast capturing the hardly
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known or even unknown cellular realms. The study of fine cellular structures and
understanding of their tuned functions perhaps hold some remarkable parameters,
characters, clues that can provide a scientifically correct (or at least close to the
correct) interpretation of long argued definition of life.

Physicist Erwin Schrödinger wrote a brief essay entitled ‘What is Life?’, asking:
‘How can the events in space and time which take place within the spatial boundary
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Fig. 1.12 Observable object dimension versus Era plot—schematic sketch based on closest
possible available information. The extreme right/bottom point represents quantum mechanical
capacity at the hydrogen bond scale level. The quantum mechanical aspect is yet to develop
substantially. We have discussed this briefly in Chap. 9. All other points represent the develop-
ment in observation as progressed with the discovery of better microscopic techniques, starting
with naked eye view which progressed all way down to nm-scale confocal imaging resolution. The
middle four points over sixteenth century represent the observation scale based on discovery of
magnified optical instrumentations by Hans Lippershey, Giambattista Odierna, Robert Hooke, and
Antony Van Leeuwenhoek, respectively (explained earlier)
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Fig. 1.13 A schematic of the length scale of biological molecules and complexes in the context of
larger macroscopic length-scale entities. As sketched in Fig. 1.12 ‘Observable object dimension
versus Era plot’ the quantum mechanical treatment falls here beyond 1 nm scale which is in the
zone of water molecule in this figure. This figure is reconstructed in light of one presented in Leake
(2013) due to unavailability of the copyright permission to reproduce it free
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of a living organism be accounted for by physics and chemistry?’ The 70 years
following this seminal work have seen enormous developments in our under-
standing of biology on the cellular and molecular scale. Physics has been found to
play various key roles in solving many central problems through the development
and application of new physical science techniques, biophysical analysis, and rig-
orous intellectual insight. The single-molecule bioscience investigations involve
robust methods for understanding molecular-level details and thus often help us
assess the role of cellular compartments and structures. Thus, we achieve general
understanding on most of the criteria that altogether help define life. Beside general
physical macroscopic and microscopic observation and measurement techniques,
we have obtained enough knowledge to handle the small scales of the cell even
using the powerful approaches of quantum mechanics. The future is perhaps more
glorious when we shall have the power to use wave function to address small scales
of the cell at lower than nm dimensions using advanced quantum mechanical
calculations. This will then help us address not just the structural transitions but also
intrastructure fluctuations, energetics, electron tunneling, etc., and thus, the hidden
clues of life will start evolving. There is a strong possibility that the uncertainty
principle, one of the most important quantum mechanical formulas, may be found
generally applicable (yet undiscovered to my knowledge) to address the ultra-low
cellular structure or substructure-based physics. Then, life may even require another
novel theoretical definition or explanation.

In biological explorations, a lot about life have already been known or often
guessed. One such latest realization has been made by latest Nobel Laureate in
Physiology or Medicine Yoshinori Ohsumi who thinks that life is related to both
‘autophagy’ (termed for the degradation process of cytoplasmic constituents in the
cellular lysosome/vacuole) and synthesis of cellular constructs mainly proteins.
Cell-based degradation is a fundamental function, just as essential to the func-
tioning of life as synthesis (for details, see Yoshinori 2014). The synthesis has been
modestly addressed using physics principles (see, e.g., Basu and Chowdhury 2007;
Caniparoli and Lombardo 2014), but valid physics principles are yet to be applied
to explain the autophagy to discover its role in defining life. However, as autophagy
has got attention now more than ever before, attempts have also been started by
many scientists from various disciplines besides biology. One study was recently
performed by a Korean group who attempted, using the computer-aided analysis, to
provide some insights into how interactions of subcellular components such as
genes and protein modules/complexes regulate autophagy and then impact on the
dynamic behaviors of living cells as a whole (Han et al. 2015). Future develop-
ments to address the low scale biological processes of the cell including synthesis,
autophagy, etc., using laws of physics (statistical, classical and quantum mechan-
ical, etc.) and various computational modelings may provide further insights into
our understanding of life.
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1.6 Synthesis of Cell

The synthesis of the cellular components is now a reality. Computational under-
standing of cell-based structures in silico, calculation of various parameters mim-
icking the values as close as those observed in the biological environment and
simulating them in computer are now quite popular because of their simplistic
nature. The in vitro synthesis of the simplest forms of life that exist in minimal cells
in wet laboratory is a challenging aspect. Synthetic biology field has got success by
dealing with this subject. Here, often information from in silico studies that match
generally with in vitro assay studies is utilized.

1.6.1 Creation of Quasi-Cellular System and Detection
of System Constructs

Synthetic biology deals with the de novo creation of living organisms in laboratory.
Thus, it has a profound impact in basic science and in applied biotechnology
(Szostak et al. 2001; Forster and church 2006; Stano et al. 2011). The first stage
toward creating living organism is represented by the construction of quasi-cellular
systems which are often referred to as ‘minimal cells’ that are liposome-based
compartments. These minimal cells contain the minimal but sufficient number of
biomolecules. These biomolecules interact with each other within liposome and
emulate some of the fundamental properties of natural/living systems.
Semi-synthetic approach is used for the construction of minimal cells (Luisi et al.
2006). Figure 1.14 demonstrates such a construction of a molecular species in
solution.

Quasi-cellular systems that are able to produce proteins directly from DNA can
be obtained by encapsulating the cell-free transcription/translation system
PURESYSTEM™(PS) in liposomes (Calviello et al. 2013). It is possible to detect
the intravesicle protein production using DNA encoding for green fluorescent
protein (GFP) and monitoring the fluorescence emission over time. The entrapment
of solutes in small-volume liposomes is a fundamental and open problem.
Stochastic simulation is a valuable tool in the study of biochemical reaction at
nanoscale range. Quick Direct-method Controlled (QDC), a stochastic simulation
software based on the well-known Gillespie’s SSA algorithm, was used recently
and a suitable model describing the PS reactions network was developed (Calviello
et al. 2013). It predicts, from inner species concentrations, the resulting fluorescence
signal that is observable experimentally.

By varying the initial concentrations of the three main molecules involved in the
PS: DNA, enzymes, consumables, Calviello et al. were able to stochastically
simulate the time course of GFP production (Calviello et al. 2013). The sigmoid fit
of the GFP production curves allowed to extract three quantitative parameters
which are significantly dependent on the various initial states. 575 nm diameter
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liposome vesicles were used for extended studies. The stochastic behavior of the PS
was detailed. Thus, an experimental approach was introduced which could aim at
recording the GFP production kinetics in very small microemulsion droplets or
liposomes, and inferring, by using the simulation as a reverse engineering proce-
dure, the internal solutes distribution, and shed light on the still unknown forces
driving the entrapment phenomenon. For details, readers are encouraged to go
through the referred papers. We just wished here to familiarize the interested
readers with the topic ‘synthesis of quasi-living cellular systems.’

1.6.2 Practical Creation and Commercial Breakthrough

Genomics entrepreneur Craig Venter and his group got success to create a synthetic
cell that contains the smallest genome of any known, independent organism

Fig. 1.14 Construction of a semi-synthetic cell. These cells are composed of the minimal number
of genes, enzymes, ribosomes, tRNAs, and low molecular weight compounds that are encapsulated
within a synthetic compartment as in the case of lipid vesicles. The resulting construct is similar to
living cells and displays minimal living properties (self-maintenance, self-reproduction, and
possibility to evolve) is generally designed on the basis of the minimal number of functions
required and on the minimal complexity of the biochemical elements needed for its construction.
Copied from Chiarabelli et al. (2009)
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(Gibson et al. 2010; Venter 2010). In this 2010 Science paper, Gibson et al.
reported details of the design, synthesis, and assembly of the 1.08–mega–base pair
Mycoplasma mycoides JCVI-syn1.0 genome starting from digitized genome
sequence information and its transplantation into a recipient M. capricolum cell to
create new M. mycoides cells that are controlled only by the synthetic chromosome.
Cell’s only DNA is the designed synthetic DNA sequence, including ‘watermark’
sequences and other designed gene deletions and polymorphisms, and mutations
acquired during the building process. The new cells appear with expected pheno-
typic properties and are capable of continuous self-replication.

Venter group utilized synthetic genomic approach (Gibson et al. 2010) stands in
sharp contrast to other approaches to genome engineering that modify natural
genomes via introduction of multiple insertions, substitutions, deletions, etc. (Itaya
et al. 2005; Itaya 1995; Mizoguchi et al. 2007; Chun et al. 2007; Wang et al. 2009).
Venter group created synthetic genome has only limited modifications from the
naturally occurring M. mycoides genome. Therefore, 2010 work of Venter group
provides a proof of principle for producing cells based on computer-designed (in
silico) genome sequences (Gibson et al. 2010).

This year, Venter group has published another Science paper on constitution of
an artificial species (see Hutchison III et al. 2016). Unlike the first synthetic cells
made in 2010, in which Venter’s team copied an existing bacterial genome and
transplanted it into another cell, the genome of the minimal cells is like nothing in
nature (Gibson et al. 2010). But the cell, which is described in this year’s paper,
constitutes a brand new, artificial species (Hutchison III et al. 2016). We have to
wait to see the reaction to this scientific development.

Functioning with 473 genes, the cell is a milestone in Venter team’s 20-year
quest to reduce life to its bare essentials and, by extension, to design life from
scratch (Callaway 2016). When the JCVI-syn1.0 cells were unveiled in 2010, many
considered it as the dawn of synthetic life. However, the organism’s genome was
found to be built by copying an existing plan and not through design—and its
bloated genome of more than 1 million DNA bases was anything but minimal. The
syn3.0’s genome was in fact designed by trial and error, rather than being based on
a fundamental understanding of how to build a functioning genome.

1.7 Physical States of Cell

Biological cells are generally considered to fall into the category of soft matter.
When we see a cell we in fact see its outside look that means we see the cell surface
or membrane. Beyond the membrane there exist various things as shown in Fig. 1.2
that addresses the schematic diagram on cellular components. These cellular con-
stituents fall into different physical structure categories. Solid, liquid, gas are the
major physical states in nature. Between solid and liquid, there exists another state
called plasma state. All these states appear with distinguishable physical properties,
certain kinds of interparticle interactions, certain types of shapes and sizes, etc. The
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mechanical and electrical properties of various states are different. In a cell, we
generally find all of these states but gas. Of course, gas vesicles (containing gas) are
used by Archaea, bacteria and planktonic microorganisms, possibly to control
vertical migration by regulating the gas content and thereby buoyancy, or possibly
to position the cell for maximum solar light harvesting. Some of these mentioned
cellular structures permanently fall within a state while others temporarily or to be
more specific many structures experience transitions between states. Sometimes
some of the building blocks of any structure fall into a physical state class but the
collective structure may not necessarily fall into the same class rather they are often
found to fall into a different state. In this section, we shall learn about all these
structures, in brief (Ashrafuzzaman 2015a, b).

Cell constituents can roughly be classified into three major classes as said earlier.
If we think simple, we understand it quite easily. Let us hypothetically consider that
we disintegrate all constituents from each other and allow them to freely float in a
container or test tube. We would then discover the cell constituents as like as shown
in Fig. 1.15. Here, three layers are shown which are separated mainly following the
molecular weights of the components creating a complete cell. Those which make
solid-state structures naturally fall at the bottom due to heavy gravity. Plasma state
creating constituents take the position above solid-state components and the liquid-
state components go above the plasma-state components. The three distinctive state
classes may also consist of various further distinctive subclasses. Because not all
constituents creating a class solid, plasma or liquid have identical molecular
weights. That is why, probably in realistic consideration the above mentioned
Fig. 1.15 may even appear with further classifications within a state class and the
schematic diagrams take the form shown in Fig. 1.16.

1.7.1 Solid-State Structure

Solid generally stands for something rigid in structure. Its general shape, size, and
structure are visibly nonchangeable at a certain thermodynamic condition. That
means general topology is deterministic. But the molecular-level structure may
show vibration and even localized displacements although often keeping the out-
look not so much changed. A protein, for example, is generally a rigid structure
biomolecule in which the atomistic arrangements follow laws that are applicable to
solid-state structures. That brings a protein to a solid-state structure class in bio-
logical system. Proteins usually appear with certain type of structures like a-helix,
b-sheet, etc. Within such structures, the constituent atomic arrangements are found
to be formatted considering most of the deterministic properties that are applicable
to this level in solid bodies. For example, the interatomic interaction, bonding, etc.,
often appear to create certain permanent type of rigidity, elasticity, etc., in the
geometric topology of the structure. With the change of thermodynamic condition
the structures undergo structural transitions globally but in atomistic physical
coordination the interaction, bonding, etc., may remain unchanged as long as the
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thermodynamic perturbation does not push the structure out to a totally different
thermodynamic phase. For example, within crystalline phase the modest thermo-
dynamic fluctuations may sometimes force the biomolecules to transform between
varieties of crystal structure forms within the solid-state structure class.

1.7.2 Liquid-State Structure

Cytoplasm and nucleoplasm are liquids. They provide support to cell’s internal
structures playing the role of a medium for their suspension. They hold various
nonliquid substances but the liquids pose to have most of the liquid-state charac-
teristics. Although it is generally a gel type liquid, its main part is cytosol consisting
of huge amount of water, ions, etc. (Goodsell 1991).

1.7.3 Plasma-State Structure

Cell membrane consists of lipids. Mitochondrial and nuclear membrane both
behave as barrier, but the barrier properties are subject to perturbation. The structure

Phases of a Cell

Liquid

Plasma

SolidSolid

Plasma

Liquid

Fig. 1.15 Different phases of
a cell are shown here.
Different colors are dedicated
to representing different
phases. If solid-, liquid-, and
plasma-state structures get
separated from each other and
the whole constituents are
placed in a test tube, the
structures are expected to get
separated due to their
differences in molecular
weights. Solid occupies the
bottom, liquid the top, and
plasma the middle. Column
height for each phase is
shown here arbitrarily
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of membrane follows some average geometric properties but within there is found a
lot of dynamic nature. Membrane therefore is not a true liquid, nor a solid. Rather it
takes the properties of a plasma state or we often refer it as a liquid crystal structure
(Ashrafuzzaman and Tuszynski 2012b). The famous fluid mosaic membrane model
was the first such successful cell’s plasma-state demonstration (Singer and Nicolson
1972). The readers are also encouraged to read about subsequent developments that
are explained in various other studies [huge information has been presented in
Ashrafuzzaman and Tuszynski (2012a), Nicolson (2014)].

The above mentioned three different kinds of structures are usually found in cell
constituents and we can simply say these three structures together make a cell. Most
of the disease states therefore occur in mainly these three states. Physical properties

Sub-phases of a Cell’s states: Liquid, Plasma, Solid

Liquid               Plasma         Solid

Fig. 1.16 Different phases and sub-phases of a cell are shown here. Different colors are dedicated
to representing different phases and sub-phases. Three sub-phases of solid-, liquid-, and plasma-
state structures are schematically shown to be separated within their grand phase states. Up and
down arrows suggest for possibility of more sub-phases within the grand phase states. The
sub-phases within any grand phase state are separated from each other due to constituents within a
phase state class having different molecular weights. Column height for each phase or sub-phase is
shown here arbitrarily
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of those states are quite explainable or understandable using various physics laws,
e.g., Hooke’s law for mechanical properties, Coulomb law for electrostatic inter-
action related properties, laws of general diffusion for the states of liquid density
imbalances, etc. Therefore, application of various physics laws to understanding
cell functioning and addressing disease states is inevitable. Similarly, the discovery
of drugs to target cellular structures which are nothing but certain physical states
requires the consideration of physics-based mechanisms. The most important aspect
of the cell-based communication occurs through general and controlled cell trans-
port among various cell compartments. We have addressed on this issue in Chap. 6
quite rigorously.

1.7.4 Cell Fluid Chemical States and the Consequent
Influences on States of the Structures

Cell’s interior and exterior regions are both occupied with various structures. But
most of these structures are hosted by liquid substance like water in which elec-
trolytes are contained. Concentrations of ions often are measured in molarity and
acidity or alkalinity of water-soluble substances (pH, ‘potential of hydrogen’), etc.,
control many cell-based mechanisms, creation of the cell states, cells’ normal or
abnormal existence, etc. These chemical properties are found to exert important
influences on biophysical states of cells.

One of the most important aspects of a body fluid compartment is that it is often
specific with respect to ionic compositions. Various ions exist in a specific com-
partment and this is valid for cell compartments as well. Cellular exterior fluid,
cellular interior fluid, mitochondrial interior fluid, etc., are different with respect to
the presence of various ionic components. The ionic components account mainly as
sodium, potassium, chloride, phosphorous, etc. Various proteins, peptides, etc., also
exist in charged forms. Water is the main component in most of these fluids. All
these ions’ presence causes certainly molarity for them. Measuring their concen-
trations in cell fluids is an ongoing issue, started long ago in biological, clinical,
physiological, chemical, etc., fields. For example, about half a decade ago Beilin
et al. (1966a) did such a detailed investigation on red blood cells (RBCs) of healthy
human adults to measure the sodium, potassium, and water contents in RBCs. Other
investigations addressing on similar aspects are mentionable in references (Beilin
et al. 1966b; Valberg et al. 1965; Singer et al. 1964; Kessler et al. 1961). These
earlier investigations along with modern measurements we find that sodium con-
centration in RBCs is generally measured to be of the order of 6–8 mEq per Kg
cells with modest difference between female (lower) and male (Beilin et al. 1966a).
Age-dependent variation is negligible. Red blood cell potassium concentration in
women *92 mEq per kg cells while in men *88 mEq per kg cells (Beilin et al.
1966a). The same report also suggested that about ninety percent of the variation of
water contents of the red blood cells had been accounted for due to variation in
sodium, potassium, and hemoglobin contents of the cells. In both animal and plant
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cells, ions need to have a continuous supply for sustainable existence of the
functional cells. Maintaining certain concentration or specific values of molarity for
certain ions need to be ensured for healthy cells. For example, an important
ingredient phosphorous needed to maintain key certain proportion of specific
molecules such as nucleic acids, phospholipids, and ATP (Schachtman et al. 1998)
and this is involved in controlling key enzyme reactions and in the regulation of
metabolic pathways (Theodorou and Plaxton 1993).

Normal behaving cells, abnormal acting cells, cells that undergo transitions, etc.,
contain specific ions with specific molarity in their physiological environments.
Measurements of such molarities are therefore often considered even important
clinical measurements nowadays for various diseases like cancer, allergy, etc.,
where cell-based ions face a change in their concentrations as a result of the rise of
disease conditions. Often, the specific ions certain molarity maintenance may
therefore be considered as a standard therapy for certain disease states. Molarities
are found to regulate protein conformations, ion channel functions and activities of
even other tuned molecular machines active in cells. Thus, molarity may affect
certain criteria of the cell states liquid, plasma, solid that are explained earlier. We
shall learn about problem-based issues in subsequent chapters.

1.8 Femtochemistry to Watch Cell-Based Molecular
Conditions and Interactions in Real Time

Cellular compartments coexist or get separated by distance as small as in the order
of nm. Dealing at this nm scale means we do nanotechnology. The cell membrane
and other intracellular structures fall within this limit. Most of the interactions or
interatom bonding mechanisms work at a distance that scales in low nm or ang-
strom (10−10 m) order. For example, cell-based capacitive effects, intracompartment
conductance effects (cell membrane and other intracellular compartments, etc.),
interatomic bonding effects, etc., may be mentionable. These mechanisms can be
indirectly addressed using various classical techniques including electrophysiology
record of currents, electrical capacitive measurements, inter- and intracompart-
mental diffusion measurements, microscopy imaging, etc. Most of the mechanisms
can be detected at timescale as low as microsecond (10−6 s). But recently, a new
field ‘femtochemistry’ got developed as a result of groundbreaking experiments of
famous Arab scientist Ahmed Zewail (1946–2016) who got Nobel Prize in
chemistry in 1999. It was the first time ever possible with rapid laser technique to
study in slow motion how atoms in a molecule move during a chemical reaction
down to tens of femtoseconds (fs). 1 fs = 10−15 s. Zewail’s femtochemistry enables
us to perform molecular filming using fs time-resolved laser spectroscopy and
understand why certain chemical reactions take place but not others.

Femtosecond laser spectroscopy has been found as a powerful technique to study
biological molecules for decades in femtochemistry and femtobiology fields.
Recently, the femtochemistry technique was fused with molecular biology and cell
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biology techniques to advance our understanding of various human diseases,
notably cancer, and how their treatments work. This potential new field has evolved
with a new name called ‘femtomedicine’ (FMD) (see Elsevier News 2015) which
can deal with nuclear structural damage related aspects. Here we shall focus at
explaining a few cases, in brief.

1.8.1 DNA Damage Detection Using Femtochemistry
Approaches

Origins of many cell-based diseases are now quite known to be at DNA.
Understanding DNA damage and repairing the damages are both at the prime focus
of advanced biological cell-based recent research in chemistry, biochemistry, bio-
physics, bioinformatics, molecular medicine, etc. Conventional microscopic tech-
niques including confocal microscopy explained earlier in this chapter are unable to
address these small-scale high-resolution issues inside cells. We need to go beyond.
The DNA damage is recently found possible to be studied using a sort of molecular
filming technique called femtosecond time-resolved laser spectroscopy. The fs laser
spectroscopy technique is like a high-speed camera, which uses two pulses of light:
one pulse to start a reaction and the other to monitor the way the molecules react.
This technique lets researchers watch how molecules interact in real time. This
investigation helps researchers to understand the molecular reactions in cells. It also
helps reveal how cells become cancerous as a result of malfunctioning in cell-based
various reactions.

DNA damage is the initial and crucial step in the development of cancer. FMD
approach helps us to go back to the very beginning to find out what causes DNA
damage in the first place, then mutation, then cancer (Elsevier News 2015).

FMD leads to the discovery of a reductive damaging mechanism in DNA (Wang
et al. 2009; Lu 2010a, b; Nguyen et al. 2011). For example, Nguyen et al. recently
performed a direct observation of ultrafast-electron-transfer reactions that unravels
high effectiveness of reductive DNA damage (Nguyen et al. 2011). Oxidative DNA
damage is a well-known mechanism, but the relative role of reductive DNA damage
is unknown. The prehydrated electron (epre

− ), a novel species of electrons in water, is
a fascinating species due to its fundamental importance in chemistry, biology, and
the environment. The epre

− is an ideal agent to observe reductive DNA damage.
Nguyen and co-researchers report both the first in situ femtosecond time-resolved
laser spectroscopy measurements of ultrafast-electron-transfer (UET) reactions of
epre
− with various scavengers (KNO3, isopropanol, and dimethyl sulfoxide) and the
first gel electrophoresis measurements of DNA strand breaks induced by epre

− and
OH• radicals co-produced by two-UV-photon photolysis of water. The femtosecond
generation of radicals and subsequent DNA damage mechanisms are schematized
in Fig. 1.17. The investigators strikingly found that the yield of reductive DNA
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strand breaks induced by each epre
− is twice the yield of oxidative DNA strand breaks

induced by each OH• radical.
The FMD study results (for details, see Nguyen et al. 2011) not only unravel the

long-standing mystery about the relative role of radicals in inducing DNA damage
under ionizing radiation, but also challenge the conventional notion that oxidative
damage is the main pathway for DNA damage. The success of this investigation
also shows the potential of femtomedicine which is a field in femtochemistry as a
new transdisciplinary frontier and the broad significance of UET reactions of epre

− in
many processes in chemistry, physics, biology, and the environment.

Recently, the reductive damaging mechanism in human lung and skin normal
cells was further demonstrated, which causes serious reductive DNA damage and
genetic mutations and might be related to the pathology of diseases, especially
cancer (Lu et al. 2013). Contrast differences are observed in the effects of an
antioxidant (EGCG) on human normal and abnormal (cancer) cells: It caused DNA
damage, mutations, and cell death more effectively in normal cells than in cancer
cells. These results provided a compelling explanation for the confirmed observa-
tion in clinical trials that increases of some cancers such as lung and skin cancers
are associated with antioxidants [The Alpha-Tocopherol, Beta Carotene (ATBC)
Cancer Prevention Study Group, 1994 (Albanes et al. 1996; Omenn et al. 1996)].
DeNicola et al. also recently showed evidence in mice that several oncogenes
actively induce transcription of Nrf2—the transcription factor that mainly regulates
physiological antioxidant pathways—that is required for tumor initiation (DeNicola
et al. 2011).

The thorough knowledge on DNA damage helps us design promising, efficient,
economical, and rational approaches for discovering compounds as drugs. This has
great pharmaceutical importance.

Fig. 1.17 Two-photon photolysis of water. Two-photon excitation of water readily generates the
main radicals (epre

− and OH•) of radiolysis of water within 10−14 s after irradiation at a UV
wavelength of 266–380 nm. The attacks of radicals can then cause single-strand and double-strand
breaks of the nucleic acid DNA
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1.8.2 Femtochemistry Approaches Help Discover Novel
Compounds to Target Cells

A molecular mechanism-based anticancer drug discovery program using FMD
approaches helped Lu et al. to find a previously unknown class of
nonplatinum-based halogenated molecules (called FMD compounds) as potent
antitumor agents for the effective treatment of cancers (Lu et al. 2015). These
compounds generally comprise an aromatic ring (rather than a platinum coordi-
nating ion), coupled to two NH2 groups as electron transfer promoter and one or
more halogen atoms (Cl, Br or I), such as 4,5-dichloro/dibromo/diiodo-
1,2-diaminobenzene (benzenediamine/phenylenediamine) and 4(3)-chloro/bromo/
iodo-1,2-diaminobenzene (benzenediamine/phenylenediamine) (shortened as
FMD-nX-DABs or B(NH2)2Xn with X = Cl, Br or I, and n = 1, 2).

The in vitro and in vivo studies of the FMD compounds for targeted
chemotherapy of cervical, breast, ovarian, and lung cancers report that these FMD
agents led to DNA damage, cell cycle arrest in the S phase, and apoptosis in cancer
cells. It also reported that such a FMD compound caused an increase of reduced
glutathione (GSH, an endogenous antioxidant) levels in human normal cells, while
it largely depleted GSH in cancer cells. The FMD agents exhibited no or little
toxicity toward normal cells/tissues, while causing significant cytotoxicity against
cancer cells, as well as suppression and delay in tumor growth in mouse xenograft
models of cervical, ovarian, breast, and lung cancers. The results are not presented
here, but interested readers may enrich their knowledge from Lu et al. (2015).

As said here, the FMD approaches helped Lu et al. to find FMD compounds
through understanding the DNA damages in cells (Lu et al. 2015). Other recent studies
of FMD in cancer have led to the discoveries of a reductive damaging mechanism in
DNA (Wang et al. 2009; Nguyen et al. 2011), and living cells (Lu et al. 2013), and of
the molecular mechanisms of existing anticancer agents (Lu 2007; Lu et al. 2007;
Wang et al. 2006; Wang and Lu 2007, 2010). These investigations have offered
unique opportunities to develop new effective drugs for targeted chemotherapy of
cancer. The finding of a reductive DNA-damaging mechanism might be an important
step for effective prevention and therapy of cancer.

FMD techniques have led to the finding of a previously unknown family of
nonplatinum-based anticancer FMD compounds as potent antitumor agents for
natural targeted chemotherapy without the need of using an antibody to bind to
cancer cells (Lu et al. 2015). Upon entering normal and abnormal (cancer) cells, the
discovered FMD compounds, which are highly oxidizing agents, have effects just
opposite to those induced by antioxidants and are capable of generating the anti-
cancer effects on cancer cells while having minimal toxicity toward normal cells.
They are highly reactive with weakly bound electrons rich in the more reduced
intracellular or intranuclear environment of cancer cells. In contrast, the FMD
compounds are much less toxic toward normal cells due to the lack of a reduced
intracellular or intranuclear environment in normal cells. FMD compounds have no
or low systemic or acute toxicity in the body. They are effective anticancer agents
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that can preferentially kill cancer cells and are, therefore, useful for natural targeted
chemotherapy of cancer and potentially other chemotherapy treatable disorders.
Thus, FMD may eventually get established as a popular cell reaction monitoring
technique that may even help discovering novel compounds as drugs to act in the
cell-based damages especially to repair DNA damages.
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Chapter 2
Cell Surface Dynamics

Cell surface materials are quite dynamic. The timescales of dynamics often fall at
the order of millisecond to microsecond or even lower ranges. Both slow and fast
dynamics of cell surface are known to follow general physics rules. Cell contains
biological components having mostly chemical and physical properties. Cell sur-
face structure can better be explained using its physical properties, specifically
mechanical and electrical properties. These properties generally serve the causes of
specific surface dynamics. This chapter will focus at an in-depth analysis of the cell
surface dynamics.

2.1 Topology of the Cell Surface

About five decades ago, it was demonstrated that different structural elements of
plasma membranes are mobile in the plane of the cell surface. These studies led to
the discovery of the universally accepted fluid-mosaic membrane model (F-MMM)
on the structure of the cell membranes (Taylor et al. 1971; Singer and Nicolson
1972). Thermodynamic principles of the organization of membrane lipids and
proteins were found keys to the fluid nature of the membrane. Besides in hundreds
of references, we also explained the model quite in detail in our previous book
‘Membrane Biophysics’ (see Ashrafuzzaman and Tuszynski 2012a). After over
40 years, this original cell membrane model remains relevant for describing the
basic nanostructures of a variety of intracellular and cellular membranes of plant
and animal cells and lower forms of life (Nicolson 2014). In this chapter, we shall
provide a brief description of the cell surface topology.

Cell surface inspection has had a long history. Various techniques, most of
which are based on microscopic inspections, have been applied to observe the
physical status of the cell surface and collect information on surface topology. After
careful processing of this information, the ultimate goals among scientists are to
reach at acceptable conclusions to present models that best describe cell surface
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structures and related functions. We shall provide a historical details (see also
Ashrafuzzaman and Tuszynski 2012a) and analyze a few focused cases to present
the most acceptable models (e.g., see Singer and Nicolson 1972; Nicolson 1976;
Nicolson et al. 1977; Jacobson et al. 1995; Escribá et al. 2008; Nicolson 2014).

2.1.1 Basic Fluid-Mosaic Membrane Model

The original nanoscale model for F-MMM that was proposed in 1972 is schema-
tized in Fig. 2.1 (for details see Singer and Nicolson 1972). The model mainly
considers the following:

(i) The cell membrane is a two-dimensional (2D) plane;
(ii) Phospholipids help make a viscous or fluid bilayer;
(iii) Integral proteins are mobile in the oriented 2D solution.

F-MMM depicted biological membranes as a matrix made up of a mostly fluid
bilayer of various phospholipids with mobile integral globular membrane proteins
(MPs) and glycoproteins that were intercalated into the fluid lipid bilayer
membrane.

Fig. 2.1 The F-MMM of biological membrane structure that was originally proposed in 1972. In
this sub-micro- or nanosized cross-sectional structural view of a cell membrane, the solid bodies
with stippled cut surfaces represent integral globular MPs, which at intermediate range are
randomly distributed in the membrane plane. At short range, some integral MPs form certain
integral protein complexes. The figure represents integral proteins in a fluid bilayer lipid phase, and
it does not contain other membrane-associated structures or membrane domains of different
compositions or phases. Copied from Singer and Nicolson (1972)
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The F-MMM discovery was based on a rich history of explorations of biological
membranes. During the time of discovery of the F-MMM, there were other half a
century old to latest models, such as the Unit Membrane Model of Robertson (1959,
1960, 1981) or Danielli–Davson Tri-Layer (protein–lipid–protein) Model of mem-
brane structure (Danielli and Davson 1935). The Danielli–Davson Tri-Layer
membrane model was based on another lipid bilayer proposal of Gorter and Grendel
(1925), with added unfolded sheets of proteins on either side of a lipid bilayer. Some
transmembrane protein components were added later to reconcile observations on
intramembranous particles like those found by Pinto da Silva and Branton, who
successfully freeze fractured cell membranes with surface-bound ferritin markers
(Silva and Branton 1970) and the discovery of transmembrane proteins (Stoeckenius
and Engelman 1969). The basic unit model has remained a tri-layer structure with
most proteins present in extended beta configurational forms, bound to the lipid
bilayer by forces like electrostatic and other hydrophilic ones (Robertson 1981).
There was another alternative to the tri-layer membrane structure models proposed
based on repeating sub-units of lipoproteins without a supporting matrix of lipid
bilayer (see Benson 1966; Green et al. 1987). The earlier membrane models, prior to
the discovery of the F-MMM, did not take into account the ability of components in
membranes to rapidly move laterally and dynamically and change their topographic
distributions. This aspect was added in the F-MMM (Singer and Nicolson 1972).
F-MMM thus successfully cleared certain limitations in both the Unit Membrane
(Robertson 1959, 1960, 1981) and Sub-unit Membrane (Benson 1966; Green et al.
1987) models to explain existing data on the structures of biological membranes
(Gorter and Grendel 1925; Danielli and Davson 1935; Robertson 1959, 1960, 1981;
Stoeckenius and Engelman 1969; Singer and Nicolson 1972).

The original F-MMM model (Singer and Nicolson 1972) does not require
extensive revisions beyond the versions published in 1976 (see Fig. 2.2) (Nicolson
1976; Nicolson et al. 1977). In 1976, elaborations of the original F-MMM (Singer
and Nicolson 1972) were made by including several novel features (Nicolson
1976), as follows:

(i) Interactions of extracellular matrix and membrane-associated cytoskeletal
components with cell membranes,

(ii) The potential influence of the mentioned interactions on the mobility and
distribution of transmembrane glycoproteins, and

(iii) The possibility that less mobile lipid–protein or lipid–lipid domains might
exist in membranes as frozen or semi-frozen islands in a sea of fluid
phospholipids.

In the revised 1976 models, the cell membranes were observed to be much less
homogeneous and little more complicated than the original F-MMM depiction
(Nicolson 1976). The 1976 models contained additional information, not included
in the original model, e.g., as explained earlier, protein and lipid aggregations and
segregation into domains, cytoskeletal interactions, and extracellular matrix inter-
actions. However, the revised F-MMM cartoons (Nicolson 1976) still contain all of
the basic elements of the original F-MMM (Singer and Nicolson 1972).
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Beside the intracellular and extracellular influences on the dynamics of the
plasma membrane, the packing of components into very compact structures and
domains is found to contribute to maximizing the mosaic nature of certain mem-
branes. For example, cell junctions, adhesion sites, lipid rafts, mitochondrial inner
membranes, viruses, and other compact membranous structures possess limited
lateral macromobility of specific membrane components while still exhibiting the
basic microstructure of the F-MMM.

The thermodynamic considerations included important ingredients in F-MMM.
Here, the concept of hydrophobic interactions and their importance in the ther-
modynamics of protein structure are addressed using the concept incorporated in
Kauzmann (1959), Singer (1992). The basis of biological membrane stability lies in
two fundamental thermodynamic properties, as follows:

(i) the propensity of hydrophobic structures: to self-associate and exclude water
interactions, which happens via driving entropically by water exclusion, and

(ii) the propensity of hydrophilic structures: to interact with the aqueous
environment.

Fig. 2.2 A modified version of the schematic F-MMM of biological membrane structure, as
proposed originally in 1976. In this version, different snapshots in time are represented by the two
left and right panels. Some integral membrane glycoproteins are relatively free to diffuse laterally
in the plane of the membrane within a fluid lipid region or domain, whereas others are ‘anchored’
or relatively impeded by a cytoskeletal assemblage or an ordered or even solid lipid phase. In this
arrangement, an integral membrane glycoprotein complex is also being displaced by
membrane-associated cytoskeletal components in an energy-dependent process. This figure
suggests some possible integral MP and lipid mobility restraint mechanisms, but it does not
accurately present the sizes or structures of integral MPs, lipids, cytoskeletal structures,
polysaccharides, sub-micro- or nanosized domains or membrane-associated cytoskeletal structures
or their specific or nonspecific crowding in the membrane. Copied from Nicolson (1976)
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Major membrane components lipids, mainly phospholipids, are observed to
self-assemble with their hydrophobic tails excluding water to form bilayers due to
the physical energy provided by the van der Waals forces and the effects of
hydrophobic interactions (Singer 1971). MPs, especially the integral or intrinsic
proteins, interact with membrane lipids due to mainly hydrophobic forces and much
less due to hydrophilic interactions between the lipid headgroups and hydrophilic
groups on proteins. This concept did not preclude or diminish the significance of
hydrophilic interactions between membrane lipids and integral membrane globular
proteins. It simply described the relative importance of hydrophobic interactions in
determining the basic microstructure of cell membranes. Recently, we have added
some novel concepts in the MP–lipid interaction scenario by discovering the
screened Coulomb interactions (SCIs) among charge distributions in the complex.
This model calculation detects charge property-based interactions in a MP–lipid
complex as major contributors for stabilizing the complex (see details in
Ashrafuzzaman and Tuszynski 2012a, b).

2.1.2 Latest Status of the Fluid-Mosaic Membrane Models

Nicolson recently presented his analysis on huge amounts of data, hypothesis, and
models of membrane structures and functions that emerged since the discovery of
the original models by Singer and himself (Singer and Nicolson 1972). Subsequent
developments over the span of four decades ensured inclusion of a few more
important features related to membrane structure and function (all important studies
are quoted in Nicolson 2014), such as:

(i) Transmembrane interactions with membrane structures exist and influence
membrane dynamics. This hypothesis helps us explain the controls over
membrane structure, component mobility, and importantly function.

(ii) The recent discoveries of lipid rafts and specialized membrane domains,
membrane-associated ‘fences’ and membrane ‘fenceposts,’ etc. They are pos-
sibly involved in controlling and restraining membrane component distribution.

As said, during last five decades, there have been tremendous amount of articles
published in the filed addressing membrane dynamics. A lot of novel data and
hypotheses have been published that helped put forward various concepts and
models. This is why, a revision on the F-MMM, original (Singer and Nicolson
1972) or revised (Nicolson 1976), is required. Fortunately, one of the two original
authors Nicolson is still there to deal with this, so did he write an article recently
(Nicolson 2014). Here, he again attempted to consider all valid data and ideas and
put forward a revised F-MMM as presented in Fig. 2.3a. Nicolson considered the
data published mainly during 1972–2014, presented an analysis, and cleared some
of the misconceptions inherent in the 1970s era models. We also encourage readers
to try to understand the membrane surface mechanical properties through our model
diagram sketch (by Imtihan Ahmed and Mohammad Ashrafuzzaman), as presented
in Fig. 2.3b.
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In the revised model as seen in Fig. 2.3, different integral proteins, glycopro-
teins, lipids, and oligosaccharides are represented by different colors, and where the
membrane has been peeled-up to view the inner membrane surface, cytoskeletal
fencing is apparent that restricts the lateral diffusion of some, but not all trans-
membrane glycoproteins. Other important lateral diffusion restriction mechanisms
are also represented, such as lipid domains, integral membrane glycoprotein
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complex formation (seen in the membrane cutaway), polysaccharide–glycoprotein
associations (at the far top left), and direct or indirect attachment of inner surface
membrane domains to cytoskeletal elements (at lower left). Although Fig. 2.3a
suggests some possible integral MP and lipid mobility restraint mechanisms, it does
not accurately present the sizes or structures of integral MPs, cytoskeletal struc-
tures, polysaccharides, lipids, sub-micro- or nanosized domains or membrane-
associated cytoskeletal structures, or their crowding in the membrane.

In the revised model in Fig. 2.3, inclusion of the following three rather important
information is especially mentionable, such as:

(i) Integral MP lateral movements (Jacobson et al. 1995) (see Fig. 2.4);
(ii) Lipid domains around integral MPs and glycoproteins (Escribá et al. 2008)

(see Fig. 2.5);
(iii) Membrane surface appears unsmooth due to mechanical properties of the

lipid bilayer membrane. The bilayer thickness change occurs as a result of
the mismatch caused by various integral MPs while locally coupling with the
bilayer. The locations where lipid bilayer does not contain integral proteins
may show equilibrium bilayer thickness (Ashrafuzzaman and Tuszynski
2012a).

In model of Jacobson et al. (1995), integral MP lateral movements are described
as follows:

(A) Transient confinement by obstacle clusters,
(B) Transient confinement by the cytoskeleton (fences),
(C) Directed motion by direct attachment to the cytoskeleton, and
(D) Free, random diffusion in the membrane plane.

In the 2008 cartoon presented by Escribá et al. (see Edidin 2003; Escribá et al.
2008 and see Fig. 2.5), cell membrane structure shows specialized lipid sub-

JFig. 2.3 a An updated F-MMM that contains information on membrane domain structures and
membrane-associated cytoskeletal and extracellular structures (see Nicolson 2014) b Focused and
simplified membrane structure has been presented here. This diagram was sketched by Imtihan
Ahmed and Mohammad Ashrafuzzaman to include in book ‘Membrane Biophysics’
(Ashrafuzzaman and Tuszynski 2012b). The main purpose of this model diagram is to show
the three-dimensional look of the membrane showing that the membrane bilayer surface is not as
smooth as is thought to be. The mechanical properties (especially the membrane elasticity) of the
membrane surface are visible through change of bilayer thickness at random locations which may
evolve due to mainly the mismatches between various integral MPs coupled to bilayer across the
bilayer thickness. Two lipid monolayers are the primary components of a membrane. Near lipid
headgroups (light blue color) are seen the cholesterol, residing in the hydrophobic region. Globular
proteins (in red) are shown to reside across the membrane. Alpha helical proteins have both
hydrophilic and hydrophobic parts. Membrane bending, membrane thickness change, etc., are also
schematically diagrammed here which are consistent with the real membrane surrounding a cell
(for detailed analysis, see Ashrafuzzaman and Tuszynski 2012a). For simplicity, we did not
schematize the presence of different ion channels, or other complicated MP structures, membrane
domain structures, and membrane-associated cytoskeletal and extracellular structures, as shown in
Fig. 2.3a
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microdomains around integral MPs and glycoproteins. Here, severe heterogeneity
in topographic distribution and asymmetry of different membrane lipids have been
demonstrated. The limited mobility of lipids in specialized domains or rafts and in
islands or in boundary lipids around integral MPs has resulted in updated proposals
on membrane structural models that limit the fraction of completely free diffusing
lipids and proteins in biomembranes (Edidin 2003; Garcia-Sáez and Schwille 2010;
Lindblom and Orädd 2009; Verbe et al. 2003; Bagatolli et al. 2010; Mouritsen and
Bloom 1984; Escribá et al. 2008; Somerharju et al. 2009).

Lateral mobility of integral MPs has been linked to various extracellular
restrictions. They are, for example, binding to extracellular matrix, the formation of
specialized membrane nanodomains, such as lipid rafts, and the formation of large
supramolecular protein complexes or domains where high protein concentrations
decrease lateral diffusion rates (Jacobson et al. 1987; Neumann et al. 2010a, b;
Kusumi et al. 2004; Lenaz 1987). Membrane-associated cytoskeletal and peripheral
MP barriers to free lateral movements of integral MPs have also been linked to
inner membrane surface corrals where MPs can move freely within a corral or
skeletal fencework, but they only rarely cross over to adjacent corrals (Jacobson
et al. 1987, 1995; Edidin et al. 1991; Kusumi et al. 2012; Sheetz 1983;
Radhkrishnan et al. 2010). Membrane-associated cytoskeletal systems have been

Fig. 2.4 Modes of integral MP lateral mobility at the cell surface as envisioned by Jacobson and
colleagues in 1995. Copied from Jacobson et al. (1995)
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Fig. 2.5 A schematic illustration of a modification of the fluid-mosaic membrane model, as
envisioned by Escribá and colleagues in 2008. Different lipids are indicated in various colors
forming specialized domains around integral MPs and gylcoproteins as well as being
asymmetrically distributed across the membrane. Copied from Escribá et al. (2008)

known for some time to be dynamically associated with immobilization or directed
movements of transmembrane integral proteins. However, this type of domain
restriction by cytoskeletal fencework is a relatively new concept (Edidin et al. 1991;
Zhang et al. 1993; Jacobson et al. 1995; Verbe et al. 2003; Kusumi et al. 2011,
2012). In addition, membrane integral protein components themselves may be
involved in the dynamic formation of nanosized domains by initiating cis-inter-
actions at the extracellular surface resulting in macromolecular complexes (Liu
et al. 2012).

Most of the membrane dynamics explained here are especially observed to
happen on a quite small scale, in nanometer (nm) dimensions. The lipid domains,
rafts, etc., are observed to be geometrically stable at low nm scale dimension.
Similarly, the dynamics of MPs happens at various low nm scale dimensions. The
revised model is capable of explaining membrane arrangement and dynamics at as
low as the nm scale dimensions.

The revised model, presented in Fig. 2.3, incorporates recent information on
membrane domains, lipid rafts, and cytoskeletal fencing that were unknown in the
1970s. The literature abounds with membrane models, but it should be clear that for
basic membrane structure at the nanostructural level the F-MMM has been severely
tested and found worthy, if not completely accurate at higher levels of organization
where crowding and specialized domain formation are important structural
considerations.
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2.2 Dynamics of Membrane Domains

Membrane domains randomly exist on various locations of cell membrane. The
physical pictures of diffusion of plasma membrane lipids and proteins hint for the
presence of membrane domains quite clearly. Some studies point to the presence of
small, dynamic domains, and others provide clear picture of slowly diffusing,
heavily clustered rafts.

2.2.1 Membrane Domains and Lipid Rafts—General
Aspects and Roles in Cell Signaling

A major membrane biology challenge has been to characterize the various cellular
structures and mechanisms that impede free diffusion and dynamics in cell mem-
branes and determine the consequences that membrane compartmentalization has
on cellular biology. Understanding the membrane domain formation, membrane
domain dynamics, status of lipid rafts, etc., may help raise some crucial scientific
and medically important information that ultimately concerns the general cell
surface dynamics and functions. In this chapter, we shall address on this issue in
brief.

In cellular membrane, there exists a dynamic boundary with the environment,
and the biological membranes are constituted by a specific set of lipids and proteins
whose organization influences all cellular processes (Grecco et al. 2011). The
pioneering fluid-mosaic model of Singer and Nicolson (1972) suggests that all
membrane constituents such as lipids and MPs are continuously laterally mobile,
diffuse freely, and distribute randomly. The large variety of different lipid species in
biological membranes shows distinct physicochemical properties (Cronan 2003;
van Meer et al. 2008; Coskun and Simons 2011; Ashrafuzzaman and Tuszynski
2012a). The existence of diverse lipid species importantly results in their lateral
segregation into various membrane microdomains, because they tend to coales-
cence due simply to their physicochemical affinities (Lingwood and Simons 2010;
Simons and Sampaio 2011a, b). This heterogeneous organization of membrane
lipids into discrete microdomains leads to a diverse distribution of embedded MPs,
which appears to be essential for the protein functionality (Neumann et al. 2010a, b;
Simons and Sampaio 2011a, b; Kraft 2013) in cellular membranes. The lateral
separation of various membrane lipids and proteins is now referred to as membrane
domains (Schuck and Simons 2004a, b; Owen et al. 2010; Spira et al. 2012).

The lipid raft concept was introduced as early as three decades ago while
explaining the generation of the glycolipid-rich apical membrane of epithelial cells
(Simons and Van Meer 1988a). The proposed existence of specific lipid rafts or
general membrane rafts emerged eventually as interesting concept in membrane
organization (Simons and Ikonen 1997a, b). Eukaryotic cell membranes organize a
variety of proteins related to signal transduction and membrane trafficking into
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various microdomains or rafts that are enriched in specific types of lipids such as
cholesterol or sphingolipids (Simons and Ikonen 1997a, b).

The increase in raft lipids, ergosterol, and sphingolipids is observed to promote a
raft coalescence process, induced by clustering of components (e.g., by lectins) of
raft. This could lead to selective raft protein and lipid segregation in trans-Golgi
network (TGN) membranes (see Fig. 2.6) (Simons and Sampaio 2011a, b).

In Fig. 2.6, it is observed that before clustering, proteins associate with rafts
(red) to various extents (1). Clustering is induced, for example, via binding of a
dimerizing protein (green) to a transmembrane raft protein (2). Scaffolded
raft-associated proteins coalesce into a raft cluster. Clustered raft domain growth
beyond a critical size induces budding (3). A transport container consisting of raft
components finally pinches off from the parent membrane by fission at the
boundaries of the domain. Additional protein machinery facilitates and regulates the
budding process (4).

An energetic penalty is induced due to the immiscibility of the two liquid phases
in the membrane that helps membrane bending to promote. The energetic penalty
appears with increased effects in the case of lipid rafts, because of increased
thickness and order of the raft domain compared to the more disordered vicinity
(Schuck and Simons 2004a, b; Klemm et al. 2009). The bending energy can be
calculated using the SCI protocol, explained in our book ‘Membrane Biophysics’
(see Ashrafuzzaman and Tuszynski 2012a). To avoid presenting too details, we
shall not explain these theoretical calculations here. The sorting of proteins and
lipids is fine-tuned by specific sorting, aided by accessory proteins that bind to raft
cargo, such as the Ast1p protein that facilitates the delivery of Pma1p, the proton
ATPase to the cell surface (Bagnat et al. 2001). Protein machinery involved in
bending and release would also be required to bud the membrane domain into a
transport vesicle, leading to regulated protein and lipid sorting at the exit from the
TGN membrane.

Large raft membrane is reported in apical membrane of epithelial cells.
Measuring long-range diffusion of several MPs by FRAP in the apical membrane of
MDCK cells as compared with the same protein in the PM of a fibroblast, the
possible conclusion was put forward that the apical membrane behaved as a per-
colating (continuous) phase at room temperature. Here, raft proteins freely diffused,
whereas nonraft proteins dispersed into isolated domains (Meder et al. 2006). Also,
the apical brush border membrane of small intestinal cells was described to behave
as a large superraft domain stabilized by galectin-4 and another lectin, intelectin
(Danielsen and Hansen 2008). These studies suggest for the existence of a wide
distribution of sizes of lipid rafts.

Lipid rafts harbor specific proteins. One such raft-associated protein is commonly
referred to as reggie or flotillin (see Morrow and Parton 2005; Babuke and Tikkanen
2007a, b; Otto and Nichols 2011; Stuermer 2011; Zhao et al. 2011), as example. The
flotillin proteins are membrane-bound chaperones that are found to localize at lipid
rafts. Here, theymay recruit the proteins that need to be localized in lipid rafts to active
and facilitate their interaction and oligomerization (Morrow and Parton 2005; Babuke
and Tikkanen 2007a, b; Otto and Nichols 2011; Stuermer 2011; Zhao et al. 2011).
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Flotillin proteins are thus considered to be important components of lipid rafts which
are found to play a central role in the organization of lipid rafts (Babuke and Tikkanen
2007a, b; Stuermer 2011; Zhao et al. 2011). Flotillin proteins are therefore considered
bona fide markers of the subcellular localization of lipid rafts (Morrow and Parton
2005; Babuke and Tikkanen 2007a, b; Otto and Nichols 2011; Stuermer 2011; Zhao
et al. 2011). The activity of flotillin is important for the correct functionality of
numerous raft-associated cellular processes, including membrane sorting, trafficking,
cell polarization, and signal transduction. Consequently, the perturbation of the
activity of flotillin causes serious defects in signal transduction and membrane

Fig. 2.6 Clustering of rafts
and domain-induced budding
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trafficking (Morrow and Parton 2005; Babuke and Tikkanen 2007a, b; Otto and
Nichols 2011; Stuermer 2011; Zhao et al. 2011), which seems to be related to the
occurrence of severe diseases such as Alzheimer’s disease and Parkinson’s disease
(Michel and Bakovic 2007).

The lipid raft association of reggie proteins and their joint role in cell signaling
are now quite evident. In cell signaling, this kind of membrane domain association
of proteins plays crucial roles. Reggie proteins were originally discovered with
suggestion that they would be plasma MPs accessible from the extracellular milieu.
It thus suggests that the proteins contain transmembrane domains (Schroeder et al.
1994; Schulte et al. 1997). Subsequent findings show that reggie proteins do not
traverse the membrane but rather associate with specifically the lipid bilayer by
means of fatty acid modifications and hydrophobic amino acid stretches. This has
been suggested to form a loop within the membrane without traversing it, analo-
gously to the caveolin proteins (for details, see Bauer and Pelkmans 2006).

Saltiel and co-workers described a novel, PI3 kinase-independent insulin sig-
naling pathway that proceeds through membrane rafts (Baumann et al. 2000). It was
shown that in adipocytes, a constitutive, insulin-independent complex was formed
between c-Cbl, a protooncogene, and a multifunctional adaptor protein named
Cbl-associated protein or CAP (see Fig. 2.7). This complex was recruited into
membrane rafts after insulin stimulation, which resulted in glucose uptake by the
glucose transporter GLUT4. Recruitment of the CAP–Cbl complex into rafts was
suggested to occur by means of a direct molecular interaction of CAP with reggie-2/
flotillin-1.

2.2.2 Domains and Rafts in Simulated Membranes
Containing Cholesterol

In living cells, with possibility of having thousands of unique lipid species (Meer
2005), it is quite difficult to study various roles and effects of mixing various lipids.
Model lipid systems have been used extensively to understand lipid mixing effects
(Bennett and Tieleman 2013). In vitro constructed membrane systems exhibit a rich
phase behavior for simple binary and ternary lipid mixtures containing cholesterol,
including regions of liquid–liquid phase coexistence (Veatch and Keller 2005;
Feigenson 2009). Cholesterol is observed to induce phase separation in ternary lipid
mixtures with saturated and unsaturated lipids (Veatch and Keller 2005). In Fig. 2.8, an
example of a ternary phase diagram of a giant unilamellar vesicle is shown. The
triangle edges are the composition of each respective lipid. The point in the middle of
the triangle is, therefore, a 1:1:1 ratio of the three lipids. Liquid-ordered–liquid-disor-
dered phase coexistence is shown in the shaded region in the middle of the diagram.
Tie-lines determine the composition of each phase. The ordered phase is rich in
palmitoyl-sphingomyelin (PSM) and cholesterol, while the disordered phase is rich in
dioleoyl-PC (DOPC).
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Large domains can easily be observed in model membranes. But in cell mem-
branes, which may limit the applicability of in vitro phase behavior measurements
to biological lipid rafts, the visibility of such domains may be limited. In giant
plasma membrane vesicles, large domains have been visible at low temperatures,
but not at higher temperatures, and fluorophore partitioning suggested liquid-
ordered–liquid-disordered phase coexistence (Baumgart et al. 2007). It has been
shown that near the critical point in the phase diagram, compositional fluctuations
in model membranes result in transient domains with a correlation length 20–50 nm
(Veatch et al. 2008). Using sub-diffraction limit stimulated emission depletion
fluorescence spectroscopy, cholesterol-meditated trapping of lipids associated to
rafts was observed in live cells (Eggeling et al. 2009). Recently, it was shown that
the partitioning of fluorescently labeled lipid analogs between liquid-ordered and
liquid-disordered model membranes was not correlated with their possible trapped

Fig. 2.7 Formation of membrane microdomain and the role of reggie-2 in insulin signaling have
been schematically demonstrated. Two signaling cascades are shown. (i) In adipocytes and muscle
cells, insulin receptor activation triggers the classic signaling cascade through phosphatidylinositol
3-kinase, PI3 K. (ii) A second signaling route proceeds through membrane rafts and involves a
ternary complex c-Cbl/CAP/reggie-2. Both pathways mediate the recruitment of the glucose
transporter GLUT4 to the plasma membrane and uptake of glucose into the cell. Here, the role of
membrane microdomain/rafts is especially mentionable (Babuke and Tikkanen 2007)
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diffusion in live cell membranes (Sezgin et al. 2012). Knowledge is still quite
limited to conclude on how lipids behave—how they diffuse laterally in the
membrane and self-associate. More mechanistic studies are required.

Coarse-grained (CG) models have been used to directly observe domain for-
mation in model membrane systems. Using molecular details, one can simulate
bilayers large enough and for long enough to directly observe domain formation in
ternary lipid mixtures. Figure 2.9 illustrates examples of domain formation using
CG models under various conditions. Bennett and Tielman summarized a few
simulated data in a 2013 review (Bennett and Tielman 2013) to reconstruct this
Fig. 2.9.

Phase separation of ternary lipid mixtures of lipid bilayers and small vesicles
was shown to occur. They matched experimentally observed liquid-ordered
domains enriched with high dipalmitoyl-PC (DPPC) and cholesterol contents and
liquid-disordered domains enriched with high polyunsaturated DLiPC content and
low cholesterol (Risselada and Marrink 2008). Interleaflet domain coupling was

Fig. 2.8 a Phases observed by fluorescence microscopy of GUVs containing mixtures of DOPC,
PSM, and cholesterol at 25 °C. White symbols denote that membranes are in one uniform phase,
either liquid (circles) or solid (squares). Black circles denote coexisting liquid phases, and gray
squares denote coexisting solid and liquid phases. b Fluorescence microscopy data are consistent
with a speculative underlying phase diagram that includes a region of three-phase coexistence.
c Speculative location of tie-lines and a miscibility critical point (star). Copied from Veatch and
Keller (2005)
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observed. It was linked with elastic theory, predicting a small surface tension-driven
bilayer registration (Risselada and Marrink 2008). Fast cholesterol flip-flop in the
disordered phase and slow flip-flop in the ordered phase were also observed. Later
simulation of asymmetric ternary lipid mixtures (Perlmutter and Sachs 2011)
reported that in the DLiPC:DPPC:CHOL symmetric bilayers liquid-ordered–
liquid-disordered coexisting domains were directly observed. CHOL or chol stands
for cholesterol. Domain formation in one leaflet was observed to be induced

Fig. 2.9 Rafts in simulated membranes, including a lipid mixture in vesicles and bilayers [(a),
from Risselada and Marrink (2008)], partitioning of WALP23 in different phases [(b), from
Baoukina et al. (2013)], an asymmetric bilayer [(c), from Perlmutter and Sachs (2011)], and a
peptide-containing phase-separated membranes [(d), from Domanski et al. (2012)]
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ordering in the opposite leaflet composed of pure unsaturated lipids. This increased
the local lipid curvature. With longer saturated lipids’ domain, antiregistration was
detected (Perlmutter and Sachs 2011). Domain registration in bilayers composed of
mixtures of single-chain polymers was studied by Pantano et al. (2011) using CG
model of Shinoda and co-workers (Shinoda et al. 2007). Identical lipid tails but with
either a charged or neutral polar headgroup was used (Pantano et al. 2011).
Clustering of the charged headgroups cross-linked with an ion was found to cause
domain formation. Thickness mismatch and local bilayer curvature were also found
to register domains.

Following the simulations of monolayer mixtures that showed no clear domain
formation (Baoukina et al. 2008; Baoukina and Tieleman 2011), another study
investigated the properties of two types of large monolayers (80 nm � 80 nm, ca.
9000 lipids) on a timescale of 25 microsecond (ls). The first, mixture of DPPC,
POPG, and DOPC (3:1:1), showed a transition from a homogeneous liquid-
expanded (LE) to a mixed liquid-condensed (LC) state upon quenching from 310 to
290 K. The second, mixture of DPPC, DOPC, and cholesterol (5:3:4), showed a
transition from liquid-disordered (Ld) to liquid-ordered (Lo). Figure 2.10 shows
snapshots of the process of domain formation for the cholesterol-containing
monolayer.

About a decade ago, Day and Kenworthy wrote a review to provide a brief
summary of the classes of domains that had been characterized (Day and
Kenworthy 2009). Here, the main focus was to identify the properties, especially
the dynamic characteristics of lipid rafts in cells through measurements of the
diffusion of lipids and proteins. Subsequently, besides many articles, another

Fig. 2.10 Transformation into Lo and Ld phases in a DPPC:DOPC:cholesterol 5:3:4 mixture in a
bilayer and a monolayer at 290 K. In all panels, DPPC is shown in green, DOPC in orange, and
cholesterol in purple. The left four panels are simulation snapshots of a monolayer at 30 mN/m.
The right four panels (a, b, c, and d) are snapshots of a bilayer at 10 ns, 500 ns, 2 ls, and 11 ls,
respectively. The left four panels are reproduced from Baoukina et al. (2012). The right four panels
are reproduced from Baoukina et al. (2013). Taken from Bennett and Tieleman (2013)
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important review may be especially mentionable which was written by Simons and
Sampaio (2011a, b). Here, they summarized the emerging principles of membrane
architecture with special emphasis on lipid organization and domain formation
(Simons and Sampio 2011a, b). The effects of composition of lipids and cholesterol
on domain formation have been addressed. Simulated membranes, vesicles, may be
good platforms to address this aspect.

As described earlier in F-MMM, the basic structure of cell membrane is the lipid
bilayer, composed of two apposing leaflets, forming a 2D liquid. This bilayer poses
to have fascinating properties that are naturally inbuilt to perform the functions cells
require. To coordinate the various phenomenological functions, the lipid bilayer has
evolved the propensity to segregate its constituents laterally. This capability is
based on both fast and slow dynamic liquid–liquid immiscibility and underlies the
raft concept of membrane sub-compartmentalization. The cell signaling has some
crucial roles drawn from membrane domains what have been explained here. The
formation of membrane domain, lipid rafts and status of their membrane surface
localization, static or dynamic nature, etc., require thorough inspection to under-
stand their correct roles. Here, we shall focus on this issue quite in detail.

2.2.3 Membrane Domains and Lipid Rafts—Diffusion
and Dynamics

The interest on understanding of the dynamic nature of agents within the plane of
the cell membrane started about five decades ago. Immediately after the ground-
breaking paper of Frye and Edidin in 1970 that demonstrated that membrane
antigens are not static entities, but rather can move within the cell membrane plane
(Frye and Edidin 1970), many laboratories started characterizing the movement of
membrane components. Over the decades, a variety of methods have been devel-
oped to probe the diffusion of lipid and protein components in cell membranes.
Among them, the most widely used approaches are fluorescence correlation spec-
troscopy (FCS), fluorescence recovery after photobleaching (FRAP), and
single-particle tracking (SPT) (Chen et al. 2006; Kenworthy 2007; Marguet et al.
2006; Bacia and Schwille 2007; Kusumi et al. 2005; Lommerse et al. 2004;
Lagerholm et al. 2005; Jacobson et al. 2007; Kenworthy 2005). Although the
measurements obtained using these techniques have been successful to reveal
various features of cellular membranes, many are still not fully understood due to
lack of enough evidences. The diffusion of molecules in simplified model mem-
branes is as much as 50 times faster than that in rather complex live cells (Kusumi
et al. 2004). Diffusion measurements in cell membranes also clearly suggest that the
membranes are not too simple as are thought or they appear to be in most of the
model membrane representations. Instead, they are heterogeneous, consisting of
multiple classes of domains with various geometries and biophysical criteria.
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Early measurements on diffusion of proteins and lipids pointed to the presence of
membrane domains prior to the development of the hypothesis on lipid rafts
(Jacobson et al. 1995; Edidin 1992; Kusumi and Sako 1996; Sheetz 1995). Early
FRAP studies detected a role of the cytoskeleton in slowing protein diffusion
(Sheetz et al. 1980; Wu et al. 1982) and also revealed evidence for heterogeneities
that impede free diffusion (Edidin 1992, 1997; Yechiel and Edidin 1987; Edidin and
Stroynowski 1991). In another study, examining the dependence of diffusion on
bleach spot size (Yechiel and Edidin 1987), the mobility of proteins and fluorescent
lipid analogs showed a decrease in mobile fraction (Mf) with increasing spot size.
The diffusion coefficient was also reported heterogeneous across the cell surface.
This suggests for the presence of a mixture of micrometer (µm)-size protein-rich
and protein-poor domains (Yechiel and Edidin 1987). The ability of proteins to
sense these domains depends on whether they are attached to the membrane by a
transmembrane domain or GPI-anchor (Edidin and Stroynowski 1991). The barrier
location usually lies 2–3 nm beneath the surface of the plasma membrane (Edidin
et al. 1994, 1997).

Single-particle tracking (SPT) experiments demonstrated that molecules undergo
periods in which they appear to be transiently confined (Simson et al. 1995).
Furthermore, transient interactions of proteins with coated pits could also be
detected by FRAP (Fire et al. 1991). Thus, there is ample evidence that the diffusion
of molecules in cell membranes is affected by interactions with membrane com-
ponents especially due to the heterogeneity in membrane structure.

Figure 2.11 demonstrates the diffusion-based biophysical methods used to study
the membrane domains. Here, a protein or lipid of interest is labeled with a
fluorescent tag (red molecules in Fig. 2.11). A focused laser spot is then used; the
fluorophores in a small patch of membrane, referred to as the bleach region of
interest (ROI) (yellow circle, Fig. 2.11), are irreversibly bleached with a brief pulse
at high intensity (black molecules, Fig. 2.11).

Figure 2.11, top panel. Investigations on fluorescence recovery after photo-
bleaching (FRAP) were performed. Using low-intensity laser excitation, the sub-
sequent lateral diffusion of unbleached fluorophores from the surrounding
membrane into the ROI, and corresponding movement of bleached molecules out of
the ROI, can be monitored. By plotting the change in fluorescence intensity in the
ROI versus time (right panel) and then fitting the curve to an appropriate equation,
an average rate of diffusion (D) can be calculated. A second kinetic parameter, the
mobile fraction (Mf), can also be acquired from a FRAP experiment. This value is a
percentage of the recovered fluorescence in the ROI compared to the fluorescence
intensity lost during bleaching. Typically, bleach ROIs in the lm range are used,
and diffusion coefficients obtained range from � 0.01 to 1 lm2 s−1 for MPs and
fluorescent lipid analogs. You can read from Chen et al. (2006), Kenworthy (2007)
for further information.

Figure 2.11, middle panel. FCS measures the photon fluctuations arising from
fluorescent molecules (red molecules) contained within a very small 3D excitation
volume (� 1 fmol) over time. In the case of MP or lipid, this three-dimensional
area is further reduced to a transverse plane of the imaging region at the laser beam
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waist (yellow circle), often 0.2–1 lm in radius. By constant illumination at the
excitation wavelength of the fluorophore in a fixed beam waist size, changes in
emitted photons can be measured as a function of time (see inset, right panel).
These intensity traces are used to calculate an autocorrelation curve (see right
panel). Through fitting the autocorrelation curve with the appropriate models, a
diffusion coefficient (D) can be calculated. Note that FCS typically can only
measure D’s > 0.1 lm2 s−1 and thus is not useful for analyzing slowly diffusing
MPs. For recent reviews of this approach, see Marguet et al. (2006), Bacia and
Schwille (2007).

Figure 2.11, bottom panel. Using single SPT, a tagged molecule of interest is
tracked down. Using a fast camera and computer-assisted analysis, the location of
the molecule can be measured with high spatial accuracy (� 10 nm) and high
temporal resolution [from 30 frames/s up to 50,000 frames/s (Umemura et al. 2008)]

Fig. 2.11 Diffusion-based biophysical methods used to study the membrane domains.
Top. Fluorescence recovery after photobleaching (FRAP). Middle. FCS measures the fluctuations
of photons arising from fluorescent molecules (red molecules) contained within a very small
three-dimensional (3D) excitation volume (� 1 fmol) over time. Bottom. In single-particle
tracking (SPT), a molecule of interest is tagged (genetically with a fluorescent protein or with
antibodies conjugated to latex microspheres, colloidal gold, quantum dots, or traditional
fluorophores) and then imaged as it diffuses in the membrane. Figure is copied from Day and
Kenworthy (2009)

62 2 Cell Surface Dynamics



(right panel). The resulting trajectories are then used to generate plots of the mean
squared displacement of the diffusing molecule versus time, which can in turn be
classified into different modes of diffusion (ex. free diffusion versus confined dif-
fusion). See Chen et al. (2006) and Kusumi et al. (2005) for more information about
this technique.

2.2.4 Size and Stability of Domains and Rafts on Detection
of Diffusion and Dynamics

We have addressed the detection of dynamics of the domains using example assays.
However, the field of lipid raft is still at a technical impasse because the physical
tools to study biological membranes as a liquid that is ordered in space and time are
still being developed or poorly understood (Jacobson et al. 2007). This leads to a
disconnection between the concepts of membrane domains and lipid rafts as derived
from biochemical and biophysical assays and their existence in the living cell. Most
of the studies can deal with lipid domains and rafts using synthetic membranes.
Current computer simulation modeling can also not deal with too large system run
for too long timescale so that they can address the energetically equilibrium con-
dition properly. To be biologically significant, domains should appear with a
minimum size of a few protein diameters and with a minimum lifetime corre-
sponding to a short enzyme turnover time of *microseconds (Jacobson et al.
2007). Traditional and advanced imaging techniques can detect domains that are
stable and of sufficient size.

In Jacobson et al. (2007), a nice analysis has been presented. Lipid and protein
reporters imaged at the light and electron microscope level suggest for the existence
of stable domains approaching to a micrometer (µm) dimension, or greater, in
various cells (see Fig. 2.12). Microdomains of detergent-resistant transporters are
reported to show stability in growing yeast cells for more than 10 min (Malinska
et al. 2003). The exchange time of individual proteins was not determined.
Microdomains in smooth muscle cells (Schutz et al. 2000) and macrophages Gaus
et al. (2003) are reported to be stable for tens of seconds. In muscle, they were
reported as cohesive entities that rotate as units. Individual lipid-probe molecules
showed a domain residence time of about 10 ms (Schutz et al. 2000). Although
larger domains can exist in various cells, the stabilizing factors are largely unknown
(Vereb et al. 2003). Occasionally, proteins from the four-transmembrane domain
tetraspanin superfamily may organize special microdomains as in microvilli (Roper
et al. 2000), and HIV may induce tetraspanin-enriched domains as export portals in
infected cells (Nydegger et al. 2006). Caveolae may also form µm-sized clusters in
some cells (Rothberg et al. 1992).

When domains are small and transient, the biophysical challenges of measuring
them are quite hard. Most of the lipid dimension scale dynamics of cell membrane
and domains are quite fast, of the order of µs, and happen within nanoscale
dimension (Ashrafuzzaman and Tuszynski 2012a). Computer modeling may help
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us understand this low dimension issues over the time when more and more
computational power will be incorporated in supercomputing systems. Clearly, not
just existing imaging techniques can deal with this low-dimensional dynamics,
rather application of correct simulation program may not only help us address the
dynamical aspects of membrane domains, rafts, and components therein but also
help us address their energetics and statistical distribution including dynamics
within their structures. This information may also be helpful in designing agents
that bind to structures that are dynamic and distributed on the cell surface, following
localized energetics determining their statistical mechanical probability in the local
environment (Ashrafuzzaman et al. 2013).

Fig. 2.12 Lipid and protein domains in cell membranes. a Single domains, enriched in the
fluorescent lipid analogue DMPECy5, imaged in human coronary artery smooth muscle cells
(Schutz et al. 2000). b Cholesterol-rich domains in platelet processes (Heijnen et al. 2003)
visualized using a noncytolytic derivative of biotinylated perfringolysin O followed by indirect
immunofluorescence microscopy with an antibiotin monoclonal antibody (reprinted with
permission from the International Society on Thrombosis and Haemostasis). c Lipid domains
with greater relative order than the bulk membrane, visualized in living macrophages with the
fluorescent probe, Laurdan (6-lauroyl-2-dimethylaminonaphthalene), where the warmer pseudo-
colors represent more ordered regions 60. d Domains formed by the proton–argenine symporter
transporter (Can1p–GFP) in Saccharomyces cerevisiae (Malinska et al. 2003). The scale bars
represent 1 µm in a, and 5 µm in c and d. Copied from Jacobson et al. (2007)
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2.3 Bacterial Membrane Domains and Lipid Rafts:
Distribution and Dynamics

Membrane domains have been long recognized in eukaryotic cells only. For
instance, polarized epithelial cells show a lateral membrane organization to dis-
tinguish a basolateral and an apical membrane macrodomain. It shows different
lipid and protein compositions and is being specialized in different roles (Schuck
and Simons 2004a, b; Simons and van Meer 1988; van Meer and Simons 1988).
Neurons also have membrane domains with different lipids and proteins, which are
catalogued according to their role in synapsis (Simons and Toomre 2000;
Tsui-Pierchala et al. 2002). The existence of membrane domains is not an exclusive
feature of eukaryotic cells. Membrane domains are now evident in bacteria and
archaea.

Membrane organization is particularly important in unicellular organisms, as it
represents the boundary between the organism and the environment, therefore,
orchestrates many cellular processes that are essential for life of the system, such as
cell division or signal transduction (Barak and Muchova 2013; Barak et al. 2008;
Matsumoto et al. 2006; Muchova et al. 2010). The use of specific lipid dyes [e.g.,
nonyl-acridine orange (NAO)] helped to demonstrate the presence of
cardiolipin-enriched domains at the cell polar regions and at the division septum in
Escherichia coli and Bacillus subtilis bacterial cells (Kawai et al. 2004;
Mileykovskaya and Dowhan 2000, 2009; Rosch et al. 2007). The specificity of this
dye for the detection of cardiolipin has been questioned recently (Oliver et al.
2014). But the localization pattern of NAO-enriched domains in E. coli and B.
subtilis suggests a lateral organization of lipids in bacterial membrane that may be
correlated with cell division and morphogenesis (Kawai et al. 2004; Mileykovskaya
and Dowhan 2000, 2009; Rosch et al. 2007).

The existence of lipid rafts has been traditionally associated with eukaryotic
cells, because their assembly depends on the presence of cholesterol, which is
absent from the membranes of most bacteria and archaea. Thus, the assembly of
lipid rafts in eukaryotes has been considered a fundamental step during the evo-
lution of cellular complexity, suggesting that bacteria and archaea were too simple
to require such a sophisticated organization of their signaling networks and
membrane-associated protein complexes. However, bacteria also show a variety of
membrane-associated sensory complexes, such as the ones involved in bacterial
chemotaxis, which organize into large clusters that integrate and amplify stimuli
before transmitting the signal to downstream proteins (Sourjik 2004; Bray et al.
1998). This demonstrates that bacteria are also able to organize their signal trans-
duction systems into signaling platforms of a certain complexity.

In addition to the above-mentioned findings, it was recently shown that bacteria
are able to organize many signal transduction cascades and protein transport into
functional membrane microdomains (FMMs) constituted by specific lipids; i.e.,
bacterial membranes contain lipid rafts similar to those found in eukaryotic cells
(Simons and Ikonen 1997a, b). The assembly of FMMs involves the biosynthesis of
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polyisoprenoid lipids in the membrane and their colocalization with flotillin-like
proteins, which are also present in bacteria (Tavernarakis et al. 1999). Bacterial
flotillins seem to play a role similar to the one played by eukaryotic flotillins, acting
as protein scaffolds in recruiting proteins that need to be localized in lipid rafts to

Fig. 2.13 Taxonomic distribution of FloA and FloT in bacteria. a Schematic representation of the
molecular structures of two different flotillin proteins, FloA and FloT, from the model organism
Bacillus subtilis. MAD represents a membrane-anchoring region (whether this is a transmembrane
helix or a hairpin loop has not yet been experimentally addressed). SPFH is a typical protein
domain of flotillin proteins, and CC represents a coil-coiled region that localizes at the C-terminal
regions of these two proteins. b Distribution of the FloA and FloT operons in bacteria. The first
gene of the operon codes for an NfeD-like protein. The second gene is the flotillin-encoding gene.
The third gene, coding for a protein of unknown function, is less well conserved and is absent from
various species. Shown is the architecture of the operons from bacterial species from different
phyla as a reference. The operons contain provisional gene names given by genome annotation. S.
sanguinis, Streptococcus sanguinis; C. botulinum, Clostridium botulinum; n.d., not determined.
Copied from Bramkampa and Lopez (2015)
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promote interactions and oligomerization (Good et al. 2011; Langhorst et al. 2005).
Similar to eukaryotic flotillin proteins, flotillins in bacteria play an essential role in
organizing and maintaining the correct architecture of the FMMs. The discovery of
FMMs in bacterial membranes led many laboratories in the last decades to
experimentally test critical aspects of this discovery. The recent review of
Bramkampa and Lopez (2015) is a nice resource that compiled the available in-
formation about the existence and biological role of bacterial lipid rafts.

Current state of knowledge, suggesting for the possibility of existence of FMMs
in bacteria, seems to be universal, given that almost all bacterial species harbor at
least one flotillin-like protein-encoding gene in their genome. An overview of the
presence of flotillin genes in bacteria is shown in Fig. 2.13. We have learnt the role
of flotillin in domain formation earlier in this chapter.
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Chapter 3
Cell Surface Diffusion and Adsorption

Diffusion of adsorbates on cell surface is an important natural process. Once
materials reach at the surface of the cell, they fall on a dynamic two-dimensional
(2D) plane. The dynamical nature of the constituents of the plane has been
explained in detail from a mainly thermodynamic point of view in Chap. 2. The
underlying mechanisms of the cell surface diffusion appear with various types of
explanations. Biochemical and biological analyses of surface assay experiments
provide observation-based explanations on the surface diffusion mechanisms.
General physics rules on diffusion and adsorption have been tried to explain the cell
surface diffusion and adsorption mechanisms theoretically. Most of the explana-
tions appear with no conclusive and universal models that may explain the general
surface diffusion of adsorbates and various other natural materials on and across the
quite dynamic plane of the surface of the biological cell. In this chapter, we shall try
to address this crucial issue considering some of our self-developed strategies as
well as available information from various important studies.

3.1 Introduction

Both experimental observations and theoretical models may help understand bio-
logical cell surface diffusion. A latest study demonstrates a self-consistent analysis
of diffusing colloidal probe interactions due to conservative and nonconservative
forces to characterize important biophysical cell surface properties that are involved
with surface diffusion (Duncan et al. 2016). Duncan et al. have determined here the
2D trajectories of micron-sized polyethylene glycol (PEG)-coated silica colloids
relative to adherent epithelial breast cancer cell perimeters to allow measurement of
the position-dependent diffusivities and interaction potentials. Various types of
nanoparticles (NPs) without or with drugs attached act on cell surface to diffuse
across and/or interact with surface constructs, e.g., membrane-based lipids, pro-
teins, while used in biological applications especially for medical purposes (see,
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e.g., Nel et al. 2009; Wang and Wang 2014). A study shows that cellular uptake of
gold NPs depends on the sedimentation and diffusion velocities of the NPs and is
independent of size, shape, density, surface coating, and initial NP concentration
(Cho et al. 2011). Another recent study emphasizes how relevant and important it is
to evaluate and monitor the size and agglomeration state of NPs in the biological
medium, in order to interpret correctly the results of the in vitro toxicological assays
as regards to the measurements of the cellular uptake of the NPs (Halamoda-
Kenzaoui et al. 2015). All these mentioned investigations (including many other
available) altogether suggest that we know some of the quantitative features of the
surface diffusion and cell surface absorption of surface adsorbates. But we still need
a clearer understanding of the underlying mechanisms. More than two decades ago,
a theoretical analysis was made to describe the surface diffusion of membrane
particles from a spherical shell onto a thin cylindrical process (Berk et al. 1992).
Here, provision was made for different rates of diffusion within the two morpho-
logically distinct regions. A recent review article focuses on the physiochemical
mechanisms underlying NP uptake into cells (Zhang et al. 2015). When NPs
approach to the close vicinity of a cell, the interactions between the NPs and the cell
membrane generate forces from different origins. This leads to the membrane
surface diffusion and wrapping of the NPs, followed by statistical cellular uptake.
This article discusses how the kinetics, energetics, and forces are related to NPs’
cell surface interactions and dependent on the size, shape, and stiffness of NPs, the
biomechanical properties of the cell membrane, as well as the local environment of
the cells (Zhang et al. 2015). In this chapter, we aim at understanding the general
features and mechanisms behind materials’ (e.g., NPs, viruses, drugs, peptides) cell
surface diffusion that may lead to statistical cell surface quantitative adsorption,
rejection, and/or cellular uptake.

3.2 Diffusion of Cell Surface Adsorbates to Target
Random Locations on Surface Lattice Structures

Understanding the general interaction phenomena between surface adsorbates with
cell surface, especially the cell membrane, is still poorly addressed. Molecular
details of the interaction mechanisms and pathways are even less known. Using
conventional experimental observations, we obtain ideas and quantitative mea-
surements but those are phenomenological address requiring in-depth analysis
using numerical methods. There are general diffusion formulas applied on cell
surface but due to the complex dynamical character of the liquid–fluid interface of
the cell surface the correct formulas are yet to be discovered. In this section, we
shall attempt to address the cell surface diffusion and possible surface adsorption
using a novel approach utilizing a set of general theoretical formulas and strategic
computer simulation studies on the NP-cell surface interactions in order to measure
the probability of the cell membrane absorption of NPs. My laboratory member
Noor Halder (who recently left for the University of Western Australia for starting
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his Ph.D. studies) and I have been working on this project (still unfinished but
enough conclusions have been found). These studies intensify our understanding of
the NP–membrane interaction mechanisms and provide a design guideline for other
NPs. Here we attempt to explain the mechanisms of correlation between dynamic
cell surface adsorbates and dynamic cell surface lattice structures. Here, dynamic
cell surface lattice structure means we consider the mobile lattice structure con-
structed by the continuously diffusive cell surface constituents lipids, membrane
proteins (MPs), etc.

Beside general theoretical treatment of the problem, a computational study has
been adopted to identify the key characteristics of diffusive NPs through addressing
their binding to the cell surface considering different surface properties. We have
developed a strategy to calculate trapping probability of NPs inside a cell
surface-based defect as a result of NPs’ random diffusion on cell surface. We have
successfully developed a universal algorithm to help visualize the NP movement
and interaction on cell surface. Our algorithm now contains some basic features but
eventually we wish to extend the algorithm to cover most of the aspects of NP
movement, interactions with the cell surface targets, and delivery beyond the cell
surface boundary what is known as the cell membrane.

3.2.1 General Background

With the rapid development of nanotechnology, NPs now have received intense
interest due to their potential applications in medical diagnostics and therapeutics
(Allen and Cullis 2004; Connor et al. 2005; Gao et al. 2005; Ghosh et al. 2008;
Meyers et al. 2006; Shubayev et al. 2009; Geng et al. 2007; Paciotti et al. 2004).
Though this technology provides a new route to use NP as a transport tool for
carrying drugs, it poses the potential undesirable effects, including the negative
impacts on human health, namely nanotoxicity (Ai et al. 2011; Curtis et al. 2006).

A cell membrane hosts dynamic lipids and MPs safeguarding the cell’s interior
substances and manages different bioprocesses, such as communication among cells
(Yue and Zhang 2012). In the field of biomedicine and biochemistry, it is crucial to
understand the interaction between cell membrane and NPs targeting the cells.
Different molecular mechanisms of drug effects on membranes have been identified.
Some theoretical analysis of NP diffusion across cell surface and other structural
cell boundaries has been presented recently in two of my publications
(Ashrafuzzaman 2015a, b). These papers produce some considerable suggestions
on quantitative distribution with statistical nature of active cellular particles by
measuring their mobility in the cell environment.

In recent years, numerous experimental studies have been performed to address
the interactions between NPs and cell membrane experimentally (e.g., see Meyers
et al. 2006; Lapotko et al. 2007), theoretically (Ginzburg and Balijepalli 2007) and
using simulations (Yang and Ma 2010). Several mechanisms for the NP–membrane
interaction have been proposed based on experimental aspects. A number of studies
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based on effects of NP size for interaction with the cell membrane are discussed. In
Lu et al. (2009), it is shown that the cell interaction highly depends upon NP size.
There exist other experimental studies on the interactions between cell membrane
and NPs (Connor et al. 2005; Davda and Labhasetwar 2002; Qhobosheane et al.
2001; Nativo et al. 2008; Pan et al. 2007).

Although various experimental searches available, there is a lack of supporting
computational results. Li et al. investigated the interactions of graphene and
few-layer graphene (FLG) microsheets with three cell types and with model lipid
bilayers by combining coarse-grained molecular dynamic (MD), all-atom MD,
analytical modeling, confocal fluorescence imaging, and electron microscopic
imaging (Li et al. 2013). The simulations of Li et al. (2013) reveal direct bilayer
penetration that begins with localized piercing at sharp corners or at protrusions
along graphene edges followed by propagation along the edge to achieve full
penetration. For a small graphene flake, however, the Brownian motion and
entropic driving forces in the near-membrane region first position the flake
orthogonal to the bilayer plane, which then leads to spontaneous corner piercing.
All-atom-steered MD simulations track the free energy evolution during corner
piercing and reveal only a small energy barrier, comparable to the Boltzmann’s
energy kBT, where kB is the Boltzmann constant and T is the absolute temperature.
The bottom-line information we may draw from these investigations is that the
graphene experiences general principles of surface interactions, surface motion, and
statistical mechanical manner while penetrating into the cell’s interior through
membrane.

The structures of NP complexes on the cell surface as a result of surface diffusion
and interactions can be understood quite in detail by computer simulation and
modelling approaches. It is very hard and time consuming for getting a conclusion
due to variation of NP characteristics. Even simple questions such as the effects of
size variation of the NP complexes or surface charge changes can be difficult to
answer experimentally. Some precise control over building such process is necessary
in order to answer such minute queries (Chapel and Ersatile 2012). Computer
modelling of this system may help considering the influence of different parameters
such as charge of NPs, building block properties, and different other physiological
conditions. The computer modelling may also be able to provide more detailed
information about the structures of NPs and the cell surface. In this study, the use of
computer simulation to explore the multiparameter space for complex nanostructures
is described where experiments cannot give classical answers.

The subsequent section contains brief discussions about some of the computa-
tional methods that are used and have been developed to model the structure of
individual NPs and their interactions with the surroundings by describing both
theoretical basis and computational approaches. As a prototypical system, we
consider the problem of the interactions of the cell surface with different-sized NPs.

Before going to the computational analysis, we need to know some of the
aspects of the targeted cell surface adsorbate NPs and cell surface diffusion of what
we wish to analyze using computational technique. Section 3.2.2 will focus on this
issue.
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3.2.2 Nanoparticle-Based Drug Delivery Systems

NP-based systems can be used to deliver therapeutic entities such as small molecule
drugs, peptides, proteins, and nucleic acids, either alone or in combinations (Gindy
and Prud’homme 2009; Ruoslahti et al. 2010). Their properties could be attributed
to their sizes, NPs surface properties, cell death, drug pharmacokinetics, etc. NPs
can enter into the cell surface more efficiently than larger micromolecules and
therefore could be used as effective transport and delivery systems. For therapeutic
applications, drugs can either be integrated in the matrix of the particle or attached
to the particle surface (Suri et al. 2007). A drug-targeting system should be able to
control the fate of a drug entering the biological environment. Nanosystems with
different compositions and biological properties have been extensively investigated
for drug and gene delivery applications. It is also important to understand the
roadblocks of drugs such as stability of therapeutic agents in the living cell envi-
ronment. There are various types of NPs which can be used as drug carriers in
medicines. These NPs can be polymeric NPs, metal NPs such as gold, silver,
magnetic NPs, lipid NPs, dendrimers, silica NPs, liposomes, etc.

To achieve efficient drug delivery, it is important to understand the interactions
of NPs with the biological environment of the cell, targeting cell surface receptors,
drug release, multiple drug administration, and molecular mechanisms of the cell
that concern interactions with receiving drugs, etc.

Important Characteristics for Drug Delivery using NPs

(i) Particle Size. Particle size and size distribution are the most important charac-
teristics of NPs. Size has important role to determine the ability (from geometric
perspective) of drug delivery system. In addition, size may influence drug
loading, drug release, and stability of NPs (Sing and Lillard 2009).

(ii) Surface Properties of NPs or Surface Charge. The surface properties of NPs
play important roles in effective drug delivery. The zeta potential (means
electrokinetic potential) of an NP is commonly used to characterize the
surface charge property of NPs (Couvreur et al. 2002). It reflects the elec-
trical potential of particles and is influenced by both the composition of the
particle and the medium in which it is dispersed. NPs with a zeta potential
above ±30 mV have been shown to be stable in suspension, as the surface
charge prevents aggregation of the particles (Sing and Lillard 2009). The zeta
potential also can be used to determine whether a charged active material is
encapsulated within the center of the NP or on the surface.

(iii) Drug Loading. Drug loading capacity of a nanodelivery system should be
high. In general, there are two methods which are associated with drug
loading, i.e., incorporation method and absorption method. The incorporation
method requires the drug to be incorporated at the time of NP formulation.
The absorption methods call for absorption of the drug after NP formation
(Sing and Lillard 2009).
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(iv) Drug Release. Drug release can occur by diffusion or erosion. If the diffusion
of the drug is faster than erosion, then the mechanism of release of drug is
largely controlled by a diffusion process. In general, the drug release rate
depends on five criteria as follows:

(1) Drug solubility;
(2) Drug diffusion through the NP matrix;
(3) Desorption of the surface bound or adsorbed drug;
(4) NP matrix erosion or degradation;
(5) The combination of erosion and diffusion processes.

(v) Targeted Drug Delivery. Targeted drug delivery is of two types. The actively
achieved targeted delivery requires the therapeutic agent to be achieved by
conjugating the therapeutic agent or carrier system to a tissue or cell-specific
ligand. Passive targeting is achieved by incorporating the therapeutic agent
into a macromolecule or NP that passively reaches the target organ (Sing and
Lillard 2009).

3.2.3 Computer Simulation Addressing NP Diffusion
on Cell Surface

As discussed earlier, we are working on developing a universal in silico
simulation-based understanding of the cell surface adsorbates’ general diffusion on
the surface of the cell and their possible cell interactions. In this section, we shall
provide a brief explanation on how we perform the simulations using various
computational approaches and develop necessary algorithms.

3.2.3.1 Computer Simulation Techniques

Here, different computational techniques will be described. Molecular approaches are
commonly used in studies relating to the formation and evolution of individual NPs.
Classical computer simulation based on different classical molecular approaches
includes Monte Carlo (MC), MD, and Brownian dynamics (BD) methods. Some of
those methods are used in equilibrium and other used in nonequilibrium states. The
easiest method to implement is perhaps the MC method.

(a) Brownian Dynamics. In cases where various species, such as dispersions of
NPs, polymer chains, polyelectrolytes and individual molecules such as salt
particles, the timescale characterizing the motion of each species can differ by
several orders of magnitude. This type of behavior is due to different charac-
teristics of such elements in one solution. To simulate the dynamics of such
systems when the fast motion of the small species is not relevant approaches, in
such case, the BD method can be used (Satoh 2011). In BD, the fast motion of
the smaller particles is not considered and the impact on the large objects is
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represented by a combination of random and frictional forces. Here, Newton’s
law of motion is replaced by Langevin equations of motion. It can be used to
describe the motion of molecules in reality. It is a simplified version of
Langevin dynamics and corresponds to the limit where no average acceleration
takes place.

The original Langevin equation describes Brownian motion, and the apparently
random movement of a particle in a fluid due to collisions with the molecules of the
fluid is as follows:

m
d2x
dt2

¼ �k
dx
dt

þ gðtÞ: ð3:1Þ

The degree of freedom of interest here is the position x of the particle, and m
denotes the particle’s mass. The force acting on the particle is written as a sum of a
viscous force proportional to the particle’s velocity (Stokes’ law) and a noise term
η(t) (the name given in physical contexts to terms in stochastic differential equations
which are stochastic processes) representing the effect of the collisions with the
molecules of the fluid. The force η(t) has a Gaussian probability distribution with
correlation function as follows:

giðtÞgjðt0Þ
� � ¼ 2kkBTdi;jdðt � t0Þ; ð3:2Þ

where as said earlier, kB is Boltzmann constant and T is the temperature.
In general, the BD simulation technique can be described as a microscopic

method in which explicit solvent molecules are replaced instead by a stochastic
force. The technique takes advantage of the fact that there is a large separation in
timescales between the rapid motions of solvent molecules and the more sluggish
motion of polymers or colloids.

(b) Molecular Dynamics. MD is a computer simulation method for studying the
physical movements of atoms and molecules in the context of simulation
studies. The method was originally conceived within theoretical physics in the
late 1950s (Alder and Wainwright 1959) but is applied today mostly in
chemical physics, materials science, and the modeling of biomolecules. MD
method is quite complex in nature as a molecular system consists of vast
number of particles of various properties, but it can simulate such system which
has both equilibrium and nonequilibrium states. This is a well-established
method which is based on Newton’s laws of motion (Nedyalkova et al. 2012).
An MD simulation can experience conformational and momentum changes
such that different parts of the phase space accessible to the molecules can be
explored. MD can calculate various structural and dynamic properties by
providing several mechanisms for controlling temperature and pressure of a
system. MD can realistically describe the motion of small molecules across
bilayer cell membrane channels. It can also describe different lipid–protein
interaction in a bilayer lipid membrane. The most time-consuming part of MD
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simulation is the calculation of the force on each atom. The main difficulty with
such an approach is that it cannot be used to model the behavior of realistic
processes containing NPs (Stoll 2014).

(c) Monte Carlo. Monte Carlo (MC) simulation is a broad class of computational
algorithms that rely on repeated random sampling to obtain numerical results. It
is used in many areas of mathematics, physics, chemistry, etc. It contains one
random variable and uses a sort of random path via a statistical sampling of
multiple replicates. These types of simulation methods are mainly used in three
distinct problem classes, namely optimization, numerical integration, and
generating draws from a probability distribution. MC is based on Markov chain
properties, where successive trials depend on the immediate predecessor. This
approach is successfully used to describe building processes between polymers
and the complexion process between NPs and polyelectrolyte chains.

3.2.3.2 Proposed Conditions for Developing the Computational
Algorithms

An NP can move on a cell surface in horizontal, vertical as well as diagonal directions.
The movements of such NPs are based on various properties like surface charges, size
of NP, and its shape. In order to travel a particular distance from an initial NP location,
it is necessary to acquire minimum energy to travel the distance. In the proposed
algorithm, we evaluate a probability function which calculates the probability to interact
with a defect which is situated at a unit or multiple of a unit distance. Let us consider
the distance between NP and defect/channel (CH) is d. Here and onward, we shall
consider CH for generally representing either defect of channel that can trap NP
randomly moving on cell membrane surface. This distance d has a lower cutoff value,
e.g., d0, below which the NP gets trapped inside CH. Above d0, the NP may either
move freely or fall under physical interactions with CH following conventional
long-range interactions like Coulomb, van der Waals interactions (Ashrafuzzaman and
Tuszynski 2012a, b; Ashrafuzzaman et al. 2014).

Let us assume ‘a’ being the lattice constant of the lipid membrane surface (see
Fig. 3.1). We can consider ‘a’ to be the lipid head-group dimension where a2

0.6 nm2 (Mannock et al. 1992, 1994). The probability of interaction of NP and CH
(in case when an NP and a CH randomly move on the surface of the cell) with unit
trapping distance and its multiples is not same. We may calculate the probability of
interactions due to three different trapping distances with the value of unit distance
d0 = a, 2a, and 3a (for example) for relative comparison and visualization in
graphical representations. While d0 = a, it may be arbitrarily denoted as step I
(SI) hopping interaction, d0 = 2a, as step II (SII) hopping interaction, and d0 = 3a,
as step III (SIII) hopping interactions, respectively.

There are two distances between NP and CH, qualitatively different, namely
trapping distance, d � d0 at which NP gets trapped inside CH and beyond this
distance; i.e., for d > d0, NP does not interact with CH. In Fig. 3.1, the NP
movement is shown in simplest way. An NP can move on cell surface in different
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directions. The movement can be in four-way directions, four diagonal in case of
square lattice structure as shown in Fig. 3.1. In initial condition, let us assume the
location of NP is in the middle of the diagram. It is shown as ‘O’. The surrounding
middle points of squares are the possible locations of different defects/channel
(CH). An NP can move randomly on cell surface and can interact with channel once
it travels the minimum distance between past position and nearest channel position.
In Fig. 3.1, the minimum distance to interact nearest channel is assumed d0. If NP
gets energy to travel distance d, such that d > d0, there is a maximum chance to
interact with nearest channel. However, NP and CH interaction depends on many
other biological and physical parameters too.

X10

X9 X8 X7 X6 X7 X8 X9

X8 X5 X4 X3 X4 X5 X8

X7 X4 X2 X1 X2 X4 X7

X10 X6 X3 X1 O X1 X3 X6 X10

X7 X4 X2 X1 X2 X4 X7

X8 X5 X4 X3 X4 X5 X8

X8 X7 X6 X7 X8 X9

X10

Fig. 3.1 Relative arrangement of NP and CH. The small circle ‘O’ in the middle represents the
initial location of NP. All other cells represent the possible random positions of CH which is the
possible target of the NP to interact. For simplicity, we consider CH to be fixed at a location Xi (Xi

is the center of ith lattice constant), while O is the initial location of NP. i = 1, 2, 3, …, etc.,
represent all possible locations X1, X2, X3, …, etc., for CH at a diagonal distance x1, x2, x3, …, etc.
Here, we consider that both NP and CH can only be stably located at the center of any cell, O and
Xi. We have modelled this lattice structure (square lattice is an arbitrary choice) equivalent to
consideration of a pattern for the arrangement of lipids on a cell surface (see Chap. 2 for details)
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Nearest Neighbor Locations. As shown in Fig. 3.1, the possible nearest
neighbor location of the channel from NP’s initial location ‘O’ is at X1. The number
of possibilities of X1 is counted as four due that there are four possibilities for NP to
jump to the center of any nearest neighbor cell. This means that if NP, at time t0, is
in position ‘O’, after time t1 it can reach at any of four different positions. The
distance travelled between t0 and t1 is d, such that d > d0.

Next-Nearest-Neighbor Locations and Beyond. The channel position is
mentioned as X2. It will be covered if minimum distance

ffiffiffi
2

p
d0 is travelled by

NP. X2 is situated in the nearest diagonal of the starting point of NP.
Similarly, location X3 can be reached in four ways for NP by travelling a

minimum distance of 2d0. It can be noted that, in case of covering X4 position, there
are a totally eight ways. To reach at these positions, NP needs to travel a minimum
distance of

ffiffiffi
5

p
d0. In this way, the distances and the number of ways the NP can

travel to CH can be calculated. The figure gives an idea about relative arrangement
of NP and CH, while all the squares represent their random locations. All the
possible distances are shown in Table 3.1.

Table 3.2 presents the relation of actual distance and number of possible posi-
tions for an NP for hopping to. Within exactly a unit distance d0 (x1 in Fig. 3.1), an
NP can be available in four possible lattice locations. Similarly, the NP can be
available in four possible locations within one unit diagonal distance x2 ¼

ffiffiffi
2

p
d0

which covers the possibility for it to hope to the next neighboring cells. Values in
columns A (Table 3.3), and B and C (Table 3.4) represent frequency (fSi) for
hoping through unit distance, d0 = a (SI), and d0 = 2a (SII) and d0 = 3a (SIII),
respectively, where we have considered, for simplicity, the possibility of holding
realistically the value of d0 to be only integer multiple of a (see Fig. 3.1). Here, fSi
(i = I, II, III, etc.) is fSI for hopping condition SI, fSII for hopping condition SII, and
fSIII for hopping condition SIII, respectively. These are valid approximations for the
cases in which we consider NP to move only through cells that means it walks at a
step equivalent to unit cell dimension or in multiples.

Table 3.1 Representation of
distance abbreviation (xi for
distance of Xi from O) and its
actual distance representation
in terms of unit distance d0

Distance abbreviation, xi Actual distance

x1 d0
x2

ffiffiffi
2

p
d0

x3 2d0
x4

ffiffiffi
5

p
d0

x5 2
ffiffiffi
2

p
d0

x6 3d0
x7

ffiffiffiffiffi
10

p
d0

x8
ffiffiffiffiffi
13

p
d0

x9 3
ffiffiffi
2

p
d0

x10 4d0
etc. etc.
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Table 3.2 Representation of number of possible position with respect to possible distance

Actual hopping step distance of NP in unit of d0 Number of possible positions of CH, f

1.00 4

1.41 4

2.00 4

2.24 8

2.83 4

3.00 4

3.16 8

3.61 8

4.00 4

4.12 8

4.24 4

4.47 8

5.00 12

5.10 8

5.39 8

5.66 4

5.83 8

6.00 4

6.08 8

6.32 8

6.40 8

6.71 8

7.00 4

etc. etc.

Table 3.3 Number of CH
approaching possibilities for
NP at a hopping step (walking
step) equal to the unit lattice
constant a

Hopping step distance of NP in unit of d0 = a fSI (A)

0 0

1 8

2 12

3 16

4 32

5 28

6 40

7 40

8 48

9 68

10 56

etc. etc.
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In Table 3.1, we have presented the case for an n � n array where n is a finite
number. We may consider n = 10, 20, 30, 40, 50, …, etc. When the value of n is
small, we may be able to calculate the values of both columns in Table 3.1 man-
ually, as are done here (see Tables 3.1, 3.2, 3.3, and 3.4). When the value of n is too
high which is in fact the case for biological cell surface lattices, we cannot address
this physical NP–CH communications manually. Therefore, we are in process of
developing a program using MATLAB (http://www.mathworks.com/products/
matlab/) and incorporate these preliminary results into the program to further revise
it to constructing an analytical expression for numerical computations. A final
program will be developed to address the scenario for all realistic finite values of n.

In Fig. 3.1, the number of possible positions where an NP can move with respect
to different distances from center is shown. An NP may have four possible desti-
nations if it travels d0 distance from center or its initial location. In the next step, it
can cover its four diagonals on the next move. To cover the diagonal distance for
first time, the NP must have the energy for travelling distance

ffiffiffi
2

p
d0. Similarly,

there are also four different ways to travel nearby 2d0 distance in the next term. If an
NP has energy to travel distance equal to

ffiffiffi
5

p
d0, NP can interact with CH with a

total number of eight different possibilities. In this way, the number of possible
positions covered by an NP with respect to distance is described in Table 3.2.

Generally, Fig. 3.2a, b can be presented as a graphical representation of
Tables 3.2 and 3.3, respectively. The horizontal axis represents the possible dis-
tance of any channel with respect to initial NP position. The vertical axis is the
number of possible channel locations (as mentioned as ‘number of available CH’ in
Fig. 3.2) where an NP may hope to.

Table 3.4 Number of CH approaching possibilities for NP at a hopping step equal to the integer
multiple of unit lattice constant a

Hopping step distance of NP
in unit of d0 = 2a

fSII (B) Hopping step distance of NP
in unit of d0 = 3a

fSIII (C)

0 0 0 0

2 20 3 36

4 48 6 100

6 68 9 156

8 88 12 196

10 124 15 260

12 140 18 336

14 176 21 372

16 196 24 428

18 224 27 492

20 228 30 556

etc. etc. etc. etc.

Here, we have considered for possibilities for hopping step unit distance of 2 and 3 times of the
unit lattice constant a
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Let us assume NP is situated in the center of the cell surface with structure
having lattice numbers 50j � 50j where j = 1, 2, 3,…, etc., an integer number. The
2D X − Y (x, y) plane cell surface structure is an assumption which is a valid
approximation for a small section on the surface of a cell. For j = 1, the maximum
X and Y directional X − Y plane distances that to be covered by an NP [assumed to
be at the center (0,0)] are both 50d0s, where d0 is the minimum X and Y directional

Fig. 3.2 a This plots the frequency/possibility (f) for NP to reach at channel locations as a
function of actual channel distance from NP’s initial location as shown in Table 3.2 for a 50 � 50
lattice. b This plots the frequency/possibility (fSI) for NP to reach at channel locations as a function
of channel distance from NP’s initial location as shown in Table 3.3 for a 50 � 50 lattice
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distance (unit of the hopping step distance), and NP needs to hope, for reaching at
the farthest located CHs in the X and Y directions on the X − Y plane. In this case,
an NP can also travel another further maximum distance 50

ffiffiffi
2

p
d0 along the diagonal

direction of the X − Y plane. The number probability (plotted as the ‘number of
available CH’ as they are proportional to each other) for NP to interact a CH
situated at 50d0 distance is found to be maximum (see Fig. 3.2b) for j = 1. It can
also be noted that the number of possible NP–CH interactions (see vertical axis
values of Fig. 3.2b) suddenly drops down while the distance goes beyond 50d0.
Generally, as seen in Fig. 3.2, the number of NP–CH interactions (frequency)
increases steadily, while the lattice space dimension (x or y) increases. At a certain
distance (say 50d0), the frequency is maximum and after that it decreases
drastically.

In Fig. 3.2, the number of possible moves of NP covering corresponding possible
distances is plotted. In this case, any NP acquires possibility to visit a nearby CH,
while it obtains sufficient energy and satisfies other various related physiological
conditions. An NP can also be approximated to virtually travel a unit distance (see
Fig. 3.2b) rather than the actual distance (see Fig. 3.2a). In such cases, the frequency
of traveling such unit distance will be different from considering the actual distances.
For step distance 1 (in unit of the lattice constant a), the frequencies which corre-
spond for displacements in between two consecutive steps but fall lower than the
corresponding midpoints between the two consecutive lattice centers will be added
to the lowest distance. For example, 1.41a distance has four possibilities to cover
exact distance, so it will be added to lower step distance 1 (in unit a) (see the
comparing contents in Tables 3.2 and 3.3). Conversely, the displacement 2.83a for
NP has four possibilities; hence, the frequency for this displacement will be added to
the next upper distance class, i.e., to the distance 3 (in unit a), and so on.

Similarly, in hopping step distances 2 and 3, the frequencies fSII and fSIII,
respectively, are shown in Table 3.4. These two frequencies for step II and III, and
the frequency for step I are plotted in Fig. 3.3 for mutual comparisons. Figure 3.3a
plots bar diagrams but in Fig. 3.3b are plotted the step diagrams. But for theoretical
understanding of the trend, we would require average linear diagrams as shown in
Fig. 3.4 corresponding to the diagrams in Fig. 3.3.

Figures 3.1, 3.2, and 3.3 present the plots of Np for values of d considered for
actual distance and the distance following unit distance 1 (SI), unit distance 2 (SII),
and unit distance 3 (SIII). By using Tables 3.3 and 3.4, the plots in Figs. 3.1, 3.2,
and 3.3 are drawn. The red, yellow, and blue color bars are representing the fre-
quency step I, II, and III, respectively. Figures 3.2 and 3.3 are representation in stair
and line plot, respectively.

Form those plots, it is quite understandable that in the middle of the propagation
the value of frequency (option) is the highest. From the initial point to highest peak,
the propagation happens on a straight line and after reaching the peak it steps down
suddenly and then maintains a slope (see Fig. 3.4).

So far, we analyzed the data for j = 1 that is considering a 2D cell surface
section with lattice dimension 50j � 50j = 50 � 50. For bigger surface sections,
e.g., for j = 2, 4, 8, 16, 32, etc., i.e., for the cell surface sections 100 � 100,

88 3 Cell Surface Diffusion and Adsorption



Fig. 3.3 a This plots the frequency/possibility (fSi) (here i=I, II, III) for NP to reach at channel
locations as a function of channel distance from NP’s initial location as shown in Tables 3.3 and
3.4 for a 50 � 50 lattice. Here and later as before, step I (SI), step II (SII), and step III (SIII). Three
frequencies plotted here are fSI, fSI, and fSI. b This plots the frequency/possibility (fSi) for NP to
reach at channel locations as a function of channel distance from NP’s initial location as shown in
Tables 3.3 and 3.4 for a 50 � 50 lattice
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200 � 200, 400 � 400, 800 � 800, 1600 � 1600, etc., respectively, we
may plot the frequencies as like as of 50 � 50 (see Fig. 3.5).

We could alternately plot Fig. 3.5 as in Fig. 3.6. Figure 3.6 helps compare the
lattice dimension dependence for any specific hopping step class SI, SII, or SIII.

The behavior of each subplot is quite same. After reaching a certain peak point,
the curves fall fast before slowing down to linearly progress downward to finally
touch the x-axis. We may try to find ad hoc theoretical function(s) for these plots to
develop analytical forms for the plotted frequencies. Once we obtain appropriate
analytical forms, we may be able to succeed performing the research for any lattice
(small to large XY sections) of the cell surface lattices as long as we may consider
that as 2D. The 2D representation would serve most of the purposes required for
addressing interactions of independent NPs, drugs, peptides, MPs, etc., with the cell
surface ingredients, e.g., lipids and various other proteins, channels, as these
interactions occur mostly in narrow localized regions.

3.2.3.3 Theoretical Function Representation: Generalized
Formulation of the Frequency Graph

In this section, a generalized formula is targeted to be derived from the frequency
graph. By analyzing the patterns of the graphs (see Figs. 3.5 and 3.6), it can be
assumed that there exists some uniform perceptual structure in the diagrams. In
Fig. 3.7, a model structure is shown which generalizes the frequency graphs shown
in Figs. 3.5 and 3.6.

Fig. 3.4 Here, the linear plots show the comparable patterns of the frequencies for theoretical
analysis
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The base of the structure AE represents the distance from initial NP position
where the point E is the maximum distance of the specific cell surface lattice
section. Let us assume (as before) the dimension of the cell surface is n � n. In
such case, the value of E (i.e., distance from center to the maximum reachable point
in XY plane of the lattice space with dimension n � n) will be

ffiffiffi
2

p
n (explained in

detail earlier). However, the x-axis value of point K is n. In order to formulize a
general equation, the curve is divided into three parts. The first part is the straight

Fig. 3.5 Frequency plots for comparable graphical interpretations with respect to various cell
surface dimensions of XY lattice sections. a 50 � 50, b 100 � 100, c 200 � 200, d 400 � 400,
e 800 � 800, f 1600 � 1600

Fig. 3.6 Frequency plots for comparable graphical interpretations with respect to various cell
surface dimensions of XY lattice sections. In every graph (left to right), plots are for lattice size a,
b, c, d, e, and f (see Fig. 3.5), i.e., a: 50 � 50, b: 100 � 100, c: 200 � 200, d: 400 � 400, e:
800 � 800, f: 1600 � 1600. Left panel for SI, middle panel for SII, right panel for SIII,
respectively
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Fig. 3.7 Dissection of
frequency graphs presented in
Figs. 3.5 and 3.6

line AB, the second part is the arc of curvature BGFD, and the third part is the
straight line DE which is inclined on AE.

These three parts of equation are derived here.

(i) Equation of AB.
The line AB is inclined on base AE with a particular angle, and it is extended
through the origin A (0, 0). The x-axis value of end point B of AB is n, whereas
the y-axis value varies on different steps of frequency (see Figs. 3.5 and 3.6). It
is noted that the y-axis values for frequency of SII and SIII are almost 2 and
3 times, respectively, of that of SI. This confirms the slope of line AB for SII
(let us assume m2); in particular, dimension of cell surface section is double of
m1 (where m1 is the slope of AB for frequency plot for SI). Similarly, for
frequency plot at SIII, the slope m3 will be three times m1.

In general, the equation of a line with slope m is defined as

Y ¼ mX þC; ð3:3Þ

where m is the slope of the straight line and C is the intercept with Y-axis.
However, in case of equation of straight line AB, the value of C = 0.
And the slope m is

m ¼ value of Y component of pointB
value of X component of pointB

¼ value of Y component of pointB
surface dimentionðnÞ ð3:4Þ

After calculating m1, m2, and m3, the equation of AB for SI, SII, and SIII can be
defined as: Y1 ¼ m1X1, Y2 ¼ m2X2, and Y3 ¼ m3X3, respectively.

(ii) Equation of Arc BGFD.
The arc BGFD is the part of a circle. In order to calculate the arc, it is necessary
to identify the center, C of the circle. The center C will be at some point where
perpendicular bisectors of the arc BGFD meet. More than three perpendicular
bisectors are needed to identify the center C. In Fig. 3.7, two bisectors (CM and
CN) of line BF and GL are shown. These two bisectors intersect BF and GL at
H and J, respectively. However, they converge themselves at point C which is
assumed to be the center of the circle. Hence, in this section, the point B and
center C are identified.
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(iii) Equation of DE.
We can use identical strategy as used in derivation of equation for AB.

3.2.3.4 Probability of NP–CH Interactions

So far, we have manually analyzed frequency (see Figs. 3.5 and 3.6) and developed
analytical form (Sect. 3.2.3.3) for general calculation of fSi on a cell surface section.
While an NP experiences diffusion on a cell surface to interact with a CH staying at
an unknown location inside a unit cell within a 2D lattice space with dimension
n � n, we have developed these results. fSi is a number of possibilities whose
inverse correspondingly appears as proportional to the probability (pSi) of meeting
between NP and CH. With this probability function pSi, one can easily add (through
normalization) all biological information of the cell surface; e.g., parameters related
to the dynamics of both NP and CH such as their mobilities (inverse of the cell
surface frictions) can be used a condensed matter theoretical calculations in
Ashrafuzzaman and Beck (2004a, b), thermodynamic conditions, etc., to finally
calculate the probability of interactions between dynamic NP and CH on a cell
surface. These are what we have incorporated while developing algorithms (briefed
in Sect. 3.2.4). We shall avoid detailing them here due to strategic reasons.

The above-explained calculations require modifications for the case where more
than one NP and CH are available on the 2D lattice space with dimension n � n.

3.2.4 Developing Algorithms

We wish to keep this part mostly confidential as long as we do not finish getting a
patent. But a general strategy can be discussed here.

Here is a sample strategy provided on how we may obtain a program package for
computational address of the NP dynamics on the cell surface to interact with CH
and possibly experience a probability to diffuse beyond the cell membrane.

Initialize: Surface_dimension, NP_location

Surface_x_axis_value ← Surface_dimension(x axis)

Step 1: Calculate each surface point w.r.t. NP_location

Step 2: Create DistancePointMatrix where first column contain distance

from NP and second

column contains number of points available in particular distance

for outer = 1 to Surface_x_axis_value

temp ← -1

for inner = 0 to outer

temp ← temp + 1

arrayIndex1 = arrayIndex1 + 1
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//calculate distance from NP_location

arrDist(arrayIndex1) ← sqrt(outer^2 + temp^2);

if (temp == 0) || (temp == outer)

arrNoOfPoint(arrayIndex1) ← 4;

else

arrNoOfPoint(arrayIndex1) ← 8;

end if

end for

end for

//Create distance-number-of-point matrix

DistancePointMatrix = [arrDist ’, arrNoOfPoint ’];

Step 3: Find the indexes which has same distances.

Step 4: Add distance wise number of points which have multiple but

same distanced-value

Step 5: Remove the whole rows whose indexes are repeated and among

which is the maximum index

Step 6: Present the reduced matrix

3.2.5 Concluding Remarks

The algorithm we developed helps us address the general movement of NPs on cell
surface and their occasional approach to the cell surface-based interaction sites caused
by the presence of MPs, specialized lipid structural defects, etc. As we can address the
cell surface diffusion of NPs or general cell surface adsorbates theoretically and
computationally using our developed advanced algorithm, we can utilize these tech-
niques to address the general drug diffusion on cell surface and their possible cell
surface adsorption. Both of the cell surface diffusion and cellular adsorption follow
general physics formalisms (as explained earlier) including statistical mechanical rules
on surface interactions of the agents moving randomly on the surface of the cell.
Therefore, we now easily understand two important aspects regarding drug effects,
namely the cell membrane-based drug adsorption which causes the cell
membrane-based drug cytotoxicity and drugs’ cellular uptake probability in a quanti-
tative measurements, computationally. We shall provide more details in our publica-
tions and patents (in preparation).

3.3 Cell Surface Movement of Viruses
and Pharmaceutical Nanoparticles and Their Cell
Entry Mechanisms

NPs are now trackable during their uptake into living cells using highly sensitive
fluorescence microscopes. In this chapter, we have addressed spectroscopic tracking
of cell surface adsorbates/materials while moving on the surface of the cell.
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Trajectories of the motion of NPs can be tracked down. Analysis of these trajec-
tories helps us distinguish between random movement and active transport.
Physical parameters such as the average transport velocity, mean free path, diffu-
sion coefficient can be determined. As explained earlier in this chapter, pharma-
ceutical NPs, viruses, various drugs, etc., diffuse through cell surface randomly and
interact with the cell surface constituents, as a consequence may experience sta-
tistical probability of cell surface pinning and occasionally cellular uptake. Here,
‘statistical probability’ is used to refer to the NP interactions with the cell surface
interaction sites that require energetic binding costing free energy in a thermody-
namic environment where cells exist. Therefore, an analysis of the trajectories
provides important information regarding the history of interactions, uptake path-
way and location of pharmaceutical NPs, drugs, viruses, etc.

Recent studies provide some in-depth analysis on single-particle tracking (SPT)
and determination of the mean-squared displacement (Ruthardt et al. 2011).
Advances in SPT include millisecond (ms) alternating-laser excitation for removal
of spectral cross talk, alternating wide field (WF), and total internal reflection
fluorescence (TIRF) microscopy for sensitive experiments at the plasma membrane
and three-dimensional (3D) tracking strategies. The prospects of single-cell
microscopy techniques and their impact on unraveling the interactions of NPs
and viruses with cells have been quite addressed to date (Ruthardt et al. 2011;
Shevchuk et al. 2008; Byrne et al. 2015).

Viruses, known as gene transfer particles, are also valuable tools for investi-
gating the possible entry pathways into cells (Oh and Park 2014; Pelkmans et al.
2001). Multicolor fluorescence microscopy on living or fixed cells has been used as
the main optical technique to study the cell entry of viruses and pharmaceutical NPs
(Lakadamyali et al. 2003; Rust et al. 2004; Ewers et al. 2005; Payne 2007;
Brandenburg et al. 2007). As a regular cell assay practice, compartments of the
endocytic pathway in living cells are visualized by fluorescently labeled markers
(e.g., dye-coupled transferrin, cholera toxin B, or dextrans) or by cellular expression
of marker proteins fused to fluorescent proteins (e.g., clathrin–green fluorescent
protein, caveolin–green fluorescent protein) (Watson et al. 2005). The entry of
fluorescent-labeled viruses or nonviral vectors can be followed in the living cell.
Then, colocalization analysis with cellular compartments is used to analyze the viral
entry route. Specific entry pathways can be blocked by using chemical inhibitors or
small-interfering RNA (iRNA) and test for internalization of gene carriers. Various
studies of NP uptake reveal that all tested gene carriers enter cells by endocytosis
(Rémy-Kristensen et al. 2001; Kopatz et al. 2004; Rejman et al. 2005), even the
ones connected to cell-penetrating peptides (Rinne et al. 2007; Lundin et al. 2008;
Mäe et al. 2009). Besides having the cell membrane-penetrating ability, majority of
viruses exploit the cellular endocytotic machinery for productive infection
(Helenius et al. 1980; Marsh et al. 1997; Döhner et al. 2005). The internalization
pathway is not generalized; rather, it follows specificity in regard to type of cell,
virus, or gene carrier (Rejman et al. 2005; von Gersdorff et al. 2006; Marsh and
Helenius 2006). Use of multiple endocytosis pathways, blocking of specific path-
ways that enhances the internalization through alternative pathways, etc., are
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mechanisms quite addressed now. Real-time tracking of viruses and NPs may help
us understand the cell environment localization, interaction, internalization, com-
partmentalization, etc. High spatial and temporal resolution spectroscopic tech-
niques are required. Powerful microscopies (often confocal microscopes) are
needed for imaging.

3.3.1 Single-Particle Tracking as Cell Internalization
Assessment

Microscopy, such as wide field (WF) microscopy, is typically used for tracking
particle in SPT technique. WF is a highly sensitive fluorescence microscopy
technique popularly used in cell research. Single gene carriers’ internalization can
be continuously followed from their initial cell attachment point on the cell
membrane through the various steps of the uptake process and intracellular traf-
ficking pathways. Imaging single gene carriers that are labeled with only a few
fluorophores, at high temporal resolution over several minutes, requires methods of
ultrasensitive detection (schematic representation is shown in various publications,
e.g., Ruthardt et al. 2011).

Individual fluorescent particles can be identified as bright spots on a dark
background in the WF microscopic images. Every frame in the movie represents the
position of the particles at a certain time. The trajectory of the particle is obtained
by extracting the particle’s X- and Y-coordinates. Particles for tracking are selected
with consideration of their intensity, size, and shape. X- and Y-coordinates are
obtained by fitting a 2D Gaussian function to the particle’s intensity profile (see
Fig. 3.8a). Finally, the particle coordinates are used for calculating the corre-
sponding trajectories (with nanometer (nm) level precision) based on a
nearest-neighbor algorithm (Godinez et al. 2009; Sbalzarini and Koumoutsakos
2005). For details, see Fig. 3.8.

Trajectories are analyzed for understanding particle’s motional behavior. The
particle motion provides information on the surroundings and interactions of the
particle with the cell compartments. There are a few parameters to address the
motion. Mean-squared displacement (MSD) is such an important one (Saxton and
Jacobson 1997) (see Fig. 3.8b). The MSD <r2> represents for the average of the
squared distances between a particle’s start and end positions over all time lags of
certain length Dt within one trajectory. From evaluation of MSD plot, information
about the mode of motion can be obtained (see Fig. 3.8c). The mode of motion
helps us interpret in a biological context and create conclusions on the location, and
environment of the tracked particle can be drawn quite correctly.
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Fig. 3.8 Tracking and MSD.
a The x- and y-coordinates of
the particle at a given time
point are derived from the
central position of its
diffraction-limited intensity
profile by, for example, fitting
it to a 2D Gaussian function.
Hence, a positional accuracy
far below the optical
resolution is obtainable.
b MSD plots. Upper panel.
A schematic trajectory
showing the distance travelled
between consecutive frames
(blue circles in trajectory).
The average of all steps
within the trajectory for each
time lag Dt, with Dt = s (red),
Dt = 2s (dark green), and so
on (where s = acquisition
time interval from frame to
frame) gives a point in the
MSD plot. c The time
dependence of the MSD
allows the classification of the
type of diffusional behavior.
A linear plot indicates normal
diffusion and can be described
by <r2> = 4DDt (D, diffusion
coefficient) for a 2D analysis
and <r2> = 6DDt in three
dimensions. A quadratic
dependence of <r2> on
Dt indicates directed motion
and can be fitted by
<r2> = v2Dt2 + 4DDt (v,
mean velocity). When the
MSD asymptotically
approaches a maximum value
for larger Dt, the system is
undergoing confined or
corralled diffusion with
<r2> = <rc

2> [1 − A1exp
(−4A2DDt/<rc

2>)]. Anomalous
diffusion has the form
<r2> = 4DDta and a < 1
(sub-diffusive). For
theoretical details, see
Ruthardt et al. (2011)
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3.3.2 Kinetics and Dynamics of Single Nanoparticles
in Living Cells

The living cell uptake kinetics and internalization dynamics in real time for single
polymeric gene carriers (polyplexes) were investigated a decade ago. In this study,
sensitive fluorescence WF microscopy and SPT with a temporal resolution of
300 ms were used (Bruin et al. 2007). Trajectories showing the full internalization
process of epidermal growth factor receptor-targeted polyplexes were obtained. The
trajectories included three sectarian dynamics, namely (see Fig. 3.9)

(i) The cell surface dynamics: attachment to the cell membrane;
(ii) The cellular uptake: cell internalization through the cell surface;
(iii) The intracellular dynamics: active transport toward the nucleus.

Fig. 3.9 Trajectory of an epidermal growth factor (EGF)+ particle. a Trajectory of an EGF+
particle attached to a HuH7 cell. The particle was tracked for 4 h and 30 min at a frame rate of
300 ms. The trajectory starts immediately after the polyplex attaches to the cell membrane. The
inset shows an enlargement of the first part of the trajectory. The color of the trajectory is shown as
changing from red to blue with progressing time. Phase I was observed until t = 160 s and phase II
until t = 240 s, followed by phase III. Scale bar: 3 lm; scale bar inset: 1 lm. b Instantaneous
velocity plot of the trajectory presented in a. The instantaneous velocity of the EGF+ particle is
plotted versus time for each frame. The color coding corresponds to matching time points in the
trajectory. Phase I: slow directed motion, phase II: diffusion, phase III: directed motion along
microtubules

98 3 Cell Surface Diffusion and Adsorption



Three phases of motion were reported in Bruin et al. (2007). Phase I shows slow
directed motion, phase II consists either of normal, anomalous, and confined dif-
fusion or a combination of them, and phase III shows fast, active transport in the
cytoplasm. Phase I occurs shortly after attachment to the cell membrane where the
polyplexes show slow directed transport with typical velocities of *0.015 µm/s.
This transport is attributed to the movement of the underlying actin cytoskeleton
mediated by the epidermal growth factor (EGF) receptor and linker proteins as
revealed by dual-color microscopy. The polyplexes are thus considered to be
transported by the retrograde actin flow within the cell. A similar behavior is found
for untargeted polyplexes where the cell surface-attached polyplexes colocalize
with actin fibers of the underlying cortical actin network (Bausinger et al. 2006).
SPT of the membrane-bound polyplexes follows various motional behaviors
including 2D free diffusion, anomalous diffusion as well as complete immobiliza-
tion. Similarly, magnetic polyplexes are reported to display the three phases of
internalization, independent of the applied magnetic field (Sauer et al. 2009).

Most particles are found quenched during phase I, so they are still accessible to
trypan blue and attached to the extracellular membrane (see Fig. 3.10a). Tracking
of unquenched particles (see Fig. 3.10b) reveals diffusive or directed motion at a
later time point (see Fig. 3.10c, d). Particles that exhibit normal and confined
diffusion (phase II) or directed motion (phase III) are observed not quenched. Thus,
internalization is predicted to occur during phase I. As endocytic vesicles con-
taining the particles escape from the actin network, particle diffusion and inter-
nalization can be observed (phase II).

Fig. 3.10 Trajectories of epidermal growth factor (EGF)+ particles during quenching
experiments. The trajectories were recorded at a frame rate of 500 ms. Trajectories starting shortly
after the time point of addition to the cell are shown. The arrow indicates the time point of
quenching. a Trajectory of a particle that was quenched during phase I, indicating extracellular
attachment. b Trajectory of an unquenched EGF+ particle displaying phase I behavior at addition
of the quencher. c Trajectory of a particle showing phase I behavior at addition of trypan blue and
diffusion at a later time point. d Trajectory of a particle showing phase I at addition of trypan blue.
The particle was not quenched; it started diffusion (phase II) shortly after addition of the quencher
and directed motion (phase III) at a later time point. Scale bar: 2 µm
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3.3.3 Mechanisms of Viral Entry into Cells

The metastable conformation of viruses that are quasi-inert macromolecular
assemblies changes during the cell entry processes. Membrane rupture or fusion and
genome uncoating may occur. Adjusting to local environment is another mecha-
nism viruses adopt with. Virions tune their physical properties and thus enhance
penetration and uncoating. Influenza virus, for example, softens at low pH to uncoat
(Greber 2016). The physical properties such as stiffness and pressure of adenovirus
control uncoating and membrane penetration. The cell membrane mechanical
properties’ perturbation may be important processes helping viral entry into cells.

Enveloped viruses that contain a protein shell with specific nucleic acid geno-
mics and lipid envelope deliver their genomes into the cellular interior region by
fusion of their lipid membranes with a host cell membrane, e.g., an endosomal
membrane (Mercer et al. 2010). Nonenveloped viruses either directly penetrate a
host membrane or deliver a subviral particle containing the genome into the cytosol
(Suomalainen and Greber 2013). Membrane-penetrating peptides of both enveloped
and nonenveloped viruses mask themselves usually in a glycoprotein of the virion
membrane. These peptides are unmasked by cellular cues such as proteases, metal
ions, and reducing agents (Suomalainen and Greber 2013), and some motor pro-
teins mediated mechanical properties that act on the virus during entry (Yamauchi
and Greber 2016).

Cells are known to sense, generate, and bear mechanical forces. Cells can
convert these forces into particular responses, in processes of mechanotransduction
(Bao and Suresh 2003). Unlike cells or organelles, which adjust their stiffness to
resist tension to respond to external forces, viruses are not commonly known to
adjust their mechanical properties under any biological forces, but rather to break or
rupture. Such ‘inertia’ offers opportunities for the virus to use mechanical events to
break the capsid open and release the viral genome for transcriptional activation
during entry into cells (Greber 2016). Cellular cues thus are able to modulate the
physical properties of viruses and affect viral entry into cells and infectivity.

The article written by Greber earlier this year (Greber 2016) has attempted to
integrate physical properties of single virus particles with mechanical or chemical
cues from host cells. Last year, Greber group (Luisoni et al. 2015) wrote another
paper to demonstrate on the mechanics of virus and host cell to explain the cell
membrane penetration and the cell entry. Here, they found that during the cell entry,
nonenveloped viruses undergo partial uncoating to expose membrane lytic proteins
for gaining access to the cytoplasm. The viral membrane lytic protein-VI is found to
trigger a positive feedback loop involving lysosomal secretion, endocytosis, and
lipid modification and thereby enhances the membrane disruption activity of the
virus and infection. Adenovirus uses membrane piercing to induce and hijack
cellular wound removal processes that facilitate further membrane disruption and
infection. Certain lipids like ceramide in the membrane are also found to favor
membrane binding of the lytic proteins and virus rupture of endosomes. A flowchart
has been put forward to explain the mechanism in brief (see Fig. 3.11).
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3.3.4 Tracking the Viral Entry into Cells

A three-stage entry process has been detected for the cell entry of influenza viruses
(Ruthardt et al. 2011). This is slightly different than that explained earlier for the
polyplexes (Lakadamyali et al. 2003). Shortly after addition of the viruses to the
cells, at stage I, virus particles were found to show a slow actin-dependent
movement in the cell periphery. At stage II, a short unidirectional movement
toward the perinuclear region was found. This is followed by intermittent and
bidirectional movement in the nuclear periphery in stage III (see Fig. 3.12). The
comparatively rapid stage II movement was followed by the initial acidification of
the endosomes. Consequently, virus fusion occurred at the end of stage III
(Ruthardt et al. 2011).

The cell entry process follows a specific pathway with a number of cellular factors
involved which has been simplistically schematized in the model presented shown in
Fig. 3.13 (Luo 2012). The influenza virus is adsorbed at the cell plasma membrane by
endocytosis (Bottcher et al. 1999). The virus particle then quickly enters coated vesicles
(endosomes) inside the cell. The virus particles are internally transported inside the
endosomes to locations near the nucleus (Lakadamyali et al. 2003). There are now a lot

Fig. 3.11 Schematic representation of the summary of lipid signaling-enhanced virus penetration
of endosomal membranes. (1) Limited human adenovirus species (HAdV) uncoating leads to
exposure of the membrane lytic protein-VI and influx of Ca2+ through small lesions of the plasma
membrane. (2) Ca2+ influx triggers lysosomal exocytosis and delivery of ASMase to the outer
surface of the plasma membrane. (3) Acid sphingomyelinase (ASMase) converts sphingomyelin
(SM) to ceramide (Cer). (4) Cer increase accelerates virus endocytosis. (5) Cer increasingly
recruits protein-VI, and this enhances the destabilization of the endosomal membrane until enough
protein-VI has been released. (6) Endosomal membrane breaks, and virus is released to the cytosol.
For details, see Luisoni et al. (2015)
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Fig. 3.12 Entry of influenza virus. a The trajectory of a DiD-labeled virus inside a cell. The color
of the trajectory codes time with the colored bar indicating a uniform time axis from 0 s (black) to 500 s
(yellow). The red star indicates the fusion site. Bar = 10 µm. b The instantaneous velocity (black) and
DiD fluorescence intensity (blue) during the trajectory of the virus. t1, t2, and t3 are the durations of
stages I, II, and III, respectively. Stage I starts with contact of the virus with the cell, stage II consists of
a rapid unidirectional translocation from the cell periphery to the perinuclear region, and stage III is the
period between stage II and fusion and shows intermittent and bidirectional movement in the nuclear
periphery. Fusion of the virus with the acidified endosome always occurs after the rapid movement in
stage II. For details see, Ruthardt et al. (2011)

Fig. 3.13 Model for the entry pathway of influenza virus
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of animated videos explaining the viral entry. One such is found in the link [Link] that
helps understand the viral entry into the cell quite easily.

Confocal microscopy can be used to track the viral particles 3D entry into cells.
Figure 3.14 shows the assembly of HIV-1 particles on the dorsal cell surface. A 3D
trajectory of a nascent assembly site from the beginning of assembly to release is
shown in Fig. 3.14a. A 2D trajectory projection, the fluorescence intensity during
the assembly process, and the instantaneous velocity are shown in Fig. 3.14b, c.
The phase I is shown in red, phase II in yellow, and phase III in cyan. The residual
gag molecules’ fluorescence in the plasma membrane made it possible to recon-
struct the cell membrane, shown as the brown surface in Fig. 3.14a. Using the
spinning disk confocal microscope measurements, the total assembly time of HIV-1
was found to be *30 min.

3.4 Cell-Penetrating Peptides and Cell Uptake
Mechanisms

Cell-penetrating peptides (CPPs) provide an effective strategy for intracellular drug
delivery. CPPs’ diffusion into cells is therefore an important aspect. Peptide-based
delivery has potency to increase the uptake of drugs in tumor cells. The efficacy of
the treatment thus is increased sometimes by several folds in conventional small
molecular drugs or oligonucleotide-based therapeutics. One relevant clinical
application of cell-penetrating peptides that are found effective is cancer thera-
peutics. We shall familiarize CPPs, their diffusion on cell surface, and the conse-
quent cell uptake mechanisms in this chapter.

3.4.1 Cell-Penetrating Peptides

The definition of the CPPs lies in the name itself. That means the peptides which
have ability to penetrate into the cellular interior region fall in this category. CPPs
are a class of diverse peptides, typically with 5–30 amino acids, that unlike most
peptides can cross the cellular membrane. CPPs also often are referred to as protein
transduction domains (PTDs), Trojan peptides, or membrane translocating
sequences (MTS) (Järver and Langel 2006). Besides independent cell membrane
effects, these peptides have been found to show great potential in the field of drug
delivery. CPPs can deliver a wide range of biomolecules such as proteins, peptides,
oligonucleotides (ON), and NPs to a variety of cell types and to different cellular
compartments, both in vivo and in vitro. CPPs vary greatly in size, molecular
weight, amino acid sequence, and charge. But most of them share the common
feature via their ability to rapidly translocate the plasma membrane and enable
delivery to the cytoplasm or nucleus (Lindgren et al. 2000). The mechanism of the
cellular internalization of hydrophilic macromolecules through the classical
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endocytosis pathway is quite demonstrated. During last almost two decades, some
specialized peptides have been demonstrated to translocate across the plasma
membrane of eukaryotic cells by a seemingly energy-independent pathway. These
peptides are found helpful in the intracellular delivery of macromolecules with
molecular weights several times greater than their own. The cellular delivery using
these cell-penetrating peptides offers advantages over conventional techniques
because it is efficient for a range of cell types, can be applied to cells en masse, and
has potential therapeutic applications (Lindgren et al. 2000).

3.4.2 Probability Functions Related to CPP Diffusion

For peptide internalization, we may construct a model flowchart as shown in
Fig. 3.15. Here, the definition of various probability functions related to CPP dif-
fusion is as follows:

PSA is the cell surface adsorption probability
pFB is the feedback to the cellular exterior region probability
pCI is the cellular internalization probability
pMA is the permanent membrane adsorption probability.

For the case of damage free flow of peptides across the cell membrane from
extracellular region into intracellular region, the number of peptides is conserved,
so

PSA ¼ pMA þ pFB þ pCI ð3:5Þ

In case of localized cell membrane diffusion of peptides, we can consider equal
probability for membrane internalized peptides to be released on both sides of the
membrane that is to extracellular (with feedback probability pFB) and intracellular
(cellular internalization probability pCI) regions. This approximation is considerably
correct as locally membrane appears to be a planar entity having identical hydro-
philic environments (in a broader sense) on both cellular exterior and interior
regions. Therefore, we can consider the following approximation:

pFB � pCI ¼ 1=2ðPSA � pMAÞ ð3:6Þ

Earlier in this chapter, we have provided statistical mechanical analysis on the
free diffusion of NPs and their possible trapping in any defects or interaction sites

JFig. 3.14 3D tracking of HIV-1 assembly and release. a The trajectory of an HIV-1 particle
observed using a spinning disk confocal microscope is shown here. The plasma membrane is
shown in brown. The trajectory is color-coded (phase I, red; phase II, yellow; phase III cyan). b A
2D projection of the trajectory superimposed on a single confocal image of the assembly site.
Bar = 1 µm. c The fluorescence intensity (upper panel) and instantaneous velocity (low panel)
during assembly and release of the HIV-1 particle tracked in panel (a). For details, see Ruthardt
et al. (2011)
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on the surface of the cell. This analysis can be extended to calculating the cell
surface adsorption probability PSA for cell surface adsorbates, e.g., NPs, peptides,
drugs, that freely move on the surface of the cell. For doing, so we need to just
calculate the expression of ‘free energy’ of interaction what can then be used in
Boltzmann’s formula for calculating probability.

As an example, let us consider the free energy of interaction of an adsorbate;
e.g., NP with a defect or interaction site (IS) in the cell surface lipid membrane
background environment is DGNP-IS. The cell surface adsorption probability PSA

would therefore follow this equation:

PSA � Exp �DGNP�IS=kBTf g ð3:7Þ
Here, kB is the Boltzmann constant and T is the absolute temperature of the

interaction site. DGNP-IS depends on biophysical properties of the interacting NP
and IS, and the environment.

The membrane adsorption probability is the probability of the agent to get trapped
inside membrane’s hydrophobic core region. This trapping probability is either
permanent for some agents (we have assumed here pMA) or transient for others; let us
consider this transient membrane trapping probability as pMA,tr. The main difference
between these two can be calculated monitoring the agents residing time inside
membrane. In case of former, the residing time is infinity while for latter it is a finite
time. When a peptide forms an ion channel across the cell membrane, the channel
lifetime may indicate the status of the probability. Either way, the probability depends
on the agent–membrane interaction energetics. If the free energy of interaction of a
hydrophobic membrane (HM) residing NP with the membrane constituents is
assumed to beDGNP-HM,we can apply Boltzmann statistics to calculate themembrane
adsorption probability pMA as:

pFB
PSA

pCI

Fig. 3.15 Cell internalization
of the peptides across cell
membrane. This model
diagram can be compared
with a water tank getting filled
up with an inlet big pipe (with
a probability PSA of the
agents to be in) while leaking
through two outlets
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PMA � Exp �DGNP�HM=kBTf g ð3:8Þ

Calculation of the transient membrane trapping probability pMA,tr follows the
identical protocol as that of PMA. The only difference would be in the free energy of
binding DGNP-HM for the two cases what determines the difference in the agents’
stability inside the membrane hydrophobic core.

A detailed analysis on how to calculate this type of free energy has been pre-
sented in Ashrafuzzaman and Tuszynski (2012a, b) for the case of peptide accu-
mulation in the planar lipid membrane. Thus, calculation of all the necessary
probability functions as explained here is possible by knowing biophysical prop-
erties of the NP and the NP adsorbing cell membrane.

3.4.3 Model Membrane Diffusion of Inserted Peptides

Cell membrane constituents generally move laterally in the 2D plane of the
membrane. This lateral diffusion of membrane-bound agents is a prerequisite for
many biological functions. The diffusivity which in physical form measured as
mobility or inverse friction of such membrane-bound species can be influenced by
many biological factors (Guo and Gai 2010) including a few biophysical properties
of the agent itself.

The lateral diffusion of the cell membrane lipids and the membrane-adsorbed bio-
molecules, such as proteins and peptides, is found to control the timescale within which
key molecular events take place (Liebman and Pugh 1979; Pastan and Willingham
1981; Hackenbrock 1981; Koppel 1982; Gross and Webb 1986; Peters 1988) in bio-
logical systems. Membrane-bound antimicrobial peptides (AMPs) need to diffuse lat-
erally to find each other and form the functional oligomeric structures. Here, the
diffusion rate of the membrane-bound peptides may limit the rate of oligomer formation.
Similarly, the lateral diffusion rate of membrane-bound a-helices plays an important role
in determining the folding time of MPs, while the two-stage model of MP folding
(Popot and Engelman 2000) suggests that secondary structure formation precedes the
formation of tertiary structures. The two-stage model (compare between stage I and
stage II), as presented in Fig. 3.16, explains how diffusion drives side-to-side helix and
interactions cause association. This interaction finally results in a especially functional
protein representation in a membrane. Here to mention that the interaction driven
energies have recently been calculated by us for the case of association of peptides e.g.,
gramicidin A (gA) or alamethicin monomers to form b-helix or toroidal pore in a model
membrane system considering the charge property based peptide-peptide and
peptide-lipid interactions (Ashrafuzzaman and Tuszynski 2012a, b).

Schematic sketches were put forward by Borman and Engelman in 1992 (Borman
and Engelman 1992) to explain transmembrane signal transduction with the help of
MP structural changes that draws displacement, rotation, push and pull mechanisms.
Here, two models, namely single-helix model and oligomerization model, have been
considered for transmembrane diffusion of information. The single-helix model
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suggests four mechanisms of transmitting information through the bilayer via a
single-helical domain (see the explanation in the caption of Fig. 3.17), whereas the
latter model suggests that signaling through the transmembrane regions may offer
the diffusion through oligomerization as explained in the caption of Fig. 3.18.

Fig. 3.16 Two-stage model. Individual helices of a polytopic protein are postulated to be stable
separately as domains in a lipid bilayer. Their stability as domains is a consequence of the
hydrophobic effect and main-chain hydrogen bonding. Other interactions then drive side-to-side
helix association, resulting in a functional protein. Specific folding energy is provided mainly by
packing of the preformed helices with each other, by loop structures, and by interactions with
prosthetic groups. Additionally, ion pairs and hydrogen bonds between helices are sometimes
found, and general contributions are made by interactions with the lipid environment. See Popot
and Engelman (1990, 2000)

Fig. 3.17 Signal transduction: single-helix model. Each diagram depicts the conformation of the
receptor before and after the ligand interactions. Four mechanisms are as follows: Helix unfolds,
proline peptide bonds isomerize, helix rotates, and then the helix is pushed or pulled
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3.4.3.1 Monitoring Diffusion of Membrane-Bound Peptides: General
Perspective

The mobility of a membrane-bound species is experimentally found to be sensitive
to its conformation and location (Guo and Gai 2010). The diffusion measurement
can provide useful information regarding the conformational distribution of
membrane-bound peptides. The mobility of a membrane-bound species is also
found to depend on its concentration. An analysis of direct measurements on
dynamic parameters related to diffusion properties and surroundings that influence
the diffusivity/mobility may provide important understanding to the problem. We
shall address this issue here.

A few years ago, Guo and Gai (2010) attempted to provide a better understanding
of how the mobility of a membrane-bound biological molecule gets dictated by the
conformation and location of the agent. They studied the diffusion properties of a pH
low insertion peptide (pHLIP) in model membranes using fluorescence correlation
spectroscopy. Two distinguishable results were reported as follows:

(i) When the pHLIP peptide was located on the membrane surface, its lateral
diffusion was characterized by a distribution of diffusion times, the charac-
teristic of which depends on the peptide–lipid ratio.

(ii) As the pHLIP adopted a well-defined transmembrane a-helical conformation,
the peptide still was observed to exhibit heterogeneous diffusion, and the
distribution of diffusion times was found to be independent of the peptide–
lipid ratio.

Fig. 3.18 Oligomerization models. The upper schematic diagram suggests an association/
dissociation equilibrium that usually favors oligomerization of proximal receptors in the presence
of ligands (top, right). The bottom diagram suggests for possibility of receptors to exist as
monomers or oligomers and may oligomerize and/or alter their conformations by an allosteric
mechanism
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Fluorescence intensity fluctuations arising from the fluorescent molecules dif-
fusing into and out of a small confocal volume are measured in fluorescence cor-
relation spectroscopy (FCS). It helps measure the diffusion time and hence the
diffusion constant of the agents in diffusion (Magde et al. 1974; Haustein and
Schwille 2007). In addition, observing single molecules and probing the diffusion
heterogeneity are performed using FCS (Burns et al. 2005; Zhang and Granick
2005; Guo et al. 2007). To address these, Guo and Gai performed FCS to measure
pHLIP diffusion using two lipid bilayer systems, namely supported lipid bilayer
constructed of phospholipid 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) and
giant unilamellar vesicles (GUVs). For detailed preparation technique, read from
Guo and Gai (2010).

3.4.3.2 Diffusion of pHLIP Bound to a Supported Lipid Bilayer

A 2D-constructed membrane is generally utilized as supported lipid bilayer for
diffusion measurements. Figure 3.19a presents FCS measurement data, with an
acquisition time of 40 s, and indicates that the pHLIP diffusion is very heteroge-
neous. Figure 3.19b indicates that increasing the peptide concentration appears to
decrease the heterogeneity of the diffusion time (sD) and also leads to a decrease in
the average peptide diffusion time.

FCS measurements using a fluorescent-tracer-labeled lipid (i.e., Texas Red
DHPE) without pHLIP show that the diffusion of the lipid is heterogeneous. This
result is in agreement with that of Burns et al. (2005). It also suggests that the

Fig. 3.19 Diffusion time (sD) distributions of TMR-labeled pHLIP bound to a supported lipid bilayer
of POPC at pH 8 and different total peptide concentrations: a 1 nM and b 1 lM. (Inset) Diffusion time
(sD) distribution of Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylam-
monium salt (Texas Red DHPE) (0.002 mol%) in supported lipid bilayer of POPC at pH 8. See Guo
and Gai (2010)
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heterogeneous pHLIP diffusion observed in the current case could arise from in-
teractions between peptide and the substrate or between lipid and the substrate.
Nevertheless, control experiments showed that the characteristic diffusion times of
pHLIP in buffer, obtained from multiple repeated measurements, are only dis-
tributed within a very narrow time range. The pHLIP diffusion constant is deter-
mined to be (1.3 ± 0.1) � 10−6 cm2/s in aqueous solution, which is consistent
with those obtained on other peptides of similar size (Tjernberg et al. 1999;
Sengupta et al. 2003).

3.4.3.3 Diffusion of pHLIP Bound to Giant Unilamellar Vesicles

The giant unilamellar vesicles (GUVs) used in this study have diameters within
5–50 lm. This dimension remains static on the FCS experimental timescale.
Figure 3.20a–c shows that for POPC membranes the pHLIP diffusion times at pH 8
have a distribution whose position and width depend on the concentration of peptide
or the ration of peptide–lipid. The distribution becomes bimodal, and the average
diffusion time becomes shorter at relatively high concentration. A similar concen-
tration dependence is also reported for POPC/POPG membranes at pH 8 but with
overall less pronounced change. In contrast, at pH 4 the sD-distribution of pHLIP
shows little or no dependence on concentration of the peptide; see Fig. 3.20d–f. The
pH dependence comparison is also better presented in Fig. 3.21. These results alto-
gether indicate that the location and conformation of a membrane-bound peptide (in
this case pHLIP) are important determinants of the diffusibility/mobility of the
peptide.

The above analysis of the results of the diffusion of pHLIP in two model
membranes, namely supported lipid bilayers and giant unilamellar vesicles, clearly
suggests for a heterogeneous peptide diffusion. The extent of the heterogeneity
depends on pH and peptide concentration. These are two important determinants of
the peptide diffusion coefficients. These results and conclusions found here are
obvious considering various biophysical properties the membrane-bound peptides
pose to have that dictate the dynamic peptide interactions with membrane con-
stituents. The interaction mechanisms are found readily explained in our earlier
published book ‘Membrane Biophysics’ (Ashrafuzzaman and Tuszynski 2012a).

3.4.4 Therapeutic Applications of CPP for Enhanced Cell
Uptake of Agents

In therapeutic applications of stem cells, the delivery of proteins is considered the
safest. Proteins can regulate gene expression transiently without considerable
alterations in genomics. Although it is quite difficult to accurately measure effi-
ciency or quantity of the intracellular protein uptake, a comparison study of
CPP-conjugated protein delivery system was recently performed using seven
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arginines and streptolysin O (SLO)-mediated system (Jo et al. 2014). This study
was chosen to explain how a CPP might involve itself in creating a better cell
uptake mechanism for important biological agents’ cell internalization in compar-
ison with other mediators, e.g., an exotoxin streptolysin.

Fig. 3.20 Diffusion time (sD) distributions of TMR-labeled pHLIP bound to the lipid bilayer of
GUVs measured at different total peptide concentrations and pH values, as indicated. (Insets)
Corresponding cumulative distribution of the diffusion times (Guo and Gai 2010)
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To compare CPP- and SLO-mediated protein delivery systems, the investigators
used GFP and ESRRB proteins, which are known to regulate pluripotency-related
genes, for delivery into human bone marrow stromal cells (hBMSCs) and human
testicular stromal cells (hTSCs). CPP-conjugated protein delivery was reported
more efficient, lower cytotoxicity, and higher biological activity than SLO-mediated
protein delivery system. These results thus suggest that delivery of CPP-conjugated
proteins is an efficient tool for introducing biologically active proteins into cells.
Enhanced and efficient cellular adsorption of agents with the help of CPP may have
important implications in clinical cell-based therapy.

As said here, Jo et al. performed a few experiments to examine the intracellular
protein uptake of the two delivery systems, CPP-conjugated and SLO-mediated (Jo
et al. 2014). Suspended hTSCs and hBMSCs were treated with the following:

(i) 10 lg of CPP-GFP for CPP-conjugated protein delivery system, or
(ii) 10 lg of GFP for 1 hr after SLO-mediated pore formation for 50 min for

SLO-mediated protein delivery system.

The efficiency of protein uptake was then compared with two treatments.
Regarding uptake percentage of cells, the study reports to have observed a high
efficiency of protein delivery using both of two different protein delivery systems,
which is nearly 99%. The investigators then performed amount quantification of
total intracellular protein uptake by confocal laser microscopy analysis. Results are
presented in Fig. 3.22.

As shown in Fig. 3.22a, CPP-conjugated GFP was observed to deliver efficiently
into hTSCs and hBMSCs. On the other hand, the SLO-mediated GFP was also
observed to deliver but with a lower delivery efficiency compared with
CPP-conjugated GFP. ImageJ software (NIH) was then used to measure the
intensity of the intracellular GFP signal by performing the semiquantitative analysis
of GFP uptake. The reported intensity of the CPP-GFP signal was found over

Fig. 3.21 Diffusion times of
TMR-labeled pHLIP in water
at pH 4 and 8, respectively
(Guo and Gai 2010)
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twofold that of the SLO-mediated GFP signal in hTSCs and hBMSCs (see
Fig. 3.22b).

Western blot analysis was performed to investigate the difference in quantity of
the two delivery methods. These results were similar to those of the confocal
microscopy image data (see Fig. 3.22c–e). To compare the delivery efficiency of a
large protein, 50 kDa ESRRB was transduced into hTSCs and hBMSCs.
Although ESRRB weighs twofold more than GFP, the delivery efficiency was not

Fig. 3.22 a Transduction of GFP and R7-GFP was detected by confocal microscopy. GFP or
R7-GFP were visualized in green. Nuclei were counterstained with DAPI, and the images were
merged (the top 3 rows show 400 � magnification, and the bottom 2 rows show 1000 � mag-
nification plus 3 � zoom). Scale bars represent 20 lm. b Relative intensity of
GFP. c Quantification of delivery of protein (GFP and ESRRB) and CPP-conjugated protein
(R7-GFP and R7-ESRRB) was confirmed by Western blot. Lane 1, nontreated control; Lane 2,
mock protein control (GFP and ESRRB); Lane 3, CPP-conjugated protein (R7-GFP and
R7-ESRRB); Lane 4, SLO-mediated protein (GFP and ESRRB). All samples were normalized to
a-tubulin. Full-length blot images are available in the online link for supplementary materials (see
Jo et al. 2014). Relative intensities are shown for both GFP (d) and ESRRB (e). Data are presented
as means ± SEM of three replicates. a, b, c Different superscripts represent significant differences
(p < 0.05). For details, see Jo et al. (2014)
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decreased when compared with that of GFP delivery. Additionally, the cellular
uptake of the CPP-ESRRB protein was more efficient than that of the
SLO-mediated ESRRB protein (see Fig. 3.22a–e).

Jo et al. (2014) performed in vitro cytotoxicity assay to evaluate the cytotoxicity
of the two protein delivery systems using two different assays as follows:

First, a cell viability assay was performed. Live cells were detected with
calcein-AM (green signal), and dead cells were detected with ethidium
homodimer-1 (red signal) (see Fig. 3.23a). The viability of the CPP-conjugated
protein delivery system was 90.0% ± 1.26 in hTSCs and 85.9% ± 1.10 in
hBMSCs, compared to the control. However, the viability of the SLO-mediated
protein delivery system was 84.0% ± 0.70 in hTSCs and 76.4% ± 0.85 in
hBMSCs. Comparison indicates that the pore-forming toxin significantly reduces
cellular viability (see Fig. 3.23b).
Second, the cell apoptosis was investigated by the TUNEL assay. Although the
CPP-conjugated protein delivery system induced apoptosis in only a few cells, the
SLO-mediated protein delivery system induced apoptosis in over 4 and 10% of cells
(see Fig. 3.23c).

Jo et al. then performed a comparison of the biological activity of ESRRB-
delivered cells using two different protein delivery systems (Jo et al. 2014). To
compare the biological activity of CPP-ESRRB and SLO-mediated ESRRB delivery,
hTSCs and hBMSCs were treated, and the cells were collected 24 h after delivery.
The biological activity of ESRRB was measured as the alteration of the expression
levels of pluripotency-related genes using qRT-PCR. The expression levels of OCT4,
SOX2, and NANOG showed a significant increase in the CPP-ESRRB-delivered
cells compared with the cells treated by SLO-mediated ESRRB delivery (see
Fig. 3.24a, b). To measure biological activity of ESRRB in other way, proliferation
rate of control, CPP-conjugated and SLO-mediated ESRRB-delivered hTSCs and
hBMSCs were calculated. The groups of CPP-ESRRB-delivered hTSCs and
hBMSCs showed a significantly increased proliferation rate (see Fig. 3.24c).
Differentiation potential was then examined to detect biological activity of delivered
ESRRB. All three groups of hTSCs and hBMSCs were induced in vitro differenti-
ation into three mesodermal lineage cells: adipogenic, chondrogenic, and osteogenic
cells. In adipogenic differentiation, we confirmed elevated expression level of C/
EBPa and PPARc which are adipogenic-specific markers in both CPP-conjugated
and SLO-mediated ESRRB-delivered cells compared to control cells. Importantly,
CPP-ESRRB-delivered hTSCs and hBMSCs showed significantly higher expression
levels in both markers than SLO-mediated ESRRB-delivered cells (see Fig. 3.24d).
In case of chondrogenic differentiation, COMP and SOX9 were used as
chondrogenesis-specific markers, and CPP-ESRRB-delivered hTSCs showed much
higher expression level in COMP compared to control and SLO-mediated
ESRRB-delivered cells. Besides, hBMSCs showed significantly increased effi-
ciency in SOX9 expression level in both CPP- and SLO-mediated ESRRB-delivered
cells, but significantly higher expression was detected in CPP-ESRRB-delivered cells
than the SLO-mediated ESRRB-delivered cells (see Fig. 3.24e). However, no
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significant difference was found in osteogenesis differentiation in all groups
(Fig. 3.24f). Collectively, delivery of the large CPP-ESRRB protein was shown to be
efficient and results in measurable biological activity levels.

3.4.5 CPP Selection

CPPs vary greatly in size, amino acid sequence, and charge but they share the
common feature that they have the ability to rapidly translocate the plasma mem-
brane and enable delivery to the cytoplasm or nucleus (Lindgren et al. 2000).

Fig. 3.23 a Cell viability assay; live cells (green) and dead cells (red) were detected by
fluorescence microscopy. b Live cells and dead cells were counted, and the ratio of live to dead
cells was calculated. c Apoptosis was examined by the TUNEL assay. Scale bars represent
100 lm. Data are presented as means ± SEM of six (b) and three (c) replicates. a, b Different
superscripts represent significant differences (p < 0.05). For details, see Jo et al. (2014)
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Fig. 3.24 a Quantitative real-time RT-PCR and b RT-PCR analysis of pluripotency-related genes.
Expression levels of OCT4, SOX2, and NANOG in hTSCs and hBMSCs were analyzed 24 h after
R7-ESRRB or SLO-mediated ESRRB delivery. Each gene was normalized to b-actin as a
housekeeping control (1: ESRRB(mock), 2: R7-ESRRB, 3: SLO(mock), 4: SLO ESRRB).
c Altered proliferation rate of ESRRB-delivered hTSCs and hBMSCs was calculated as fold
change of population doubling number. In vitro, differentiation analysis of the ESRRB-delivered
cells was performed by quantitative real-time RT-PCR of d adipogenesis-specific markers C/EBPa
and PPARc, e chondrogenesis-specific markers COMP and SOX9, and f osteogenesis-specific
markers COL-I and RUNX2. Data are presented as means ± SEM of four (a), six (b), three (c),
and four (d–f) replicates. *p < 0.05. For details, see Jo et al. (2014)
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The idea to use CPPs as delivery vectors originates from so-called membrane
shuttling proteins such as the Drosophila homeobox protein antennapedia, the HIV-1
transcriptional factor TAT, and the capsid protein VP22 from HSV-1. Three decades
ago, TAT was found to rapidly translocate over the cellular membrane, into the
cytoplasm (Green and Loewenstein 1988). The same properties were later shown for a
Drosophila homeobox protein. A short, 16 amino acid (aa) peptide derived from the
third loop of the antennapedia protein was found responsible for the cellular translo-
cation of the whole protein (Derossi et al. 1994). This pioneering work initiated the
whole field to use peptides as efficient delivery vectors for bioactive compounds what
we now know as cell-penetrating peptides.

Since the CPPs use as delivery vectors, a myriad of peptides has been reported to
have the cell-penetrating properties. These peptides originate from different classes,
either naturally occurring peptide sequences such as virally derived (TAT, VP22),
from transcription factors (pAntp), chimeric peptides (transportan, MGP) or syn-
thetic (polyarginines, Pep-1).

In 2013, Bechara and Sagan presented an overview on CPPs’ 20 years (Bechara
and Sagan 2013). According to the origin, CPPs are now classified into three
distinguishable main classes:

(i) Peptides derived from proteins;
(ii) Chimeric peptides that are formed by the fusion of two natural sequences;
(iii) Synthetic CPPs which are rationally designed sequences usually based on

structure–activity studies.

For a list on CPP selection, see Table 3.5.
Other attempts to classify CPPs, in spite of their diversity, were based on the

physicochemical characteristics of the sequences, e.g., their amphipathicity (Ziegler
2008) or their hydrophobicity (Madani et al. 2011). A review summarizes the different
classifications and the physicochemical properties of the so-far described CPPs (Milletti
2012). Even though CPPs have a great sequence variety, it is possible to identify three
major classes: cationic, amphipathic, and hydrophobic. A broad overview of the current
CPPs landscape is presented in Fig. 3.25 (see Milletti 2012).

Table 3.5 Origin and sequences of some of the studied CPPs

Peptide Origin Sequence Reference

Protein-derived

Penetratin Antennapedia
(43–58)

RQIKIWFQNRRMKWKK Derossi et al.
(1994)

Tat peptide Tat(48–60) GRKKRRQRRRPPQ Vives et al.
(1997)

pVEC Cadherin
(615–632)

LLIILRRRIRKQAHAHSK Elmquist
et al. (2001)

Chimeric

Transportan Galanin/
mastoparan

GWTLNSAGYLLGKINLKALAALAKKIL Pooga et al.
(1998)

(continued)
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The data presented in Fig. 3.25 contain more than 100 diverse CPPs (presented
in Milletti (2012)) corresponding to the CPPs derived from heparan-, RNA- and
DNA-binding proteins, signal peptides, AMPs, viral proteins, natural proteins, and
peptide libraries. Most CPPs in the set have a net positive charge (83%); anionic
CPPs do not form a class of their own, and they are assigned to different classes on
a case-by-case basis; amphipathic CPPs, which comprise both cationic and anionic
peptides, form the largest class (44%). Only 15% of the peptides are classified as
hydrophobic (Milletti 2012).

3.4.6 Cell Internalization Mechanisms of CPPs:
a Model Demonstration

Attempts have been made in order to elucidate the true mechanisms of
peptide-mediated uptake. But the results are divergent. It seems apparent that dif-
ferent peptides utilize different cell uptake pathways (Thorén et al. 2003).

CPP translocation mechanisms suggested in early studies that the internalization
of these peptides was not inhibited by depletion of the cellular adenosine triphos-
phate (ATP) pool, low temperature (+4 °C), or inhibitors of endocytosis (Langel
2002). Chemical modifications of the peptide sequences, such as the synthesis of
retro, enantio, or retroenantio analogs, appeared not to affect the internalization
properties (Derossi et al. 1996). Translocation was thought to result from direct
transfer through the cell membrane lipid bilayer. Figure 3.26 demonstrates the CPP
translocation through membrane (Bechara and Sagan 2013).

The inverted micelle formation was the proposed mechanism for these uptakes.
Here, cationic residues interact with negatively charged plasma membrane followed

Table 3.5 (continued)

Peptide Origin Sequence Reference

MPG HIV-gp41/
SV40
T-antigen

GALFLGFLGAAGSTMGAWSQPKKKRKV Morris et al.
(1997)

Pep-1 HIV-reverse
transcriptase/
SV40
T-antigen

KETWWETWWTEWSQPKKKRKV Morris et al.
(2001)

Synthetic

Polyarginines Based on Tat
peptide

(R)n; 6 < n < 12 Mitchell
et al. (2000),
Futaki et al.
(2001)

MAP de novo KLALKLALKALKAALKLA Oehlke et al.
(1998)

R6W3 Based on
penetratin

RRWWRRWRR Delaroche
et al. (2007)
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by invagination of tryptophans into the membrane, inducing inverted micelle for-
mation (Derossi et al. 1996). The mechanism of inverted micelle formation seems to
explain some aspects of CPP translocation and still appear to hold for some peptides
used in cellular delivery of bioactive molecules (see Fig. 3.26).

Direct translocation involves plasma membrane destabilization, in an energy-
and temperature-independent manner. Evoked at first as the mechanism of mem-
brane internalization of CPPs and then refuted as an artifact of fixation, direct
translocation was later confirmed using fluorescence in living cells, quantification
of the uptake at 4 °C and in the absence of endocytosis (e.g., ATP depletion), and
using various biophysical approach in model systems (Jiao et al. 2009; Saalik et al.
2011; Thoren et al. 2004; Binder and Lindblom 2003; Elmquist and Langel 2003).
Noteworthy, while endocytosis in inhibited at 4 °C, direct translocation is also
decreased for membrane dynamics and fluidity is affected at such low temperature
(Zaro and Shen 2003, 2005). Thus, assessing direct translocation at low tempera-
tures in living cells leads to an underestimation of this latter. Various hypotheses
have been reported to explain direct translocation of CPPs across the lipid bilayer.

CPP translocation in other studies is considered mostly an energy-dependent
process (Vives et al. 2003). Mechanisms may involve extracellular heparan sulfate

Fig. 3.25 Distribution of CPPs by their net average charge and class. Anionic CPPs can be
classified as hydrophobic or amphipathic CPPs. By contrast, many cationic CPPs are highly
charged peptides, without any amphipathic arrangement or hydrophobic character. Copied from
Milletti (2012)
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(Console et al. 2003) and different types of endocytosis (Richard et al. 2003;
Fittipaldi et al. 2003) such as macropinocytosis, clathrin-dependent endocytosis,
caveoale-dependent endocytosis or clathrin endocytosis, and caveoale-independent
endocytosis. These processes do not necessarily contradict each other rather
demonstrating that peptide-mediated membrane translocation is mediated by sev-
eral different pathways simultaneously. Different peptides may also utilize diverse
uptake mechanisms depending on their cargo and biophysical properties (Fischer
et al. 2002). The endosomal pathways contribute to the major route of uptake of
CPPs, although several reports show an uptake independent of endocytosis (Thorén
et al. 2003; Henriques et al. 2005; Deshayes et al. 2004). The cell uptake mecha-
nism could also be altered by different cargoes if the peptides form a stable complex
with its cargo and if the cargo is covalently bound to a CPP or how the cargo is
attached (Silhol et al. 2002). For schematic representation, see Fig. 3.27.

3.5 Bacterial Cell Uptake of Antibiotics: Antibiotic Influx
Across Bacterial Membrane

Examining the bacterial outer membrane (OM) permeability requires attention to
address the antibiotic uptake by cells (Nikaido 2003). Pathway of influx of an-
tibiotics was inspected rigorously in a review by Nikaido (2003). Agents that
contain a strong acid group, a quaternary ammonium group, or multiple charged
groups are expected to have difficulty in crossing the bilayer regions of the OM.
This is especially so because the lipopolysaccharides (LPS)-containing bilayer of
the OM shows permeability to lipophilic probes that is about two orders of mag-
nitude lower than that of the conventional phospholipid bilayer membranes (Plesiat

Fig. 3.26 Examples of the proposed mechanisms for direct translocation. a Inverted micelle
formation. b Pore formation. c Adaptive translocation
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and Nikaido 1992). Increased susceptibility in the mutant or in the PMBN-treated
bacterium indicates strongly that the major diffusion pathway is through the OM
bilayer. In Fig. 3.28, pretty old sketch on the schematic representation of bacterial
membrane is shown (Chopra and Ball 1982); for a simpler schematic diagram; see
Galdiero et al. (2012). There are three principal layers, namely the OM, the pep-
tidoglycan cell wall, and the inner membrane ‘IM’. The two membrane layers
delimit two aqueous compartments, the cytoplasm and the periplasm.

Bacterial OMs, like other biological membranes, contain channel-forming pro-
teins for membrane permeabilization. One such nonspecific diffusion
channel-forming protein, porin (see Fig. 3.29), was discovered in 1976 (Nakae
1976). Porins were found in every species of gram-negative bacteria investigated
and even in a group of ‘gram-positive’ bacteria, the Corynebacterium-Nocardia-
Mycobacterium complex, which produces a lipid-rich, bilayer-like ‘cell wall.’
Bacterial OM-residing porins are found with the b-barrel structures.

Taking the theoretical considerations together with the available experimental
data, it is likely that small agents (b-lactams, tetracycline, chloramphenicol, and
fluoroquinolones) use mainly the porin channels for penetration, at least in the
Enterobacteriaceae, with their high-permeability porins. In contrast, large, lipo-
philic agents, such as macrolides, rifamycins, novobiocin, and fusidic acid, find
difficulties in diffusing through the porin channels, and therefore even the slow
diffusion across the lipid bilayer becomes significant.

Fig. 3.27 Suggested uptake mechanisms for CPPs and examples of delivered cargoes. (A) CPP
and peptide in single amino acid chain. (B) ON either in complex or covalently linked. (C) Plasmid
in complex by electrostatic interaction. (D) Protein either as fusion protein or in complex with
CPP. (E) siRNA, covalently linked or as complex
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Porins exert a profound influence on the intrinsic level of antibiotic resistance in
gram-negative bacteria. Thus, Pseudomonas aeruginosa and other members of the
fluorescent pseudomonads are known to show intrinsic resistance to a wide range of
antibiotics, in comparison with the members of the Enterobacteriaceae. This is
mainly due to the use of a slow porin, rather than a classical trimeric porin, as the
major channel. OM’s low permeability becomes even more effective in preventing
the influx of antibiotics, thanks to the synergistic effect of the multidrug efflux
complex, which extrudes drugs directly into the medium (Nikaido 1994, 1996).
Mechanisms that determine the OM barrier properties through the modification of
porin and other effective channel expression and/or function may have a huge
impact on the sensitivity of gram-negative bacteria to antibiotics.

Fig. 3.28 Schematic models depicting envelope structure (a) in light of model structure. b The
antibiotic entry routes in gram-negative bacteria. Copied from Chopra and Ball (1982)
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Spectrometric Insights into the Bacterial Cell Uptake of Antibiotics
Bacterial multidrug resistance has always been a significant health issue.
Understanding the membrane permeation of antibiotics in clinically relevant bac-
terial pathogens is crucial. Last year, Cinquin et al. (2015) published a paper to
demonstrate the microspectroscopic insights into the subject. Getting a medically
relevant required antibiotic concentration inside a bacterium is a pivotal step for
most antibacterials. Spectrometric methodology has been developed for drug
detection inside bacteria, and recent studies are dedicated to bacterial cell imaging.
Cinquin et al. (2015) demonstrated a method to quantify the timescale of antibiotic
accumulation in living bacterial cells. Tunable ultraviolet excitation provided by
DISCO beamline (Synchrotron Soleil) combined with microscopy allows spectro-
scopic analysis of the antibiotic signal in individual bacterial cells. Here, real-time
quantification of drug has been performed.

Methods of quantifying the kinetics of antibiotic accumulation at the single
bacterium level and the role of membrane-associated mechanisms of resistance on
this process have been demonstrated in the techniques (we avoid presenting the
detail that is published in Jamme et al. 2010, 2013). The techniques combine the
spatial resolution of microscopy with the high spectral definition required to dis-
tinguish drug-related signal from autofluorescence due to the UV excitation. Deep
ultraviolet (DUV) photons, provided by synchrotron radiation, bring excellent
tunability and sufficient flux to follow label-free antibiotics inside cells.

Fig. 3.29 3D structures of three different porins: Gdp from Rhodobacter capsulatus; PhoE and OmpG
from Escherichia coli. Surface and internal loops are shown in dark gray. The extracellular space is
located at the top of the figure and the periplasmic space at the bottom (Galdiero et al. 2012)
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To obtain reliable measurements on each individual bacterium, segmentation of
the signal needed to be carried out to provide an appropriate ‘outline’ of the cells. In
the case studies of Cinquin et al. using three antibacterial agents, the bacterium
covered a relatively small area; therefore, the amount of information per pixel was
sensitive to the area selected for analysis (Cinquin et al. 2015). Using a 100 X
objective, the bacterium was only represented by a few hundred pixels. Manually
drawing a contour around the cell led to bias that under- or overestimated the area
of the bacterium (see in Fig. 3.30). To avoid adding noise from fragments, unfo-
cused, or aggregated bacteria, measurements were performed only in bacteria with
an area between 70 and 300 pixels.

Fig. 3.30 Segmentation and sorting strategies. a DUV microscope images. Top panels (from left
to right), a bacterium under «visible» transmitted light, the automatic computed mask, and the
background mask. Lower panels, the emission intensity of bacterium under 275 nm excitation
(30 s acquisition) in the filter 1 (327–353 nm) that selects the autofluorescence. To measure the
fluorescence of the bacterium, its total intensity of fluorescence is subtracted by the average
intensity selected by the background mask reported for the whole bacteria and divided by the
bandwidth of the used filter. b Total intensity of fluorescence depending of area centered on a
bacterium (blue dotted line), average intensity of fluorescence (black dotted curve) and second
derivative of the total intensity of fluorescence calculated using the formula written under the graph
(black curve). c Fluorescence intensity from autofluorescence channel for each bacterium against
size. For detailed explanation, see Cinquin et al. (2015)
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Image acquisitions of untreated bacteria were performed to measure the extent of
autofluorescence collected by filter (see Fig. 3.30). A second set of images were
acquired with bacteria incubated with drugs at different time points in the presence
or absence of the efflux blocker carbonyl cyanide m-chlorophenylhydrazone
(CCCP). The cross talk correlation effect (Trón et al. 1984) was used to finalize the
fluorescence intensity (see Fig. 3.31). Correcting for cross talk was fundamental
since the emissions were close to each other in space with significant overlap
between the autofluorescence emission and the antibiotic emission.

Fig. 3.31 Fluorescence intensity using cross talk correlation (see Cinquin et al. 2015).
a Fluorescence images of EA289 bacteria excited with a wavelength of 275 nm, untreated (top
panel), and incubated with an antibacterial agent (middle panel) or with another antibacterial
agent (lower panel): emission from filter 1 (327–353 nm; left panel); emission from filter 2 (370–
410 nm for compound 2 and 420–480 nm for compound 3; middle panel) corrected from cross
talk effect; merge of the two precedent images: filter 1 in green and filter 2 in red (right panel).
b Fluorescence corrected from cross talk effect in function of its size from each bacterium treated
with compound 2 (red diamonds) or with compound 2+ CCCP (green triangles) and c with
compound 3 (red diamonds) or with compound 3+ CCCP (green triangles). The red dots with bars
and green dots with bars are the average with standard deviations for each population. For details,
see Cinquin et al. (2015)
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Translocation through the bacterial membrane (influx) and the activity of efflux
pumps (efflux) may need to be jointly addressed to fully understand the required
intracellular concentration of antibiotic close to the target. It is important to visu-
alize the accumulation rate of an antibacterial agent, to determine its concentration
inside the bacterial cell. Assays suggest that the maximum (steady state) of accu-
mulation is reached at 20 min in EA298 (see data in Cinquin et al. 2015). Besides,
more pinpointed developments are yet to be made to address the sub-cellular
localization of the antibiotic molecules inside various bacterial cell compartments
including membrane, cytoplasm.
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Chapter 4
Nanoscale Processes Giving Rise
to Ion Pores

Agents such as drugs, peptides, biomolecules that are classified as cell active agents
(CAAs) get distributed on the cell surface while they are administered to reach out
to cellular targets. Study on cell surface morphology may help us address the
distribution of CAAs. Cell surface separates hydrophobic cell membrane core from
the cell surrounding water environment. The cell membrane’s outer surface is
hydrophilic. In an attempt made by any type of agents to enter into the cell, at the
first point of entry, the agents have to get transported naturally or via carriers across
the hydrophilic–hydrophobic boundary. The dynamics related to the transport of
this agent follows various laws of physics, such as general diffusion, random dis-
tribution, controlled directional flow, and above all cell surface interaction-based
adsorption. Statistical mechanics concepts play crucial roles behind understanding
the physics of cell surface adsorption of drugs. Although it is a biological process to
understand the phenomenon, one needs to deal with physics theories and necessary
experimental techniques.

There are various CAAs which do not only penetrate into cellular environment
but also act upon certain sections in specific cellular compartments, such as general
cell membrane, specific cell membrane proteins and lipids, general mitochondria,
specific mitochondrial membrane, membrane proteins and lipids, cytosolic proteins,
nuclear membrane. Among them, a few are found to create specific structures, e.g.,
ion channels or pores across hydrophobic membrane boundary. Two types of
studies may help understand the underlying physics behind the action of agents in
cell surface regions. They are either direct observation-based studies or indirect.
The direct assays include imaging of the agents on cell surface to locate their mostly
temporal presence. During imaging phase, their instantaneous coexistence with the
cell surface structure may be detected. The other indirect method of detection
involves techniques that help understand the effects of agents due to their often
partial and instantaneous presence in various regions. Both require clear under-
standing of the statistical nature of the distribution of agents on cell surface.
Phenomenology and energetics are two aspects we need to specifically address.
This chapter is dedicated to doing so using a few mostly physics-based techniques.
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4.1 Cell Surface Absorption of Biomolecules. A Case
Study Using Chemotherapy Drugs

Recently, we produced a few sets of important data on cell surface binding of drugs
taking chemotherapy drug (CD) colchicine as example (see Ashrafuzzaman et al.
2016, submitted). We shall avoid providing details regarding the cell surface
inspection techniques as they are well-established ones and can be found in any
focused textbooks addressing on these techniques. Here we provide a few important
phase diagrams to help us demonstrate mainly two things, namely (i) the general
structure of cell surface and (ii) the structure of surface constructed drug clusters as
a result of cell surface adsorption of drug agents. Knowledge of the drug cluster
structures will help us put forward a few novel hypotheses regarding mechanisms
behind creation of drug clusters on cell surface and subsequent initiation of
drug-specific ion pores/channels inside cell surface/cell membrane.

CDs were recently reported to induce ion pores inside lipid bilayer membranes
by us (Ashrafuzzaman et al. 2011, 2012) as like as peptide-induced channels
(Andersen 1983; Huang 1986; Latorre and Alvarez 1981; Ludtke et al. 1996;
Matsuzaki et al. 1996). We wish to address here the cell surface binding of these
membrane-active agents (MAAs). Atomic force microscopy (AFM) is a cantilever
imaging technique that can address the general surface profile of cells.
Surface-adsorbed nanoparticles (NPs) are monitored utilizing AFM techniques by
measuring the shifts in localized surface heights (Binnig et al. 1986; Schneider et al.
1997; Bhushan 2004; Kuznetsova et al. 2007; Franz and Puech 2008). Here we
have used two different AFMs, namely TappingMode AFM (TM-AFM) for cell
surface morphology study and MultiMode 8 AFM (MM-AFM) for adhesion force
measurements. Details on both techniques along with other cell surface inspection
techniques are presented in Ashrafuzzaman et al. (2016).

AFM images show cell surface geometry and help measure the surface bumps or
landscapes at a low nanometer (nm) dimension. Besides addressing surface
geometry, AFM technique is also capable of measuring the adhesion force (which
can be derived into adhesion energy) related to the cell surface distribution of NPs.
We therefore considered this AFM technique to address the statistical mechanical
nature of the possible cell surface adsorption of CDs by measuring primarily the
cell surface roughness and adhesion forces between CDs and cell surface as a result
of surface presence of drugs.

Living cells generally react to biological alterations such as cell spreading and
shape alterations of membranes and nuclei (Caille et al. 2002; Laurent et al. 2005).
AFM is a versatile tool (Binnig et al. 1986) in biological sciences (Binnig et al.
1986; Schneider et al. 1997; Bhushan 2004; Kuznetsova et al. 2007; Franz and
Puech 2008; Caille et al. 2002; Laurent et al. 2005; Preiner et al. 2015) which is
capable of resolving molecular details of cell surface under ambient condition
(Langer et al. 2000; Madl et al. 2006). It helps address the nanoscale organization
and dynamics of cell membranes and cell walls, measuring cell mechanics and cell
adhesion (Heinisch et al. 2012). General cell action and specific cell-based target

136 4 Nanoscale Processes Giving Rise to Ion Pores



site delivery of agents perhaps require to fulfill two primary aspects. Firstly, the
agents must experience considerable absorbance on the cell surface region while
they are delivered in the hydrophilic extracellular liquid environment. Secondly, the
agents must ensure reasonable statistical presence in and beyond hydrophobic cell
membrane core regions (Ashrafuzzaman et al. 2006, 2008) through of course
membrane interaction mechanisms (Ashrafuzzaman and Tuszynski 2012a, b;
Ashrafuzzaman et al. 2012). Phenomenological address and understanding of the
molecular mechanisms behind agents’ cell membrane action, e.g., the membrane
permeabilization, are crucial aspects. Ion channels as monitored, usually from
electrophysiology recording of ion currents across lipid membranes doped with
various types of naturally occurring and synthetic membrane proteins (MPs) or
antimicrobial peptides (AMPs), may be utilized to investigate whether a protein–
lipid complex creates an ion flowing pore/channel across a membrane (e.g., see
Andersen 1983; Huang 1986; Latorre and Alvarez 1981; Ludtke et al. 1996;
Matsuzaki et al. 1996; Ashrafuzzaman et al. 2006, 2008; Ashrafuzzaman and
Tuszynski 2012a, b). Using the identical electrophysiology technique, we recently
investigated CDs to inspect if they induce events inside membrane analogous to
those due to AMP-induced ion channels (Ashrafuzzaman et al. 2011, 2012). CDs
colchicine and taxol were chosen as example agents due to their premier use in drug
discovery (e.g., see Schiff et al. 1979; Callen 1985; Seidemann et al. 1987;
Fisherman et al. 1992; Holmes et al. 1994). Molecular mechanism of drug effects
on membranes was elucidated by performing in silico molecular dynamic (MD)
simulations of various CD–lipid complexes (see Ashrafuzzaman et al. 2012).
A thorough theoretical analysis on general CAA diffusion across cell membrane
and other inter- and intrastructural cell boundaries has recently been made
(Ashrafuzzaman 2015a, b). Here theoretical parameters related to quantitative
distribution with statistical nature of CAAs have been demonstrated via measuring
their mobility in cell media. All these various techniques help us understand the
mechanisms of general actions and the statistical nature of distribution of CAAs and
MAAs, e.g., CDs on or across cell surface regions, indirectly. A direct measurement
is therefore due. AFM is chosen especially for this purpose.

Colchicine, a potential CD candidate, has a long history of use in immune
system diseases (see Callen 1985; Seidemann et al. 1987). Colchicine won the
approval of USA Food and Drug Administration (FDA) as a drug for treating acute
gout and Familial Mediterranean fever in 2009. It is reported to inhibit leukocyte–
endothelial cell adhesion (Rosenman et al. 1991) and T cells activation (Mekory
et al. 1989) through binding to tubulin dimers, and thus prevents polymerization
into microtubules (Schiff et al. 1979). Colchicine is also found to bind with nuclear
periphery and to disorder the nuclear membrane phospholipid bilayers (Borisy and
Taylor 1967; Agutter and Suckling 1982).

Another CD taxol has been used as agent for ovarian, lung, and breast cancer
chemotherapy (Balasubramanian and Straubinger 1994; Matsumoto and Sakai
1979; Sonee et al. 1998). Due to its molecular action involving stabilization of
microtubules (Schiff et al. 1979), it is especially found suitable for combination
therapy (Fisherman et al. 1992). Taxols incorporated into liposomes penetrate into
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the acyl chain domain which causes alterations of the physical properties, e.g.,
phospholipid phase transitions, lipid order parameters, fluidity, of membranes
(Balasubramanian and Straubinger 1994).

Our recent investigations suggest that CDs colchicine and taxol induce ion pores
across cell membranes. We predict specifically that the ‘toroidal type’ lipid-lined
ion pores are induced by CDs (Ashrafuzzaman et al. 2011, 2012). Due to CDs’
known effects on membrane’s electrical and physical properties (Ashrafuzzaman
et al. 2011, 2012; Agutter and Suckling 1982; Balasubramanian and Straubinger
1994; Matsumoto and Sakai 1979; Sonee et al. 1998; Shiba et al. 1988; Mons et al.
2000), it may be important from cytotoxicity point of view to address their general
cell surface binding. But the mechanisms that play the roles behind cell surface
binding and subsequent effects across cell membrane are not yet clear. Although ion
pores are observed, the pre-pore conditions while CDs interact with cell surface
have not been demonstrated earlier until we have recently performed the AFM
imaging assays (Ashrafuzzaman et al. 2016).

AFM imaging is performed in this new approach to address the cell surface
binding of CDs using colchicine as an example agent. In the cell assay studies, we
wished to achieve a thorough statistical mechanical understanding on cell surface
distribution of the agents and energetics behind (Ashrafuzzaman et al. 2016). In
doing so, we aimed to achieve three fundamental objectives, namely as follows:

(i) firstly, observe and measure the statistical significance of the cell surface
binding of CDs,

(ii) secondly, understand the nature of the surface distribution (randomly or
creating clusters) of drug molecules,

(iii) finally, measure the surface energetics of drugs.

This remarkable statistical mechanical address of drug binding on cell surface may
produce a clearer picture regarding how MAAs act upon cell surface and produce
membrane actions known as general drug effects or often as cytotoxicity of drugs
that target various cellular structures.

4.1.1 Cell Culture and Colchicine Treatment of Cells

Although this section will be explained quite in details in Ashrafuzzaman et al.
(2016), I wish to brief it here for the readership of this book. We have our cell
culture facility at Biochemistry Department, King Saud University. We maintained
the human colorectal adenocarcinoma cells, LoVo, in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco), supplemented with 10% fetal bovine serum (FBS;
Gibco) and 50 units/mL penicillin-50 lg/mL streptomycin (Gibco). At 75–80%
confluence, cells were treated without (control) or with colchicine (Sigma-Aldrich)
at concentration 1 or 100 lM for 24 h. Cells were then trypsinized, washed in
phosphate-buffered saline (PBS; Gibco), and counted using handheld automated
cell counter, Scepter (Millipore) fitted with 60 lm sensor to a final concentration of
5 � 105 cells/mL in PBS for AFM investigations.
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4.1.2 AFM Mapping of the Cell Surface

A sharp tip is mounted to the end of a flexible cantilever. The tip is brought in
contact with the surface, and images are achieved by scanning the surface of the
sample. While scanning the force between the tip and the surface leads to bending
the cantilever. Consequently, deflection is detected by a laser beam reflected at the
end of the cantilever onto a sensitive detector. A three-dimensional (3D) topo-
graphic surface image is achieved by plotting the deflection as a function of the
X-Y position. In a common mode of operation, a feedback loop is used to maintain a
constant deflection, while the topographic information is obtained from the can-
tilever vertical displacement (Bhushan 2004; Franz and Puech 2008; Kuznetsova
et al. 2007). Here we have used two different AFMs, namely TappingMode AFM
(TM-AFM) for cell surface morphology study and MultiMode 8 AFM (MM-AFM)
for adhesion force measurements.

Quantitative adhesion force images were recorded on a MM-AFM, Bruker
(Ashrafuzzaman et al. 2016). The Antimony (n)-doped Si tip with spring constant
of 200 N/m was used under PeakForce Quantitative Nanomechanical Mapping
(QNM) mode. PeakForce QNM is a special kind of imaging mode of AFM based
on PeakForce Tapping technology. In this technique, each tip–sample interaction is
considered to extract quantitative nanomechanical properties such as elastic mod-
ulus, adhesion, deformation, and dissipation. This technique allows mapping the
above-mentioned properties quantitatively and at high resolution at every pixel and
at the same rate of the normal topography map. Each adhesion force image consists
of 512 � 512 pixels, and each pixel indicates the quantitative adhesion force
extracted from the force versus separation plot in a single nanoindentation.

4.1.3 AFM Image Inspections. CDs Form Clusters
on Cell Surface

Figure 4.1 (top panel) presents AFM topography images demonstrating the profiles
such as height, amplitude error, and phase of a cancer cell on SiO2 substrate. In the
background of top panel figures, a few visible small blobs could be reminiscent of
solvent molecules used to make the solution of cells.

Our aim was to check whether the colchicine molecules bind to the cancer cell
membrane. The colchicine-treated cells were deposited onto the SiO2 surface, and
AFM images were recorded. Figure 4.1 (bottom panel) presents the AFM topog-
raphy images of a single colchicine-treated cell. Here the shape of the cell is
distorted, and this could be due to colchicine induction to the cell. It is seen from
the bottom panel phase image (see Fig. 4.1c) that the cell is sitting on the liquid. In
contrast to the top panel, the bottom panel image of a single cell (Fig. 4.1) shows a
few blobs of different sizes on the cell membrane. This is clearly visible in 3D cell
images (see Fig. 4.2).
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In order to measure the height of different blobs on the colchicine-treated cells, a
high-resolution AFM height image was recorded (see Fig. 4.3). Compare the par-
ticle height with colchicine molecule dimension as shown in Fig. 4.4. As mentioned
in Fig. 4.5, the height profiles are recorded at the centers of the corresponding
clusters shown in Fig. 4.3a.

We further wished to observe the particle and cluster distribution by plotting the
cluster frequency in a histogram plot (see Fig. 4.3) (Ashrafuzzaman et al. 2016).
We can calculate the total number of clusters of colchicine molecules (Ncluster) on
cell surface using the following formula:

Ncluster ¼
Xn
i¼0

fi ð4:1Þ

The total number of cell surface-adsorbed colchicine molecules (Ncol) can be
deducted using the following formula:
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Fig. 4.1 A single cell TM-AFM image on SiO2 substrate with and without colchicine binding: top
panel (bare cell) a AFM height image. The height of the cell is presented in color scale 0 (dark
fields)–390.72 nm (light fields). b AFM amplitude error image. The amplitude of the cell is
presented in color scale 0 (dark fields)–157.99 mV (light fields). c AFM phase image of the cell.
The phase of the cell is presented in color scale 0 (dark fields)–67.23° (light fields); bottom panel
(1 µM colchicine-treated cell) a AFM height image. The height of the cell is presented in color
scale 0 (dark fields)–319.73 nm (light fields). b AFM amplitude error image. The amplitude of the
cell is presented in color scale 0 (dark fields)–119.83 mV (light fields). c AFM phase image of the
cell. The phase of the cell is presented in color scale 0 (dark fields)–65.29 Deg (light fields). To
appear in Ashrafuzzaman et al. (2016)
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Ncol ¼
Xn
i¼0

fihi=acol ð4:2Þ

By assuming colchicine molecules as hard spheres, we can calculate the total
colchicine accumulated along the line of a cluster height hi to be hi/acol where i = 1,
2, 3, etc.

Ncluster and Ncol are plotted in Fig. 4.6. The mechanism of cell surface adsorption
of colchicines shows strong tendency of saturation between 1 and 100 µM (X-axis
in log scale, Fig. 4.6).

Figure 4.3a indicates that the size and number of colchicine clusters increase
with increasing colchicine concentrations. The particle heights his (X-axis values on

390.72 nm
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327.70nm

0.00 nm

(a)

(b)

Fig. 4.2 3D TM-AFM height
image of a single cell in
Fig. 4.1a (top and bottom
panels) with and without
colchicine binding on SiO2

substrate. a A single cell
without colchicine binding.
The height of the cell is
presented in color scale 0
(dark fields)–390.72 nm (light
fields). b A 1 µM
colchicine-treated cell. The
height of the cell is presented
in color scale 0 (dark fields)–
327.70 nm (light fields). It is
clearly seen that the cell is
sitting on the liquid. This will
appear in Ashrafuzzaman
et al. (2016)
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Fig. 4.3 Top panel a high-resolution TM-AFM image of a control cell membrane. b Histograms
are based on counted clusters on the section of cell surface shown in figure (a). Each histogram
represents the counted number of clusters (called frequency, let us assume it as fi, plotted along Y-
axis. Here i = 1, 2, 3, etc.) against a height profile (known as particle height here in Fig. 4.3b, let
us assume it as hi, plotted in nm scale along X-axis) shown in Fig. 4.3b. Middle and bottom panels
are data for cells treated with 1 and 100 µM colchicine, respectively. Histograms were plotted
using program Origin 9.1 after detecting the numbers using program WSxM. The origin of the
detected few events (visible in log plots shown in insets of Fig. 4.3b) for control cell surface is
nothing but noise. This will appear in Ashrafuzzaman et al. (2016)
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which histograms stand, see Fig. 4.3b) also increase quickly with increasing col-
chicine concentrations which are reflected in the histogram positions in the wide
range in X-axis values. This represents higher values of his due to clustering relative
to single colchicine dimension which is less than 1.1 nm (see Fig. 4.4). The col-
chicine molecules are therefore assumed to be detected in mostly accumulated
clusters with different dimensions when the cells are treated with higher colchicine
molarity. Figure 4.6 shows the quantitative trend of the drug adsorption on the cell
surface. As said earlier, the mechanism of cell surface adsorption of colchicine

Fig. 4.4 Diameter (dcol) of a single colchicine molecule is approximately dcol � 1 nm. Minimum
1 nm and maximum 1.18 nm depending on the orientation have been measured using
crystallography software ‘Diamond’. Left: a ball–stick representation of a colchicine molecule.
Right: a space-filling representation of the same molecule. Hydrogen is omitted for clarity
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Fig. 4.5 a A high-resolution AFM height image of a 1 µM colchicine-treated cell wall bound to
SiO2 substrate surface. The height of the cell wall is presented in color scale 0 (dark fields)–
7.43 nm (light fields). b A number of height profiles recorded through the center of the circles
marked in Fig. 4.5a. Here we marked the blobs (or clusters of colchicine molecules) of different
sizes by circles of various colors. A number of height profiles were recorded through the centers of
the circles in Fig. 4.5a and presented in Fig. 4.5b, which ranges approximately between 1.1–
5.5 nm. Therefore, it can be concluded that the colchicine molecules bind to the cell membrane
either in single or cluster form. This will appear in Ashrafuzzaman et al. (2016)
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molecules shows strong tendency of drug molecule adsorption saturation which is
reflected in Fig. 4.6, between 1 and 100 µM colchicine concentrations.

4.1.4 Adhesion of Colchicine Clusters on Cell Surface

In order to understand the interaction between colchicine drug and cell membrane,
quantitative adhesion force was measured at every pixel of the topography map by
using a PeakForce Quantitative Nanomechanical Mapping (QNM) mode of Bruker
MM-AFM. The samples were completely dried, consequently no liquid was present
on SiO2 surface, and colchicines were observed in clusters on the cell surface.
High-resolution MM-AFM images of a single colchicine-treated cell are presented
in Fig. 4.7.

Quantitative adhesion force (Fads) between probe and surfaces (SiO2, drug, and
cell membrane) is been extracted from Fig. 4.7c. We used a NanoScope Analysis
software 1.5. This adhesion force is then converted to adhesion energy Cadsð Þ by
using the following equation (Grierson et al. 2005):

Cads ¼ Fads
2pR

ð4:3Þ
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Fig. 4.6 Cell surface-adsorbed colchicine molecules have been measured and plotted in this
figure. Lowest X-axis point 0.1 should be read 0, and we needed this display to show it in log scale.
The number each histogram represents is the counted number of clusters against a height profile
(known as particle height in Fig. 4.3b and shown in Fig. 4.5). The height profiles are recorded at
the centers of the corresponding clusters shown in Fig. 4.3a. This will appear in Ashrafuzzaman
et al. (2016)
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Here R is the radius of the AFM tip which is approximately 8 nm. The adhesion
energy Cdrug�cell

� �
between drug and cell membrane has been calculated by using

the following equation (Koenig et al. 2011):

Cdrug�cell ¼ 2 cdrug � ccell
� �1=2 ð4:4Þ

Here c is the surface energy. Using the same equation, we calculated the surface
energy of AFM tip ctip ¼ 2:52 J:m�2

� �
, where surface energy of SiO2 surface was

used, cSiO2 ¼ 0:15 J:m�2 (Koenig et al. 2011). The adhesive energy between
colchicine clusters and cell membranes Cdrug�cell

� �
has been calculated from

quantitative adhesive force measurements by AFM for five different cells (35
clusters over sizes 97–590 nm). Cdrug�cell is plotted against cluster size in Fig. 4.8.
Cdrug�cell is observed to decrease with increase of cluster size. We also calculated
Cdrug�cell per single colchicine drug and find that the adhesion energy per colchicine
decreases with cluster size increase before gradually saturating between drug
clusters with 225–375 nm size (Fig. 4.8).
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Fig. 4.7 MM-AFM images of a colchicine bound cell on SiO2 substrate. a Height image. The
height of the cell is presented in color scale 0 (dark fields)–227.07 nm (light fields). b Force error
image. The force of the cell is presented in color scale 0 (dark fields)–295.15 nN (light fields).
c Adhesion image of the cell. The adhesion of the cell is presented in color scale 0 (dark fields)–
677.42 nN (light fields). The corresponding 3D figures are presented in (d), (e), (f), respectively.
This will appear in Ashrafuzzaman et al. (2016)
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4.2 Drug Clustering on Cell Surface Follows General
Chemistry and Physics Formalisms

Drug clustering that has been phenomenologically demonstrated here follows
general rules of physics and chemistry. Strong statistical mechanics formalisms are
found active. We shall address on a few such rules that have been recently detected
in mainly our own research findings.

4.2.1 Drug Clusters Appear with Statistical Geometric
Randomness

AFM data and phase diagrams demonstrate the cell surface binding of CDs. Strong
statistical nature in surface adsorption of drugs has been observed. Drugs are found
independently, as well as in clusters with various cluster sizes in their cell
surface-bound states. The cluster number and size increase with the cell incubating
drug molarity. The cluster heights represent the number of colchicine molecules
accumulated therein. This suggests for creation of drug complexes on cell surface as
a result of binding. The clustering appears with quite randomness especially from
the geometric perspectives. The size distribution and their height profiles appear
with randomness. With the increase of the cell incubating drug molarity, the range
of geometric dimensions, e.g., cluster size/diameter, cluster height, covers wide
range though we find more and more bigger clusters to appear. The adhesion energy
per colchicine was though found to decrease with cluster size increase before
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Fig. 4.8 Adhesion energy between drug and cell surface versus drug cluster size plot. This will
appear in Ashrafuzzaman et al. (2016)
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gradually saturating between drug clusters with 225–375 nm size (Fig. 4.8). This
suggests that although drug clustering is phenomenologically a random process as it
appears in our findings the inherent mechanisms are likely to follow some funda-
mental scientific rules that are universal in nature. The calculated adhesion forces
provide hint on the physical nature of the clusters but pinpointed calculations of
energies of the clusters considering the physical properties of the drug molecules
and cell surface provide further details on molecular mechanisms that are active in
the process of clustering of drugs. Here in Sect. 4.2.2, we shall address on how a
few simple molecular dynamic (MD) simulations helped us to detect the predicted
fundamental rules that might be active to create drug–lipid energetic bindings
(Ashrafuzzaman et al. 2012, 2014).

4.2.2 Charge Property-Based Interactions Make Inherent
Rules Inside Drug Clusters

Our recent studies suggest that CDs interact with lipids due to mainly charge
properties (Ashrafuzzaman et al. 2012). In MD simulations of drug–lipid complexes,
van der Waals (vdW) and electrostatic (ES) interactions are primarily detected,
providing vdW and ES energies, respectively (see Fig. 4.9; details are presented later
in current chapter) (Ashrafuzzaman et al. 2012). Theoretical screened Coulomb and
vdW interactions have been developed to address the mechanisms of ion pore/
channel formation due to MAAs peptides, CDs, etc., inside lipid bilayer membranes
(Ashrafuzzaman et al. 2012, 2014; Ashrafuzzaman and Tuszynski 2012a, b). These
charge-based interaction mechanisms and the related energies depend largely on the
participating agents’ mutual organization. The theory and the MD simulation-based
information together suggest that a primarily charge property-based interaction
portfolio may be behind the creation of a cluster among the participating agents and
that the cluster formation perhaps leads to creation of the MAA-induced ion pores.
We shall analyze this in detail later in this chapter.

4.2.2.1 In Silico MD Simulation Modeling of CD–Lipid Interactions.
Methods

We used MD methodology in order to model in silico CD–lipid interactions. Based
on the Monte Carlo concept, we considered five different relative locations and
orientations randomly generated in each CD–lipid complex, created by a CD and a
lipid molecule, as initial structures for MD simulations to increase sampling size for
better statistical analysis. For each location- and orientation-specific complex, a
6 ns explicit water MD simulation at a temperature of 300 K in an aqueous solution
at pH 7 was performed. We applied the software package Amber 11 (Case et al.
2010). The Amber force field ff03 was especially used. The explicit water TIP3P
model was used to simulate solvent effects. The force field parameters for CDs and
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lipids (PC and PS) were generated using an Amber module antechamber (Wang
et al. 2004, 2006). Note that the force field parameters for CDs are similar to the
ones generated for colchicine (Huzil et al. 2010) and taxol (Freedman et al. 2009),
respectively. Both studies in Freedman et al. (2009), Huzil et al. (2010) have shown
these parametrizations lead to simulations to be consistent with experiments.
Therefore, we can expect to observe similar results based on these parametrizations
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in current studies. Twenty complexes were energy minimized using the steepest
descent method for the first ten cycles and then followed by a conjugate gradient for
another 1000 cycles. We then applied Langevin dynamics during the process of
heating up the system for 200 picosecond (ps) with the energy-minimized complex.
Drug and lipid molecules were restrained using a harmonic potential with a force
constant k = 100 N/m. Afterward, we introduced pressure regulation to equilibrate
water molecules around the complex and to reach an equilibrium density for
another 200 ps in addition to temperature regulation. The MD production run was
continued for 6 ns. Given five various initial structures for each lipid–drug pair, a
total 30 ns simulation result was analyzed to gain insights into the direct interac-
tions of the corresponding pair. Note that the phospholipid was gently restrained
with a harmonic potential with a force constant k = 10 N/m, applied only to the
phosphate during the production runs. The purpose of this restraint is to mimic a
single phospholipid being ‘restrained’ in membrane, while both headgroup and two
tails of such lipid still possess certain degrees of freedom.

4.2.2.2 In Silico MD Simulation Modeling of CD–Lipid Interactions.
Understanding the Statistics and Detection of Energies

Figure 4.10 shows the MD results on drug–lipid distances using five CD–lipid
complexes as initial structures as shown in the inset. It plots the separation distance
of centers of mass of CD and lipid molecules, ddrug-lipid, against simulation time t (in
ns order). Two popular CD molecules have been used in the MD simulations: taxol
(TXL) and thiocolchicoside (TCC). Similarly, two important cell membrane lipids
that are also popularly used in various model membrane studies are used: PC and PS.

Note that ddrug-lipid was used as the simplest property to quantify the effects of
CD–lipid interactions. It shows that ddrug-lipid fluctuates around 10 Å, similarly to
the initial setting in two to three simulations in TXL-PC, TCC-PC and TXL-PS,
TCC-PS complexes. Drugs and lipids were observed to be gradually separated in
most of the simulations.

Figure 4.11 plots snapshots of CD–lipid complex at the beginning (left) and at
sixth ns (right) of the simulations. Note that it only presents the case that a CD
likely to bind with the single lipid. Although TXL in both blue and red cases shown
in Fig. 4.10 starts with different orientations, the simulations indicate TXL likely to
bind to similar location than near phosphate group domain shown in Fig. 4.11a.

JFig. 4.9 Energies are detected from MD simulation on drug–lipid complexes. Simulations have
been performed on two of the major cell membrane constituent lipids phosphatidylcholine
(PC) and phosphatidylserine (PS) to address their interaction with cell membrane-adsorbed CDs:
taxol (TXL) and thiocolchicoside (TCC). In all four histogram plots (upper panel) of time versus
ddrug-lipid, the time durations when drug/lipid stay together (height) within a distance (width) during
6 ns simulations are presented. Lower panels show the histograms of nonbonded van der Waals
(vdW) energy (EvdW) and electrostatic (ES) interactions energy (EES). To avoid color conflict,
EvdW and EES are shown to occupy half-half widths though each half represents the whole width of
the corresponding histogram (for details, see Ashrafuzzaman et al. 2012)
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We also observe TCC (cyan case in Fig. 4.10) tends to bind to similar location
(Fig. 4.11b). Yet Fig. 4.11a, b shows TXL and TCC (green case in Fig. 4.10) likely
insert into the cavity between two short tails of PS, respectively.

The solvent-accessible (SA) area of the complex in the MD simulations was
used to investigate whether the hydrophobic effects contribute to CD–lipid binding.
Figure 4.12 shows SA areas in all four cases against ddrug-lipid. When both drug and
lipid molecules are completely separated, we can expect them to be entirely
exposed to solvent; i.e., the corresponding SA areas are at a maximum. Fig. 4.12
shows that the SA areas in all four cases are unchanged between the start and the
investigated 20 Å length. This suggests that within this range used here the drug–
lipid complexes stay at an equilibrium solvation condition.

Histograms of ddrug-lipid from all five 6 ns simulations and the corresponding
energy contributions from two nonbonded interactions, van der Waals (EvdW) and
electrostatic forces (EES) versus ddrug-lipid, are shown in Fig. 4.9. The histogram of
ddrug-lipid shows that both TXL and TCC spent more than 2 ns within 6
Å < ddrug-lipid < 10 Å and away from lipids most of the time (see the upper panels
in Fig. 4.12). It suggests the possibility for drugs to briefly bind with lipids.

Fig. 4.10 MD simulation results representing the change of the CD–lipid center of mass distance
ddrug-lipid with time. Five curves with different colors represent five independent initial CD–lipid
complexes. The inset (only TXL-PC is shown) shows the cartoon representations of initial
structures of five complexes with TXL following the color of the corresponding curve. This figure
is copied from Ashrafuzzaman et al. (2012)
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Fig. 4.11 Snapshots of MD simulations. CD–lipid complex at the beginning (left) and sixth ns
(right) of the simulation. The colorings of CDs are corresponded to the color definitions used in
Fig. 4.10. a It shows structures of TXL-PC (upper and mid panel) and TXL-PS (bottom); b it
shows structures of TCC-PC (top) and TCC-PS (bottom). This figure is copied from
Ashrafuzzaman et al. (2012)

Fig. 4.12 Solvent-accessible (SA) areas for four complexes are plotted against the CD–lipid
center of mass distance ddrug-lipid. It shows SA areas are independent of ddrug-lipid for four
complexes
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Figure 4.9 (top panel) indicates that TXL likely favors the interaction with PC over
PS while TCC shows no significant lipid-specific preference. Both EES and EvdW

for TXL and TCC interacting with PC are inversely proportional to ddrug-lipid, while
there are no such trends in either TXL-PS or TCC-PS cases. Below ddrug-lipid < 6 Å
which is on the order of the lipid headgroup dimension, the CD–lipid binding
stability drastically decreased (see the upper panel in Fig. 4.9) and below
ddrug-lipid < 4 Å no stability was observed because there was no structure found at
this low distance value (see Fig. 4.10). It is shown that both EES and EvdW are
strongly effective within 12 Å (EvdW slightly dominant as shown in the inset plots
of Fig. 4.9).

4.2.2.3 The Drug–Lipid Physical Interactions Stabilize
the Drug Clusters Energetically

The main purpose of performing MD simulations that are presented here was to
discover the physical energies that play primary role(s) to ensure the
time-dependent physical coexistence between CDs and lipids in membranes. MD
simulations were performed to investigate the stability of the pairwise coexistence
(due to physical interactions) of the ion-channel-forming agents and lipids.

MD results suggest that the CD–lipid complex fluctuates within a separation
over a period of time. These results suggest that both TXL and TCC likely bind
with PC and PS given appropriate initial conditions. Through our in-depth analysis,
we found evidence suggesting that the hydrophobic effect is unlikely to contribute
to the distance-dependent CD–lipid binding. The analysis of energy contributions
from two nonbonded interactions, EvdW and EES, versus ddrug-lipid revealed crucial
insights into the cause of the observed stability of the CD–lipid complexes. Both
EvdW and EES appear to be the main contributors to the energetic CD–lipid binding,
and vdW interactions contribute slightly more than ES interactions as the drug and
lipid approach closer. Binding stability generally is found to decrease quickly with
increasing ddrug-lipid within 6 Å < ddrug-lipid < 16 Å at which considerable structures
were observed (see Fig. 4.10). Both vdW and ES interactions contribute compa-
rably with both energies decreasing with increasing ddrug-lipid. Beyond a 16 Å
separation, the interactions become negligible. The CD–lipid stability is still
observed due to the effects of a combination of possible sustained presence of
long-range EES (though EvdW � 0, data not shown) and other energies possibly
induced by the surrounding environment. Large standard deviations (see Fig. 4.9)
are suggestive of the conformational space of the CD–lipid complexes not being
completely explored in MD simulations. Nonetheless, this incompleteness does not
preclude our proposed interpretation. Importantly, the CD–lipid interactions
resemble the protein–lipid vdW and ES interactions found in MD simulations of a
b-helical gramicidin A (gA) channel in phospholipid membranes (Woolf and Roux
1994). This suggests that the CD–lipid interactions resemble these mechanisms,
namely the vdW and ES interactions as found in the channel-forming AMP–lipid
interactions.
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Both CDs are found to permeabilize lipid bilayer membranes by creating ion
pores, a mechanism that is usually exerted on lipid membranes by various AMPs. In
Chap. 6, we shall address on ion channels in brief. Readers are also encouraged to
learn more on ion channels from our earlier published book ‘Membrane
Biophysics’ (Ashrafuzzaman and Tuszynski 2012b). The MD simulation-based
discovery of common types of primary physical interactions (vdW and ES) between
pore-inducing agents and lipids for both CDs and AMPs (Ashrafuzzaman et al.
2012, 2014) also suggests that these two different classes of biologically active
molecules may act on membranes using common molecular actions. Therefore,
CDs are likely to generate certain AMP type mechanisms.

A mechanistic understanding of the drug–phospholipid interactions can be gained
from the novel picture of interaction energetics between MAAs and a lipid bilayer
membrane (Ashrafuzzaman and Tuszynski 2011, 2012a, b, c; Ashrafuzzaman 2011).
A screened Coulomb interaction (SCI) model has been used to represent the inter-
action of MAAs with lipids in the bilayer, due to the presence of the distributions of
the localized charges on both MAAs and phospholipids of all types. When any MAA
and phospholipid approach each other to form a MAA–phospholipid complex (e.g.,
the case of CD-PS/PC interaction in the case of CD–lipid clusters on cell surface),
the localized charges present in the complex experience each other’s electric fields.
In this electrostatic interaction scenario, the charges interact with each other not only
directly (via Coulomb interactions) but also indirectly through other charges in the
vicinity. Hence, the interaction between any two localized charges becomes
screened, so the interaction takes the traditional form of the SCI (Ashrafuzzaman and
Beck 2004). Furthermore, the interaction energy may change due to many other
parameters, such as variations in the membrane’s electrical conditions, the presence
of hydrocarbons, lipid density. Most importantly, the total energy of the complex
appears to release some energy what we call free energy to let the cluster be stable.

In general, the binding energy between CD and phospholipid in a membrane is
due to the sum of the traditional Lennard-Jones and screened Coulomb potentials
(Ashrafuzzaman and Tuszynski 2011, 2012a, b, c; Ashrafuzzaman 2011;
Ashrafuzzaman and Beck 2004). A change of drug–phospholipid binding stability
which appears through the distance-dependent probability (see Fig. 4.9 in our MD
simulation) is mainly due to the change of drug–phospholipid coupling energy
which varies mainly according to the effects of the hydrophobic coupling to be
filled with localized single, double, etc., charges, respectively, that are present
within the interaction field in a drug–phospholipid complex. In the case of the
interaction of any CD with a phospholipid bilayer, the SCI extends beyond the
nearest-neighbor phospholipids to other phospholipids residing in the vicinity,
exactly following the protocol presented in references (Ashrafuzzaman and
Tuszynski 2011, 2012a, b, c; Ashrafuzzaman 2011; Ashrafuzzaman and Beck
2004).

To better understand the generalized drug–lipid (PS or PC) interactions, more
MD studies are needed to focus on CDs and phospholipid membrane rather than a
single phospholipid. But as mentioned earlier, the total energy of the CD–lipid
cluster should be somewhat additive of the individual CD–lipid pairwise
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interactions energies. This deeper understanding of the interactions will provide
clear insights into the membrane effects of CDs.

We have demonstrated here the formation of drug molecule clusters on a cell
surface (Ashrafuzzaman et al. 2016). Cell surface general binding and
cluster-forming phenomena may not directly prove that these molecular processes
are sole causes of ion pore formation inside cell membrane. But the nature of such
drug adsorption mechanisms on cell surface may suggest that due to this kind of drug
adsorption and accumulation, the localized mechanical and electrical properties are
influenced which may lead to causing the energetics and corresponding conforma-
tions to be regulated (He et al. 1995). This is clearly evident in the pattern of energies
and stability of drug–lipid complexes shown in Fig. 4.9 (Ashrafuzzaman et al.
2012). The reasonable minimum energy conformation may statistically appear due
to phenomenological drug binding and clustering on cell surface regions, a hint on
which is found in the trend of adhesive energy calculated here (see Fig. 4.8).

In broader conclusion, CD molecules have been found to bind statistically on cell
surface. Both random drug binding and drug clustering have been detected. CDs are
reported to create ion pores in planar lipid bilayer membrane due to charge
property-based drug–lipid interactions. Cell surface general adsorption of drugs and
their permanent-type binding may suggest for quite strong interactions with certain
cell surface agents. The adhesive energy of drugmolecules is found to be quite strong.
Its decreasing trend with increasing cluster size hints for the better binding condition
in bigger clusters satisfying a fundamental physics concept which equivalently
suggests that bigger clusters should represent for deeper potential wells, as a result
higher chance for a drug molecule of getting trapped inside. The vdW and Coulomb
or screened Coulomb (in special system, e.g., ion channels in membrane
Ashrafuzzaman and Tuszynski 2012a; Ashrafuzzaman et al. 2012) interactions in
drug–lipid complexes may appear as prime reasons behind strong binding of CDs on
cell surface. General drug binding with lipid(s) and clustering of drugs on cell surface
certainly follow some specific energetics. The drug–lipid interaction energetics may
be the molecular mechanisms, but the broader energetic picture can be a bit com-
plicated. The free energy per drug in a drug cluster is perhaps different (expected to be
smaller) than that in case of a single drug, a hint is already equivalently observed here
in adhesive energy measurements. Appropriate theoretical analysis is underway.
Favorable energetics in an adsorbed drug cluster may lead to creation of an ion
channel. Thus, this chapter has addressed the pre-channel condition of cell
surface-active agents as they approach to cell membrane and start creating a complex
with membrane constituents like lipids (Ashrafuzzaman et al. 2016).

4.3 Hypotheses on Cell Surface Drug Clustering

Cell membrane-permeable ion pores allow materials and information to pass
through them following some fundamental physics. Some of the physics-related
parameters are predictable or even detectable or measurable using valid
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computational and experimental techniques. Chapter 6 will address on the ion channel
phenomena and related observable parameters based on physics principles. But the
mechanisms behind ion channel formation are yet unknown or to the best of our
knowledge quite little or poorly known. The phenomenological AFM inspection and
explanations based on energetics on cell surface clustering of ion-channel-forming
drugs provide some clues (Ashrafuzzaman et al. 2016) but not rules that might be
considered as dictating aspects of ion channel formation. We therefore attempt to put
forward a few hypotheses for further investigation purposes. Behind creation of ion
pores, general CAAs or specific MAAs such as AMPs, CDs are required to distribute
on cell surface following some general biophysical rules. Our hypotheses may help
design scientific investigations toward discovering necessary hidden rules that paly
behind creating drug clusters, forming ion channels or other events.

Careful inspection of earlier presented AFM images (Ashrafuzzaman et al. 2016)
suggests that the CDs are distributed on cell surface following a statistical nature
and a condensed matter pattern. Section 4.1 was dedicated to explaining the nature
of drug clusters on cell surface. The drug clusters have various sizes, and they are
randomly distributed all over the cell surface. Here we consider the hypotheses:

Hypothesis I, Drug Clustering Drugs cluster on cell surface following a cell
surface adsorption of the drug molecules. This adsorption happens due to localized
driving forces caused by interactions between drugs and cell surface membrane
ingredients (mostly lipids). The cluster is therefore a lipid-mediated accumulation
of drug molecules.

Hypothesis II, Initiation of Channel Creation Creation of drug clusters initiates
the process of ion channel formation. Ion channels are of various types following
different structural formalisms (discussed in Chap. 6) constructed inside a lipid
bilayer membrane depending on the properties of the channel-forming agents and
membrane ingredients like lipids, available membrane proteins in the vicinity and
other ingredients, membrane dielectric conditions, membrane mechanical
properties.

Hypothesis III, Ion Channel Size Estimation The post-drug cluster created ion
channel cross-sectional changes proportionally as the drug cluster size changes.
The larger is the cluster size, the bigger the ion channel pore cross section and vice
versa. The ion channels are generally formed with different cross-sectional areas.

4.4 Theoretical Background on Drug Clustering
and Related Modeling

We have put forward a few hypotheses here considering our inspected information
on drug clusters. In light of them, we can assume some energy states of drug
clusters. Let us assume E1, E2, E3, …, En are equilibrium energy of corresponding

4.3 Hypotheses on Cell Surface Drug Clustering 155



states 1, 2, 3, …, n, or generally we can assume Ei is the energy of state i. Here
energy is defined as the total energy of the cluster constructed as a result of the
drug–lipid interactions. The energy can be considered as the sum of interaction
energies like electrostatic, van der Waals in a hydrophobic membrane background
in the interface of cellular exterior and cell membrane surface. Our MD simulations
detect some of these energies for the case of CDs (see Sects. 4.1–4.2)
(Ashrafuzzaman et al. 2012).

Let us construct the virtual sketch of drug clusters as shown in Fig. 4.13. These
sketches have been drawn in light of AFM-detected drug clusters on cell surface.

4.4.1 Drug Cluster Trapping of Drug Molecules

We shall apply the statistical mechanics concept on the distribution of the drug
molecules on cell surface in a thermodynamic state/condition. The Boltzmann
distribution is a probability distribution that gives the probability that a system will
be in a certain state as a function of that state-specific energy and the temperature of
the system. The Boltzmann probability or trapping probability for a drug molecule
on cell surface to diffuse into a cluster i (i is 1, 2, 3, 4, etc.) is defined as

Fig. 4.13 Two-dimensional (2D) representation of the drug clusters (top): Left to right (small to
large) are three-dimensional (3D) spherical (looks like circle in 2D view) drug clusters 1, 2, 3, and
4. AFM data analysis presented in this chapter suggests that as the cluster size increases the height
of the cluster may not increase proportionally, so consideration of 2D structure may be a quite
reasonable model. Smallest sphere at the bottom (left) is the size of a drug molecule (we will often
refer it just as a ‘particle’ here). Let us assume that n1, n2, n3, and n4 number of drug molecules
construct the drug clusters 1, 2, 3, and 4, respectively. Here, n1 < n2 < n3 < n4. Let us assume that
the energy per drug molecule is є1, є2, є3, є4 in cluster 1, 2, 3, 4, respectively. That makes the free
energy per drug molecule in cluster 1, 2, 3, 4 is Dє1, Dє2, Dє3, Dє4, respectively, relative to the cell
surface background where the energy per drug molecule is є0. Here, Dєi = єi ˗ є0 with i = 1, 2, 3,
4, etc. Here ‘free energy’ per drug molecule refers to the energy that is released by the molecule to
get trapped inside the drug cluster or the energy that is gained by the molecule to get released from
the cluster
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pi �Exp �D�i=kBTf g ð4:5Þ

Here kB is the conventional Boltzmann constant and T is the absolute temperature.
The four probability functions p1, p2, p3, and p4 corresponding to four clusters in
Fig. 4.13 are

p1 �Exp �D�1=kBTf g ð4:5:1Þ

p2 �Exp �D�2=kBTf g ð4:5:2Þ

p3 �Exp �D�3=kBTf g ð4:5:3Þ

p4 �Exp �D�4=kBTf g ð4:5:4Þ

In case when the drug clusters exist independently on cell surface, we can sketch
their equivalent energy conformations as shown in Fig. 4.14.

In case of a single particle on cell surface falling into a cluster, the particle can be
considered to transit from a potential well with energy state E0 to any potential well
i with energy state Ei, where i = 1, 2, 3, …, n (Fig. 4.15). As explained earlier, this
transition lets the particle to transfer from an energy state where binding energy per

Fig. 4.14 Discrete drug clusters 1, 2, 3, 4 exist with different potential wells relative to
equilibrium cell surface background with 0 equilibrium potential. The potential well depth
increases with the number of particles in the cluster. The smallest potential well (not sketched here)
with smallest well depth equivalent to an energy state E0 exists with single particle in the well/
cluster
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particle is є0 to another energy state where binding energy per particle is єi through
compromise of binding energy equal to Dєi. Here Dєi = є0 − єi.

Two important questions we wish to address are as follows:

i. How can we calculate the energy per particle in a potential well as shown in
Fig. 4.15?

ii. Does each particle contribute equal amount of energy into any potential well
irrespective of the cluster size corresponding to the potential well?

The above two questions are important to understand the nature of the energetics of
the drug cluster. The drug accumulation into or release from the drug cluster causes
the cluster to increase or decrease in size. The drug trapping probability (see
Eq. 4.5: Eqs. 4.5.1–4.5.4) directly depends on the drug molecule energetics inside
drug clusters. As the drug clusters appear with various size distribution, we need to
understand the drug trapping probability into any drug cluster considering the per
drug potential energy inside a drug cluster with specific size as this is basically the
measure of drug cluster size-specific free energy of a drug that is to be considered
during transition. Before answering the above-mentioned two questions we would
therefore require to present a theoretical calculation on energy of a single particle in
a potential well. This energy is E0 when the well represents an energy state con-
structed by a particle alone in the well but may hold another value while the energy

Fig. 4.15 Single drug falling
into a drug cluster with
energy state Ei. This is
equivalent to a drug falling
from an energy state E0

(distinguished with red color
bottom) into another energy
state Ei. The vice versa is also
possible while drug gets
released from a cluster. As
before, 0 is nothing but the
cell surface background
energy without the presence
of any NP
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state is constructed by more than 1 particle. An independently moving single
particle on cell surface is usually bound to lipid membrane via interactions with
lipids on membrane monolayer. The particle is under interactions with the lipids on
approximately a two-dimensional plain [similar to the analogy presented in
Ashrafuzzaman and Tuszynski 2012a, b). This scenario can be sketched as in
Fig. 4.16.

The challenge is to develop a theoretical form for the binding energy of a drug
particle є0 in cluster created between the drug particle and lipids on a
two-dimensional plane. We have recently developed a theory on interacting pep-
tides with lipids in a lipid monolayer (see Ashrafuzzaman and Tuszynski 2012a, b).
This theoretical platform can be generalized to address this theoretical issue of drug
particle interaction with lipids on a cell surface.

4.4.2 Binding Energy of Drug Molecules Inside
Drug Clusters

We have assumed earlier that the energy per drug molecule (drug molecule’s
binding energy) in a drug cluster (assigned as ith cluster) is єi, where i = 1, 2, 3, …,
etc. We have also assumed that a single drug molecule surrounded by lipids
mimicking the free movement of drugs/NPs on cell surface experiences a cell
surface binding energy є0. We therefore need to calculate theoretically the forms of
both є0 and єi. As mentioned earlier, we can do so by revising our previous
calculations on energetics of ion channels accumulated inside a lipid membrane
(Ashrafuzzaman and Tuszynski 2012a, b).

Fig. 4.16 Here we have sketched a possible model diagram of the accumulation of a drug particle
inside two-dimensional (2D) lipid monolayer for demonstration of interaction pattern purposes
only. It does not show any specific phase structure of lipid membrane that is explained in details in
our previously published book ‘Membrane Biophysics’ (Ashrafuzzaman and Tuszynski 2012b).
Gray color spheres represent lipid headgroups, and red color sphere is the drug particle. This is
nothing but the smallest form of the earlier mentioned drug clusters which is nothing but just a
scenario where single drug particle interacts with lipids (mainly) on cell surface

4.4 Theoretical Background on Drug Clustering and Related Modeling 159



4.4.2.1 Independently Mobile Drug Molecule’s Binding Energy
on Cell Surface. Theoretical Calculation of є0

In this case, a drug particle may be considered to adjust its position on a cell surface
following the conformation shown in Fig. 4.16. A drug particle is expected to
coexist with surrounding lipids temporarily as both drug and lipid molecules
continuously diffuse to new locations due to their physical dynamics. As in cell
membrane lipid arrangement follows standard phase behavior (for details, see
Ashrafuzzaman and Tuszynski 2012b), accommodation of drugs within a phase
may be possible through some perturbations in the lipid organization phases. Here a
drug particle is considered to interact with its nearest-neighbor lipids using direct
Coulomb interaction mechanism. The drug particle is assumed to interact with
distant lipids using SCI mechanism. The farther the lipid, the higher-order screening
is required to get the lipid interacted with the drug particle (for details, see
Ashrafuzzaman and Tuszynski 2012a, b). To better understand this drug–lipid
interactions, we may revise the random coexistence of drug and lipids in Fig. 4.16
and present the model in a virtual ‘shell model’ form as shown in Fig. 4.17. In this
latter symmetric arrangement, we have assumed that the drug locates itself at the
center of a circle and lipids arrange at various radial distances rLL, 2rLL, 3rLL, etc.

Shell Model to Address Drug–Lipid Screened Coulomb Interactions

Figure 4.17 shows the possible arrangement of drug with lipids on a symmetric
backbone what we brand here (for the sake of presentation) as the ‘shell model’ to
explain the drug–lipid interactions easily. Here we are presenting 2D sketch of the
shell model presentation of the drug–lipid arrangement on cell surface as generally
understandable that drugs move locally on a 2D plane. Importantly, a single drug
molecule is more likely to find its match in the surface of the cell membrane,
probably in the hydrophilic–hydrophobic boundary. The nearest-neighbor curve
holds lipids that are interacted with the central drug molecule using direct Coulomb
interaction (DCI) what we call as ‘zeroth-order SCI interaction line’. Subsequent
curves hold lipids that are interacted with the central drug molecule using SCI what
we call as ‘first-order SCI interaction line’, ‘second-order SCI interaction line’,
‘third-order SCI interaction line’, etc. (see Fig. 4.17).

In SCI methodology, we assume each particle, drug or lipid, to appear with some
charges on them. The drug–lipid complex is therefore nothing but equivalently can
be considered as a complex of charges. We can apply the strategy that we devel-
oped recently to calculate the energy of such a system (Ashrafuzzaman and
Tuszynski 2012a, b). We shall brief it here.

In a many-charge system, each charge interacts with another one following SCI
formula, recently developed by us (see in Ashrafuzzaman and Tuszynski 2012) in
Fourier space:
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0th order SCI interaction line  

1st order SCI interaction line

2nd order SCI interaction line

3rd order SCI interaction line

rLL

Fig. 4.17 Different screening orders in SCI are shown (modeled here with interaction lines having
various thicknesses) in the interaction of a drug particle with surrounding lipids on cell surface as
shown in earlier Fig. 4.16. rLL is average interlipid distance. The outward line with an arrow
represents that there is possibility for the drug particle to extend its interactions with lipids that are
as far as infinite distant. This is valid as intercharge interactions (explained in Coulomb interaction
formula) extend to infinite distance
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VscðkÞ ¼ VðkÞ
1þ 1

2pkBT
n

� �
VðkÞ

ð4:6Þ

Let us assume,

f ðT ; nÞ ¼ 1
2pkBT

n ð4:7Þ

Here kB is the Boltzmann’s constant, T is the absolute temperature, and n is the
number density of the participating particles, namely drug and lipids in this case
(Fig. 4.17).

Using Taylor’s series expansion we get:

VscðkÞ ¼ VðkÞþVðkÞ f ðT ; nÞVðkÞþVðkÞ f ðT ; nÞVðkÞð Þ2
2!

þVðkÞ f ðT ; nÞVðkÞð Þ3
3!

þ � � �
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2

VðkÞVðkÞVðkÞ

þ f ðT ; nÞð Þ3
6

VðkÞVðkÞVðkÞVðkÞþ � � �
ð4:8Þ

We can conclude the following:

VscðkÞ ¼ 0th order SCIþ 1st order SCIþ 2nd order SCIþ 3rd order SCI

þ 4th order SCIþ � � � ð4:9Þ

Numerical Computation on Energetics to Address Drug–Lipid Screened
Coulomb Interactions

The drug particle interacts with neighboring lipids following SCI mechanisms
whose theoretical forms have been deducted as presented in Eqs. (4.8) and (4.9). To
calculate the first-order, second-order, third-order, etc., SCI energies represented by
the interaction lines in Fig. 4.17, we need to perform a Fourier transformation on
the respective forms deducted here. The form of Fourier transform follows from the
following equation:

VscðrÞ ¼
Z

d3keðik:rÞVscðkÞ ð4:10Þ

To solve this complicated integration, one may perform numerical computations
(NCs). Mathematica 10 or earlier versions can be used to make a general program
and perform the NCs (for details, see Ashrafuzzaman and Tuszynski 2012a, b).
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Two things are especially required to consider, namely, charge and distance of
the interacting particles, drug and lipids here. As an assumption, we may consider
the lowest possible distance between a drug and lipid to be equal to the average
interlipid distance, rLL * 0.8 nm (one may read Mannock et al. 1992, 1994 for a
few dimension-related basic parameters). Regarding charges on the lipids, we know
some of the lipids are zwitterionic, others bear net charges—either positive or
negative (e.g., see Afanasenkau and Offenhäusser 2012; Abe and Shayman 2009).
All these three types of lipids, e.g., PC, PS, and DOTAP, bear distribution of
charges within their structures (see Fig. 4.18).

When a lipid approaches another one and reaches within a short distance, the
charge distribution of one lipid experiences electrical polarization caused by the
presence of the charge(s) of the other one and vice versa. Here short distance can be
referred to a distance within which the charges interact with or exert influence on
each other. As a result, we may consider two scenarios:

(i) Overall distribution of charges by combining all polarized charges of the
participating lipids where all charges fall within each other’s electric fields, or,

(ii) Consider each lipid (zwitterionic or charged) to have a net nonzero charge
(either positive or negative), and these two lipids fall within each other’s net
nonzero charge created electric fields.

PC

PS

DOTAP

Fig. 4.18 Palmitoyl-oleyl-sn-phosphatidylcholine, a PC and a PS structure. PC is a zwitterionic or
charged neutral lipid as it has one positive and one negative charge what make this lipid to have no
effective charges in its independent existence, while PS is a negatively charged lipid as it has two
negative charges and a positive charge. 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) is a
positively charged lipid
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The above-mentioned modeling on charge distribution may be considered valid in
the case schematized in Fig. 4.17 where lipids participate to create a drug–lipid
cluster or structure. Here participating lipids and drugs are considered to create a
structure due to perhaps the clustering of charges among the participating lipid and
drug particles. Inside the equivalent charge, cluster charges interact with each other
causing a many-charge interaction phenomenon. In such scenario, we have
developed our SCI model calculations (Ashrafuzzaman and Tuszynski 2012a, b).
Equation (4.10) can be used for calculating the energies corresponding to various
SCI orders as presented in Eqs. (4.8) and (4.9).

We performed the NCs for peptide–lipid binding energy calculation to address
the channel energetics in membrane (Ashrafuzzaman and Tuszynski 2012a, b). We
used two different kinds of peptides gramicidin A (gA) and alamethicin
(Alm) which are known to induce ion channels, gA and Alm channels, with dif-
ferent structures in lipid bilayer membrane. Here we also considered a peptide with
charge and geometry accumulating inside a lipid monolayer, so the end result is as
follows: A peptide gets surrounded by a layer of lipids (see Ashrafuzzaman and
Tuszynski 2012a, b). This is quite equivalent to the analogy model sketched earlier
for a general drug creating a cluster with lipids in a lipid membrane monolayer; see
Fig. 4.17. We can consider the peptide–lipid binding energetics conceptually
equivalent to general drug–lipid binding energetics.

Figures 4.19 and 4.20 demonstrate the energetics (in arbitrary units) of a drug
(equivalently, a gA molecule in form of a gA channel) in lipid bilayers with
different lipid screening orders and lipid dimensions using our theoretical calcu-
lation. In Figs. 4.19 and 4.20, GI and GII (GI > GII) represent energy levels at
conformational states I and II, equivalent to two conformational states gA mono-
mers exist in free form (no channel formation: MI) and gA dimer form (channels
formed: DII), respectively. Formation of a channel with any level of stability
requires an energetic transition (reduction) DGI,II (=GI–GII). Although the energy
minima appears at different values of reaction coordinates, we have chosen the
transition GI $ GII at a certain value of reaction coordinate (as shown in Fig. 4.20)
to address how the corresponding back-and-forth conformational changes between
gA monomers and dimers (MI $ DII) may become regulated due to DGI,II which
depends mainly on the bilayer physical properties for a certain channel type. The
binding energy between two gA monomers (data not shown) alone in a gA channel
is many orders of magnitude smaller than the binding energy of the gA channel
with the bilayer at the channel bilayer interface. DGI,II (see Figs. 4.19 and 4.20)
therefore represents the amount of energy gA monomers need to compensate to
form a stable gA channel which arises mainly from the hydrophobic binding
between the gA channel and the bilayer at the two bilayer channel interfaces. The
smaller the value of DGI,II, the higher the stability of gA channels. We observe that
the value of DGI,II for the second-order lipid screening is orders of magnitude
higher than that for the first-order lipid screening (higher orders of lipid screening in
our theoretical approach account for higher values of free length d0-l which is a
measure of mismatch between lipid membrane thickness d0 and accumulated
channel length l). Knowing the effective values of charges (in units of coulomb) on
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Fig. 4.19 Energy versus reaction coordinate (using Eq. (4.10) here and hereafter) plot for gA
channels in lipid bilayer energetics at different order of screening (single- and double-dashed curves
are for first- and second-order screening, respectively). Both curves undergo transitions between
two states I and II that are represented by higher and lower energies GI and GII, respectively. Only
real parts of the energies have been considered. For simplicity, the mentioned U(r*), the additional
drug–lipid potential energy called Lennard-Jones potential (Ashrafuzzaman and Tuszynski 2012a,
b) has been subtracted to present only the screened Coulomb potential plot here and other energy
plots in all subsequent figures. qL/qgA = 0.005, (1/e0)qLqgA � 1 has been chosen (here and in
Fig. 4.20) for simplicity, rLL = 7.74597 Ǻ. In the plot, the energy at r = 0 Ǻ has been excluded to
avoid the associated singularity. Numerical integration here (and hereafter) has been performed
using Mathematica 9 within (−kmax2p/rLL, kmax2p/rLL), where kmax = 100 and the step size for
integration dr = 0.001 have been taken as judicious choices
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Fig. 4.20 Energy versus reaction coordinate plot for gA channels in lipid bilayer energetics at
different orders of screening (single- and double-dashed curves are for the first- and second-order
screening, respectively). I and II represent levels with free energies GI and GII, respectively, where
gA monomers exist as free (no channel formed) and gA dimmer (gA channel formed). qL/
qgA = 0.005, rLL = 7.74597 Ǻ. Ad hoc assumptions on qgA * electron charge and other relevant
parameters give an estimate of GI and GII to be 10−1 and 10−8 in first-order and 105 and 10−4 in
second-order lipid screening in unit of kJ/mole which seriously depends on qL as d0 increases. The
energy orders for GI and GII as mentioned here are also valid approximations for the corresponding
free energy levels presented elsewhere (Ashrafuzzaman and Tuszynski 2012a, b)
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a gramicidin monomer, qgA, and that of a lipid’s headgroup region, qL, one can
readily calculate and show in real energy unit, e.g., joule (J), using our SCI theory,
that GI has values which are drastically reduced, and hence the value of ΔGI,II

collapses as the value of do-l approaches 0 Å. For example, making an ad hoc
assumption that qgA and qL should be on the order of a few electron charges, we
find ΔGI,II to be on the order of kJ/mole for the first-order lipid screening which
closely corresponds to the hints on the phenomenological bilayer deformation
energy in another study (Ashrafuzzaman et al. 2006). But the same ad hoc
assumption ensures that ΔGI,II increases to the order of 105 kJ/mole for the
second-order lipid screening. This drastic increase in bilayer deformation energy
requirements for stable channel formation with increasing the bilayer thickness
channel length mismatch causes gA channel formation to be extremely hard at a
higher order of lipid screening. Beyond a certain level of hydrophobic bilayer
channel mismatch, the deformation energy reaches values which are outside a
biological binding energy scale which suggests that at this high energy level the
b-helical gA channels must experience exponential growth in its instability and
finally may undergo a structural transition which in fact is experimentally observed.

As said earlier, the gA here represents a drug particle, equivalently as presented
in Fig. 4.17. The numerical calculation-based finding of required higher energies
corresponding to higher SCI order actually explains how a drug molecule may
extend its interaction to surrounding lipids. Usually, the closest ones experience
higher binding. This is why a freely moving drug molecule on a cell membrane
surface apparently may be not totally free but under the influence of some kind of
short-range interactions with surrounding lipids. The interaction bourn energetics
follows some specific rules as well. We shall address them here based on our
understanding of two different kinds of ion-channel-forming molecules gA and
Alm.

Drug–Lipid Interaction Energies Follow Specific Power Laws

Figures 4.21 and 4.22 show how lipid charge relative to the charge of the
channel-forming peptides causes changes in the values of both GI and GII (see
Fig. 4.21) and consequently DGI,II (see Fig. 4.22). We observe about three-times
higher values of both GI and GII for both the first and second order of lipid
screening for an Alm channel with three monomers in the ‘barrel-stave’ pore than
that for a gA channel as shown in Fig. 4.21. Quantitatively similar (threefold
increases) higher values of DGI,II (see Fig. 4.22) are observed for both lipid
screening orders for an Alm channel than those for a gA channel. The three-times
higher values of GI, GII, and DGI,II in an Alm channel with three monomers are
obvious; because in this specific Alm channel conformation there are six channel
bilayer interaction sites while a gA channel always has only two interaction sites
with the bilayer (see Ashrafuzzaman and Tuszynski 2012a, b). This suggests also
that the lipid interactions with drug molecules follow drug molecule specificity
meaning depends on the drug molecule physical properties. It seems that the
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interaction energy between monomers in both gA and Alm channels becomes
irrelevant in comparison with the binding energy between the channel and the
bilayer. We also observe that GI, GII, and DGI,II increase with the increase of lipid–
peptide charge ratio following specific rules:

GI;GI;DGI;II / qL=qMð Þs ð4:11Þ

where s = 1, 2, etc., for the first-order, second-order, etc., lipid screening, respec-
tively, for both gA and Alm channels. Here, qM stands for gA (qgA) or Alm (qAlm)
monomer charges.

In Fig. 4.23, we observe a modest and linearly proportional effect of lipid
dimension rLL on DGI,II for both the first- and second-order lipid screening with
three-times higher effects for Alm channels than for gA channels. Figure 4.24
shows that for both gA and Alm channels the reaction coordinate at which we have
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shown the calculation of DGI,II increases (shifts toward higher values) in linear
proportionality to rLL for both the first- and second-order lipid screening.

The dramatic theoretical result is illustrated in Fig. 4.25 where we observe that
DGI,II exponentially increases with the increase of d0-l (here we have rephrased the
order of screening by d0-l):

DGI;II / ed0�l ð4:12Þ
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versus d0-l plot. Here (d0-l) secd is the distance covered by the lipid
headgroups in the deformed regions of the bilayer at the bilayer gA channel interaction sites. d (for
mathematical simplicity can be considered to appear with a constant value within 0–90° in a
particular lipid bilayer membrane for all participating lipids in all orders of screening at the gA
channel bilayer interface) the angle at which lipids in the deformed portion of the bilayer couples
with the extension of gA channel length. DGI;II increases exponentially with d0-l. DGI;II at lower
values of d0-l (e.g., d0-l � 0) or at other higher values of d0-l can be extrapolated from the plot.
For a certain type of lipid with fixed lipid charge DGI;II / ed0�l, consequently the dissociation
force imposed by the bilayer on gA channel (Fdis) increases exponentially with d0-l, i.e.,
Fdis = � �@=@ d0 � lð ÞDGI;II d0 � lð Þ� � / e d0�lð Þ. As a result, gA channel lifetime s decreases
exponentially with the increase of d0-l. Ad hoc assumptions on qgA * electron charge and other
relevant parameters give an estimate of ΔGI,II / (kJ/mole) (○) which seriously depends on qL as d0
increases. Experimental gA channel stability predicts results perhaps falling within second-order
screening (d0-l < 40 Ǻ) (Ashrafuzzaman and Tuszynski 2012a, b)
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Consequently, the dissociation force

Fdis = � �@=@ d0 � lð ÞDGI;II d0 � lð Þ� �

also follows an exponential relation:

Fdis / e d0�lð Þ ð4:13Þ

which is very different from the dissociation force calculated based on the ‘bilayer
elastic model’ (see Wallace et al. 1981; Katsaras et al. 1992; Durkin et al. 1993;
Andersen et al. 1998; Miloshevsky and Jordan 2004) where Fdis on gA channel has
been reported to change linearly with the change of d0-l (Ashrafuzzaman et al.
2006). Due to sufficient experimental validation and analysis on an appropriate
theoretical platform, we believe our SCI model is valid over bilayer elastic model to
explain the drug–lipid interactions inside cell membrane.

The above ion channel–lipid membrane interaction energetics suggests that a
drug when it coexists with lipids inside a lipid layer the energy it experiences can be
theoretically addressed using SCI model calculations. The various order screened
energy line can be theoretically deducted by expanding the equivalent exponential
term of the binding energy as deducted here in case of calculations performed for
channel membrane binding. Our SCI model calculations therefore help calculate the
binding energy of drugs inside lipid membrane. Here the calculated ΔGI,II is a
measure of our previously mentioned binding energy є0. The value of є0 varies for
various drug particle types.

Field of Interaction of a Drug with Surrounding Lipids Is Finite!

A drug in a cluster (see Fig. 4.17) interacts with neighboring lipids following SCI
methodology. The direct interaction happens between drug molecule and lipids that
stay adjacent to each other. Beyond the nearest-neighbor distance, the interaction
extends. But according to SCI, the interaction becomes weaker. A thorough theo-
retical and computational analysis has been presented earlier. We shall schematize
this scenario here using, e.g., gA interactions with lipids on membrane (for details,
see also the Ashrafuzzaman and Tuszynski 2012).

The gA coupling extends to surrounding lipids up to a certain radial length. The
condition is better presented in the schematic 2D diagrams in Figs. 4.26 and 4.27. In
Fig. 4.26, the gA dimer (gA channel) is schematized to adjust inside lipid bilayer
membrane. In Fig. 4.27, the length up to which gA dimer coupling effect extends is
modeled. The length is shown up to the downward-pointing arrow beyond where the
membrane readjusts to its normal condition which is free from the influence of the drug
particle (peptide here). Within this radial length (Fig. 4.27), a number of lipids usually
exist all around over 360° on a plane that are under the influence of a single drug.
These lipids under the influence of a single drug and the drug molecule itself together
determine the total energy of the potential well represented by a single drug particle on
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Fig. 4.26 Gramicidin A monomer (gA) and lipids on each monolayer make a chain (with chain
reaction) with continuous bending until the equilibrium membrane thickness reaches. A gramicidin
A (gA) monomer interacts with lp1 (direct Coulomb interaction which is the zeroth-order term in
the expansion of the SCI), with lp2 (first-order SCI), with lp3 (second-order SCI), etc. The
interactions extend to all directions on each lipid monolayer surface

Fig. 4.27 Gramicidin A (gA) monomer in a channel is assumed to find a lipid (just the headgroup
is schematically mentioned) on the perturbed region of the bilayer next to it with bear Coulomb
interaction but the next neighboring lipid with first-order SCI and so on. The gA monomer perhaps
no longer can extend its interaction beyond the lipid on the right side of the downward-pointing
arrow where the bilayer regains the form of its unperturbed thickness. Here we have shown only
the lipid headgroup regions because most probably the lipid headgroup regions are responsible for
the effective localized charges in lipids
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a cell surface as sketched earlier in Fig. 4.15. A single drug is sketched here to fall into
a drug cluster with energy state Ei from an energy state E0. This energy E0 is the total
energy of the cluster created by the single drug and lipids within distance up to the
downward arrow (see Fig. 4.27) in all directions on an approximately two-dimensional
membrane plane. Calculation of the total binding energy may follow the shell model
arrangement of the drug–lipids (see Fig. 4.17) and related numerical analysis that are
presented earlier.

Figure 4.27 shows radial distance of the lower pointing arrow from the gA
molecule, let us consider it nradial, and it can be assumed as a correlation length what
determines how many lipids may fall within the interaction field created by the drug
molecule around it. As per Fig. 4.17 (shell model) where the lipids are assumed to
align on a circular symmetric shell in approximate 2D field (membrane surface in
case of Fig. 4.27), nradial follows an approximate relation:

nradial ¼ n rLL ð4:14Þ

Here for simplicity n may be assumed as an arbitrary integer that determines the
SCI orders to calculate the energy following Eqs. (4.8)–(4.10) and using
Mathematica 10 programming for numerical simulations. nradial of course depends
on various other things, e.g., the type of lipid phase, temperature.

4.4.2.2 Clustered Drug Molecules’ Binding Energy on Cell Surface.
Theoretical Calculation of єi

In a drug cluster (see Fig. 4.28), both drugs and lipids participate to construct the
clusters. This clustering may have various different geometric conditions. Relative
concentrations of drug and lipid particles in a cluster may determine qualitative
differences in values of parameters that determine a cluster’s physical conditions.
Some analyses are presented here.

Figure 4.28a represents the random drug adsorption by cell surface. Here the
drug association with lipid monolayer happens through interaction of independent
drugs with surrounding lipids. The binding energy є0 of such a drug molecule is
derived earlier.

Figure 4.28b represents a condition in which substantial adsorption of drug
particles by cell surface in lipid monolayer has caused drugs and lipids initiating the
creation of a ‘drug–lipid cluster’ where both drugs and lipids locate randomly. The
calculation of drug particle binding energy єi in a drug–lipid cluster is a bit com-
plicated that require consideration of three different distances units, namely lipid–
lipid distance, rLL, drug–lipid distance, rDL, and drug–drug distance, rDD, respec-
tively (see Fig. 4.29). Figure 4.29 is sketched to show different screening orders in
SCI in the interaction of a drug particle with surrounding lipids or drugs on cell
surface for mixed drug cluster as shown in earlier Fig. 4.28b.
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Figure 4.28c represents a condition in which drugs stay together and make a
cluster which is surrounded by lipids what I call a ‘drug–drug cluster’. The cal-
culation of drug particle binding energy єi in a drug–drug cluster requires consid-
eration of only one distance unit drug–drug distance, rDD, (see Fig. 4.30) instead of
three different distance units rLL, rDL, and rDD, required for the drug–lipid cluster
(see Fig. 4.29). Figure 4.30 is sketched to show different screening orders in SCI in
the interaction of a drug particle with surrounding drugs on cell surface for a drug–
drug cluster as shown in earlier Fig. 4.28c.

For the cases in Figs. 4.29 and 4.30, the NCs follow exactly identical protocols
as used in Sect. 4.4.2.1 to calculate drug binding energy єi except for the use of
different charge distributions, distance units, etc. Only interested researchers may
repeat the computation for their focused research projects following the protocols
presented here and in references that are quoted.

(a)

(b)

(c)

Fig. 4.28 Drugs penetrate
into cell surface membrane
that may initiate creation of
clusters. a Drugs randomly
penetrate into lipid monolayer
on cell surface. No
considerable interdrug
particles communication is
yet established. b Substantial
adsorption of drug particles
by cell surface in lipid
monolayer causes drugs and
lipids initiating the creation of
a so called (I wish to name it)
drug–lipid cluster where both
drugs and lipids locate
randomly. c Drugs stay
together and make a cluster
which is surrounded by lipids.
I wish to call it a ‘drug–drug
cluster’. Red sphere
represents drug particle, and
brown sphere represents lipid
molecule. The circular
boundary may be considered
for a circle with radius nradial
that determines the cluster
size. The model is a 2D
representation though the
drug–lipid and drug–drug
clusters actually appear in
AFM phase imaging as
three-dimensional as
presented earlier in Figs. 4.2,
4.3, 4.5, and 4.7
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0th order SCI interaction line  

1st order SCI interaction line

2nd order SCI interaction line

3rd order SCI interaction line

rLL

rDL

rDD

Fig. 4.29 Different screening orders in SCI are shown (modeled here with interaction lines having
various thicknesses) in the interaction of a drug particle with surrounding lipids or drugs on cell
surface for mixed drug cluster as shown in earlier Fig. 4.28b. As before, we have sketched an
equivalent shell model presentation in a 2D view. Here average interparticle spaces can be three
different distances, namely lipid–lipid distance, rLL, drug–lipid distance, rDL, and drug–drug
distance, rDD, respectively
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0th order SCI interaction line  

1st order SCI interaction line

2nd order SCI interaction line

3rd order SCI interaction line

Fig. 4.30 Different screening orders in SCI are shown (modeled here with interaction lines having
various thicknesses) in the interaction of a drug particle with surrounding drugs for unitary drug
cluster on cell surface as shown in earlier Fig. 4.28c. As before, to explain the interaction with
various screening order we have sketched an equivalent shell model presentation for the central
unitary drug cluster in a 2D view. Here the central unitary drug cluster is modeled to be surrounded
by the hydrophobic lipid environment
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4.5 Drug–Drug Clusters. Size Distribution
and Energetic Scenario

Drugs create clusters with various sizes on cell surface (detailed in models I have
presented in Fig. 4.31). We may model three such drug–drug clusters here in
Fig. 4.31 that have three values of correlation length nradial that determines how
many drugs may fall within the interaction field created by any drug molecule
(considered at the center in the 2D shell model) around it. The bigger the drug–drug
cluster, the higher-order screening of interactions will be required. So the average
value of the drug binding energy єi is expected to vary with the variation of cluster
sizes.

4.6 Drug Clusters Overlap Partially. Energetic Scenario

We shall now consider a case where two drug clusters overlap partially. A section
may share with both clusters. In Fig. 4.32, we model energy conformation repre-
senting diagram for partial overlapping between clusters 1 and 2 and between
clusters 3 and 4. The drug particles at overlapped regions exist with energy states 0’
and 0’’, respectively. We can consider two cases as reasons behind creation of such
an overlapped state between two drug clusters. They are explained here.

Case (i). There is a pseudostate being created through accumulation of a few drug
molecules, just too close to both independent clusters, so particles from
the pseudostate have hoping tendency to fall into either of the inde-
pendent drug clusters. Pseudostate means a drug cluster where drug
molecules are just close to each other but not with enough mutual
bonding so that they can be considered as a complete drug cluster. This
is perhaps the brief state that either initiates to form a cluster or disin-
tegrates into individual drug particles.

Case (ii). Two independent drug clusters, due to their dynamic nature/movement,
approach to each other and overlap partially by sharing sections of their
clusters.

For former case (i), the values of 0’ or 0’’ represent little lower than the absolute 0
dedicated for cell surface potential energy. Here 0’ or 0’’ is the total binding energy
of the pseudostate creating accumulated drugs. For the latter case (ii), the values of
0’ or 0’’ represent values that are (close to or) between E1 and E2 or between E3 and
E4, respectively. Theoretically, both cases (i) and (ii) are possible to exist, but in
reality, the case (ii) is quite near impossible to be created. As two drug clusters are
formed, they take themselves to their own independent energy states with com-
pletely different physics inside isolating them from the rest of the cell surface. Here,
we also need to consider that the cluster formation is a classical mechanical and not
a quantum mechanical phenomenon. So drug particles in an independent state can
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only escape to the cell surface and certainly are unable to tunnel into any nearby
drug clusters. If at the edge of a cluster a few drug molecules suddenly accumulate
through weak bonding and next to this accumulated pseudostate there exists the
edge of another independent drug cluster, there is a possibility to raise an over-
lapping as explained in case (i). The lifetime of such case (i) should be quite short
or case (i) exists very briefly before either converting (the overlapped clusters) into
either two independent clusters; e.g., overlapped clusters shown in Fig. 4.32 get

(a)

(b)

(c)

Fig. 4.31 Drug–drug clusters
with three different sizes,
small to big, are A, B, C,
respectively. All three clusters
are surrounded by continuum
of lipids layers. I just show
one layer here
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converted into independent drug clusters 1’ and 2’ and 3’ and 4’ (not shown here),
respectively. Here, 1’, 2’, 3’, and 4’ exist with higher number of drug molecules
than that of 1, 2, 3, and 4 (shown in Fig. 4.32) and higher amount of total energy
than E1 and E2, E3 and E4, respectively. The other possibility is that the overlapped
clusters 1 and 2, and 3 and 4 accumulate more tightly and convert into just two new
bigger clusters. Due to quite high level of energetic independence, the latter pos-
sibility is quite slim leaving the former possibility a more reality. These explana-
tions are just made based on mostly philosophical thoughts than any realistic
experimental validation which is absent to date.
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Chapter 5
Molecular Machines of the Cell

Cell is a chemical machine, first proposed by Loeb in 1906. Wilson’s opinion
suggested that ‘the specificity of each kind of cell depends essentially on what we
call its organization, i.e., upon the construction of the cell machine’ (Wilson 1925).
Details on the understanding of the cell by Loeb and Wilson have been presented in
Taylor (2001). Cellular constituents make varieties of most important molecular
machines (MMs). It is now quite clear that the most complex MMs are proteins
within the cells. Therefore, it is like existence of independent MMs within a big
machine ‘cell.’ Many of the essential cell-based processes, including transcription,
translation, folding of proteins, degradation of proteins, are all naturally carried out
by various MMs.

Molecular machines may fall in two general categories.

(i) Natural molecular machines. Molecules that naturally exist inside the cell and
participate in constructing ‘natural molecular machines.’

(ii) Artificial molecular machines. The other type of machines is referred as
‘artificial molecular machines’ constructed by the external agents indepen-
dently inside a biological organ, section or structure or in combination with a
naturally existed biostructure inside or outside the cell.

Besides big biomolecules, there are various small molecules, such as different
peptides participating in constructing MMs. Both types of natural and artificial
MMs follow the general rules of structures, and structure-specific functions that are
applicable in case of any general machine that we know of. These machines have
mechanical, electrical, and chemical properties, so they do follow formalisms that
are raised due to the mechano–electrical–chemical properties.

This chapter will address in quite details on various types of MMs that are
studied using biophysical, biochemical, medical, engineering techniques for
understanding their roles in biological systems, and possible use in addressing
various cell-based diseases, and applications in drug design/discovery. To obtain a
quite complete picture, we shall address on a few example general MMs like
ribosome and myosin as well as address on various ion channels that either
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naturally exist or artificially constructed in mainly the areas of cell-based plasma
membranes and mitochondrial membranes.

5.1 General Understanding of the Molecular Machines

For general understanding of the structure and function of MMs, we shall use
specific example cases. In-depth analysis of a few biomolecule structures and
functions will help understand how these systems may be compared to general
machines. Here we use ribosome to address the general features of a MM.

5.1.1 Ribosome. A Complex Molecular Machine
Inside Living Cell

As an example, we shall address here how the ribosome, an essential MM, works
inside the cell. Ribosome is often considered as a supramolecular factory that syn-
thesizes proteins in all cells. It assembles molecules like polymeric proteins whose
sequence is controlled by the sequence of messenger RNA (mRNA) molecules.
Translocation of transfer RNA (tRNA) and mRNA through the ribosome is one of
the most cell-based dynamic events during protein synthesis. The translocation is
catalyzed by elongation factor G (EF-G) and driven by Guanosine-5′-triphosphate
(GTP) hydrolysis. Major unresolved questions are: ‘how the movement is induced
and what the moving parts of the ribosome are.’ That means to understand properly
the molecular mechanism of the movement is to be understood. Various studies
addressed these questions to get into the insights (e.g., see Dunkle and Cate 2010;
Shoji et al. 2009; Frank et al. 2010; Rodnina et al. 2011).

Time-resolved cryoelectron microscopy reveals trajectories of tRNA movement
through ribosome. Due to thermal fluctuations, the ribosome spontaneously samples
a large number of conformational states. The spontaneous movement of tRNAs
through the ribosome is loosely coupled to the motions within the ribosome. EF-G
stabilizes conformational states prone to translocation and promotes a conforma-
tional rearrangement of the ribosome (unlocking) that accelerates the rate-limiting
step of translocation: The movement of the tRNA anticodons on the small ribo-
somal subunit. EF-G acts as a Brownian ratchet providing directional bias for
movement at the cost of GTP hydrolysis. Figure 5.1 addresses how tRNA moves
through the ribosome (for details, see Rodnina et al. 2011).

The two tRNA molecules bound to the A and P sites of the ribosome in the
pre-translocation state (PRE) move to the P and E sites, respectively, and the
movement is promoted by EF-G (Fig. 5.1). Spontaneous dissociation of the dea-
cylated tRNA from the E site results in a post-translocation complex with a single
tRNA in the P site (POST). The domains of EF-G (1–5) are indicated. In the absence
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of EF-G, the reaction can proceed in forward or backward directions, albeit slowly,
following the thermodynamic gradient.

5.1.2 tRNA Moves Spontaneously Through the Ribosome

This spontaneous translocation can proceed in both forward and backward direc-
tions, implying that its basic features are inherent to the ribosome–tRNA complex
itself (see Shoji et al. 2006; Fredrick and Noller 2003; Gavrilova et al. 1976;
Konevega et al. 2007). Movement of tRNAs through the ribosome is directed solely
by thermal fluctuations and the thermodynamic gradient. Compared to the reaction
promoted by EF-G, this spontaneous thermal fluctuation-driven movement is pretty
slow. In the transition from one canonical ribosome-binding site to the other, the
tRNAs acquire intermediate configurations that are known as the so-called hybrid
states.

Single-molecule fluorescence resonance energy transfer (FRET) studies indicate
that the ribosome spontaneously fluctuates between classic or nonrotated and hybrid or
rotated states (Cornish et al. 2008; Blanchard et al. 2004). The time-resolved cryo-
electron microscopic (cryo-EM) analysis of spontaneous tRNA retro-translocation
(Fischer et al. 2010) reveals trajectories of the tRNAs and accompanying conforma-
tional fluctuations of the ribosome. Eight most distinct states from the 50 cryo-EM
reconstructions of tRNAs at different stages of retro-translocation are presented in
Fig. 5.2. Here the numbers above the arrows represent equilibrium constants (Keq),
i.e., the ratio between states n and n + 1 for the rapid transitions between the various
post- and pre-states. The transition between the ensembles of post- and pre-states
(indicated by square brackets), which entails the movement of the tRNA anticodon
stem–loops on the 30S ribosomal subunit, is slow in comparison.

Fig. 5.1 Movement of tRNA through the ribosome With due permission, copied from (cf.
Rodnina et al. 2011)
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The brief explanation on ribosomal MM provides some example information
about how biological machines work. A book was recently published on Molecular
Machines in Biology (Frank 2011). This volume focuses on important MMs whose
architecture is known and whose functional principles have been established by
tools of biophysical imaging, such as X-ray crystallography and cryoelectron mi-
croscopy, and fluorescence probing, such as single-molecule FRET. Interested and
focused readers may consider reading this book to enhance their knowledge on
various cell-based MMs, their structures, functions, and possible roles in cellular
conditions and specific diseases. In this chapter, our scope is limited to go to the
details of this subject.

5.2 Physical Condition of Molecular Machines

Most of the MMs are mechanical entities though locally created natural electrical
engines often appear to feed the machines with transiently produced electrical
energies and thus help them function molecularly. Of course, the thermal condition
in which the machine resides is a generally important determinant of the MM’s
functionality. For example, motor protein myosin is responsible for muscle con-
traction, kinesin moves cell-based cargo along microtubules away from the nucleus,
dynein is engaged in producing axonemal beating of motile cilia and flagella. These
naturally grown biological machines are on one hand way more complex in
structure than the human made any kind of machines to date. On the other hand,
these machines are often found to work naturally requiring no external interferences
other than the locally created complex network among various inputs, outputs, and
core stages structural sections and established bioinformatics based communica-
tions thereof.

The motor proteins bind to a polarized cytoskeletal filament and use the energy
derived from repeated cycles of ATP hydrolysis tomove steadily along it. A nice book
‘Molecular Biology of the Cell’was written more than a decade ago in which analysis
on molecular motors as MMs was made quite in details (see Alberts et al. 2002).

Different motor proteins coexist in every eukaryotic cell. They usually differ in
three ways:

(i) the type of filament they bind to (either actin or microtubules),
(ii) the direction in which they move along the filament, and
(iii) the ‘cargo’ they carry.

Fig. 5.2 Trajectories of tRNA movement are schematized here (cf. Rodnina et al. 2011)
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Many motor proteins are known to carry big cell constituents/organelles which
are even membrane-enclosed—such as mitochondria, Golgi stacks, or secretory
vesicles—to their target locations in the cell. Other motor proteins cause
cytoskeletal filaments to slide against each other. This process generates force that
drives phenomena as muscle contraction, ciliary beating, and cell division.

Kinesin superfamily proteins, important molecular motors, directionally trans-
port various cargos, including membranous organelles, protein complexes, and
mRNAs. The mechanisms by which different kinesins recognize and bind to
specific cargos, as well as how kinesins unload cargo and determine the direction of
transport, have been identified (Hirokawa et al. 2009). Molecular genetic experi-
ments uncover important and unexpected roles for kinesins in the regulation of such
physiological processes as higher brain function, tumor suppression, and devel-
opmental patterning (see Hirokawa et al. 2009).

5.3 Cargo Recognition and Cargo-Mediated Regulation
of Molecular Machine Myosin

Biological system exists mainly with various dynamic compounds inside various
levels including in cell. Motion is one important hallmark of dynamic character of a
body. Organized motions are observed to be hallmarks of living organisms. Such
motions range from collective cell movements during development stages and
muscle contractions at the macroscopic scale all the way down to cellular cargo
including various biomolecules and organelles that are engaged in transportation
and mechanoforce sensing at more microscopic scales. Energy required for such
molecular-level biological motions is almost invariably provided by cellular
chemical fuels in the form of nucleotide triphosphate. Biological systems have
independently evolved through designing a group of nanoscale engines as molec-
ular motors, to convert cellular chemical fuels into mechanical energy.

Various molecular motors such as cytoskeleton motors (myosin, kinesin, and
dynein), nucleic acid-based motors, cellular membrane-based rotary motors are on
continuous dynamic motions due to localized energetic interactions, energetic con-
versions, energy transfer, or exchange, etc., among within the various parts of such
nanomachines, as well as with the surrounding biological materials. We shall address
some aspects of myosins, as an example demonstration of a cytoskeleton motor.

Mechanochemical parameters are known to define the motor activity of each
myosin. Some of these are general machine-related parameters like duty ratio,
processivity, power stroke/stepping, velocity, and directionality. These parameters
have been defined quite in details for myosin, see O’Connell et al. (2007).

– Duty ratio is defined as the proportion of the ATPase cycle that the motor
domain remains strongly bound to actin.

– Processivity is a mechanochemical property closely associated with duty ratio
and refers to the number of catalytic cycles a motor can perform before diffusing
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away from its track. For highly processive motors, hundreds of rounds of ATP
binding and hydrolysis can occur before release from actin while nonprocessive
motors will bind actin once per ATPase cycle and release.

– Muscle myosin II in various nucleotide-bound conformations support the
hypothesis that this region undergoes a rotational movement, thereby acting as a
lever arm that exerts a power stroke, during the weak to strong
(ADP�Pi ! ADP) binding transition.

– The velocity at which a myosin moves along an actin filament is defined by
three parameters, the displacement per ATP hydrolyzed (step size d), the duty
ratio (f), and the overall cycling rate (actin-activated ATPase). The velocity
V stands as O’Connell et al. (2007),

V ¼ d � kATPase
f

ð5:1Þ

Independent measurements of these three parameters can be used to calculate a
velocity that is frequently in good agreement with experimentally determined
values, although there are exceptions.

– Actin filaments have an inherent polarity with a fast growing plus (barbed) end
and a slower growing minus (pointed) end. Filaments within the cytoplasm are
also organized in a polarized fashion, with plus ends typically oriented toward
the plasma membrane and minus ends toward the interior region. The direction
of myosin movement on actin, therefore, has profound implications for function.
As an example, a myosin involved in trafficking vesicles to the plasma mem-
brane during secretion would necessitate plus end-directed movement.
Directionality is therefore considered an important factor.

Table 5.1 summarizes many of the known values for the above-described
parameters (see O’Connell et al. 2007) where a survey has been made and results
presented based on various studies quoted therein. Due to limited scopes here we
shall avoid providing detailed explanations on all of these studies. Interested readers
are encouraged to go through these references (see in Table 5.1).

V qð Þ ¼ Vmax 1� 1� fð Þq��A
h i

ð5:2Þ

Here

V is the average filament velocity as a function of density q,
Vmax is the maximum gliding velocity,
f is the duty ratio, and
Ā is the area of interaction (defined as the product of twice the filament reach

and mean filament length)
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5.3.1 Molecular Machine Myosin Dimerization

Several mechanisms can help bring myosin monomers (e.g., Myo6 motors) in close
proximity to facilitate dimerization (see Fig. 5.3). For example, a number of pro-
teins interact with the tail domain of Myo6. Binding of two Myo6 heavy chains to
one of these could induce a functional dimer (Fig. 5.3b). Alternatively, interactions
with vesicular cargo could cluster enough Myo6 molecules to result in coiled-coil
formation into a true dimer (Fig. 5.3c) or a functional dimer of two motors in close
proximity (Fig. 5.3d).

Fig. 5.3 Possible states and mechanisms of Myo6 oligomerization in vivo. a Myo6 might
function exclusively as a monomer or b binding of two Myo6 motors to the same (or complexed)
tail interacting protein(s) could induce the formation of a functional dimer. c Vesicular cargo could
act as a recruitment platform for Myo6 with dimerization occurring once enough motors are
concentrated c, or two monomers in close proximity could work together as a functional dimer
d (cf. O’Connell et al. 2007)
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5.3.2 Molecular Machine Myosin Movement
in Specific Direction

Time-lapse imaging of the polarity-tagged filaments by surface-bound motors
reveals the directionality of the motor. A myosin whose direction of movement is
known should be used to verify the accuracy of the polarity tag since annealing
events in solution and subsequent breakage events during in vitro motility can affect
the apparent location of the tag.

Myosins are mostly plus end-directed in nature (see Table 5.1). Single-headed
Myo6 expressed in baculovirus was the first myosin described to move toward the
minus end of actin, consistent with its proposed roles in trafficking vesicles toward
the interior during clathrin-mediated endocytosis and anchoring the membrane
between stereocilia of the inner ear. Tail-less BV-expressed Myo9b is also reported
to move to the minus end of actin. However, native Myo9b moves to the plus end of
actin and it is not clear why this discrepancy exists. We wish not to present details
due to limited scope in this book.

Figure 5.4 presents a case study. In Fig. 5.4a, cells from the alga Nitella are cut
open and pinned down with the polarized actin bundles in each half exposed to
solution. The movement of myosin-coated beads along the cables is compared to a
control motor to assess the polarity of the actin. In Fig. 5.4b, nucleation from the
plus ends of actin bundles from Limulus acrosomal processes creates a ‘broom’ of
known polarity. Myosin-coated beads are positioned on the broom with an optical
trap. In Fig. 5.4c, in the gliding filament assay, actin filaments are fluorescently
tagged on one end by polymerization off of the minus end of seeds whose plus ends
are occluded by gelsolin (gray sphere). These are imaged moving on a coverslip
coated with myosin, and the trailing end indicates the directionality of the myosin.

5.3.3 Unconventional Myosin Structure and Function

Lu et al. (2014) recently demonstrated the action of a subfamily of actin
filament-based motors called unconventional myosins. Other than muscle myosin
II, the remaining myosins are collectively referred to as unconventional myosins. In
general, myosins can use ATP to fuel two types of mechanomotions, namely
dynamic tethering actin filaments with various cellular compartments or structures
and actin filament-based intracellular transport. This group has been successful to
address a few features that may be considered important to know. Figure 5.5
demonstrates the summary of the understandings.

Some myosins (e.g., myosin-VI) can function as both cellular transporters and
mechanical tethers. To function as a processive transporter, myosins need to form
dimers or multimers. To be a mechanical tether, a monomeric myosin is sufficient.
It has been shown for myosin-VI that its cellular cargo proteins can play critical
roles in determining the motor properties. Dab2, an adaptor protein linking
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endocytic vesicles with actin filament-bound myosin-VI, can induce the motor to
form a transport-competent dimer. Such a cargo-mediated dimerization mechanism
has also been observed in other myosins including myosin-V and myosin-VIIa.

The tail domains of myosins are very diverse both in lengths and their protein
domain compositions and thus enable motors to engage a broad range of different
cellular cargoes. Remarkably, the cargo-binding tail of one myosin alone often can
bind to multiple distinct target proteins. A series of atomic structures of myosin-V/
cargo complexes (solved recently) reveals that the globular cargo-binding tail of the
motor contains a number of nonoverlapping target recognition sites for binding to
its cargoes including melanophilin, vesicle adaptors RILPL2, and vesicle-bound
GTPase Rab11. The structures of the MyTH4–FERM tandems from myosin-VIIa
and myosin-X in complex with their respective targets reveal that MyTH4 and
FERM domains extensively interact with each other forming structural and

Fig. 5.4 Assays to determine myosin directionality (cf. O’Connell et al. 2007)
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functional supramodules in both motors and demonstrate that the structurally
similar MyTH4–FERM tandems of the two motors display totally different target
binding modes. These structural studies also shed light on why numerous mutations
found in these myosins can cause devastating human diseases such as deafness and
blindness, intellectual disabilities, immune disorders, and diabetes.

5.3.4 Structural Basis of Cargo Recognition
by Myosin and Related Function

Myosin‐X is an important unconventional myosin that is critical for cargo trans-
portation to filopodia tips. Myosin-X is also utilized in spindle assembly by
interacting with microtubules. A couple of years ago, Hirano and colleagues (2011)
presented results on a series of structural and biochemical studies of the myosin‐X
tail domain cassette, consisting of myosin tail homology 4 (MyTH4) and 4.1 and
ezrin/radixin/moesin (FERM) domains in complex with its specific cargo, a netrin
receptor deleted in colorectal cancer (DCC). The MyTH4 domain was folded into a
helical Vps27p/Hrs/STAM (VHS)‐like structure and was associated with the FERM
domain. It was reported that an unexpected binding mode of the DCC peptide to the
subdomain C groove of the FERM domain was observed, which was distinct from
previously reported b–b associations found in radixin–adhesion molecule

Fig. 5.5 Role of various myosins is demonstrated in these model presentations (cf. from Lu et al.
2014)
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complexes. Direct interactions between the MyTH4–FERM cassette and tubulin C‐
terminal acidic tails were also revealed, and a positively charged patch of the
MyTH4 domain was identified, which was involved in tubulin binding. DCC
binding was found to interfere with integrin binding. The molecular basis by which
myosin‐X facilitates alternative dual binding to cargos, and microtubules was
elucidated in this study (Hirano et al. 2011).

Hirano et al. (2011) found domains and motifs in myosin-X and DCC and their
physical properties. In Fig. 5.6a, Myosin-X consists of an N-terminal motor
domain, three IQ motifs, a coiled-coil (CC) region, three PH domains, and MyTH4
and FERM domains. The tandem myosin tail homology 4 (MyTH4) and 4.1 and
ezrin/radixin/moesin (FERM) domain cassette has central role in cargo recognition.
The tandem comprising the MyTH4 and FERM domains frequently appears in
related myosins (myosin-IV, VII, X, XII, XIV, and XV) and is referred to as the
MyTH4–FERM cassette. Interestingly, this cassette is found in one of three
ancestral myosins in the earliest eukaryotes, and myosin-X is conserved in verte-
brates (Richards and Cavalier-Smith 2005). Three PH domains contain one split PH
domain (PHn and PHc) and sequentially appear as PHn–PH1–PHc–PH2. In
Fig. 5.6b, the DCC cytoplasmic tail possesses three conserved regions, P1, P2, and
P3 (orange ovals), which might facilitate protein–protein interactions. The trans-
membrane helix (TH) is represented by a gray rectangle. In Fig. 5.6c, isothermal
titration calorimetry (ITC) profiles and thermodynamic data for binding experi-
ments at 20 °C are presented. Injection of 6 ll of 733 lM DCC peptide into 50 lM
MyTH4–FERM cassette solution was made. The protein exhibited a KD value of
0.53 ± 0.06 lM, DH of −4.98 ± 0.04 kcal/mol, and DS of 11.7 cal/mol. Raw data
for 30 sequential injections (the upper panel) and the plot of the heat evolved (kcal)
per mole of DCC peptide added, corrected for the heat of the peptide dilution,
against the molar ratio of the peptide to the cassette. The data (filled squares) were
fitted using the software ‘one set of sites,’ and the solid line represents the best fit.
In biochemical studies, ITC showed a relatively strong affinity with a dissociation
constant KD value of 0.53 lM. In Fig. 5.6d, hydrodynamic property of the complex
determined by analytical ultracentrifugation (AUC) measurements is addressed.
The distribution of apparent molecular mass obtained from sedimentation velocity
analysis of the complex shows a mono-modal peak with apparent molecular mass of
62.7 ± 8.6 kDa. The purified myosin-X MyTH4–FERM cassette exists as a
monomer in solution as suggested by AUC analysis, which showed a mono-modal
peak corresponding to a monomer (62.7 kDa) close to the calculated (63.3 kDa).
MyTH4–FERM cassette and the DCC P3 peptide form a stable complex, which
could be purified using conventional gel filtration. Gel filtration and AUC showed a
mono-modal peak corresponding to a 1:1 complex (data not shown). Contrary to
the cargo-loaded dimerization of myosin-VI (Yu et al. 2009), no cargo-mediated
dimerization was observed for myosin-X through the MyTH4–FERM cassette.

Besides mediating the biological function of selective cargo transportation on
actin cables, myosin-X directly interacts with microtubules and has a key role to play
in spindle assembly during meiosis to ensure delivery of replicated chromosomes to
daughter cells following cell division (Weber et al. 2004; Woolner et al. 2008). This
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surprising myosin-X function is mediated by a direct interaction between micro-
tubules and the MyTH4–FERM cassette. However, the manner by which myosin-X
recognizes microtubules has remained unclear. Myosin-X has been found to have a
role in integrin-dependent spindle orientation (Toyoshima and Nishida 2007).

A finding related to the DCC aP3 helix that was docked into the groove between
the b5C strand and the a1C helix of subdomain C of the myosin-X FERM domain
(see Hirano et al. 2011). In sharp contrast to this a-helix groove docking (see
Fig. 5.7a), binding partners of ERM proteins have been shown to bind this groove
of FERM domains by forming an additional antiparallel b–b association with the
b5C strand (Hamada et al. 2003; Takai et al. 2007, 2008; Terawaki et al. 2007;

Fig. 5.6 Diagrams of domains and motifs found in myosin-X and DCC and their physical
properties. a an N-terminal motor domain, three IQ motifs, a coiled-coil (CC) region, three PH
domains and MyTH4 and FERM domains. b The DCC cytoplasmic tail possesses three conserved
regions, P1, P2, and P3 (orange ovals). The TH is represented by a gray rectangle. c ITC profiles
and thermodynamic data for binding experiments at 20 °C. d Hydrodynamic property of the
complex determined by AUC measurements (cf. Hirano et al. 2011)
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Mori et al. 2008) (see Fig. 5.7b). Another adhesion molecule CD44 and a
membrane-associated protease neutral endopeptidase 24.11 (NEP) preserve the
Motif-1b conserved sequence Ile-Asn (IN) and form a short b strand followed by a
reverse turn (Terawaki et al. 2007; Mori et al. 2008). These binding motifs differ
from the DCC/neogenin motif that forms the P3 a-helix. Compared with radixin
subdomain C, myosin-X possesses a shorter b5C strand (four residues vs. six
residues of radixin) and shorter a1C helix (five turns vs. six turns of radixin), and
these are loosely associated to form a larger groove for a-helix accommodation,
given the absence of bulky nonpolar residues at the groove surface (see Fig. 5.7f).

ERM proteins bind the Na+/H+ exchanger regulatory factor-1, 2 (NHERF-1 and
-2), which are key cytoplasmic proteins involved in the anchoring of ion channels
and receptors to the actin cytoskeleton through binding to ERM proteins. These
adaptor proteins preserve FERM-binding Motif-2 (MDWxxxxx(L/I)Fxx(L/F)) and
form an a-helix that docks into the groove formed by the b-sandwich loops of
subdomain C (Terawaki et al. 2006), which displays no similarity to the DCC/
neogenin P3 motif (see Fig. 5.7c). The myosin-X FERM domain lacks the PtdIns
(4,5)P2-binding site found in the radixin FERM domain as previously described
(see Fig. 5.7d).

It was one of the most exciting findings in cell biology of cytoskeletons that
myosin-X has the ability to function as a motorized link between actin filaments and
microtubules in spindle assembly during meiosis (Weber et al. 2004; Toyoshima
and Nishida 2007; Woolner et al. 2008). Only a single report of Xenopus myosin-X
has shown the direct binding of myosin-X to microtubules (Weber et al. 2004). The
study of Hirano et al. (2011) confirmed that result in a mammalian myosin-X but
also revealed that at least the major part of the novel myosin-X–microtubule
interaction is mediated by the MyTH4 domain and the C-terminal acidic tails of
tubulins. Interestingly, these acidic tails of ab-tubulins are also collectively referred
to as E-hooks, which interact with the kinesin K-loop for processive motor
movement (Okada and Hirokawa 2000; Hirokawa et al. 2009). It is well known that
a-tubulin acidic tails possess a terminal tyrosine residue at the C-terminus, which is
recognized by the CAP-Gly domains of microtubule-binding proteins such as
CLIP-170 (Honnappa et al. 2006; Mishima et al. 2007). The MyTH4–FERM
cassette has no homologous region to the CAP-Gly domain and binds both a- and
b-tubulin acidic tails.

The study of Hirano et al. (2011) suggests that the interactions of the MyTH4–
FERM domain with microtubules and DCC are mutually exclusive, in spite of the
fact that the binding sites are not overlapping. This is particularly important as
myosin-X is now reported to have several different binding partners, implying that
under different cellular conditions, a different subset of proteins may be associated
with myosin-X. It is noteworthy that integrin binding also interferes microtubule
binding. It is speculated that the primary motor function carrying cargos and the
linker function linking an actin filament and a microtubule are two alternative
functions of myosin-X.

We could continue addressing on various similar biologically active MMs, but
our limited scope forces to prioritize and address a few other machines ‘ion
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channels’ later in this chapter. Continued research has been pursued to not only
address MMs’ structure and function aspects but also their genetic origins, muta-
tions in pinpointed structure regions, and related disease condition, etc. Search is
continued to find answers to two important aspects about the biological machines
inside cells:

Fig. 5.7 Peptide recognition by FERM domains. Comparison of complex structures of the
myosin-X and radixin FERM domains bound to their binding partners. a The FERM domain of the
MyTH4–FERM cassette bound to the DCC P3 peptide of the current structure. b The radixin–
ICAM-2 complex (1J19) exhibits the prototypic binding mode of adhesion molecule recognition
by b–b association. A similar binding mode (Motif-1a recognition) is found in both the radixin–
PSGL-1 (2EMT) and radixin–CD43 (2EMS) complex structures. The radixin–CD44 (2ZPY) and
radixin–NEP (2YVC) complexes also display this binding mode with the modified recognition
motif Motif-1b. c The radixin–NHERF complex (2D10) displays the second class of binding mode
with the NHERF peptide docked into the b-sandwich loops. d The radixin–IP3 complex (1GC6)
reveals the PtdIns(4,5)P2-binding site between subdomains A and C. e Superimposition of DCC
P3 (orange) and ICAM-2 (green) peptides bound to the myosin-X (cyan) and radixin (gray) FERM
domains, respectively. The ICAM-2 peptide forms a short b strand followed by a 1-turn 310 helix.
f Superimposition of the myosin-X (cyan) and radixin (gray) FERM domains bound to DCC P3
and ICAM-2 peptides, respectively. The bound peptides are omitted for clarity. Nonpolar residues
of the radixin FERM domain are highlighted as stick models (yellow) (cf. Hirano et al. 2011)
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(i) How are biological machines constructed naturally and how do they function?
(ii) What happens to these machines’ structure and function due to the effects of

rise of diseases in biological system, especially in cell?

When the answers to these two questions are found for any specific biological
machine, we may then ask another question:

(iii) How can we repair any possible structural or functional perturbation in a
biological machine?
We often solve this question (iii) through searching agents and right phys-
iological conditions for repairing such biological disorders.

Knowing the details of the biological machines is one of the top priorities of
current biomedical sciences. A few answers to the mentioned questions will be
discovered in our subsequent chapters. Before that we wish to address on a few
natural and artificial MMs existed or constructed in plasma membranes and mito-
chondrial membranes in cell. Our priority on ion channel is due to that ion channels
are prime structures which are found engaged in regulating important cellular
transport mechanisms for various agents that often define the life of the biological
system. The wellness of cells, so is perhaps of the biological life, or turning into
disease state largely relies on the condition of ion channels in membranes.

5.4 Ion Channels Induced by Natural Agents in Cell
Membrane. Natural Membrane-Based Molecular
Machines

Ion channels are fascinating molecular micromachines responsible for electrical
signaling in biology. Beginning of the concept of ion channels dates back to as
many as two centuries. During mid-nineteenth century (in 1850), Helmholtz was
first to successfully determine the velocity of the electric signal on a nerve cell.
Even earlier, during the first half of the nineteenth century, various investigations
were pointing slowly toward some kind of an underlying chemical process that was
taking place in nerve and muscle tissues as opposed to simple conduction or any
kind of supernatural ‘vitalism’; i.e., forces unique only to living things.

In 1759, Michel Adanson was the first to understand the way an electric eel
stores electricity within itself. Afterward, battery inventor Volta noticed that there
existed similarities in organization between the fish’s electric organs and the bat-
teries he built. Galvani’s publication of results using electrical current in 1791 to
make a dead frog’s legs twitch appeared as an encouraging point for many to try
and explain how electrical current helps nerve cells transmit messages to muscles.

In 1817, the Swedish chemist Berzelius suggested that the electric eel’s current
was nothing but due to an organic chemical process. In 1827, Italian physicist
Leopoldo Nobili appeared as the first ever scientist to have been successful to use
an instrument galvanometer that he refined and measured the current in a frog. Here
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to mention that ‘current’ in biological system refers to the ‘ionic current.’ This is the
current (defined as the flow of charges) due to the flow of various ions such as
sodium, potassium.

The above explanations created the background of searching for currents in
biological systems especially in cellular sectors. During couple of decades in the
late twentieth century, many ground-breaking discoveries were made. Now we have
got a tremendous amount of focused study-based information on various specific
ion channels. We shall directly go to explain various features of a few important
ones in this chapter.

5.4.1 Molecular Micromachine. A Voltage-Gated Ion
Channel Closing-Opening

We find a few transmembrane proteins forming ion channels which are activated by
the changes of electrical membrane potential. These ion channels are generally
known as voltage-gated ion channels (VGICs).

The proteins’ functioning as VGICs show three remarkable properties that
enable nerve cells to conduct an electric impulse (Lodish et al. 2000):

(i) Voltage gating: opening in response to changes in the membrane potential,
(ii) Channel closing and inactivation, and
(iii) Ion specificity: like other ion channels, exquisite specificity for those ions

that will permeate and those that will not.

Lodish et al. provided a description on the molecular analysis of the VGIC
proteins, starting with techniques for measuring their functional properties (for
details see Lodish et al. 2000). One universal property that emerges from molecular
cloning is that all VGICs, be they Na+, K+, or Ca2+ channels, are related in structure
and in function. To obtain a general idea about how a VGIC works, we may
observe Fig. 5.8.

5.4.2 Dynamics of a Voltage-Gated Ion Channel.
Movement of Voltage Sensor Domains

VGICs are able to regulate ion flux mechanism on a millisecond (ms) timescale. In
sensing the membrane voltage change, each ion channel uses four voltage sensor
domains (VSDs) connected to a central ion-conducting pore domain. The fourth
transmembrane segment (S4) of each VSD carries several positively charged
amino acid residues responsible for VSD gating (Borjesson and Elinder 2008). At
least three elementary charges per VSD must traverse outwards through the
membrane electric field to open a channel that corresponds to a considerable
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Fig. 5.8 Deactivation
process for a voltage sensor
from a VGIC. From top to
bottom, the sensor starts in a
fully activated state
corresponding to a
depolarized membrane. As
hyperpolarization is applied,
the voltage sensor domain
moves through at least two
intermediate states in which
the charged arginine side
chains in the S4 helix (blue)
move one position down for
each (leaving the next
arginine in the charge transfer
center) before it reaches a
fully relaxed down state. In
the down state, a linker causes
the voltage sensor domain to
push inward on the pore
domain (not shown), which in
turn will close the pore (cf.
Lindahl 2012)
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displacement of the S4 helix. To demonstrate this, we copy from Henriona et al.
(2012) Fig. 5.9 (see specifically Fig. 5.9a) (Schoppa et al. 1992; Zagotta et al.
1994; Keynes and Elinder 1998).

S4’s positive charges make salt bridges with negative countercharges on their
move through the VSD (Keyness and Elinder 1998; Long et al. 2007; Papazian
et al. 1995; DeCaen et al. 2008, 2009). There is a proposal that the VSD might
undergo a conformational alteration following the opening, when the channel
relaxes to an inactivated, that is closed, state (Villalba-Galea et al. 2008). Besides
conferring voltage dependence to ion channels, VSDs also regulate enzymes
(Murata et al. 2005) and act as voltage-gated proton channels (Sasaki et al. 2006;
Ramsey et al. 2006). Experimental data suggest that each voltage sensor (in par-
ticular the S4 helix) must adopt at least one intermediate state between the dis-
tinguishable conducting and the resting states (Zagotta et al. 1994; Keynes et al.
1998; Schoppa and Sigworth 1998).

In regard to exploring ion channel kinetics, structural constraints in a working
ion channel can be explored by introducing pairs of cysteines that, if close enough,

Fig. 5.9 Probing VSD with Cd2+ bridges. aMultiple molecular states of the S4 voltage sensor. O,
open; I, inactivated; C, closed states. b Three types of interactions. Covalent disulfide bonds
(Upper), Cd2+ bridges coordinating two cysteines (Middle), and Cd2+ bridges coordinating one
cysteine and two or several glutamates/aspartates (Lower). c Residues 325 (magenta) and 326
(orange) are depicted as space filling. Residues 355–369 (green) are investigated with respect to
interactions with 325 and 326. Blue sticks represent the gating charges. (d and e), possible effects of
Cd2+ bridges (red) on voltage and time dependence of the open probability (cf. Henriona et al. 2012)
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can be linked by disulfide bonds (see Fig. 5.9b, upper). This may alter the ion
channel kinetics (DeCaen et al. 2008, 2009; Larsson and Elinder 2000; Broomand
and Elinder 2008). In a 2012 study, Henriona and co-investigators used weaker
Cd2+ bridges that are more likely to catch the channel in native conformations
(Webster et al. 2004; Campos et al. 2007; Li et al. 2011; Lin et al. 2011) (sulfur
distances <6.5 Å (Rulisek and Vondrasek 1998) (see Fig. 5.9b, middle) (Henriona
et al. 2012)). Their lower strength means the interactions can break and reform,
which makes it possible to maintain the channel in a working state. Cd2+ bridges are
found to normally form between cysteines and histidines as well as between neg-
atively charged glutamates and aspartates (Rulisek and Vondrasek 1998). The Cd2+

bridges between one cysteine and multiple glutamates or aspartates were also
explored (see Fig. 5.9b, lower).

Henriona and co-investigators used the voltage-gated Shaker K channel
expressed in oocytes from the frog Xenopus laevis to search for possible interac-
tions (Henriona et al. 2012). Residues 325 and 326 in S3 are close to the gating
charges R1 (=R362), R2 (=R365), and R3 (=R368) in S4 in the open state
(Broomand and Elinder 2008). To probe for movements within the VSD, explo-
ration was made for interactions between 325 and 326 and a long stretch of residues
in S4 (355–369; green segment in (Fig. 5.9c) using Cd2+ bridges. An interaction in
the open state is expected to shift the voltage dependence in a negative direction
and to slow down closing (see Fig. 5.9d, e). Out of 49 mutations, 20 confirm
interactions were reported (Henriona et al. 2012).

This investigation by Henriona and co-investigators followed three steps where
they (Henriona et al. 2012):

(i) started by identifying several strong Cys-Cd2+-Cys bridges,
(ii) used these interactions to build molecular models, and
(iii) used several weaker Cys-Cd2+-Glu/Asp interactions to assess predictions

generated by the models.

These constraints and derived models provided detailed information covering a
complete cycle of conformations for a voltage sensor. Figure 5.10 shows molecular
models of VSD states and the gating process.

The studies of Henriona and co-investigators and proposed models have been
found to cover a complete sequence of transformations from the deepest closed
state to an open state. This set suggests that the VSD activation involves S4 moving
at least 12 Å relative to the rest of the VSD, transferring three to four charges across
the membrane, from the O to the C3 state, and that it could be possible to reach an
even more closed C4 state in some cases with larger structural changes (although
this would require a 17 Å motion). The motion can primarily be defined as a sliding
helix, and for O through C3, there is a constant-length 310-helix region moving
along the sequence of S4 to maintain its location in the hydrophobic region around
F290 of the VSD. The Cole-Moore effect where significant hyperpolarization
makes it harder to subsequently activate the channel (Cole and Moore 1960), C3
can be considered the default resting state, supported by recent simulations of
xomega;-currents (Khalili-Araghi et al. 2012), while C4 might only be reached
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after long hyperpolarization. Thus, the model of a more natural motion from O
through C3, while C3 to C4 requires a larger change, could help reconcile many of
the different constraints observed in experiments.

5.4.3 Conformational Free Energy Associated
with the VSD Activation

Delemotte and co-investigators recently made an effort to address the conforma-
tional free energy associated with the VSD activation (see Delemotte et al. 2015).

Fig. 5.10 Molecular models of VSD states and the gating process. a Metal-ion constraints and
molecular simulation relaxation predict each C1 through C3, and, under some conditions, C4, state
to correspond to one additional arginine side chain in S4 (blue sticks) translating across the
hydrophobic zone lock formed by F290 (green sticks), forming salt bridges to negatively charged
residues in S1–S3 (red sticks; E247 in S1 and E283 in S2 above F290, and E293 in S2 and 316D in
S3 below F290. The region of S4 close to F290 adopts 310-helix (purple) in all models; however,
C4 with the rest of S4 in a-helix (yellow). This suggests a gating model where a virtually
constant-length 310-helix region slides along the sequence of S4 without any net free energy cost
that avoids overall rotation of the entire S4 helix during gating—only the outer ends rotate.
b Cartoon highlighting some of the features from A. O, open; I, inactivated; C, closed states (cf.
Henriona et al. 2012)
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This study shows that the atomistic description of VSD activation obtained by
molecular dynamics simulations and free-energy calculations is consistent with the
phenomenological models adopted to account for the macroscopic observables
measured by electrophysiology. Among possible schemes for computing the free
energy, the authors have chosen here the well-tempered metadynamics, a method
that enhances sampling by adding a repulsive history-dependent potential along a
set of a few reaction coordinates (RCs) (for details, see Barducci et al. 2008).

The investigators have been successful to bridge the gap between top-down and
bottom-up approaches and reconcile the macroscopic and microscopic views of
VSD activation dynamics by using two distinct levels of coarse graining. They first
used well-tempered metadynamics to bias the exploration of the configurational
space along aptly defined collective variables (CVs) describing the activation
process; they then used the ensemble of configurations explored in the metady-
namics run to calculate the free-energy profile along the experimentally relevant
degree of freedom, the gating charge Q (see Fig. 5.11).

The complexity of this simulation task requires an extensive use of the
high-performance computing facilities; in particular, for the specific transition,
� 4 ls of molecular dynamic (MD) trajectory were collected. However, thanks to
massively parallel simulations, here the free-energy surface was calculated using 42
semi-independent walkers, completion of the calculations can be obtained in few
days on large supercomputers. Figure 5.12 presents the free-energy landscape of
the e/d-transition: Models describing the transition from putative resting state e and
first intermediate d are thus investigated using two CVs.

We wish not to detail the simulation study and related analytical expressions for
the conformational free energy associated with the VSD activation here due to
limited scope of this book. The readers are encouraged to go through the original
article of Delemotte et al. (2015) at their leisure and academic interests.

5.4.4 General Remarks About Naturally Occurring
Molecular Machines-Channels

In earlier section, we have addressed the general properties of natural ion channel
VGIC and its VSD activation mechanisms. There are a lot and various types of
natural ion channels in cell. Their coordinated actions and generalized functions
make the health of cell or abnormality what emerges often as disease state.

Physiological conditions and transports of cell are maintained and regulated by
channels like chloride channels, potassium channels, sodium channels, calcium
channels, proton channels, various nonselective cation channels. The
channel-gating mechanisms are highly dependent on localized channel hosting
cellular compartments’ electrical properties, such as free charges, electrical polarity,
resting potential.
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Mitochondria are a host of many natural MMs that act as channels.
Mitochondrial outer membrane permeabilization (MOMP) is a complex multistep
process (Ganesan et al. 2012). Bax channel can induce both transient permeabi-
lization, detected by protein release, and more substantial long-lasting permeabi-
lization, measured by the rate of oxidation of added cytochrome c (Ganesan et al.
2012). Other naturally occurring mitochondria-based natural MMs are, e.g., chan-
nels produced by Bcl 2, ceramide.

Fig. 5.11 Activation of voltage sensor domains. a VSDs are formed by four transmembrane
helices. Upon changes in the membrane potential, the positively charged S4 (blue) moves across
the membrane relative to a static S1–S3 bundle (gray), transmitting the electrical signal to a linker
peptide (purple). b This movement is reported by the measurement of transient currents called
gating currents. The time integral of these, the gating charge Q, can be expressed as the sum of the
contributions of the charges of the system. c Cartoon depiction of the stepwise activation of the
Kv1.2 VSD. From the most resting (e) to the most activated conformation (a), S4 proceeds in a
ratchet-like upward motion in which its positively charged residues jump from a negative binding
site to the next. The negative charges of S1–S3 are depicted in red and the ones of the lipid
headgroups in yellow. The hydrophobic gasket at the center of the VSD is represented by a green
hexagon (cf. Delemotte et al. 2015)
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Our main aim in this chapter is to provide a few example cases. So we avoid to
list all channel-based MMs that are found to date. Of course, readers will get more
on the channels in another Chap. 8 where we have addressed disease states.

5.5 Ion Channels Induced by Cell Membrane Active
External Agents. Artificial Construction
of Molecular Machines in Cell Membranes

The primary role of a cell membrane is to create barrier against materials transferring
between cellular exterior and interior regions. But the presence of certain natural or
artificial agents (especially during the time of treatment) like membrane proteins
(MPs), antimicrobial peptides, drugs occasionally induce transient or stable transport
properties into cell membranes. Artificial agents like antibiotics, drugs are found to
destine at membranes and cause formation of random disorders or semi-stable pores.
These membrane disruption mechanisms are often found highly dynamic, time
dependent, and specific to the agents inducing them. The events also fall in different
classes due to the diversities in their structures and mechanisms. We shall discuss the
details of a few of various classes of such membrane-based active events what we also
call MMs of the membrane that are induced by artificial agents.

Bilayer-spanning proteins primarily catalyze the selective transfer of materials and
information across biological membranes. In this process, MPs undergo conforma-
tional changes, e.g., the opening/closing transitions in ion channels (see Unwin and
Ennis 1984; Perozo et al. 1999, 2002), the shift in substrate binding site accessibility in
conformational carriers, and ATP-driven pumps (see Toyoshima and Mizutani 2004).
The protein conformational changes involve the protein/bilayer interface, where the

Fig. 5.12 Free-energy landscape of the e/d-transition. a Free-energy map in 2D CVR1/CVR3

space. Regions of low free energy are depicted in cold colors (green to blue) and regions of high
free energy in hot colors (orange to red). b Mapping of the average value of the gating charge Q as
a function of CVR1 and CVR3. c Reweighted free-energy profile along Q. The free-energy profiles
at −100 and +100 mV were obtained by adding a linear component to the profile obtained under
0 mV using DG(Q,V) = DG(Q,V = 0) − QV. Starting with the geometrical definition of the two
putative activation intermediates e and d, we have obtained two larger ensembles of structures
corresponding to stable thermodynamic states of the experimental (voltage-clamped) ensemble E
and D. All free energies are reported in kcal/mol. For details, see Delemotte et al. (2015)
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protein is coupled to the bilayer through hydrophobic interactions. They then perturb
the bilayer immediately adjacent to the protein (see Israelachvili 1977; Sackmann
1984; Gruner 1991; Andersen et al. 1992; Brown 1994). That is the protein confor-
mational changes involve not only rearrangements within the protein, but more
importantly also interactions with the environment, particularly with the host bilayer.
Some of these phenomena have been schematically addressed in Fig. 5.13 in light of
the investigations on the gating mechanisms observed in mechanosensitive channels in
model membranes (see Perozo et al. 2002). Here the mechanosensitive channels are
predicted to act as membrane-embedded mechanoelectrical switches. The switches
induce opening of large water-filled pores that couple hydrophobically with lipid
bilayers. This pore bilayer coupling or binding forces bilayer to deform near the pore
opening to adjust the mismatch between pore length and the bilayer’s resting thick-
ness. The elastic properties of bilayer (Helfrich 1973) perhaps ensure that due to a
possible continuous bending in the lipid monolayers near both longitudinal edges of
the pore, the bilayer does not disintegrate. A structural change in the channel-forming
agents is also a prediction made in the model picture (Fig. 5.13). We have made this
prediction due to mainly the observed structural rearrangements in the mechanosen-
sitive channels during the back-and-forth transitions between channel’s closed and
open states (Perozo et al. 2002). This structural changes may be due to rotation,
bending, translation, etc. Behind the structural changes within both pore and lipid
monolayers near the pore, there exists a driving force. This driving force causes the
coupling between pores/channels and bilayer through creating structural changes in
both lipid layers and the channels. We have recently discovered the origin of this
driving force to be the coupling energy originating from the interactions due to
primarily the localized electrical properties of channel-forming agents (MPs, AMPs,
etc.) and lipids on the bilayer (Ashrafuzzaman and Tuszynski 2012a, b, c). In our
earlier book ‘Membrane Biophysics’ (see in Ashrafuzzaman and Tuszynski 2012b),
Chap. 4 was dedicated to addressing the whole picture of energetics related to the
channel formation or in general functions of MPs in membranes.

The transport properties of a lipid bilayer membrane depend on the membrane
constituents. But the hydrophobic MP-lipid coupling which raises certain
lipid-protein, protein-lipid–protein, or lipid–protein–lipid complexes truly controls
most of the processes occurring across membranes. AMPs are active in changing
the biophysical properties of cell membranes. They often interact with lipids and
create AMP-lipid complexes which lead to the creation of protein-lined or
lipid-lined classified/well-structured ion channels/pores, less structured ion flowing
pores, localized disorders or defects, etc. It is like creating an artificial MM that
works with different degree of functionality. In formation of such special structures
in a membrane involving AMPs and lipids, various mechanisms are observed which
are mostly specific to AMPs. The complexes often appear with various distin-
guishable structures: A few of them are, for example, linear b-helix created by, e.g.,
gramicidin A (gA), barrel stave pore created by, e.g., alamethicin, toroidal pore
created by, e.g., magainin, melittin, lipidic channels created by, e.g., ceramides
(example of a non-AMP-induced channel), defects created by, e.g., gramicidin S. In
this chapter, we shall address about the structures of those mentioned
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Fig. 5.13 Lipid bilayer membrane exists with an average constant thickness unless any random
MP or physically ordered channel induces any kind of bilayer deformations. In diagram A, a plain
lipid bilayer membrane has been schematized. Lipid bilayer behaves like a barrier against ion flow
across the membrane. In B, a lipid bilayer membrane with a possible inactive ion channel (in red
color) within it has been schematized. In this case, despite the presence of ion channel, lipid bilayer
still behaves as a barrier against ion flow across the membrane. The channel in this case is
apparently considered to be inactive or nontransporting agent. In C, a lipid bilayer membrane with
a possible active ion channel has been schematized. In this case, unlike the cases represented by A
and B, the bilayer conducts ions across the membrane. Decrease or increase in bilayer thickness
near the channel interface as the channel undergoes the conformational transition from closed to
open states or vice versa is an important hypothesis in this cartoon representation. A structural
change (especially size) in the channel-forming agents is also a prediction. These schematic
diagrams have been drawn in light of the gating mechanisms observed in mechanosensitive
channels in model membranes (Perozo et al. 2002)
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membrane-disrupting events and the primary mechanisms which dictate the for-
mation and function of them (see also Ashrafuzzaman and Tuszynski 2012a). Based
on our existing knowledge on various model studies, we shall create a complete
platform to address the antimicrobial effects of a group of AMPs. As mentioned
earlier, this chapter will be constructed considering the structural aspects of the
membrane transport properties changing events induced mainly by AMPs and
sometimes by even certain classes of lipids. All these membrane events not only
follow certain structural complexities due to just the biophysical coexistence
between channel-forming agents and lipid membrane, like for example mentioned
in Fig. 5.13, but that the phenomena follow complex energetics. We shall address
the structural aspects here in brief, and the energetic aspects will be referred in
Chap. 5 of our previous book ‘Membrane Biophysics’ (see Ashrafuzzaman and
Tuszynski 2012b).

5.5.1 Protein-Lined Ion Channels in Membranes

In protein-lined channels, it is generally considered that channel-forming peptides
align along the channels. Ions flow through the longitudinal axis of the channel’s
interior region between cellular exterior and interior regions, and they most likely
experience interactions with channel-forming peptides. Only at the entry and exit
levels of the channels, ions are expected to experience interactions with lipids
(especially with lipids’ headgroups). A general cartoon illustration is shown in
Fig. 5.13. Usually linear, cylindrical, etc., types of structures in channels are found in
the class of protein-lined channels. This class refers to highly ordered peptide struc-
tures in association with lipids in membranes. Lipids play important role in the reg-
ulatory phase of the channels but the creation of such channels primarily depends on
the properties (chemical, electrical, mechanical including geometry and material, etc.)
of both the channel-forming peptides and lipids on the membrane. Membrane-based
hydrocarbons have a considerable regulatory role too. The number and type of the
amino acid sequences and other constituents in the peptides, geometrical sizes (length,
cross section, etc.) of the peptides, and charge properties of the participating atoms,
and the effective final charge of the peptides in the hydrophobic membrane envi-
ronment, etc., play the crucial role in the construction of the protein-lined channels.
Best examples are found in two ion channels, namely gA and alamethicin channels.
Therefore, this section will be dedicated to addressing the issues related to protein-
lined channels using gA and alamethicin channels as examples.

Recently, a MM ‘biosensor’ was explored out of gA ion channel by Cornell and
co-investigators (see Moradi-Monfared et al. 2012). These investigators have per-
formed the operation and construction of a high-resolution gA ion channel
biosensor. This biosensor achieves high sensitivity detection by modulating the
flow of ions in response to target molecules.

In artificial membrane, the inserted biological ion channels have been used to
sequence single strands of DNA (Branton et al. 2008), to open the pore of a
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nonselective efflux channel (Kocer et al. 2005; Sukharev and Anishkin 2004;
Louhivuori et al. 2010) and to effect the light-driven production of ATP by F0F1-
ATPase (Steinberh-Yfrach et al. 1998). Feringa and co-investigators reported the
switching of the ‘mechanosensitive channel of large conductance’ (MscL) of
Escherichia coli, which can be opened in response to the introduction of charged
entities at a certain location in the protein channel (Kocer et al. 2005). Initially, a
light-cleavable group was used to release acetate anions, and thus open the channel,
with a reversible version, utilizing a spiropyran switch. Ion channel proteins
modified postsynthetically to be light switchable have been inserted into living
cells, and successfully opened and closed (Banghart et al. 2004, 2009; Volgraf et al.
2006; Stein et al. 2013; Schoenberger et al. 2014, 2014; Kramer et al. 2005; Mourot
et al. 2012). Unnatural, light-switchable amino acids have also been incorporated
into ion channel proteins (Szymanski et al. 2013; Lougheed et al. 2004; Banghart
et al. 2006). This discussion (see also Erbas-Cakmak et al. 2015) shows that the ion
channels artificial or natural have huge machinery roles in cellular transport
mechanisms and many important functions.

5.5.1.1 Protein-Lined Gramicidin A Channels in Lipid Membranes

A gA channel is a simple dimer of two right-handed, b6.3-helical subunits or gA
monomers (Arseniev et al. 1986; Ketchem et al. 1997; Townsley et al. 2001). This
channel is formed by reversible, trans-bilayer association of the subunits

(O’Connell et al. 1990): Mleft þMright �
k1

k�1

D; here M and D represent gA monomer

and dimer, respectively. The subscripts (left and right) denote monomers residing in
each bilayer leaflet. Here, k1 and k−1 are the two rate constants determining the
channel appearance rate (ƒg = k1�[M]2; [M] being the monomer concentration) and
channel lifetime (s = 1/k−1). A model demonstration has been presented in
Fig. 5.14. Peptides residing inside membrane occasionally approach to each other
and depending on the bilayer environment associate with each other and make a
dimer with a very short lifetime which spans over a considerable range in mil-
lisecond (ms) order. The range of channel lifetimes depends on the strength of the
hydrophobic coupling between channel and the bilayer. The readers may learn the
details of the various properties to be considered to understand the ordered channel
versus nonchannel phases in our earlier publication (see Ashrafuzzaman and
Tuszynski 2012b, Chap. 5).

5.5.1.2 Protein-Lined Alamethicin Channels in Lipid Membranes

Barrel stave pores are formed by alamethicin channels (Boheim 1974; He et al.
1995). In this type of a pore, the peptides align in a way such that they make a
cylinder where the peptides stay on the surface of the cylinder. Many conductance
states depending on the number of monomers involved in forming the cylindrical
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channel is possible. A model diagram is shown and explained in Fig. 5.15. Here the
channel is assumed to be formed due to inter monomer binding. The channel also
experiences hydrophobic coupling with lipid monolayers in its both longitudinal
terminals. Unlike gA channels where we observe only one-ordered gA dimer state,
there is no unique cylindrical alamethicin channel state as evidence. Alamethicin
channels with various cylindrical states are possible. Perhaps a transition between
different cylindrical channel states is also a reality. These are modeled in Fig. 5.15
(Ashrafuzzaman and Tuszynski 2012a) in light of previous models (see Boheim
1974; He et al. 1995). A phenomenological explanation on how the conformational
transitions between different energy states in a barrel stave pore occur (Fig. 5.15)
has recently been addressed (Ashrafuzzaman and Tuszynski 2012a). The readers
may learn more about the stability, energetics, and regulation of the channel con-
formational states in Chap. 5 of book ‘Membrane Biophysics’ (see Ashrafuzzaman
and Tuszynski 2012b).

5.5.2 Lipid-Lined Ion Channels in Membranes

In lipid-lined channels, it is generally considered that channel-forming peptides
interact with lipid membrane and the participating agents create the alignment of
lipids along the channels. Ions flow through the opening connecting the cellular
exterior and interior regions and perhaps through the lipid regions avoiding the

d0 l

Fig. 5.14 Bilayer deforms at the bilayer gA channel coupling area which incurs an energetic cost
(see Chap. 5, Ashrafuzzaman and Tuszynski 2012b). This schematic diagram showing gA
channels in lipid bilayers follows identical morphology as presented in Fig. 5.14. The upper panel
shows a lipid bilayer without any integral MP. Lower panel shows a bilayer with integral gA
monomers and dimers of different lengths. When gA channels are formed inside a lipid bilayer
under a transmembrane potential difference between two sides, the bilayer conducts a current pulse
with a specific average pulse width (proportional to the gA channel lifetime) and height
(proportional to the gA channel conductance) depending on the gA channel type (the number of
amino acids in the structures of gA monomers). Two types of gA monomers are schematically
structured here to produce two gA channels of different lengths (l). d0 is the unperturbed thickness
of the bilayer (Ashrafuzzaman et al. 2006; Ashrafuzzaman and Tuszynski 2012a)
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peptides involved in creating channels. The lipid alignment causes an opening
which may look like a long cylindrical lipid aligned channel where the membrane
thickness may not dramatically change. The other possibility is that the membrane
thickness slowly vanishes at the channel opening which can equivalently be con-
sidered as a broken membrane condition. In many investigations, this broken
membrane structure has been predicted as a model for the lipid-lined channels.
Figure 5.16 explains schematic diagram of this condition. These structures are
found to be induced by both AMPs, e.g, magainin (Matsuzaki et al. 1996; Ludtke
et al. 1996), melittin (Yang et al. 2001), colicin (Sobko et al. 2006) or by other
nonantimicrobial agents, e.g., the recently discovered pores induced by
chemotherapy drugs thiocolchicoside and taxol molecules (Ashrafuzzaman et al.
2011, 2012). The magainin-, melittin-, and colicin-induced toroidal pores can also
be considered as protein-lined channels because here the peptides are always
associated with the lipid headgroups result in the lipid monolayers bending con-
tinuously inward, so that the pore is lined by both peptides and lipid headgroups.
We have recently observed the lipid-lined ion channels being induced by
chemotherapy drugs in model membrane studies (see Fig. 5.16) (Ashrafuzzaman
et al. 2011; Ashrafuzzaman et al. 2012).

5.5.3 Lipidic Channels in Membranes

We shall describe an ion channel which is formed by lipids. Although lipids pri-
marily exist across the lipid layers in a membrane, ceramides behave differently.
Ceramides form channels called ceramide channels due to special organization of

JFig. 5.15 Barrel stave model for alamethicin channel formation inside lipid bilayers. Cylindrical rods
are schematic diagrams for alamethicin monomers in three-dimensional view (in two-dimensional
view along the cylinder axis they appear as circles). Top panel shows three-dimensional (3D) view,
middle panel shows the transition between different conduction pores of alamethicin channels, and the
two lower panels (two-dimensional (2D) view of the channels only from membrane surface where
alamethicin monomers are seen only along their longitudinal direction so they appear as circles)
represent the two possible mechanisms on how inter-channel conduction-level transformation happens.
In the bottom panel, we consider that the monomers already exist in a structured form of alamethicin
channel where the pore radius changes by reorganization of the channel-forming monomers. The
structural reorganization perhaps enforces addition/subtraction of monomers into/from the channels
without considerable requirement of monomers’ translation. Other 2D view illustrates a possible
model of alamethicin channel formation and transformation between different conduction levels where
the pore radius increases by addition of monomer(s) from the surrounding space where monomers
randomly move into the channel. The reduction in the pore radius occurs through release of the
monomers from the cylindrical surface of the channels. Both of the models in 2D views are valid
explanations of the upper 3D structures of alamethicin channels. In-depth structural studies are much
needed to establish either of them. Taking three monomers in the 0th conductance level is an arbitrary
choice, but our reverse calculation using experimental values of cylindrical alamethicin pore
conductances and the theoretical values of the cross-sectional areas of different alamethicin pores hint
that three monomers perhaps form the 0th conductance level. Faded circles and bonds in 2D views are
shown to distinguish their inactivity in the channel’s conduction mechanism or their former positions
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ceramides in phospholipid membranes. Ceramide channel is also an example of a
lipidic channel. A ceramide is a lipid molecule composed of the amino acid sph-
ingosine and a fatty acid. Ceramides exist in great concentrations in plasma
membrane and act as signaling molecules for a number of cellular functions.
Ceramides may also have a role in certain pathological states, including cancer,
obesity, diabetes, inflammation. Understanding of ceramide organization in mem-
brane is therefore an important field which has enormous medical interests.
A model structure of ceramide channel is presented in Fig. 5.17. The ceramide
channels look more like alamethicin’s barrel stave pore but have no resemblance
with the structures of other channels like toroidal or b-helical types described earlier
in this chapter. That means the lipid membrane adjusts with the complex of cer-
amide molecules at the channel membrane interface and creates no vanishing of the
membrane thickness like what is proposed in the case of toroidal pores. Detailed
understanding about the mechanism of the lipidic channels still to be discovered,
but some insights are already found in research articles published by many groups,
especially a few mentionable here (Siskind et al. 2003; Anishkin et al. 2006;
Samanta et al. 2011).

(A) The channel is slightly tilted to illustrate the columns that span the membrane,
each consisting of six ceramide monomers. The pore is lined by hydroxyl
groups. The hydrocarbon tails are oriented parallel to the plane of the mem-
brane. The columns are arranged in an antiparallel fashion so that the carbonyl
oxygen of the amide linkage (red) is only visible in every other column. The
pore diameter of this 48-column channel is 10 nm.

(B) A model of a segment of a smaller ceramide channel showing how it might
interface with the phospholipid membrane. Note the slightly hourglass shape of
the pore and the distorted phospholipids (lighter colors) that cover the hydro-
carbon chains of the ceramides at the end of the channel. The structure of this
interface is an illustration of the results reported from molecular dynamic
simulations by the same group (Anishkin et al. 2006). This figure with
description has been taken with publisher’s permission from Samanta et al.
(2011).

Fig. 5.16 Chemotherapy drugs TCC and TXL-induced proposed toroidal-type ion pores in a lipid
bilayer membrane possibly associated with a spontaneous change of the pore cross section. This
novel model is explained in recent publications (Ashrafuzzaman and Tuszynski 2012b;
Ashrafuzzaman et al. 2012)
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5.6 Molecular Machines of the Mitochondria

Mitochondria are organelles of eukaryotic cells and depend for their biogenesis on a
set of MMs for mainly transport of various proteins. Most of these transported
proteins are destined to cytosol. The MMs of the mitochondria drive essential
biological processes. How these MMs evolved is a fundamental question to date.
Recently, Clements and co-investigators identified in a-proteobacteria the compo-
nent parts of a mitochondrial protein transport machine in mitochondria derived
from an a-proteobacterial endosymbiont (Clements et al. 2009). In bacteria, the
machine components are found in the inner membrane, topologically equivalent to
the mitochondrial proteins. Although the bacterial proteins have been reported to
function in simple assemblies, relatively little mutation would be required to con-
vert them to function as a protein transport machine.

The mitochondria in cells are evident to have evolved from intracellular bacteria
(Muller and Martin 1999; Emelyanov 2003; Gray et al. 1999). The natural con-
version of these intracellular bacteria into mitochondria required the evolution of
protein transport machines (Dolezal et al. 2006). Clements et al. proposed that

Fig. 5.17 These model
diagrams on the C16-
ceramides in membranes
(ceramide channel) were
provided by my collaborator
Professor Marco Colombini
which was published earlier
(Samanta et al. 2011). Besides
this article, earlier papers of
the group, e.g., Siskind et al.
(2003) can also be read to
understand details about the
ceramide channel phenomena
in lipid membranes
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simple ‘core’ machines were established in the first eukaryotes by drawing on
preexisting bacterial proteins that had previously provided distinct functions
(Clements et al. 2009). Subsequently, over time, in a stepwise process in keeping
with Darwinian evolution, additional modules would have been added to the core
machines to enhance their function. This proposition is supported by three findings:

(i) protein components found in bacteria are related in sequence to the com-
ponents of mitochondrial protein transport machines, but

(ii) these bacterial proteins are not found as part of protein transport machines,
and

(iii) some apparently ‘primitive’ organisms found today have protein transport
machines that function with only one or few component parts.

5.6.1 Protein Transport in Mitochondrial Molecular
Machines. General Features

The process of protein transport into mitochondria requires the action of four
membrane-embedded MMs, namely translocase of the outer membrane (TOM),
translocase of the inner membrane (TIM) TIM22, TIM23, and sorting and assembly
machinery (SAM) complexes (Emelyanov 2003; Gray et al. 1999; Dolezal et al. 2006;
Murcha et al. 2007), each composed of up to eight distinct protein subunits. However,
bacteria do not import proteins across outer and inner membranes, and the TOM and
TIM23 complexes that provide this protein import function to mitochondria do not
have counterparts in bacteria. The TIM23 complex is specifically responsible for
protein transport across the mitochondrial inner membrane (MIM). This protein
transport machine has been studied rigorously in yeast, in plants, and in humans and is
found to be composed of a conserved set of protein subunits that associate together to
form the MM (Murcha et al. 2007; Pfanner and Chacinska 2002; Neupert and
Herrmann 2007). The following three of the subunits are both found in enough
representative groups to suggest they are present in all eukaryotic organisms and are
essential for cell viability in yeast:

(i) Tim23, a simple transmembrane protein that forms the channel through
which protein substrates pass into the mitochondrial matrix;

(ii) Tim44, found on the inner face of the mitochondrial membrane where it
interacts with both Tim23 and Hsp70, thereby docking the protein import
motor to the Tim23 channel; and

(iii) Tim14/presequence translocase-associated motor (PAM), Pam18 subunit that
interacts with several proteins in the TIM23 complex and directly stimulates
the ATPase activity of Hsp70, thereby activating the motor to drive protein
transport (Emelyanov 2003; van der Laan et al. 2006; Bolender et al. 2008;
Mokranjac and Neupert 2008).
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Clements et al. showed that a-proteobacteria have a protein of the Tim44 family
that functions in membrane quality control and a Tim14/Pam18 protein that
functions in a distinct process (Clements et al. 2009). Together with the LivH amino
acid transporter, these component parts would have provided ‘pre-adaptation’ to
bacteria ahead of a need for protein import. The proteins, TimA and TimB, function
in distinct protein complexes in bacteria, yet evolved to serve as modules of a
protein transport machine in mitochondria (see Fig. 5.18) (Clements et al. 2009).

Fig. 5.18 TimB can be converted to function in mitochondrial protein import. a Model of
PbTimB-A139N (blue) binding to Tim16 (orange) based on the published Tim14-Tim16
interaction (2GUZ). In Tim14, the asparagine residue (green) forms a pair of hydrogen bonds
with an asparagine in Tim16. In CcTimB and PbTimB, the native residue at this position is an
alanine (red). b TimB from C. crescentus and P. bermudensis were engineered for expression in
yeast by adding an N-terminal mitochondrial targeting sequence and transmembrane domain.
A point mutation was introduced at residue 139 of PbTimB (TimB-A139N) to replace the alanine
with an asparagine residue. After transformation with plasmids carrying the engineered TimB
constructs, Tim14/Dtim14 yeast cells were sporulated. Tetrads were dissected: two spores of
tetrads 1 and 2 formed viable colonies; four spores of tetrads 3 and 4 formed viable colonies.
Arrows indicate subculturing the cells from tetrad 4 to measure growth phenotype, verifying that
the two smaller colonies are Dtim14 cells kept viable by PbTimB(A139N)
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Like the TIM23 complex in the inner membrane, the TOM complex in the outer
mitochondrial membrane is composed of multiple components, as seen in Fig. 5.18.
Three essential and ubiquitous subunits are found here: the Tom40 channel, and
Tom22, and Tom7 subunits (Dolezal et al. 2006). In yeast and other fungi, addi-
tional Tom5 and Tom6 subunits are also found as part of the core TOM complex,
and additional import receptors are sometimes present to maximally enhance pro-
tein transport (Neupert and Herrmann 2007), so is the higher efficiency of the
machine’s functionality ensured.

5.6.2 Protein Transport in Mitochondria. Common
Principles and Mechanisms

Mitochondrial protein translocases are found not to be independently operating
units, but in fact closely cooperate with each other. Dudek et al. recently reviewed
the latest studies that indicate how the pathways for mitochondrial protein bio-
genesis are embedded into a functional network of various other physiological
processes, such as energy metabolism, signal transduction, and maintenance of
mitochondrial morphology (Dudek et al. 2013). The highlights of the analysis are as
follows:

(i) Mitochondrial protein translocases operate as highly dynamic MMs.
(ii) Multiple import machineries mediate the sorting and assembly of

nuclear-encoded mitochondrial precursor proteins.
(iii) Close cooperation between translocation machineries of inner and outer

membrane is crucial for mitochondrial protein sorting.

Figure 5.19 shows how different targeting signals direct nuclear-encoded
precursor proteins on specific transport routes to their final localization within
mitochondria. Most of the mechanisms described here were initially discovered in
S. cerevisiae, but the vast majority of the protein machineries involved were later
found to be highly conserved in higher eukaryotes (see Fig. 5.19) (Dudek et al.
2013). Except for a few a-helical outer MPs, virtually all precursors initially enter
mitochondria by passing a common entry gate formed by the translocase of the
outer membrane (TOM complex). Upon translocation across the outer membrane,
different transport routes exist that are specifically required for transport of a subset
of precursor proteins to their final destination.

Figure 5.20 addresses on multiple mechanisms that exist to integrate proteins
with different transmembrane topologies into the OM. Guided by the b-signal pre-
cursor, proteins are delivered from the small Tim chaperones to the SAM complex
(TOB complex) in the outer mitochondrial membrane for folding and insertion into
the lipid bilayer (Wiedemann et al. 2003; Kutik et ak. 2008; Paschen et al. 2003;
Gentle et al. 2004). For the biogenesis of the Tom40 precursor, the SAM complex is
found to associate with the Mdm10 protein (Meisinger et al. 2004, 2007).
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Figure 5.21 describes the modular rearrangements and coupling to different partner
protein complexes. Three membrane-integral subunits are found to form the catalytic
core of the TIM23 complex (TIM23CORE): Tim23, Tim17, and Tim50.

Tim23 forms a Dw-dependent protein-conducting pore across the mitochondrial
inner membrane (van der Laan et al. 2007; Truscott et al. 2001; Meinecke et al. 2006;

Fig. 5.19 Different targeting signals direct nuclear-encoded precursor proteins on specific
transport routes to their final localization within mitochondria. After translocation of precursors
through the general translocase of the outer membrane (TOM complex), distinct downstream
import pathway diverges in the intermembrane space (IMS): Biogenesis of b-barrel proteins of the
outer membrane (OM) requires the small Tim chaperones of the IMS and the sorting and assembly
machinery (SAM). Proteins of the IMS that contain cysteine-rich signals (CxnC) are imported via
the mitochondrial intermembrane space import and assembly (MIA) pathway. Carrier proteins of
the inner membrane (IM) are transported with the help of the small Tims and the translocase of the
inner membrane 22 (TIM22 complex). Presequence-containing proteins are inserted into the inner
membrane or imported into the matrix by the translocase of the inner membrane 23 (TIM23
complex; presequence translocase). Matrix translocation requires the activity of the presequence
translocase-associated import motor (PAM). Presequences are proteolytically removed by the
mitochondrial processing peptidase (MPP) upon import. Dw, membrane potential across the inner
mitochondrial membrane Copied from Dudek et al. (2013) with due copyright permission
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Alder et al. 2008). The N-terminal IMS region of Tim23 (Tim23IMS) is part of the
preprotein receptor domain of the TIM23 complex (Komiya et al. 1998; Bauer et al.
1996). Tim17 helps in stabilization and regulation of the channel formed by Tim23
and the differential sorting of preproteins (Chacinska et al. 2005, 2010; Meier et al.
2005; Martinez-Caballero et al. 2007). Tim50 perhaps helps maintain the Tim23
channel across the inner membrane in a closed state to prevent ion leakage and
dissipation of Dw in the absence of a preprotein (Meinecke et al. 2006). We would
leave the details for the readers who may consider reading the review article by Dudek
et al. for better understanding of this subject (Dudek et al. 2013).

5.7 Molecular Machines ‘Pumps’ in the Membrane

The movement of sodium and potassium ions across the cell membrane is an active
transport process involving the hydrolysis of ATP to provide the necessary energy.
This process involves an enzyme referred to as Na+/K+-ATPase. The process is
responsible for maintaining the excess amount of Na+ outside the cell and the
excess amount of K+ ions on the inside. The sodium–potassium pump is an
important contributor to action potentials produced by nerve cells. This kind of
MMs is called P-type ion pumps because the ATP interactions phosphorylate the
transport protein and cause a change in its conformation.

Fig. 5.20 Multiple mechanisms exist to integrate proteins with different transmembrane
topologies into the outer mitochondrial membrane (OM). A few a-helical proteins of the outer
membrane, like Fis1, seem to insert without the help of proteinaceous translocases. OM proteins
with an N-terminal a-helical membrane anchor, like Tom20 or Tom70, and multi-spanning
a-helical OM proteins, like Ugo1, depend on Mim1 for membrane integration. Tom22 is
recognized by the TOM complex receptors and subsequently inserted into the OM via the SAM
complex. The SAM complex also mediates the membrane integration of b-barrel OM proteins,
which are handed over from the TOM to the SAM complex by the small Tim chaperones Tim9–
Tim10. Mdm10 has a dual function in the SAM complex and in the endoplasmic reticulum (ER)–
mitochondria encounter structure (ERMES). Further, ERMES proteins have been implicated in the
biogenesis of b-barrel proteins as well. IMS, intermembrane space Copied from Dudek et al.
(2013) with due copyright permission
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Besides acting upon transport of ions like sodiums, potassiums, etc., pumps are
also found to act upon drug transport phenomena. In a recent review, Sun et al.
summarized the pharmacological exploitation of efflux pump inhibitors as a
promising antidrug resistance intervention (Sun et al. 2014). Efflux pumps are
found in almost all bacterial species. Genes encoding this class of proteins can be
located on chromosomes or plasmids (Poole 2007; Piddock 2006). Bacterial efflux
pumps are classified into five families:

(i) the resistance-nodulation-division (RND) family,
(ii) the major facilitator superfamily (MFS),
(iii) the adenosine triphosphate (ATP)-binding cassette (ABC) superfamily,
(iv) the small multidrug resistance (SMR) family (a member of the much larger

drug/metabolite transporter (DMT) superfamily), and
(v) the multidrug and toxic compound extrusion (MATE) family (Poole 2007;

Piddock 2006; Putman et al. 2000).

Except for the RND superfamily, found only in gram-negative bacteria, efflux
systems of the other four families: MFS, ABC, SMR, and MATE are widely
distributed in both gram-positive and gram-negative bacteria (Handzlik et al. 2013).

Fig. 5.21 Modular rearrangements and coupling to different partner protein complexes trigger
functional switches in the presequence translocase (TIM23 complex). The membrane potential
(Dw) across the inner mitochondrial membrane (IM) drives the transfer of positively charged
presequences from the TOM complex into the protein-conducting pore of the TIM23 complex in a
process that involves Tim21. For membrane integration of preproteins, the TIM23–Tim21
complex (TIM23SORT) associates with respiratory chain supercomplexes composed of cytochrome
bc1 complexes and cytochrome c oxidase (COX). Matrix translocation requires the recruitment and
activation of the presequence translocase-associated import motor (PAM). In the working model
illustrated here, Pam17 displaces Tim21 from the TIM23 core complex and together with Tim44
triggers the binding of the Pam16–Pam18 module. Pam17 itself is released again during later
assembly steps of PAM. In the fully active PAM machinery, mtHsp70 cooperates with Pam16–
Pam18, Tim44, and Mge1 to mediate ATP-driven import of preproteins into the mitochondrial
matrix. TIM23 complex: Tim17–Tim23 (Tim17–23), Tim50 (50), Tim21 (21); PAM: Tim44 (44),
Pam16 (16), Pam17 (17), Pam18 (18); IMS, intermembrane space Copied from Dudek et al.
(2013) with due copyright permission

222 5 Molecular Machines of the Cell



Depending on the specific classes they belong to, efflux pumps are either
single-component transporters or multiple-component systems. They contain not
only an inner membrane transporter, but also an outer membrane channel and a
periplasmic adaptor protein, such as the RND-type efflux pumps (Li and Nikaido
2004). RND family-based pumps have been found to be associated extensively with
clinically significant antibiotic resistance, such as AcrB in E. coli and Salmonella
typhimurium and MexB in Pseudomonas aeruginosa. In gram-positive bacteria, the
clinically significant efflux pumps are members of the MFS family, for example
NorA in Staphylococcus aureus and PmrA in Streptococcus pneumoniae (Piddock
2006). Here as a general demonstration, we present in Fig. 5.22 the structure of
AcrB and the functional rotation mechanism of the drug extrusion by the RND
efflux system AcrAB-TolC. Only one of the three protomers bound with the sub-
strate minocycline or doxorubicin (see Fig. 5.22a). The substrate binding pocket in
the protomer is located in the porter domain, which is consisted of four subdomains,
PN1, PN2, PC1, and PC2. In the protomer, the pore-forming helix of PN1 is
inclined and blocks the potential exit from the substrate-binding pocket (see in
Fig. 5.22a, red). The access protomer exists as the loose (L) conformation, because
it possesses a vacant binding site, waiting for the binding of the second substrate.
Based on these information, the three-step functional rotation mechanism of drug

Fig. 5.22 Structure of AcrB and the functional rotation mechanism of the drug extrusion by the
RND efflux system AcrAB-TolC. The three protomers are colored as green, blue, and red,
respectively. a Top view of a ribbon representation with a drug (yellow and red) in the binding
protomer. b Top view from the distal side of the cell. Drugs are illustrated as hexagons. Red lines
represent the entrance and exit sites of each protomer. The drug-binding pocket and translocation
pathway are in dotted lines. c Side view of the AcrAB-TolC efflux system parallel to the membrane
plane. Drugs are illustrated as hexagons. Red lines represent the entrance and exit sites of each
protomer. The route of substrate access, binding, and extrusion is shown Copied with permission
from Sun et al. (2014)
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export was proposed (Murakami et al. 2006). In the first step or the access (or loose,
L) state (see Fig. 5.22b, c), a ‘vestibule’ near the entrance is open to the periplasm
and allows potential substrates to access.

Recently, the structure of the AcrAB-TolC multidrug efflux pump was demon-
strated (Du et al. 2014). In gram-negative bacteria, many of the transporters form
multicomponent ‘pumps’ that span both inner and outer membranes and are driven
energetically by a primary or secondary transporter component (Du et al. 2013;
Koronakis et al. 2000; Murakami et al. 2002, 2006; Mikolosko et al. 2006; Seeger
et al. 2006; Eicher et al. 2012). A model system for such a pump is the acridine
resistance complex of E. coli (Du et al. 2013). This pump assembly comprises the
outer membrane channel TolC, the secondary transporter AcrB located in the inner
membrane, and the periplasmic AcrA, which bridges these two integral MPs. The
AcrAB-TolC efflux pump is able to vectorially transport a diverse array of com-
pounds and confers resistance to a broad spectrum of antibiotics. Crystal structures
are available for the individual pump components (Koronakis et al. 2000; Murakami
et al. 2002, 2006; Mikolosko et al. 2006; Seeger et al. 2006; Eicher et al. 2012).
These provided insights into substrate recognition, energy coupling, and the trans-
duction of conformational changes associated with the transport process. But how
the subunits are organised in the pump, their stoichiometry, and the details of their
interactions are not known clearly. Du et al. (2014) presented the pseudoatomic
structure of a complete multidrug efflux pump in complex with a modulatory protein
partner (Hobbs et al. 2012). For details, see Figs. 5.23, 5.24 and 5.25. The model

Fig. 5.23 The crystal structure of the inner-MP AcrB in complex with AcrZ. The crystal structure
of the inner-MP AcrB in complex with AcrZ. a Overall view of the AcrB/AcrZ trimer. The
subdomains of an AcrB protomer are labelled: PN1, PN2, PC1, PC2, DN, and DC; the
transmembrane helices are labelled TM1-6, TM7-12, and the linking helix is labelled Ia. AcrB
contains a structural repeat, and the structural units comprise PN1-PN2-DN-TM1-6 and
PC1-PC2-DC-TM7-12. The protein was crystallized with a DARPin, and one is engaged to the
AcrB protomer in the crystallographic asymmetric unit (not shown for clarity). b Electron density
map with coefficients 2Fo-Fc overlaid on the model for AcrZ (green sticks), the contour level is 1
r. AcrB is shown in surface representation, with residues colored according to their relative
hydrophobicity (hydrophobic in red, hydrophilic in white) (cf. Du et al. 2014) with due permission
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defines the quaternary organization of the pump, identifies key domain interactions
and suggests a cooperative process for channel assembly and opening. These find-
ings illuminate the basis for drug resistance in numerous pathogenic bacterial
species.

Fig. 5.24 Cryo-EM image and a pseudoatomic model of the drug efflux pump. a A representative
raw image of the purified pump. White circles indicate particles with long axis aligned close to the
normal to the plane of view; black circles show particles with the long axis parallel to the viewing
plane. The scale bar shows 50 nm. b The reconstructed map and pseudoatomic model. TolC and
AcrBZ are homotrimers that engage six protomers of AcrA to form an assembly with a protein
mass of 771 kDa. AcrA has a composite structure of four linearly discontinuous domains
connected with flexible linkers. c A slice through the reconstruction and model, which shows the
continuous conduit that runs from the AcrB funnel through the TolC porin domain (cf . Du et al.
2014) with due permission
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Chapter 6
Cell Transport at Nanoscale Dimensions

A cell has various components. The classified components are composed of various
sub-components. These components and sub-components are either static on aver-
age but fluctuating around the equilibrium states, or under continuous movement, so
are in dynamic state. They may also diffuse from place to place within the kingdom
of cell, freely or across certain structures. The movement always happens on a
background, so the viscous friction is always present. The friction is also different in
different compartments. Cellular components also allow other cell entering elements,
materials, proteins, nutrients, drugs, etc., to get diffused or transported throughout
the cell compartments. All these together can be referred to as cell transport phe-
nomena. For example, ions like sodium, potassium, chloride, protons move across
the cell membrane. Lipids and membrane proteins (MPs) move within the cell
membrane. Cell membrane-based ion channels transport materials. All these cellular
transports happen mostly within nanometer (nm) length scale what we may brand as
nanoscale transport of cell. For example, any transport across cell membrane hap-
pens over a length equal to cell membrane thickness (*3–5 nm) (Lewis and
Engelman 1983; Benz et al. 1975; Simon et al. 1982; Harper et al. 2001). Within cell,
the MP transport happens in unit scale of lipid cross-sectional dimension (0.6 nm2)
(Eze 1991). Cellular transport therefore can be classified within nm dimension length
scale. This is also found for slow plant cell transport. In this chapter, we shall provide
an in-depth analysis of cell-based nanoscale transport phenomena and mechanisms.
Besides addressing existing hypotheses, some novel approaches will be released.

6.1 General Cell Transports and Related Theoretical
Models

Transport follows some general features and mechanisms. In cell, transport is also
no different and follows not very different formalisms. Whenever something moves,
the medium in which the movement happens exerts a viscous friction. The friction
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works against the motion. It is just inverse of another popular word ‘mobility.’ In
kinetic theory where movement happens in a thermodynamic condition, we know
from the Einstein–Smoluchowski relation that the diffusion constant D determining
the easiness of diffusion in a medium is proportional to the absolute temperature.
The proportional parameter is the mobility in the medium. The relation follows the
equation:

D ¼ l kBT ð6:1Þ

Here, kB is the Boltzmann’s constant, T is the absolute temperature, and µ is the
mobility.

In Chap. 1, we have explained how cellular compartments may get classified
into various physical phase states; namely, the major ones are liquid, plasma, and
solid phase states. Every phase state may also contain several sub-phase states
within due to mainly the space-dependent fluctuation of density profiles of the
constituents creating a specific phase state. The real challenge of addressing dif-
fusion of cellular nutrients across these three major phase states or other sub-phase
states within the major phase states lies in determining acceptable values for phase
or sub-phase state-specific mobility parameter µ. In most of the cell compartments,
multiphase states’ coexistence is generally observed. That requires us to address
how the diffusion can be coupled between phase states having different values of
mobility. We shall develop some analytical expressions in this chapter to address
this crucial issue in biological cell. But before going into details on this, let us
address on the Einstein diffusion equation and the subsequent related modifications.

The diffusion Eq. (6.1) was found as a result of two independent groundbreaking
discoveries that attempted to explain Brownian motion in early twentieth century by
Albert Einstein in 1905 (Einstein 1905) and Marian Smoluchowski in 1906
(Smoluchowski 1906). Special forms related to Eq. (6.1) are important from
application point of views. They are explained here. When a charged particle moves
in a thermodynamic medium, the Einstein–Smoluchowski relation [Eq. (6.1)] takes
another form, as follows:

D ¼ lq
q
kBT ð6:2Þ

Here, q is the charge of the particle, and µq is the mobility which is termed as
‘electrical mobility’ as the particle bears electrical charges. Eq. (6.2) is popularly
known as electrical mobility equation. When spherical particles diffuse in a ther-
modynamic medium, Einstein–Smoluchowski relation [Eq. (6.1)] takes another
distinctive form, popularly known as Stokes–Einstein equation, as follows:

D ¼ 1
6pgr

kBT ð6:3Þ
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Here, η is viscosity of the medium, and r is the radius of the spherical particle.
Mobility µ is the inverse of another popularly known generic parameter ‘drag
coefficient’ f where

f ¼ 6pgr ð6:4Þ

Here, the form of f [Eq. (6.4)] is in liquid with low Reynolds number. The ratio
of the inertial forces to the viscous forces in a fluid medium is known as the
Reynolds number. The relative importance of the inertial forces and the viscous
forces must be different in different cell phase states. The diffusion constant may
also vary as a consequence of possible differences in the form or value of drag
coefficient. Depending on the Reynolds number in fluid mechanics, laminar or
turbulent flow may occur. At low Reynolds numbers, viscous forces are dominant,
so laminar flow occurs. The laminar flow is characterized by relatively smooth and
constant fluid motion. Turbulent flow occurs at high Reynolds numbers, and inertial
forces dominate causing the turbulent flow to occur. As a result, chaotic, vortices,
and various flow instabilities may occur. In cellular phases, both types of flows are
possible depending on what nutrients are flowing and in which kind of phase states
are they flowing through. We shall avoid going dip into this rather hard core
physics not to scare the biological readers with perhaps minimal physics interests.
Due to primarily biological interests, we shall try here to see how the diffusion
equations addressed here may be found useful in some biological studies. We wish
to present an example case here.

Protein aggregation is a crucial biological feature found in disease states. Protein
aggregation in the etiology of all amyloid diseases has been implicated partly, or
sometimes fully. Understanding the underlying mechanisms and resultant structural
effects of the protein aggregation and formation of amyloids is a challenging topic
nowadays. Stokes–Einstein equation helps measure the hydrodynamic radii of the
aggregate in a thermodynamic fluid state. The main ingredient of such measure-
ments is the viscosity of the fluid. Proteins exist in cell fluid states which are
composed of various substances. The classical Stokes–Einstein Eq. (6.3) may be
directly used in some studies, but in other cases, the equation requires modifica-
tions, most of which are problem specific. Recently, there was a proposal of such a
modification in the classical Stokes–Einstein equation, put forward using a mixture
theory approach in order to accommodate the changes in viscosity of the solvent
due to the changes in solute size and shape, to implement a more realistic model for
amyloid beta (Ab) aggregation involved in Alzheimer’s disease (AD) (Achuthan
et al. 2011). The kinetics of Ab aggregation pathway is schematized in Fig. 6.1.

The group has focused on validating this model in protofibril lateral association
reactions along the aggregation pathway, which has been experimentally charac-
terized. In this report, this group of researchers has shown that the use of the classical
Stokes–Einstein equation may not be found accurate for measuring hydrodynamic
radii and consequently molecular weight of an amyloid aggregate. Stokes–Einstein
equation helped to show that it is not correct always to assume the viscosity of
solvent to be a constant entity especially during reaction processes. In cell, we
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propose that there exists various distinguished phase states (see Chap. 1 for details)
and sub-phase states within a particular phase (see also Ashrafuzzaman 2015a, b). It
is therefore quite obvious that the viscosity of fluid in any major cell phase state may
not be constant over a wide diametric distance. The use of Stokes–Einstein equation
therefore requires some kind of modifications in the equation itself. Such a proposal
has been mentioned in a study (Achuthan et al. 2011). The solvent viscosity being
not constant is considered especially in regions of reactions involving Ab
protofibrils. Large size of solute molecules appears to indicate significant amount of
effects on viscosity of bulk solvent. An attempt has been made to solve the problem
by incorporating modifications to the classical Stokes–Einstein Eq. (6.3).

The proposed modification provides mainly a change in the viscosity of the
solvent. As an example, we may address here the mixture theory approach utilized
here based on another viscosity model (Quemada 1977, 1998). This Quemada
proposed model describes the viscosity of suspensions of hard spheres or of
structural units like clusters or aggregates using the following relation:

g ;ð Þ ¼ g0
1� ;=;mð Þ2 ð6:5Þ

Here, η0 is the viscosity of the background solvent, ; is the volume fraction of
the suspensions, and ;m is the maximum of the volume fraction at which the
viscosity is found to be singular, i.e., the critical limit of the concentration beyond
which the flow tends to cease. The literature estimates 0.58 < ;m < 0.69 (Lee et al.
1999; Wolthers et al. 1996). An average value ;m � 0.6 can be considered (see
Achuthan et al. 2011). In case of the classical mixture theory, the effective viscosity

Fig. 6.1 Kinetics of Ab aggregation pathway. Schematic representation of the overall
Ab aggregation toward fibril formation indicating significant steps involved. The boxed area,
which represents the conversion of protofibrils to fibrils via lateral association, is the reaction that
is being investigated in Achuthan et al. (2011)
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of two liquids with different viscosities is usually taken to be the weighted average
viscosity of the participating components. For the case of suspensions, a little
caution needs to be exercised. In the model proposed in Achuthan et al. (2011), a
mixture approach has been adopted by combining the solvent viscosity appropri-
ately with Eq. (6.5). A schematic display is shown in Fig. 6.2.

Here is presented a recipe for obtaining a suspension with solvent volume V0,

and such that, the volume of each constituent particle (molecule) is Vi (i = 1, 2, …,
n), while requiring that the following three equations are satisfied that ultimately
define the volume fraction (Achuthan et al. 2011):

;k ¼ VkPn
k¼0 Vk

ð6:6Þ

Fig. 6.2 Mixture theory-based approach to find the effective viscosity. A schematic diagram
showing the mixture theory approach of estimating the effective viscosity of a two-species
suspension containing the pure solvent (L), species 1 (S1), and species 2 (S2) by means of a
weighted average of the individual constituents of the suspension. The tube 2 contains the pure
solvent L of viscosity η0; tube 3 contains S1 floating in a medium composed of L and S2 and is of
viscosity η1; tube 4 contains S2 in a medium composed of L and S1 which is of viscosity η2. By
taking appropriate volumes from all tubes 2, 3, and 4, the final suspension is prepared in tube 1
which now contains L, S1, and S2 which has an effective viscosity ηe which is defined in Eq. (6.5)
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With the specific constrains,

Xn
k¼0

Vk ¼ U0; ð6:6Þ

where

;0 þU0 ¼ 1 ð6:7Þ

In a mixture or suspension containing a background liquid and n-species of
molecules, the volume fraction of each element of this mixture is given by
above-mentioned Eq. (6.6).

The effective viscosity, in this scenario, can be defined as weighted average of
the individual component taking the following form (Achuthan et al. 2011):

ge ;ð Þ ¼
Xn
j¼0

;jgj ¼ ;0g0 þ
Xn
j¼1

;jg0
Yj

i¼jþ 1

1

1� ; jð Þ
i
0:6

� �2

0
BBB@

1
CCCA ð6:8Þ

Here, ηi (i 6¼ 0) where i ranges over all cyclic permutations of (1, …, j,
j + 1, …, n), represents the relative viscosity of the suspension containing the jth
solute in a ‘solvent’ composed of a liquid of viscosity η0 and all other solute
particles. Note however that Eq. (6.8) is not unique. Various other formulations on
the calculation of effective viscosity are possible. Here, we just mentioned this to
remind the readers that Stokes–Einstein Eq. (6.3) may offer various diffusion
parameters depending on physical parameters characterizing the fluid through
which the particle movement happens.

The modification is assumed to be valid for the protofibril lateral association
reaction. It is noteworthy that the modifications reflecting the viscosity changes can
lead to realistic models not only for Ab aggregation but also for a majority of
amyloid aggregation systems.

In cell, the variation of viscous states may be found frequently while addressing
fluidity in a cell phase state due to the presence of various sub-phase states.
Diffusion across these phase states and sub-phase states needs to consider dynamics
where the explained variations in general diffusion Eqs. (6.1–6.3) may strongly be
present. The origins are explained, as example, above and mathematical formalisms
also presented. We shall now focus on how the mobility of nutrients can be
addressed in cell-based diffusion. As explained in Chap. 1 and also mentioned here,
that cell has different compartments which in light of structural phases can be
classified into various phase states. The individual phase states may also be further
divided into various sub-phase states with varied physical properties. Diffusion
through those states certainly follows regulated mobility functions which are dif-
ferent from those in case of free diffusion as explained in this section. These are
mathematically modeled here (Ashrafuzzaman 2015a, b).
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6.2 Diffusion Across Different Cell Phase States

In cell-based diffusion, the frequent appearance of varied viscous states with dif-
ferent fluidity may appear as crucial issue. Viscosity is directly measured by the
internal friction of a fluid medium. It is thus measured as the force per unit area
resisting a flow in which parallel layers’ unit distance apart has unit speed relative
to one another. Understanding viscosity in distinguishable cell-based fluid media
appears with further complicated formalisms due to the presence of various cell
phase states and sub-phase states within any individual phase state. Diffusion across
these phase states and sub-phase states needs to consider localized dynamics where
such explained variations in general diffusion Eqs. (6.1–6.3) may require scientific
considerations. The origins are explained above, as examples, and some mathe-
matical formalisms are also presented there. We shall now focus on how the mo-
bility of nutrients can be addressed in cell-based diffusion. As explained in Chap. 1,
that cell has different compartments which in light of structural phases can be
classified into various phase and sub-phase states. Diffusion through these states
certainly follows regulated mobility functions which are different from those in case
of free diffusion as explained earlier. These scenarios are analyzed here using some
recently developed mathematical models (see Ashrafuzzaman 2015a, b).

6.2.1 Analytic Expressions Explaining Diffusion Across
Major Cell-Based Physical Barriers

In Chap. 1, we have addressed in detail the physical phase states that are detected in
cell. The major cell-based structural phase states have been reported as three dif-
ferent distinguishable types, namely liquid, plasma, and solid phase states
(Ashrafuzzaman 2015a, b). General cell-based diffusion requires cell constituents to
move in and across the mentioned three main phase states (see Fig. 6.3).

While diffusing in a phase state, things diffuse following Einstein’s diffusion
formula as presented and discussed earlier in this chapter. We shall focus here
mainly on the various phase-regulated diffusion properties.

For interphase diffusion that is while diffusing across a boundary separating two
phases (see Fig. 6.3), there are two distinguishable probabilities of finding any
specific cell constituent in two phase states. If we assume these probabilities to be
Ps,1 and Ps,2, respectively, in two phases states s,1 and s,2, respectively, then it is
obvious that both of these probabilities are proportional to the mobilities µs,1 and
µs,2, respectively, of the constituents in both phase states. That is,

Ps;1 � ls;1; or ;Ps;1 ¼ ks;1ls;1 ð6:9:1Þ

Ps;2 � ls;2; or;Ps;2 ¼ ks;2ls;2 ð6:9:2Þ
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Here, ks,1 and ks,2 are proportional constants that may be determined by ana-
lyzing parameters and properties of the media s,1 and s,2, respectively, that
determine their viscosities. In case of no extra interphase barrier except for the
differences in properties of various parameters determining the two phases, we can
assume the following at the boundary:

ks;1 ¼ ks;2 ð6:10Þ

As a result,

Ps;1

ls;1
¼ Ps;2

ls;2
ð6:11Þ

This case follows from the diagrammatic representation for the mobility
dependence of probability functions as shown in Fig. 6.4. To understand easily, we
can compare this with the condition of a frozen sea where the surface contains solid
phase (frozen water) above the liquid water phase. At the contact, it is just a line
where two phases are separated from each other where each phase exists with
viscous properties specific to itself.

In a cell, there are compartments meeting each other but with a buffer zones
between them. So at the junction of two phases, there exists a buffer zone. These
buffer zones though by usual definition are considered as neutral zones, and they
actually create zones of compromises in which distinctive compartments merge. If

Inter Phase diffusion in a Cell

Solid

Plasma

Liquid

Fig. 6.3 Diffusion happens
between different phases
across the interphase
boundaries in a cell (this is
just a model representation).
Here, three equal-sized
spheres (size of sphere is
chosen arbitrarily) represent
three phases, namely liquid-,
plasma-, and solid-state
structural phases,
respectively. The background
large sphere represents the
cell environment which
largely falls within liquid
phase
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the phases are too distinctive types, the buffer zone plays considerably important
role to couple the two zones on its both sides. In general, we can consider a cell
membrane to create a buffer zone between cellular exterior and cellular interior
liquid states. These two liquid states may not necessarily have exactly identical
biochemical and biophysical properties, but both fall in liquid phase state class.
Like cell membrane, mitochondrial membrane also separates two near identical
phase states. The lipid constructed membranes, without considering the mem-
branes’ sole transport properties due to mainly various MPs, make completely
insulating barriers for constituents trying pass across the membranes. But as the
membrane makes a pretty thick (*3–5 nm) zone and it has already a different
phase state (plasma phase state) constituents, while entering into cell, already face a
buffer zone existing at the boundary of cellular exterior liquid phase state and
membrane’s plasma phase state. In this junction or buffer zone, the constituents
may not experience the conditions in either cellular exterior liquid phase state or
membrane’s plasma phase state but a condition that partially holds properties of
both phase states and their averages. Therefore, the viscous friction (and as a result
the mobility function) may have a different form or value at this buffer zone. This
case follows from the diagrammatic representation for the mobility dependence of
probability functions as shown in Fig. 6.5.

In case of the presence of buffer zone, we see the previous mathematical for-
mulas addressing the probability functions for 100% diffusion of the constituents to
either phase from buffer zone taking the following forms:

ps;1 ¼ ls;1
�

ls;1 þ ls;2
� �

ps;1=s;2 ð6:12:1Þ

ps;2 ¼ ls;2= ls;1 þ ls;2
� �

ps;1=s;2 ð6:12:2Þ

s,1 s,2
Ps,1, μs,1

              Ps,1, μs,1

Fig. 6.4 Two phase states s,1 and s,2 are different by the differences in their viscous properties as
a result of the mobilities of the constituents therein. Central step down (left to right) here is just to
show the difference in mobilities of the constituents, not to include any (forward or reverse acting)
extra interphase barrier
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Here, ps,1/s,2 is the probability of the constituent to be at the boundary of two
states. Therefore, the two new probability functions ps,1 and ps,2 are conditional
probabilities of the constituents to get diffused to states s,1 and s,2, respectively,
from the buffer zone.

For simplicity, we can assume that the mobility within a phase state is constant.
As mentioned earlier, this mobility is nothing but the inverse of the viscous friction
of the medium. Here, we consider the probability of the constituent to be at any
point within a state is equal. Developing analytic expressions leading to the
determination of such mobility factor µs,i (µs,1, µs,2, …, etc.) depends on the
structures of the corresponding state.

6.2.2 Permanent Trap in a Cell Phase State

In special case of unidirectional flow, the constituents may get trapped permanently
inside a phase state. This happens usually due to strong interactions or binding of
the diffusive particles with the local structures in a phase state. If we assume that the
constituents are subject to transfer from liquid state (LS, s,0) to any of the other two
states, plasma state (PS, s,1) or solid state (SS, s,2), we may assume the following:

ps;1=s;0 ¼ js;1=s;0Ps;0 ð6:13:1Þ

ps;2=s;0 ¼ js;2=s;0Ps;0 ð6:13:2Þ

Here, Ps,0 is assumed to be the probability function at liquid state. js,1/s,0 and
js,2/s,0 are functions that are determined by the partition coefficients active at the
buffer zones of boundaries created between states s,1 and s,0 and states s,2 and s,0,

s,1 s,2
ps,1, μs,1

              ps,1, μs,1

Fig. 6.5 Two phase states s,1 and s,2 are different by only the differences of the mobilities of the
constituents there. Central step down with a thicker line, not just a demarcation line like that in
previous Fig. 6.4, is to show the presence of a buffer zone that consists of properties (or resultant
of properties) of both phases from its left and right sides
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respectively. We know that the physical science definition of a partition (or occa-
sionally referred as distribution) coefficient is the ratio of constituent concentration
in a mixture of two phases. If the phases are too distinctive types, the buffer zone
plays considerable important role to couple the two zones from its both sides. If we
consider the concentration of a cell constituent in s,0 to be greater than that in s,1 or
s,2, we can assume that the constituent experiences a unidirectional, s,0 ! s,1 or
s,0 ! s2, flow. In that case, the following conditions apply:

0� js;1=s;0 � 1 ð6:14:1Þ

0� js;2=s;0 � 1 ð6:14:2Þ

The previously mentioned state probability functions can be revised, for hypo-
thetical 100% diffusion into either state from the buffer zone, as

ps;1 ¼ ls;1= ls;1 þ ls;0
� �

js;1=s;0Ps;0 ð6:15:1Þ

ps;2 ¼ ls;2= ls;2 þ ls;0
� �

js;2=s;0Ps;0 ð6:15:2Þ

If the constituent, instead of experiencing regular diffusion, experiences inter-
action with various interaction causing potential sites in the state, we have to
develop an expression for the mobility factor which takes a complicated form.

6.2.3 Diffusion Across Sub-phase States
within a Cell Phase State

In a phase state, several sub-states may exist. All these sub-states have generally
identical phase state behavior. We have explained this scenario in Chap. 1. In this
case like Fig. 6.3, we may have several boundaries for the constituents to cross
within the same phase class. We can schematically diagram this case, as shown in
Fig. 6.6. Several sub-phases within a classified phase state category may arise due
to mainly the presence of different category states defining materials in different
regions. For example, in a solid-state phase various solid-state materials may exist
and thus various sub-phases within solid-state phase category may emerge.
Similarly, due to various other causes like varied chemical compositions, thermo-
dynamic fluctuations, several localized sub-phase states are generally expected to
exist although altogether those sub-states are defined by the general biophysical
properties of a specific phase state in a cell. Figure 6.6 is schematized to represent
such sub-phase states and the intraphase boundaries in any major cell phase state.

For intraphase diffusion that is while diffusing across a boundary separating two
sub-phases, there are two distinguishable probabilities of finding any specific cell
constituent in two sub-phase states. For simplicity and of course often realistically,
we assume that major proportion of the classified phase state is occupied by a
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sub-phase state what we may denote as SPS,0 and constituents usually diffuse
across the boundaries of SPS,0 (ss,0) and other sub-phase states, e.g., SPS,1 (ss,1),
SPS,2 (ss,2). If we assume that the probabilities of constituents to be in SPSs ss,1,
ss,2,…, etc., are pss,1, pss,2,…, etc., respectively, then we find the following relation:

pss;1 ¼ lss;1= lss;1 þ lss;0
� �

pss;1=ss;0 ð6:16:1Þ

pss;2 ¼ lss;2= lss;2 þ lss;0
� �

pss;2=ss;0 ð6:16:2Þ

etc.
Here, pss,1/ss,0, pss,1/ss,0,…, etc., are the probabilities of the constituents to be at

the boundaries of ss,1/ss,0, ss,2/ss,0,…, etc. Therefore, the new probability func-
tions pss,1 and pss,2,…, etc., are conditional probabilities of the constituents to get
diffused into ss,1, ss,2, …, etc., respectively, from their buffer zones with ss,0. µss,0,
µss,1, µss,2, …, etc., are mobilities of the constituent in ss,0, ss,1, ss,2, …, etc.,
respectively. We may, for simplicity, assume mobility within a specific SPS to be
constant.

Intra phase diffusion in a Cell

SSSP,0SSP,0SS

SSP,1 

SSP,2 

SSP,3 

Fig. 6.6 Diffusion happens between different sub-phases across the intraphase boundaries/
inter-sub-phase boundaries in a classified cell phase like liquid or plasma or solid phase. Here, we
have schematized various intrasolid phases or sub-solid phases (SSPs) within classified solid phase
of a cell. SSP,0 represents major proportion of SSP, whereas SSP,1, SSP,2, SSP,3, …, etc.,
represent various intrasolid phases. The intraphase diffusion across the intraphase boundaries
follows different quantitative but almost identical qualitative mechanisms as are explained for the
diffusion across interphase boundaries. Bidirectional arrows show the directions to which the
diffusion may take place
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6.2.4 Permanent Trap in a Sub-phase State
within a Cell Phase State

In a special case where the constituents get trapped permanently inside any SPS and
as we assume the constituents to get transferred from ss,0 to any of ss,1, ss,2, …,
etc., we can assume the following:

pss;1=ss;0 ¼ jss;1=ss;0pss;0 ð6:17:1Þ

pss;2=ss;0 ¼ jss;2=ss;0pss;0 ð6:17:2Þ

etc.
Here, as explained earlier, jss,1/ss,0, jss,1/ss,0, …, etc., are functions that are

determined by the partition coefficients active at the buffer zones of boundaries
created between ss,1 and ss,0, ss,2 and ss,0,…, etc., respectively. The following
conditions apply:

0� jss;1=ss;0 � 1 ð6:18:1Þ

0� jss;2=ss;0 � 1 ð6:18:2Þ

Then, the previously mentioned sub-state probability functions can be revised as

pss;1 ¼ lss;1= lss;1 þ lss;0
� �

jss;1=ss;0pss;0 ð6:19:1Þ

pss;2 ¼ lss;2= lss;2 þ lss;0
� �

jss;2=ss;0pss;0 ð6:19:2Þ

etc.

6.3 Numerical Computation and General Trend
of Diffusion-Related Probability Functions

The analytical expressions explaining the diffusion-related probability functions
that are presented earlier can be computed using numerical computation
(NC) methods to address the trend of the diffusion probability function in a phase or
sub-phase state. The actual expressions of the probability functions would perhaps
be quite complicated while we develop the expressions of the partition coefficients
considering the physical properties of the phase states. A general template has been
developed for what can be used later, while all the parameters are known.
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6.3.1 Phase State Probability Functions

We shall present here the NC results and show the trends of the phase state
probability functions in case of permanent trap, as mentioned earlier. According to
the analytical expressions developed earlier, we get the trapping probability in a
state s,i (i = 1, 2, 3, …, etc.) as

ps;i ¼ ls;i= ls;i þ ls;0
� �

js;i=s;0Ps;0 ð6:20Þ

Therefore, we need to plot the normalized expressions of ps,i that is

1=js;i=s;0
� �

ps;i=Ps;0 ¼ 1= 1þ ls;0=ls;i
� � ¼ 1= 1þ 1= ls;i=ls;0

� �� � ð6:21Þ

The plot is shown in Fig. 6.7.
The plot suggests that ps,i � Ps,0. The value of ps,i depends strongly also on the

parameter js,i/s,0 which is related to the partition coefficient. Once the expressions of
µs,0 and µs,i are analytically developed, the actual trend of the probability functions
in any specific phase state can be deducted.

6.3.2 Sub-phase State Probability Functions

We shall present the NC results and show the trends of the sub-phase state prob-
ability functions in case of permanent trap, as mentioned earlier. We need to plot
the normalized expressions of pss,i which is, according to earlier analysis,

pss;i ¼ lss;i= lss;i þ lss;0
� �

jss;i=ss;0pss;0
¼ lss;i= lss;i þ lss;0

� �
jss;i=ss;0ls;i= ls;i þ ls;0

� �
js;i=s;0Ps;0 ð6:22Þ

Here, pss,0 is the probability for the constituents to be in the most common
sub-state ss,0 within state s,i; therefore, pss,0 = µs,i/(µs,i + µs,0) js,i/s,0 Ps,0 (see
analysis presented previously in this chapter).

Fig. 6.7 Plot of 1/js,i/s,0) ps,i/
Ps,0 as a function of µs,i/µs,0

250 6 Cell Transport at Nanoscale Dimensions



Therefore, we need to plot

1=jss;i=ss;0
� �

1=js;i=s;0
� �

pss;i=Ps;0 ¼ lss;i= lss;i þ lss;0
� �

jss;i=ss;0ls;i= ls;i þ ls;0
� �

¼ 1=ð1þ 1= lss;i=lss;0
� �� �

1= 1þ 1= ls;i=ls;0
� �� �� �

ð6:23Þ

(1/jss,i/ss,0)(1/js,i/s,0) pss,i/Ps,0 requires to get plotted in three-dimensional (x, y, z)
space where the function is plotted for two factors µss,i/µss,0 along x-axis and µs,i/
µs,0 along y-axis (see Fig. 6.8).

If we compare the probability values from two different cases, namely in a
classified phase state and in a sub-phase state, it is clear that the value decreases in
the latter case. The deeper the constituents penetrate, the lesser is the probability
value to be found. ‘Deeper’ has been used here to mean more sub-states to be
crossed by the cell constituents. The values of probabilities need to be normalized
further with the values of jss,i/ss,0 and js,i/s,0.

6.4 An In Vitro Modeling of Diffusion Across
Two Phase States

In vitro modeling of cell has been a popular technique of scientific studies for quite
a long time. In this technique, we mimic the biological system, especially one or a
few components of the constituents that make a complete system in a test tube made

Fig. 6.8 Plot of (1/jss,i/ss,0)(1/js,i/s,0) pss,i/Ps,0, along vertical axis, for µss,i/µss,0, along x-axis, and
µs,i/µs,0, along y-axis
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of glass or plastic, etc., or in some commercially available specialized plates, e.g.,
96-well plate, Eppendorf tube, etc., to perform some assay studies. In laboratory
tests, in which no biological cells or directly extracted cell components are needed
to perform this modeling study is planned. Commercially synthesized biocom-
pounds that are active in cell’s various structural phases are often used to test their
action in this kind of ‘in tube’ studies. Here, we shall provide a sketch which
addresses a list of stepwise doings.

6.4.1 Trapping Constituents in Different Phase States

In Fig. 6.9, we have sketched diagrams to address the diffusion of cell constituents
or any external agents active in a cell across two representative cell state phases,
namely liquid-state and plasma-state phases. To demonstrate this, we shall utilize a
recently published strategy used in liposome studies (Tseng et al. 2011;
Ashrafuzzaman et al. 2013).

Artificially constructed liposome in solution creates a two phase states coexisting
in a tube. The readers are expected to easily understand how constituents may
diffuse naturally from one phase to another in the coexisting two phases in a tube.

A lipid solution in methanol is used to get dried in wells, overnight under hood.
A dry lipid film is created on the inner surface of the well (see Fig. 6.9) due to the
reason that the volatile methanol slowly gets evaporated. Lipids in dry form or in
chloroform are commercially available from suppliers, such as Avanti Polar Lipids,
Inc. (http://avantilipids.com/), Sigma-Aldrich (http://www.sigmaaldrich.com/). The
agent of interest is then dissolved in a solvent at very high concentration. A buffer,
usually a solution that mimics cell cytoplasm state (a liquid state), is then made.
Usually, a solution of salt like sodium chloride and potassium chloride makes a
buffer.

At this stage, we fill the well/tube with this buffer. Then, add aliquots of the
agent containing solvent inside the buffer. The tube with solution containing agents
is then left in dark for a long time, and course of time is agent specific. Most of the
liposome assays use approximately 1 h as incubation time. For details, see Fig. 6.9.

After incubation, we separate the supernatants by gently removing the solution
from the well. Here, supernatants refer to agents that are not absorbed in liposomes.
The well is then washed with the same buffer for as many as 3–5 times. All the
supernatants are collected in a separate container, as shown in Fig. 6.10. After
repeated washing and separating, the liposome-containing well is filled with a
certain volume of buffer. We now have two separated solution containing agents:
(i) liposome dragged agents inside the plasma-state liposome and (ii) the rest of the
agents to be left inside liquid-state buffer; they are collected as supernatants. The
two samples are now ready to be examined for the relative quantification of agents
in two different phase states, as demonstrated in Fig. 6.10.
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6.4.2 Relative Quantification of Agents of Interests
in Coexisting Phase States

In previous section, we have addressed how two coexisting phase states can be
separated from each other. Agents partitioned into these different phase states also
get separated with the phase state separation. This is why, if we utilize techniques to
detect agents in these two separated solutions, we in fact measure the relative
number probability of the agents diffused into the states. There are various tech-
niques to do so. The separated solutions can be read or examined by conventional
microplate readers, or any other similar machine to quantify the agents in

Diffusion of Agents across two State Phases

Overnight inside hood 

      Lipid solution           Lipid solution     

Incubate (1 hour) in dark

Buffer+Agent        Lipid solution        Lipid film

Fig. 6.9 Sketch of a well from a 96-well plate. We have virtually picked a well from a 96-well
plate to address the distribution among various cell state phases
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liposome’s plasma phase state and buffer’s liquid phase state. A microplate reader
that can detect the agent is suitable for the relative quantification of the agents in
various state phases. There are chemical detection methods available too. We wish
not to detail them as they are readily found in various published articles.

6.5 In Silico Diagnosis on Relative Diffusion
and Probabilities in Different Cell Phase States

Can we quantify the dynamical properties of agents in a cell?
In biological systems, measurements are always complicated due to the

stochastic effects caused by correlated dynamics of many components. Therefore,

Separating agents in two state phases

Wash 3 times with 

experimental buffer

Reading plate                          Collecting container

Buffer+Agent Supernatants     

Fig. 6.10 Wash 3 times with experimental buffer and collect the supernatants. Now add
experimental buffer in reading plate and read fluorescence with a microplate reader, e.g., Fluostar
Optima (from BMG Labtech)
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all of the in cell measurements provide mostly the summary or resultant of many
effects. Pinpointing at specific phenomenon appears often as a tough job or even
sometimes found impossible. You may try to detect a cause or an effect related to an
event in the presence of others, but other causes or effects always induce pertur-
bations in your target event. As a result, you end up getting some resultant of many
causes or effects. Most of the biological studies have to deal with this kind of
scenario. Biophysical ones though may help pinpoint at specific event by mostly
isolating that one from others. Technological developments have made some
aspects possible, but we are yet far away from achieving the completeness.
Specially, when we try to address anything related to interactions or coupling, we
end up monitoring many such processes together or the effect that is resultant of
many such ones.

Dynamics of agents in a diffusive medium may result due to fluctuations (mostly
thermodynamic effects) or interactions (localized or long-range effects), etc., therein
or some kind of specific or nonspecific coupling with other agents or medium in or
on which the agents move. In computer, we can mimic this kind of environment and
observe the dynamical nature of agents. The beauty of performing study in com-
puter is that one can control parameters at one’s will. That may not represent the
whole biological environment but help address certain aspects inclusively.
Molecular dynamic (MD) simulation is such a method (readers will learn on this
method later in this chapter and from subsequent chapters). We can virtually create
a biological environment in computer and study the dynamics of components
within.

6.5.1 General Description and In Silico Modeling

As a test case, we shall address the dynamics of a biologically active agent in a
virtual biological system. Here, we wish to address how a drug (or an agent), while
in the vicinity of or inside the cell, may experience probability to get diffused from
one phase state to another and/or be released back to former phase state. Inspection
of the dynamics of the agent will help us address these phenomena via the
agent-phase state constituent coupling stability measurements. The coupling sta-
bility is nothing but a course of time during which the agent will coexist with a
phase state. For this study, we shall insert a drug into an in silico designed liquid
phase state of a cell and monitor its stability of coupling with this state relative to its
coupling stability with a plasma phase state when both liquid and plasma phase
states coexist (see Fig. 6.11a). Here, plasma phase state can be constructed by
simulating a membrane. But for simplicity, we shall consider a membrane con-
stituent lipid to represent the plasma-state-like cell membrane for in silico
dynamical tests (see Fig. 6.11b).

In computational dynamic study, we can mimic a cell environment inside
computer as shown in Fig. 6.11. Here, a drug while in cellular cytoplasm or ex-
tracellular hydrophilic background can interact with a liposome as sketched here.
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Liposome

Hydrophilic heads Hydrophobic tails

Hydrophobic bilayer

Hydrophilic core

(a)

Agent

Hydrophilic background

Fig. 6.11 a In upper panel, both agent (red sphere) and liposome are inserted/constructed inside
hydrophilic (mostly water environment) bath to address their coupling stability. Lower panel
shows a detailed analysis of a liposome. Hydrophobic tails are sketched with only a few lipids
though all lipids have them. b. Agent–lipid coupling stability assay for in silico dynamical tests.
Here, a lipid (main building block of the liposome) is used instead of the whole liposome, for
simplicity
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The drug will thus show a diffusive probability into liposome (plasma phase state)
and from there back to liquid phase state. In this case, the drug will follow a
dynamic correlation with liposome following a drug–liposome coupling
phenomenon.

6.5.2 Dynamic Correlation Function

In condensed matter physics, calculation of dynamic correlation function is a
popular method to address the time-dependent spatial distribution of interacting
particles (Ashrafuzzaman and Beck 2004a, b). In this drug–target structure corre-
lation problem, we can apply the condensed matter physics technique and calculate
the dynamic correlation probability/function ф (r, r′, t). Here, r is the radial dis-
tance between drug and target, r′ is the hard core distance, meaning the minimum
distance the drug can approach to target, r � r′, and t is time at which the dynamic
correlation is measured. Alternately, we could also consider ф (r, r′, t) as the
dynamic correlation function where r is the radial distance at time t, while in the
beginning (t = 0) the radial distance was r′. We can decouple this function

(b)

Fig. 6.11 (continued)
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following a detailed analysis that was made for another system, namely vortex–
antivortex mutual dynamics/interactions in condensed matter physics
(Ashrafuzzaman and Beck 2004a). We shall avoid showing the detailed analysis
here but would show how the function changes with radial distance and time (see
Fig. 6.12). Interested readers can understand from the thesis of Ashrafuzzaman,
uploaded online (Ashrafuzzaman and Beck 2004a). The correlation probability is
the highest at certain distance when the coupling is maximum due to complete
equilibration. With decrease or increase in radial separation, the value of correlation
probability decreases. As time passes (t > 0), the stability of association gets
compromised so the probability also decreases.

The coupling phenomenon can be addressed by monitoring the coupling stability
which in fact is equivalent to ф (r, r′, t). In computer system analysis, such a
simulation can be performed if the computer has a huge processing power and we
can perform a long time (*100 s ns) molecular dynamic (MD) simulation to let the
system move to equilibrium condition. The coupling with liposome results due to
the resultant effects of the dynamic couplings of the agent of interest with major
liposome-constructing components like lipids. To save computational time and
understand molecular mechanisms, we can monitor the dynamics of the coupling
between the drug molecule and a single lipid. This is sketched in Fig. 6.11b. In this
case, we can monitor time-dependent drug–lipid separation, from which we can
trace the dynamic correction which ultimately results in determining the relative

Fig. 6.12 Plot of ф (r, r′, t) as function of r and t for r′ = 0. Scales are arbitrary. For details, see
Ashrafuzzaman and Beck (2004a). The slopes toward various directions shown here should be
considered arbitrary and are, in nature, system specific. This kind of dynamic correlation function
needs to be introduced in coupling where the participating agents are in continued movements. In
biological system, for example, for the case of mobile agent (any drug) and mobile lipid
interactions in cell membrane environment (see Fig. 6.11), the correlation function follows exactly
this kind of trend as presented here
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liposome adsorption probability (see Ashrafuzzaman et al. 2013, 2014). In these
two references, we have presented our novel works to address interactions of
peptides [e.g., gramicidin A (gA) and alamethicin (Alm)] (Ashrafuzzaman et al.
2014) and chemotherapy drugs (e.g., capsaicin and taxol derivatives)
(Ashrafuzzaman et al. 2013) with major phospholipids (e.g., phosphatidylserine and
phosphatidylcholine) in silico MD simulations which got validated in vitro
liposome-binding assay experiments. These two studies will surely demonstrate the
proof of principles discussed in this chapter.

6.5.3 Example Studies: In Silico MD Simulations

Several drugs, namely aptamers (Tseng et al. 2011; Ashrafuzzaman et al. 2013),
peptides (Ashrafuzzaman et al. 2014), colchicine, taxol (Ashrafuzzaman et al.
2012), have been tested for their liposome adsorption using the mentioned in silico
MD simulation techniques by us. We shall briefly address these studies here.

6.5.3.1 Methods and Materials—In Silico MD Simulation

The binding affinity and related statistical rankings can be addressed using simu-
lation. MD is a technique that helps address these using in silico modelling. For
theoretical insights into the binding affinity at the molecular level, the MD simu-
lations are utilized. Here, Amber 11 with consideration of latest force field F is
utilized (Case et al. 2008, 2010). Following the concept of Monte Carlo method, we
consider a number of different relative locations and orientations randomly gen-
erated in each agent–target complex as initial structures in a biologically relevant
platform. Each location and orientation-specific complex is energy minimized using
the steepest descent method for the first few cycles and then followed by a con-
jugate gradient for another, e.g., 1000 cycles. During the equilibration of the
complex using the explicit water TIP3P model, we first apply Langevin dynamics
during the process of heating up the system for 200 picosecond (ps) with targets
being restrained using a harmonic potentials having a force constant k = 100 N/m
to homogeneously distribute water molecules in the system. We then introduce
pressure regulation in the simulation to equilibrate solvent density for another
200 ps in addition to temperature regulation. We then perform a 10-ns explicit
water MD simulation at 300 K and solution at pH 7 for each complex as a pro-
duction runs. Note that the targets are gently restrained with a harmonic potential
with a force constant k = 10 N/m applied to the phosphorus in PS or PC. Longer
time simulation is possible but at the cost of more days, and a higher performing
computer facility is required. The whole technique is published in Tseng et al.
(2011), Ashrafuzzaman et al. (2013).
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6.5.3.2 Aptamer–Lipid Coupling Stability: a Case Study

We modeled a cell environment in computer to perform MD simulation to address
the relative probability of drugs to diffuse into hydrophobic lipid membrane
environment from hydrophilic water environment. This is equivalent to the diffu-
sion of agents between two phase states, namely liquid phase state and plasma
phase states. For simplicity, instead of the whole membrane we used a lipid PC or
PS, following the arguments provided earlier. We monitor the distance between two
participating agents, namely an aptamer (deoxyribonucleic acid (DNA) short
sequence) and PS or PC. Due to dynamic nature, both move in the space but as they
have interactions, they occasionally come closer.

Based on MD simulation, results are presented in Fig. 6.13 which plots sepa-
ration distance dapt–lipid against time from a set of raw simulation results rather than
all cases, in which five randomly generated SIAp4-PS complexes as initial struc-
tures, represented in the inset, are considered. Given this result, we evaluated the
probability of a designed aptamer and PS being at a specific dapt–lipid range, which is
the time duration both spent at that dapt–lipid range over the total simulation time.
The average probabilities of sequences with PS within 6 < dapt–lipid < 16 Å were
calculated (the third column of Table 6.1). This time- and distance-dependent
probability function is partially equivalent to the previously explained dynamic
correlation probability/function ф (r, r′, t).

6.5.4 Universal Correlation Functions: Energetic Scenario
in MD Results

Using MD simulations, we provide computational support for agent–lipid physical
interactions which are postulated to be the mechanisms behind the agents’
dynamics near the target molecules, e.g., lipids in current case. MD simulations for

Fig. 6.13 10-nanosecond
(ns) MD simulation to address
the relative distribution
between an aptamer and PS,
following in silico modeling
explained in Fig. 6.11. For
details, see Tseng et al.
(2011), Ahrafuzzaman et al.
(2013). Five traces represent 5
repetitions. Five initial
structures have been shown in
the inset
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aptamer–lipid and chemotherapy drug (CD)–lipid have been conducted by us, as
mentioned earlier. Using the same settings, similar MD simulations have been
carried out for peptides gA–lipid and Alm–lipid pairs (Ashrafuzzaman et al. 2014).

As presented in Tseng et al. (2011), Ashrafuzzaman et al. (2013), three quan-
tities, the separation distance of centers of mass of agent and lipid, dagent–lipid, van
der Waals (vdW), and electrostatic (ES) energies, were utilized to analyze simu-
lation results. Note that regarding solvent-accessible area (SA), when both drug and
lipid molecules are completely separated, we can expect them to be entirely
exposed to solvent, i.e., the corresponding SA areas are at a maximum. The SA
areas in all studies are roughly unchanged between the start and the investigated
20 Å length. This suggests that within this range the drug–lipid complexes stay at
an equilibrium solvation condition. Therefore, we may focus only on vdW and ES
here.

In order to investigate features of physical interactions of all lipid and agents
behind their interaction-driven diffusion from MD simulation results, a probabilistic
description was considered (developed by Ashrafuzzaman and Tseng in a pending
US patent, 2015). Specifically, we first evaluated probability of observing a pair
within dagent–lipid as P(dagent–lipid) = Δt(dagent–lipid)/Tsim, where Δt(dagent–lipid) is the
time duration the agent–lipid pair stays within dagent–lipid and Tsim is the total
simulation time. Second, the probability of having either vdW or ES energy of a
lipid and an agent staying at distance dagent–lipid is given by Boltzmann’s distri-
bution, as follows:

P E dagent�lipid
� �� � ¼ exp� bE dagent�lipid

� �
=Z; ð6:24Þ

where partition function is Z ¼ P
dagent�lipid

exp�bE dagent�lipid
� �

and b ¼ 1=kBT

with T = 300 K.
Universal footprint shed by MD results. Figure 6.14 plots P(E(dagent–lipid))

against P(dagent–lipid)s, and the corresponding dagent–lipid values are represented by
symbol size, which is illustrated in the bottom panel. Considering all three variables
together Fig. 6.14 makes itself a three-dimensional plot. The upper row shows the

Table 6.1 Two sets of DNA
aptamer templates

Namea Sequence (5′ ! 3′) PSb

SIAp1 AAAAGA 0.23 ± 0.11

SIAp2 AAAGAG N/A

SIAp3 TAAAGA 0.57 ± 0.15

SIAp4 AAAGAC 0.54 ± 0.19

SIIAp1 CAGAAAAAAAC 0.4 ± 0.2

SIIAp2 CAGAAAAAAAT 0.31 ± 0.12
aSI is designed based on total energy, and SII is designed using
interaction energy
bProbabilities of aptamers and PS within 6 < dPS-lipid < 16 Å. For
detail, see Tseng et al. (2011), Ashrafuzzaman et al. (2013)
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case with PC and lower row for PS. Furthermore, the left column shows vdW
energy and right for ES energy. Several features are revealed in this figure. First, it
shows similar trends for all three categories of agents against either PC or PS from
vdW interactions point of view. Probabilities of having a pair within dagent–lipid and
vdW energy EvdW(dagent–lipid) are gradually decreased when a lipid and an agent
separation distance dagent–lipid is increased. Namely, vdW force is likely to play a
crucial role in all types of agents to interaction-based drive toward lipids (short
dagent–lipid range). Second, however, from ES energy point of view, two CDs are the
only type of agents to show similar trends, and larger the separation distance dagent–
lipid is, the lower the probabilities P(dagent–lipid) and P(E(dagent–lipid)) are, in both PC
and PS cases. It suggests that similar to vdW force, ES force will also likely be a
mechanism for the driving process for CDs, hence causing diffusion toward lipids.
Yet, ES force likely to play a minor role in the driving of lipids and agents such as
peptides and aptamers. The cause lies perhaps in the polarities of charges on par-
ticipating agents, and thus, the ES force can play role either to favor or to disfavor
in mutual diffusion toward each other.

Fig. 6.14 Analysis of MD results of all lipid–agent pairs. The left column plots van der Waals
energy, and the right is electrostatic energy. The upper row is for agent–PC pair, and the lower row
is for agent–PS pair. Values of dagent–lipid are represented by symbol sizes (for simplicity, only
circle sizes are shown)
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One very important message can be drawn from this novel treatment which is if
we can detect all the important energies plying in the molecular-level interactions in
a medium (in our case, in a phase state), in the interface of two media we can
correctly predict the diffusion phenomena as bourn out of driving forces. In this
regard, detection of energies in a single MAA–lipid complex (as done here in our
MD simulations) in fact provides better molecular-level understanding than in a
usually expected MAA–lipid complex in a membrane. This way we can detect the
primary (not the collective) energy values. The overall energies in a MAA–lipid
complex in a membrane will just be a combination of such many detected energies.
Therefore, our MD simulation strategy and the detected energy-based discovery of
the above-mentioned two probabilities appear as strong functions correlating the
molecular-level information with the phenomenological observations of MAA–
lipid complexes in a phase state as predicted from various in vitro experiments (see
Tseng et al. 2011; Ashrafuzzaman et al. 2013, 2014). For more clarification, we
may add another statement here. If we compare dagent–lipid (Fig. 6.14) with the lipid
dimension, in the case of our current in silico single-agent single-lipid association
assay, we may easily understand the cutoff value of the distance dagent–lipid beyond
which the agent may be considered staying outside the lipid phase state
(plasma-state phase). This novel treatment correlates information between in silico
and in vitro experiments to address general diffusion and hence interactions
between agents in a cell phase state.

The probability calculated in Table 6.1 and generally addressed in Fig. 6.14 is to
represent distance between two agents. There is always a cutoff distance of asso-
ciation dcutoff between these two agents. dcutoff depends on the nature of the two
phases as well as the biophysical properties of agent which has to diffuse between
phase states. For the agents to diffuse from liquid phase state (water environment in
this in silico simulation) to plasma phase state (lipid constructed membrane plasma
phase state), we have to calculate probability functions for all values of d of which
the values falling within d < dcutoff will be the probability for diffusion into the
plasma-state phase. This way the interphase and intraphase diffusion of agents can
be addressed quite easily. To understand better more in system, validations and
corresponding simulations (especially in whole membrane system) are required.

6.6 Cellular Transport in Fungal Associated Cells

We shall explain this for the case of a plant cell. A natural symbiotic association of
a fungus with the roots of a vascular plant caused by a mycorrhiza is traditional
means observed in most of the plants. In these cases, the co-colonization between
fungus and the host plant roots is observed either intracellularly for arbuscular
mycorrhizal fungi or extracellularly for the fungi known as ectomycorrhizal fungi.
The co-localization often causes a seasonally (of the order of timescale equivalent
to days-to-weeks-to-months) adjustable geometrical reorganization in the cellular
shape, size which result in causing time adjusted in cell transports. Both
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quantitative and qualitative influences on cells are observed as a result of their
fungal association, the mechanism which is supposedly beneficial for both fungi
and cells. The transport mechanisms of all nutrients get affected or regulated. Such
mechanisms are found to be highly dependent on the change of values of certain
parameters related to the seasonal fluctuations like humidity, temperature, salinity,
acidity of the cellular environment. The cell-based transport mechanisms therefore
need to be understood first biologically. But the nanoscale cellular structural
changes draw a clear biophysical perspective in the cell’s fungal association pro-
cess. Mechanical and electrical types of physical cellular processes get affected, and
thus, general energetic perspectives that are found to be active in general cell
transport mechanisms explained earlier in this chapter are also found to take place
in the fungal infected plant cells. We wish to brief about such nanoscale biophysics
here which may open up avenues to addressing the cell health condition from
physical perspectives.

6.6.1 General Behavior of Fungus-Cell Co-localization

We have recently performed a series of experiments to address the biophysics of
fungal association with plant cells which are in preparation for publication (Dhar
and Ashrafuzzaman 2014). Our main goal is to understand how the transport
mechanisms look like in comparison with general cells, which is the topic of this
book. The experiment was carried out during the autumn started in October 2013
through the winter and spring up to the beginning of summer in the mid-April 2014
in the net house of King Saud University, Saudi Arabia. The experiment has been
designed in completely randomized block design (CRBD). Soil free of mycorrhizal
inoculum (pretested for the presence of mycorrhizal inoculum) was used as basic
growth media. As indicator, plant Zea mays has been used as it is well established
to be the good mycotrophic plant. Prepared inoculum has been used at the rate of
20% (V/V) of the growth medium. In the net house, a thin layer of polyethylene
sheet was spread to inhibit the contamination from the net-house floor. In the
net-house temperature, humidity and other microclimatic factors were as like as the
atmospheric condition. The pots were irrigated to the field capacity of the growth
media at one-day interval. A thermometer was hanged in the experimental site to
record the everyday temperature of the net house.

Two treatments were maintained in the experiment. Without mycorrhizal
inoculum was the control and mycorrhizal inoculum added pots were treated as
inoculated. In each pot, two pre-germinated seeds of Z. mays were sown, and after
germination, pots were thinned to one plant per pot. Pots were supplied with
distilled water up to the field capacity at every alternate day to maintain the
homogeneous moisture content of the soil. On October 13, 2013, the experiment
was set up and at every 30-day interval data were recorded. As a whole, we had six
harvestings throughout October 2013 to April 2014. In each harvesting, total pot
was used and the roots of the whole plant were taken. Roots were cleaned with tap
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water and followed by distilled water and cut into 1 cm pieces and stained in trypan
blue following the method of Koske and Gemma (1989). Roots were heated in
2.5% KOH solution for 20 min at 80 °C in water bath followed by acidifying in 1%
HCl for 24 h. Staining was followed in 0.05% trypan blue solution in acidic
glycerol and heated at 80 °C in water bath for 10 min. Randomly, 20 segments
were picked up and loaded on the microscopic slides after destaining in 50% acidic
glycerol. A cover glass was put on the root segments and gently was pressed to
macerate the roots segments facilitating the easy observation of the AM structures
inside the roots. Microscopic observation was done with a computerized digital
Olympus microscope (Model DP-72). Primarily, roots were observed at 10�
magnifications, and final observation and data were recorded at 40� magnification.
Length and breadth of the colonized cell and arbuscule within the cell were mea-
sured with the CellSans software to calculate the area of the cells colonized by
arbuscules and arbuscules within the colonized cell. At least 10 cells were con-
sidered randomly in each root segment to measure the area of cells and arbuscules.
An average of cell area and arbuscular area of total root segments studied was
determined for each harvesting. Arbuscule areas to cell area, cytoplasm area to cell
area, arbuscule to cytoplasm ratio were calculated. Obtained results were used for
the explanation of the biophysical analysis of the nutrient transfer mechanisms.

We have presented here four figures, one (Fig. 6.15) as control and three
(Figs. 6.16, 6.17, and 6.18) to show the seasonally adjusted co-localization between
mycorrhiza and plant cells. The readers may read from sole mycorrhiza-focused
articles (e.g., see Cavagnaro et al. 2001; Dickson 2004; Pumplin and Harrison

Fig. 6.15 Root cell in the control treatment without mycorrhizal inoculum (Dhar and
Ashrafuzzaman 2014)
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Fig. 6.16 Root cell with arbuscule at 30 days with mycorrhizal inoculum (Dhar and
Ashrafuzzaman 2014)

Fig. 6.17 Root cell with arbuscule at 120 days with mycorrhizal inoculum (Dhar and
Ashrafuzzaman 2014)
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2009; Ferrol et al. 2000; Morte and Honrubia 2004; Redecker et al. 2013) to
understand the in-depth biological perspectives of this co-localization. The images
show the geometry and how that geometry changes with the age of the plant. The
climate condition and other environment and season-determined parameters have a
huge regulatory effect on the relative distribution. We shall focus mainly at the
transport across the membrane separating the arbuscule and cell cytoplasm. For
that, we wish to address the relative cellular space occupancy as a result of myc-
orrhizal attack of the cell. To inspect carefully, we have taken the image of a single
fungus-cell co-localization here, see Fig. 6.19.

The scenario shown in above-mentioned single co-localized fungus-cell is
subject to slow dynamics. A time-dependent change of the relative distribution is
observed over weeks-to-months. To monitor such change in a life cycle, we
measured the surface areas of both arbuscule occupied region and the rest of the
cytoplasm of the cell. A statistical analysis shows the following seasonal changes,
as summarized in Fig. 6.20.

6.6.2 Model Representation of the Fungus-Cell
Co-localization

By careful inspection of the biological experimental results, a few presented in, e.g.,
Figures 6.15, 6.16, 6.17, 6.18, and 6.19 and the plots in Fig. 6.20, we may conclude

Fig. 6.18 Root cell with arbuscule at 150 days with mycorrhizal inoculum (Dhar and
Ashrafuzzaman 2014)
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the models on the time-dependent change of the fungus-cell co-localization as
presented in Figs. 6.21, 6.22, and 6.23 [manuscript in preparation (Ashrafuzzaman
2016)]. In these three different sketches (Figs. 6.21, 6.22, and 6.23), for modeling
purposes only, we have intentionally used different geometry to show their
randomness.
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Fig. 6.20 Arbuscule (Arb area) versus cytoplasm (Cyt area) occupied surface area changes with
time [age of the plant, age (day)]. This is what, we wish to call a slow seasonal cell dynamics. The
cell surface area is found to be more or less constant although shape/geometry shows somewhat
fluctuations

Fig. 6.19 Image of a single fungus-cell co-localization. The arbuscular penetration into cell’s
interior region separates the cell cytoplasm. The arbuscular distribution is controlled by a
membrane separation from cytoplasm (Dhar and Ashrafuzzaman 2014)
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6.6.3 Membrane Transport Across the Membrane Partition
in a Fungus-Cell Co-localized State: Analytical
Expressions

Figures 6.21, 6.22, and 6.23 can be generalized into one representative model
diagram for biophysical understanding of the transport mechanisms, as shown in
Fig. 6.24.

Arbuscular membrane transports nutrients through general membrane diffusion
and utilizing specific ion channel transport mechanisms. Higher nutrient concen-
trations in the arbuscules and lower concentrations in the root cells of host plant
lead to creating nutrient concentration gradients. Thus, the efflux of nutrients
through arbuscular membrane occurs. Ion channel CHs of various natures experi-
ence functional state transitions between opening and closing states, and thus, the
nutrient transport through channels happens. The ion channel functions are regu-
lated due to their physical and energetic coupling with arbuscule membrane.
Therefore, membrane–ion channel coupling mechanisms are expected to regulate
the ion channel transport of nutrients across the membrane separating nutrients on

CH

AR

CP

Fig. 6.21 Fungus-cell co-localized model at plant age = T1 days. Arbuscule (AR) and cellular
interior region, mainly occupied by cytoplasm and other constituents is referred as CP, are
separated by cell membrane (thick dark line). Ion channels (CHs) transport nutrients, sodium,
potassium, phosphorous, etc., from AR to CP region. For simplicity, only one channel (CH) has
been sketched, but there are usually many CHs. The number of CHs is expected to vary and
probably increases/decreases, with the increase/decrease of the volume occupied by AR,
corresponding to simple analogy that the surface area of the volume occupied by AR accounts
proportionally for the number of CHs
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both sides of the membrane, namely inside arbuscule and cytoplasm. Here, I shall
address this biophysical phenomena by developing a clear energetic model on ion
channel transport (Ashrafuzzaman 2016) in light of the biological arbuscule
transport results recently produced by Dhar and Ashrafuzzaman (2014) (to be
submitted elsewhere). The ion channel CH, as sketched in Fig. 6.24, co-localization
with membrane can be modeled equivalent to general cell membrane-hosted ion
channel case, as shown in Fig. 6.25 (see Ashrafuzzaman and Tuszynski 2012a).

According to the model structure (see Fig. 6.24), let us assume the concentration
of nutrients in cytoplasm Ci is due to transported nutrients across the membrane.
Therefore,

Ci � ci ai= Ai � aið Þf g MCH þMdiff½ � ð6:25Þ

Here, concentration follows the traditional definition that is the abundance of
nutrients divided by the total volume. MCH and Mdiff are channel and nonchannel
diffusion coefficients of nutrients, respectively, with

MCH and Mdiff � 1 ð6:26Þ

Here, we can consider a constant value for the contribution from general dif-
fusion coefficient Mdiff, for simplicity. The contribution of jth channel into MCH is
MCH,j, so

Fig. 6.22 Fungus-cell co-localized model at age = T2 days (T2 > T1). For simplicity, no ion
channel has been sketched here (see Fig. 6.21). Cell shape, AR and CP, occupied regions’
geometry may be varied with time
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Fig. 6.23 Fungus-cell co-localized model at age = T3 days (T3 > T2 > T1). For simplicity, no ion
channel has been sketched here (see Fig. 6.21). Cell shape, AR and CP, occupied regions’
geometry may be varied with time

Fig. 6.24 Fungus-cell co-localized model at an arbitrary age. Arbuscule and cellular interior
region, mainly occupied by cytoplasm and other constituents, are separated by cell membrane. Ion
channel CHs transport nutrients, sodium, potassium, phosphorous, etc., from arbuscule to
cytoplasm region. For simplicity, only one CH has been sketched, but there are usually many CHs.
The number of CHs is expected to vary and probably increases/decreases, with the increase/
decrease of the volume occupied by arbuscule. Here, Ai is the cell volume, and ai is the volume
occupied by arbuscule. The concentration of nutrients in cytoplasm is Ci and in arbuscule ci
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Fig. 6.25 Lipid bilayer membrane exists with an average constant thickness unless any random
MP or ordered channel induces any kind of bilayer deformations. In diagram a, a plain lipid bilayer
membrane has been schematized. Lipid bilayer behaves like a barrier against ion or nutrient flow
across the membrane. In b, a lipid bilayer membrane with a possible inactive ion channel (in red
color) within it has been schematized. In this case, despite the presence of ion channel lipid bilayer
still behaves as a barrier against ion flow across the membrane. The channel in this case is
apparently considered to be inactive or nontransporting agent. In c, a lipid bilayer membrane with
a possible active ion channel has been schematized. In this case unlike the cases represented by
(a) and (b), the bilayer conducts ions, nutrients, etc., across the membrane. Decrease or increase in
bilayer thickness near the channel interface as the channel undergoes the conformational transition
from closed to open states or vice versa is an important hypothesis in this cartoon representation.
A structural change (especially size) in the channel-forming agents is also a prediction. An
energetic cost happens while channel undergoes transition from closed (b) to open state (c). This
energetic costs have recently been calculated using the charge-based screened Coulomb interaction
model (Ashrafuzzaman and Tuszynski 2012a, b; Ashrafuzzaman et al. 2014). These schematic
diagrams have been drawn in light of the gating mechanisms observed in mechanosensitive
channels in model membranes (Perozo et al. 2002)
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MCH ¼
X
j

MCH;j ¼ 1=NCHð Þ
X
j

lrCH;j ¼ nCH=NCHð ÞlCH ð6:27Þ

µCH is the average nutrient conductance probability across an active channel.
nCH is the number of active channels. NCH is the total number of channels (active
and inactive) that may contribute to the nutrient transport across the arbuscule
membrane into the cell cytoplasm. nCH � NCH. r is an exponent dependent on the
channel type (see Ashrafuzzaman and Tuszynski 2012b; Ashrafuzzaman et al.
2008; Latorre and Alvarez 1981). For simplicity, let us assume r = 1. We get:

Ci � ci ai= Ai � aið Þf g nCH=NCHð ÞlCH þMdiff½ � ð6:28Þ

Or,

Ci � ci ai= Ai � aið Þf g nCH=NCHð Þ exp �DGCH=kBTf gþMdiff½ � ð6:29Þ

Here, we have derived the expression for µCH from information in various
publications, e.g., see Lundbæk et al. (2005), Ashrafuzzaman et al. (2006),
Ashrafuzzaman and Tuszynski (2012a),

lCH � exp �DGCH=kBTf g ð6:30Þ
ΔGCH is the energetic changes taking place due to open/close transition mech-

anism (see Fig. 6.25) that is the amount of energy required to open a channel, often
referred to as ‘free energy’ in channel opening; kB is Boltzmann’s constant; and T is
absolute temperature. The back-and-forth channel open/close transition is
schematized in cell membrane-hosted ion channel case as shown in Fig. 6.25.

6.6.4 Numerical Computation to Address the Theoretical
Model of the Arbuscular Membrane Transport

We may deduct, from Eq. (6.29), the following analytic expression for the arbus-
cule transport of nutrients into cell cytoplasm:

Ci= cifai= Ai � aið Þg½ � �Mdiff ¼ nCH=NCHð Þ exp �DGCH=kBTf g ð6:31Þ

We can plot the above-mentioned function for constant Mdiff at an equilibrium
thermodynamic condition. For that, we need to develop an acceptable expression
for ΔGCH. In a recent study on specific protein-lined ion channels, namely gA and
Alm channels, a general expression has been proposed for ΔGCH in which a
membrane–channel mismatch term ΔGCH (mismatch) and a membrane curvature
(Gruner 1985; Lundbaek et al. 2005; Ashrafuzzaman et al. 2006; Greisen et al.
2011) term ΔGCH (curvature) have been discovered using traditional charge-based
lipid–channel interactions, following screened Coulomb interaction formalisms
(Ashrafuzzaman and Tuszynski 2012a, b; Ashrafuzzaman et al. 2014). Here,
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DGCH ¼ DGCH mismatchð Þ þDGCH curvatureð Þ ð6:32Þ

For a certain type of membrane, the curvature term appears as common term
(can be considered for simplicity reason), but the mismatch term regulates the
channel functions due to various localized membrane and channel structures
especially from the geometric perspectives. The mismatch term appears with the
following expressions (Ashrafuzzaman and Tuszynski 2012a, b; Ashrafuzzaman
et al. 2014):

DGCH mismatchð Þ� exp x=dCHf gkBT ð6:33Þ

Here, x accounts for the mismatch between membrane thickness (d) and channel
length (l), that is, x = d − l. dCH is a characteristic length or correlation length that
determined the length scale unit over which channel–lipid membrane interaction
extends. We can assume dCH proportional to the lipid chain lattice constant that is
equivalent to a lipid headgroup cross-sectional length. For understanding the
deformation of the membrane, one can consider the equivalent case as shown in the
channel–bilayer coupling interface in Fig. 6.25c.

For simplicity, we shall use ΔGCH (mismatch) term for ΔGCH here and perform a
NC to understand the trend of channel-induced arbuscule membrane transport
mechanism. In reality, various lipid compositions in arbuscule membrane cause the
membrane transport to be also regulated but we wish to leave that (e.g., regulation
due to lipid curvature) for future studies.

Following exactly the numerical methods addressed in Ashrafuzzaman and
Tuszynski (2012b), we used Mathematica 9.1 (Wolfram Mathematica at http://
www.wolfram.com) to develop a program for NC/simulation. The results are pre-
sented in Fig. 6.26.

Fig. 6.26 Cnorm = Ci/[ci {ai/(Ai − ai)}] − Mdiff for the case when nCH/NCH = 1 that is when all
channels are active. d′ = d/dCH. Here, dCH � 0.8 nm (Eze 1991). Left (or bottom) to right (or top)
plots are for channel length occupying 10, 30, 50, 70, 90% of the membrane thickness. The
nutrients’ transport drastically falls as the mismatch between membrane thickness and channel
length increases. y-axis values are arbitrary
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As x increases, Ci decreases because as observed theoretically the nutrient
transport becomes harder in thicker membrane due to higher membrane–ion
channel mismatch (see analogy in Ashrafuzzaman and Tuszynski 2012a, b). This
gets reflected in cytoplasm/arbuscule area ratio which increases with the increase of
age (presented earlier here and see Alexander et al. 1989). This suggests that as
cytoplasm area increases, the concentration (nutrients per area) automatically goes
down; consider that the supply goes down because the arbuscule area decreases.
Here, instead of per volume (theoretical), we have compared the biological data as
per area due that we can image the areal not the volume views using the technique
we have adapted here.

An especial consideration can also be made. With the increase of arbuscular
surface area, the membrane thickness is assumed to be decreasing. This is because
the increase in the arbuscular surface area is assumed to result in causing a slow
increase in outward (inward to the cell cytoplasm) pressure and thus causes the
thinning of the membrane (d decreases). A membrane-thinning mechanism theo-
retically appears to cause greater inward to cell cytoplasm nutrient flux. This pre-
dicted seasonal or age-dependent arbuscule membrane-thinning/-thickening
mechanism can be addressed using higher resolution three-dimensional imaging
techniques, not covered in our current studies.

Channel length smaller means larger mismatch which also causes arbuscule to
cytoplasm transport to get reduced. This gets reflected in our analytical analysis
through the numerical data plotted in Fig. 6.26. This was not possible to be
addressed biologically using the techniques we used (Dhar and Ashrafuzzaman
2014).

6.6.5 Concluding Remarks: Slow Plant Cell Transport
Can Be Modeled Biophysically

We performed a biophysical modeling of the traditional biologically observable
transport properties of mycorrhizal fungus-colonized plant cell. The biophysical
studies are found to explain the symbiotic relationship of mycorrhiza with the plant
root system in regard to the nutrient uptake mechanisms quite well.

It has been known quite well that the plant age has an impact on the arbuscular
colonization of the cell, arbuscular area, cytoplasmic area, and as a result their areal
ratios. With increasing plant age, the arbuscular colonization increases until the
fungus occupies a certain highest proportion of the cell volume, e.g., 50–60% (Dhar
and Ashrafuzzaman 2014), and in other cases of oats, the fungus occupies 36% of
the oat cells (Alexander et al. 1989). At this highest arbuscular occupancy of the
cell volume, the frequency and arbuscular area are optimal and their activities are
also found at the peak point for quite a long time which is of the order of couple of
months (Alexander et al. 1989) when the ratio takes a reverse direction until the end
of plant lifetime.
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NC (Ashrafuzzaman 2016) addresses a theoretical prediction on the nutrient flow
mechanisms across arbuscule membrane through the membrane-hosted channels.
A valid theoretical technique developed for a class of certain types of (protein-lined
type) channels appears to provide an understandable model representation of the
experimentally observable nutrients’ conditions in both cell cytoplasm and arbus-
cule. Cell health condition as addressed here through the state of relative nutrient
concentrations of cell cytoplasm and arbuscule is explained biologically. The
modeling, presented here, has focused on addressing a theoretical analogy to the
biologically observable parameters. NC produces the theoretical trends of the cell
nutrients’ condition that are found to be able to explain the biological scenario. The
membrane physical parameters are found to appear as regulators of membrane
transport properties. The membrane physical parameters are reported to get regu-
lated due to various membrane-active agents like various drugs colchicine, taxol,
aptamers, peptides, through direct physical interactions or binding (e.g., see
Ashrafuzzaman et al. 2012, 2013, 2014). Identical analogy may be applicable for
various plant cell active drugs. The current computational formalism as presented
here may be extended to testing plant cell active drugs, and thus, perhaps even
genetic diversification may also be explained computationally.

In conclusion, this study is expected to help address general biophysical mod-
eling of the biological system ‘plant cell’ that is fed with a nutrient influx by
arbuscular mycorrhizal fungi to maintain the system’s health condition (Dhar and
Ashrafuzzaman 2014). This novel approach may help address the general nutrient
intake-dependent health condition of various biological systems like plant cells. Our
modeling may help extend the study of the effects of various cell-targeted drugs
(Ashrafuzzaman et al. 2012, 2013, 2014) that might be applied onto the plant cells
to test if they also regulate the cell survival period, repair the cellular disorders,
enhance the cell health condition via regulating the mechanisms of slow cell
transport of nutrients and many similar ones.
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Chapter 7
Cell-Based Nanotechnology—
Interactions and Energetics

Cells have natural nanometer (nm) scale structures and nanotechnologies active
inside. In earlier chapters, we have addressed enough of the nm-dimensional
aspects of cells. Cell membrane thickness is of the order of 3–5 nm (for details, see
Ashrafuzzaman and Tuszynski 2012a), membrane constituent lipid cross section is
of the order of 0.6 nm2 (Eze 1991), membrane-transporting integral ion channels
maintain nm dimensions in lengths and cross sections as their dimensions are
limited within membrane dimensions, microtubule filaments are of the order of
25 nm diameters, etc. There is a huge number of cellular processes that structurally
fall in nanoscale class. Similarly, there are many such processes that function in
nanoscale dimensions, for example lipid curvature geometry profile regulation,
migration of lipids on the membrane surface with the change of the mechanical
property of the cell membrane, change of interlipid separation to cause thermo-
dynamic membrane phase transitions between various phases like cubic, liquid
crystal, hexagonal, etc., membrane protein–lipid membrane association/dissociation
as a result of electrical charge-based interactions (Ashrafuzzaman and Tuszynski
2012b), microtubule polymerization through formation of ab heterodimers of
tubulins (Sekulić and Satarić 2015), and many such processes. Above all, most of
the interactions happen at low nanoscale dimensions or several angstroms scales.
Nanoscale physics and engineering are cellular reality in both normal functional
and abnormal conditions.

Nanotechnology exists in many naturally occurring cellular processes. They are
generally found active in nanomachines of cells. In Chap. 5, we have explained
about a few such molecular machines. As the cell holds many nanomachines and
nanotechnology processes it is natural to consider the application of artificial
nanotechnology in these cellular processes. Imaging of cells to understand the cell
components’ structures and behavior requires machineries to apply nanotechnol-
ogy. Manipulating cellular processes, altering cell components’ structural disorders,
performing artificially induced interactions, migrating external agents into cellular
sections, etc., can easily be performed with the application of nanoscale physics and
technology. This chapter will address on these aspects quite in detail.
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We shall address on the structural aspects of nanoscale cellular components
where the nanotechnology approaches may naturally or artificially be found
applicable. We shall extend the analysis by providing some details on the theoretical
aspects of the low-scale interactions and energetics active in cell environment.

7.1 Nanoscale-Dimension Building Blocks Constructing
Large and Small Biomolecules

DNA, RNA, and protein have various structures. The structures are also found to
undergo transitions through various geometric structural states with state-specific
energy conditions. For example, the 20 amino acids that are primarily responsible to
make the polymer protein may have different arrangements among them. A primary
protein structure which is nothing but a chain of amino acid is shown in Fig. 7.1.

Amino acids are building blocks of proteins and therefore play central roles both
in construction of proteins and in determining metabolism. All of these 20 amino
acids of proteins play crucial roles in biological actions. Only 10 of 20 amino acids
are produced in human body, and the rest are supplied through daily food intake.
Besides the 10 naturally produced in human body, a regular supply of the rest 10
has to be ensured to avoid degradation of protein structures in body. Quality food
choice is, therefore, an essence for sustainable strength of body muscle and all
protein-related organs.

Amino acid

Fig. 7.1 Amino acid chain
makes the primary structure
of a protein. Primary protein
structure is, therefore, just a
sequence of amino acids
making a chain as shown
here, schematic diagram.
Twenty amino acids through
variety in their combination
can create various primary
structures
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The amino acid dimension falls in fraction of nm scale. Modeling studies are
able to predict various aspects of size, charge, hydrophobicity, etc., of amino acids
(Biro 2006). In solution, the dimension can alternatively be deducted from various
structural studies, e.g., ion channel in membrane. Gramicidin A channel, dimer of
gramicidin A monomers where each monomer contains 12–18 amino acids, covers
the whole lipid bilayer of thickness about 4–5 nm (for details, see Mitra et al. 2004;
Andersen and Koeppe II 2007; Ashrafuzzaman et al. 2006, 2008; Ashrafuzzaman
and Tuszynski 2012a, b). This suggests that each amino acid covers about a dis-
tance which is of the order of value around 0.2 nm. Certainly there is a range
around this order, and the value changes modestly with the change of type of amino
acids. But it is clear that the primary structure of protein consists of amino acids that
are arranged at lower nm dimension.

The protein structure takes various forms. Here is a flowchart shown in Fig. 7.2.
The amino acid sequence that creates protein’s primary structures leads to various
other structures in solution like secondary, tertiary, quaternary structures. These
structures depend on environment in which they take place. That is why these
structures may also get changed as the environmental components get changed. The
structure in water solution may get another form from that in plasma membrane and
vice versa. But the primary composition of the amino acids usually is kept intact
although the mutual arrangements may get modulated or distorted. The average

Primary structure

Secondary structure

(α-helix, β-sheet, random coil)

Tertiary structure

Quaternary structure

(triple helix, tetramer, pentamer, hexamer, etc.)

Fig. 7.2 Proteins with
various structures get
originated from primary
structures
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amino acid separation, angular successive arrangement, etc., usually get perturbed
as the protein structural transitions happen. This means the basis of the protein
structural changes may be found in the building block arrangement/structure where
nm-dimension geometric properties exist.

Nanoscale-Dimension Structural Building Blocks to Construct a Small
Structure
Earlier we have briefly discussed mainly the structural units, subsequent bonding,
and transition mechanisms through which a complete molecular structure undergoes
and finally settles to create a big molecule. We have described a protein in this case.
Now we shall focus at units that create smaller molecules which can be utilized to
construct agents that may work as biomarkers to detect targets or as regulators,
inhibitors, etc., to act on other small or big structures in biological system.

There is a considerable number of molecule classes that make the nanoscale-
dimension structural building blocks to create small structures. Aptamers made of
DNA, RNA, peptide, etc., make a class of molecules. Various biomolecules, natural
products also make such classes. We shall focus here at aptamers as an example
case to investigate how we can utilize them, being constructed from nanoscale
building blocks that work within nanoscale functioning mechanisms.

DNA primary structure is made of four nucleotides adenine (A), guanine (G),
thymine (T), and cytosine (C). Similarly, RNA primary structure is made of four
nucleotides adenine (A), guanine (G), uracil (U), and cytosine (C). Altogether out
of DNA and RNA, we find five nucleotide building blocks (NBBs), namely A, G,
T, C, U. These NBBs can be utilized to construct aptamers that are found useful as
drugs to target cellular biomolecules (see two of our important papers in Tseng et al.
2011; Ashrafuzzaman et al. 2013). Later in this chapter, we shall explain how
earlier mentioned two techniques EgM and EpM can be applied to design aptamers
as drugs out of these five NBBs using the drug–target molecule binding energetics
and entropy information, respectively. Before that let us try to understand how the
drugs may generally target biomolecules in cellular conditions and what happens as
a result of drug association with target structures.

7.2 Drugs Target Biomolecules to Construct Drug–
Biomolecule Complex Structures

The objective of drug discovery is often to discover or select a drug molecule that
fits in the disordered section of a target biomolecule structure. A protein, nucleic
acid RNA, nucleic acid DNA, lipid membrane, mitochondria, etc., can be target
structures. The target biomolecule structure is generally very big. A section or
various sections of the target structure usually get distorted or damaged which we
call a disease state. A drug’s therapeutic role is to reach at this specific distorted
section of the target molecule and interact with that section to perform any of the
following activities, namely:
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(i) repair the damaged section of the structure,
(ii) inhibit the functionality of the damaged section of the structure,

Or, if both are not realistic then,
(iii) create further damage in the damaged section to destroy it’s functionality in

the target molecule.

As the molecule approaches the target structure, it creates a complex in the
attachment region. The complex’s geometry is sometimes an important determinant
of the action of the molecule at its target structure region. We can schematize the
scenario as shown in Fig. 7.3. Here we have schematized the target structure and
drug candidate molecule structure quite simple. The real structures do not look so

(a)

(b)

(c) 

Fig. 7.3 Diagram explains how a drug (green color small object) may geometrically adjust at the
target site of a biomolecule (yellow color big object). Here the target site has been considered at
the distorted section (a hole-like region) in the biomolecule structure. a, b, and c represent three
distinguishable geometrical patterns of the drug in association with the biomolecule
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simple. We shall provide a few real scenario later. Here what we have attempted to
address is that the aspect of drug molecule approaching the target structure is
important. The size of the drug molecule relative to the target region, the orientation
of the drug candidate relative to the target structural geometry, the viscous con-
dition of the region in which the drug–target complex gets created, etc., are clear
determinants to create the condition of a background in which drug–target inter-
actions take place.

7.3 Interactions in Drug–Biomolecule Complex Structures

Drug discovery is a rising field in which lots of scientists worldwide are now
working to mainly design drugs for specific diseases. Biologists, biochemists,
chemists, biophysicists, pharmacologist, and medical scientists are working and
utilizing various subject-oriented approaches. The ultimate target of every approach
is to ensure discovery of a drug that would easily approach to its target structure
site(s) and either make a stable or semi-stable drug–target molecule complex and/or
ensure having considerable interactions among drug–target molecule. But often a
substantial amount of drug molecules end up being distributed to others regions or
off-target biological structures. Thus, the process causes severe cytotoxicity. To
mimic such off-target drug distribution, we shall develop here a novel drug dis-
covery strategy in which a template will be created. This template will utilize drug–
target structure binding-related properties as inputs while discovering drugs. We
shall mainly use charge-based drug–target structure interaction energetics-related
properties to design novel compounds out of a set of biomolecules falling within a
chemical class.

Drug discovery is the process of searching for a new chemical compound
suitable for use for the treatment of human diseases. Computer use in drug dis-
covery and the emergence of a new field known as Computer-Aided Drug
Discovery which uses the power of computer helps to discover new drugs. The
emergence of this area helps the researcher to develop drug discovery tools quite
easily. Computer modelling of physical laws to be applied on a system or process
can perform computational simulations which produces almost valid in system data.
A strategic in vitro assay further validates the model data in experimental labora-
tories. We shall utilize the power of computer and program using, e.g., Mathematica
9.1 (Wolfram) to address phosphatidylserine (PS) binding of aptamers, created from
DNA nucleotides adenine (A), guanine (G), thymine (T), and cytosine
(C) (unpublished, developed by Ashrafuzzaman 2015). Mainly, the charge-based
interactions between drugs and target structures will be utilized. Therefore, we shall
use here our recently developed theoretical formalism on many-body/charge
interactions in which charges interact in presence of other charges (Ashrafuzzaman
and Tuszynski 2012b).
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7.3.1 Charge-Based Interactions of Drug–Target Molecule
Complex Structures

In both target molecule and chemicals to be utilized for drug design, there are
charges that we can use to interact with each other. At the end, the problem of
interactions in a drug–target complex is equivalent to the many-charge interaction
scenario in a biological system. We shall briefly address on the issue in this section.
Utilizing the theoretical knowledge on the many-charge interactions and using the
power of computational techniques, we can pinpoint biophysical properties to
design certain drugs. For that, we shall use some example targets and some chosen
chemicals.

In a many-charge system, each charge interacts with another following screened
Coulomb interaction (SCI) formula, recently developed by us (Ashrafuzzaman and
Tuszynski 2012b) in Fourier space:

VscðkÞ ¼ VðkÞ
1þ 1

2pkBT
n

� �
VðkÞ

ð7:1Þ

Here V(k) is the direct Coulomb interaction (D.CI) between two charges qi and qj
and follows the relation:

VðkÞ ¼ 1=e0erð Þqiqj=k2 ð7:2Þ

Here kB is the Boltzmann’s constant, n is number density of the participating
particles (in this case charges), k is wavenumber, and T is absolute temperature
providing the thermodynamic condition of the system.

Let us assume,

f ðT ; nÞ ¼ 1
2pkBT

n ð7:3Þ

We then get the following pattern:

Vsc kð Þ ¼ VðkÞ 1
1þ x

� �
ð7:4Þ

where we have assumed

x ¼ 1
2pkBT

n

� �
V kð Þ ¼ f ðT; nÞVðkÞ ð7:5Þ
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Using Taylor’s series expansion we get

Vsc kð Þ ¼ VðkÞ 1
1þ x

� �

¼ VðkÞ 1þ xþ x2

2!
þ x3

3!
þ � � �

� �

¼ VðkÞþVðkÞxþVðkÞ x
2

2!
þVðkÞ x

3

3!
þ � � �

¼ VðkÞþVðkÞxþVðkÞ x
2

2!
þVðkÞ x

3

3!
þ � � �

¼ V kð ÞþVðkÞf ðT ; nÞVðkÞþVðkÞ f ðT ; nÞVðkÞð Þ2
2!

þVðkÞ f ðT ; nÞVðkÞð Þ3
3!

þ � � �

¼ VðkÞþ f ðT ; nÞVðkÞVðkÞþ f ðT ; nÞð Þ2
2

VðkÞVðkÞVðkÞ

þ f ðT ; nÞð Þ3
6

V kð ÞVðkÞVðkÞVðkÞþ � � �
ð7:6Þ

Therefore, we can conclude the following:

Vsc kð Þ ¼ D:CIþ 1storder scr CIþ 2nd order scr CI

þ 3rd order scr CIþ 4th order scr CIþ � � � ð7:7Þ

Here CI is Coulomb interaction, D for direct, scr for screened.
Let us consider an aptamer–lipid interaction scenario as example case. Lipid can

be phosphatidylserine (PS), phosphatidylcholine (PC), etc., and aptamer can be a
DNA sequence like AGGGTT (telomere specifically), AAAAAA, AAA, GGGGG,
GGG, ATGCTT, etc., any combination specific for specific target structures (Tseng
et al. 2011; Ashrafuzzaman et al. 2013). We have chosen PS as our target structure
due to the important roles of PS in apoptosis which are explained here.

Cancer is split disorganized cell division and continues without interruption
caused by a defect in the control of cell divisions. Cancer treatment is difficult, due
to mainly the inability to target only cancer cells without the normal cells. Drugs
targeting and modulating apoptosis have a recognized potential in cancer diagnosis
and therapy. There are two main apoptotic pathways:

(i) the death receptor (extrinsic) pathway, and
(ii) the mitochondrial (intrinsic) pathway.

The death receptor pathway (MAPK) is activated by the binding of FAS or
TRAIL ligands to their receptors (DR4/5), stimulating receptor aggregation.

In normal cells, apoptosis is a biomolecular process in which PS externalization
happens. PS goes out across cell membrane through apoptotic region. In cancerous
cells, apoptosis gets stopped so PS migration gets distorted or stopped.
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In anticancer treatment, apoptosis is induced by certain therapeutic drugs. This
means PS externalization in cancerous cells under treatment is a marker for treat-
ment’s efficacy. A designed drug that binds to the externalized PS can raise the
possibility to check the anticancer drug efficacy. Here the PS-binding drug is used
to quantify the externalized PS and thus helps us diagnose the treatment stages. We
shall attempt to design such a set of ‘diagnostic drugs.’ We shall utilize
above-mentioned electrostatic interaction scenario to design our desired PS-binding
diagnostic drugs.

7.3.2 Mechanical Coupling of Drug–Target Molecule
Complex Structures

The mechanical coupling between a drug and a target molecule usually happens due
to the elastic properties of the participating agents. A detailed explanation on this
issue for a peptide–lipid membrane interaction has been made by us recently and
can be found in our publications (see Ashrafuzzaman and Tuszynski 2012a, b). In
this section, we wish to focus on issues that are important for designing drugs. We,
therefore, avoid detailing the mechanical aspects of drug–target coupling as that
becomes important after the drugs get designed. This will be presented in another
platform. Instead, we better keep ourselves focused on the charge-based interactions
as these phenomena will be utilized to design drugs.

7.4 Energetics of Drug–Biomolecule Complex Structures.
Aptamer PS Interaction Energetics

Let us determine the interaction energetics between PS and AAAAAA. PS has a
resultant negative charge. In Fig. 7.4, PS is seen to have three charges: two neg-
atives and a positive. As a resultant, it may show one charge which is one negative
charge in solution. Similarly, in Fig. 7.5, we see A, T, G, C to have charges in
various places in their structures. Both A and T have three charges each, whereas G
and C have four charges each in solution.

Fig. 7.4 PS structure in membrane
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When PS and A or T or G or C come closer, their charges interact with each
other. When a sequence of nucleotides, which is considered as aptamer in drug
design science, comes closer to PS many charges on nucleotides come closer to PS.
For simplicity, we can then assume each nucleotide to have one effective charge
exactly following the assumption used for PS to have one effective charge despite
having three. We can now consider a chain of charges in which charges interact
following many-charge interaction formalism as explained earlier. From the
charge-based interaction scenario, we can calculate the energies which will be
explained here.

Let us try to address the interaction energetics of PS–AAAAA complex, for
example.

In a PS–AAAAA (PS-A-A-A-A-A) interaction we can assume each molecule
(PS or A) to have an effective charge, namely qPS for PS and qA for A. This will
make the system to have a line of charges as shown in Fig. 7.6. The related
interaction orders are shown in Figs. 7.6a–e.

Fig. 7.5 DNA structure in solution showing charge groups in nucleotides adenine (A), guanine (G),
thymine (T), and cytosine (C). The DNA nucleotides exist in solution with active (charge) sites.
This is shown in figure here
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Now we shall address on how the interaction energies for the scenarios
explained in Figs. 7.6a–e can be calculated.

In Fig. 7.6a, the interaction energy seems to be a D.CI energy. The calculation is
straightforward following standard Coulomb formula which we studied in high

PS charge Charge of A

(a)

(b)

(c)

(d)

(e)

Fig. 7.6 Charge arrangement in a PS–AAAAA interaction a D.CI between PS and first A
(nearest-neighbor A), b first-order SCI between PS and second A (next nearest-neighbor A),
c second-order SCI between PS and third A, d third-order SCI between PS and fourth A, and
e fourth-order SCI between PS and fifth A
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school physics courses. Performing the energy calculation for cases shown in
Figs. 7.6b–e where all the energies follow SCI formalisms, as explained earlier, is
not so straightforward. To calculate the first-order, second-order, third-order, etc.,
SCI energies, we need to perform a Fourier transformation on the respective forms.
The form of Fourier transform follows from the following equation:

Vsc rð Þ ¼ Z
d3ke ik:rð ÞVsc kð Þ ð7:8Þ

The production of these results is left for enthusiastic scientists who are working
in the field.

Once we complete the computation, we shall get the corresponding energy
values and the total PS–AAAAA energy will be the sum of energies from their
Fourier transformation of the D.CI and first-order, second-order, third-order,
fourth-order SCIs presented earlier.

The above-mentioned PS–aptamer interaction energetics can be utilized to dis-
cover drugs for specific targets (Ashrafuzzaman and Tseng 2016). The details of the
drug design aspects will be provided in another monograph.
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Chapter 8
Ion Channels in Cancer

Ion channels in a cell are responsible for most of the cellular transport mechanisms.
They play crucial roles in determination of cell membrane structure and cell
function. In cancer condition, different ion channels play various kinds of critical
roles in regard to cell proliferation, malignant angiogenesis, migration, and
metastasis. The perturbed physiology of the cancer cell may regulate ion channel
structures, energetics, and functions.

During apoptosis, in general both the extrinsic and intrinsic pathways in cells
lead to analogous events including cell shrinkage, internucleosomal DNA frag-
mentation, and apoptotic body formation (Bortner and Cidlowski 2014). The cell
volume loss or cell shrinkage is hallmark of apoptosis (Bortner and Cidlowski
2007, 2011; Lang et al. 2007), occasionally termed as apoptotic volume decrease
(Maeno et al. 2000). The changes in intracellular ions are found to be linked with
the loss of cell volume during apoptosis. The loss of intracellular potassium is
found to play critical role in the downstream activation of the apoptotic machinery
(Cain et al. 2001; Thompson et al. 2001; Bortner et al. 1997; Hughes et al. 1997).
Various studies suggest that voltage-gated, delayed rectifier and inward rectifier
potassium channels play a role during the activation of apoptosis (Bortner and
Cidlowski 2007; Lang et al. 2005, 2007). From other studies, we see that the direct
inhibition of potassium channels using various agents can help cells to avert death
(Gantner et al. 1995; Wang et al. 2000; Heimlich et al. 2004). In the cell death
process, an increase in intracellular sodium ion concentrations has been reported
(Bortner and Cidlowski 2003; Yurinskaya et al. 2005; Franco et al. 2006; Bortner
et al. 2008). By inhibiting the intracellular sodium increase, the apoptosis can be
prevented. Conversely, by removing sodium from the extracellular region, apop-
tosis has been found to occur in absence of cell shrinkage (Bortner and Cidlowski
2003; Yurinskaya et al. 2005). Chloride ion in apoptosis is also found to play quite
important role (see Okada et al. 2004, 2006; Heimlich and Cidlowski 2006).
Chloride flux modulation impairs the intrinsic apoptotic induction pathways, but
has no effect on the extrinsic pathways (Heimlich and Cidlowski 2006).
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A volume-sensitive outwardly rectifying chloride channel creates a primary anionic
conductance during the apoptosis (Wang et al. 2005).

Ion channels’ roles in cell proliferation are immense, and they are found to have
important roles in cancer development too (Kunzelmann 2005). Besides con-
tributing into membrane conductance, channels appear to control the membrane
voltage and Ca2+ signaling in proliferating cells. Cellular Ca2+ overload or per-
turbation of intracellular Ca2+ compartmentalization is reported to cause cytotoxi-
city and trigger either apoptotic or necrotic (the premature autolysis of cell) cell
death (Orrenius et al. 2003). Homeostatic parameters, such as the intracellular ion
concentrations, pH of the cytosol, and volume of the cell, are also governed by ion
channel activity. In normal cell, pH gradient is tightly maintained by the action of
pH-regulatory membrane proteins such as the isoform protein of the Na(+)/H(+)
exchanger (NHE1). The activity of NHE1 in neoplastic microenvironment dys-
regulates pH homeostasis and alters the survival, differentiation, and proliferation
mechanisms of cancer cells. Thus, the cells become tumorigenic (Amith and Fliegel
2013; Cardone et al. 2005; Malo and Fliegel 2006). Cytoplasmic alkalinization in
breast cancer cells occurs as a result of increased activity of NHE1. The membrane
domain of NHE1 is active for ion exchange. The details of this topic go beyond the
specific interest and scope of our book. But to mention that the pH dysregulation in
cancer cell has a general role in cancer cell-based ion exchange mechanisms. The
main role of ion channels is nothing but to deal with the ion exchange or migration
across them. pH certainly has huge direct or indirect roles in influencing the channel
activity (Ashrafuzzaman et al. 2008).

Quite earlier finding suggests that tumor necrosis factor-alpha (TNF, cachectin)
formed pH-dependent, voltage-dependent, ion-permeable channels in lipid bilayer
membranes and increased the sodium permeability of human U937 histiocytic
lymphoma cells (Kagan et al. 1992). Thus, some of the physiological effects of TNF
may be elicited through its intrinsic ion channel-forming activity.

Here we have discussed how in cancer state various ion channels carrying
various types of electrolytes may determine various cell physiological conditions.
Due to rise of cancer condition, various channel abnormalities are observed. We
have created a table (see Table 8.1) to list various ion channels that are expressed in
various types of cancers (Ismail et al. 2009; Li and Xiong 2011; Rao et al. 2015;
Spugninia et al. 2015).

Ion channels that are expressed or regulated in cancer are listed in Table 8.1. We
have addressed the details about general structure and behavior of normal ion
channels in earlier Chap. 5 and in our earlier book ‘Membrane Biophysics’
(Ashrafuzzaman et al. 2012). Here we wish to address briefly on some of the
example channel physiological conditions in cancer state.

We have discussed the physiological conditions of various ions in potassium,
sodium, calcium, chloride, etc., in cancer conditions. Specific channels in cancer
cells undergo perturbations in their physiological conditions. Sometimes both
channel structures and functions, or either of them, get altered due to altered
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Table 8.1 Ion channels in specific cancer cells—a brief list presented here for comparison reason

Ion channel Cancer type where expressed Effect

Voltage-gated K+ channel
Kv 10.1 kV 11.1

Cervical cancer, breast
cancer, ovarian cancer,
osteosarcoma, glioma,
melanoma, small-cell lung
cancer, myeloid leukemia

Reduced proliferation by
increasing apoptosis or cell
cycle arrest at G0/G1, G1/S,
or G2/M phase
Diochot et al. (2003),
Garcia-Ferreiro et al. (2004),
Weber et al. (2006),
Restano-Cassulini et al.
(2006), Gomez-Varela et al.
(2007), Zhao et al. (2008),
Fiore et al. (2013), Lansu
et al. (2013), Perez-Neut et al.
(2015)

Voltage-gated Ca++

channel Cav 1/Cav 1.3
Cav 3/Cav 3.1

Adrenal adenomas, prostate
cancer, melanoma,
glioblastoma

Reduced cell proliferation by
inducing apoptosis
Das et al. (2012), Yu et al.
(2014), Chen et al. (2014)

Voltage-gated Na+

channel Nav 1.5, 1.6, 1.7,
1.9

Prostate cancer, ovarian
cancer, cervical cancer, breast
cancer

Reduced cell proliferation via
cell cycle arrest observed with
the small-molecule inhibitors
Sikes et al. (2003), Fraser
et al. (2014), Nelson et al.
(2015)

Voltage-gated Cl− channel Gliomas Reduced proliferation by cell
cycle inhibition at G1, G2/M
phase via cell volume
regulation. Channel activators
induce apoptosis
Zhang et al. (1994), Deshane
et al. (2003), Li et al. (2008),
Sontheimer (2008), Zhu et al.
(2012), Liu et al. (2013),
Dardevet et al. (2015)

TRP channels
(i) TRPM1,
(ii) TRPM7,
(iii) TRPM8,
(iv) TRPV6

(i) Melanoma
(ii) FaDu cell line, glioma,
A172 cell line
(iii) Prostate, breast, colon,
lung, skin cancers
(iv) Prostate adenocarcinoma,
colorectal cancer

(i) Cell growth
(ii) Cell proliferation
(iii) Proliferation and
apoptosis
(iv) Cell proliferation
Li and Xiong (2011)

Epithelial Na+ channel/
degenerin family
(ENaC/DEG)

Glioblastoma cells; leukemic
cell line

Cell swelling
Li and Xiong (2011)

(continued)
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physiological cancer conditions. We shall provide a detailed analysis of a few
example cases. Although there are other channels that might not be mentioned here
due to limited space, we shall try to focus on the most important ones or categories.

8.1 Voltage-Gated Ion Channels in Cancer Cells

Voltage-gated ion channels (VGICs) are widely observed to be expressed in ex-
citable and nonexcitable cells. Besides being involved in a variety of physiological
processes, VGICs work in developing various diseases. Among them, cardiac
arrhythmias, epilepsy, hyperkalemia, some hereditary diseases (Fiske et al. 2006)
are especially mentionable. The role of VGICs in cancer cell is now quite evident.
VGICs are found to be engaged in the onset, proliferation, migration, and survival
of various types of cancers and cancer cell lines (Fiske et al. 2006).

VGICs are subdivided considering the types of ions they transport, namely
voltage-gated potassium channels (VGKCs), voltage-gated sodium channels
(VGNaCs), voltage-gated calcium channels (VGCaCs), and voltage-gated chloride
channels (VGClCs). But all these sub-types share similar structural topology. The
main feature of the structure consists of a tetramic association of a series of six
transmembrane a-helical segments, numbered S1–S6, connected by both intracel-
lular and extracellular loops, the interlinkers of a-helical segments (Lehmann-Horn
et al. 1999). Besides a-sub-unit, voltage-gated channels also have multifunctional
b-sub-units, which modulate gating properties and assist in associations between
different ion channels (Fiske et al. 2006). The structure-specific cancer cell effects
are now quite known. We shall brief on them later in this section. Among many
articles, a recent review is especially mentionable which has presented a brief
description about them (Li and Xiong 2011).

Table 8.1 (continued)

Ion channel Cancer type where expressed Effect

Proton channel
proton exchangers and
transporters, including
V-ATPase, Na+/H+

exchanger (NHE),
monocarboxylate
transporters (MCTs), and
carbonic anhydrases
(CAs)

General tumor Aberrant pH gradient due to
acidification of cancer
microenvironment
Spugninia et al. (2015)

Aquaporin water channel Prostate cancer Inhibition of aquaporin in
plasma membrane increases
the sensitivity of prostate
cancer cells to freezing
Ismail et al. (2009)

Details are listed and explained in channel-specific subsections later in this chapter
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VGICs play important roles in cancer cell progression, proliferation, and
migration. VGICs play major roles in cell-specific differentiation program for
neuronal and non-neuronal cell types. In some cancer types, the peptide hormones
and other growth factors in the control of VGICs are also very important. Nav in
prostate cancer cells are regulated by steroid hormone (Fiske et al. 2006). On the
other hand, VGICs may act dependently in the physiological conditions. Cancer
cells survive in modulated proton (H+) concentrations. In revised pH conditions, the
VGICs may regulate the transport of ions, may get regulated due to membrane
depolarization, which could then repolarize the membrane, effectively blocking
activation of voltage-gated sodium, calcium, etc., channels. Thus, disturbed syn-
chronization among VGICs may cause production of cancer cells. Therefore,
VGICs may also be considered as important therapeutic targets to repair cancer
cells or stop cancer cells from being further produced.

In a recent review article, a beautiful schematic representation of possible
involvement of different VGIC activity during the cell cycle phases of cancer cells
has been put forward (Rao et al. 2015) (see Fig. 8.1). A cell cycle can be distin-
guished into various phases as shown in Fig. 8.1, namely the G0 phase, comprised
mainly of the nonproliferating cells, G1 phase with cells getting primed for DNA
replication, followed by the S phase with cells undergoing DNA replication, leading
to the G2 phase, where the cells get ready to undergo mitosis/cell division. Finally,
the mitosis (M) phase results in complete division of the cells with daughter cells
ensuing that individually continue the process of cell cycle (Rao et al. 2015; Garcia
et al. 2004). The roles of membrane potential and ion channels in all these phases
are quite known. A number of studies have reported that cells with a much
hyperpolarized resting potential, such as muscle cells and neurons, typically show
little or no mitotic activity, while proliferating cells, particularly cancer cells, have a
depolarized membrane potential in comparison to normal cells (Garcia-Ferreir et al.
2004; Pardo et al. 2004; Weber et al. 2006; Stuhmer et al. 2006; Hemmerlein et al.
2006; Mello et al. 2006).

VGICs, depending on their ion transport specificity, act in various cancer cells
with different mechanisms or mode of actions. In Table 8.2, we have listed a few of
the VGICs along with their host cancer cells and possible mechanisms. Presenting
the details is beyond the scope of this book. But enough references are quoted here
for more focussed academic readerships.

8.2 Transient Receptor Potential Channels
in Cancer Cells

Considerably a large number of the transient receptor potential (TRP) family
members of Ca2+ and Na+ permeable channels show altered physiological condi-
tions with modified expressions in cancer cells (Ramsey et al. 2006; Nilius et al.
2007; Prevarskaya et al. 2007; Pla and Gkika 2013). The most studied early
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members were TRPM8, TRPV6, TRPM1, and TRPV1 with whom a few more have
been subsequently added (see Table 8.3). Most changes in TRP protein involve
increased or decreased expression levels of the normal/wild-type TRP protein,
depending on the stage of the cancer. It is not yet possible to conclude whether
these changes in TRP expression are central dogma in cancer progression or are
secondary to other changes, although the latter is most likely (Prevarskaya et al.
2007). Several TRP proteins are also proven to be valuable markers in predicting
the progress of cancers and are recently considered as potential targets for anti-
cancer drug design and possible pharmaceutical treatment (Duncan et al. 1998;
Tsavaler et al. 2001; Fuessel et al. 2003; Fixemer et al. 2003; Bodding 2007). Since
a number of TRP family channels are found to be involved in sensory neurons, TRP

Fig. 8.1 Schematic representation of possible involvement of different VGIC activities during the
cell cycle of cancer cells. According to their expression level, several VGICs have been found
playing important roles during the cell cycle. Opening of the voltage-gated Na+ and/or Ca++

channel moves positive charges from the extracellular space to the cytoplasm causing
depolarization of the membrane. This event appears to be essential to promote transition from
the G0/G1 phase to the S phase of the cell cycle. In contrast, membrane potential during the S
phase tends to repolarize due to the opening of K+ channels and/or the closing of Ca++ and/or Na+

channels. Mitosis is associated with more depolarized membrane potential compared to cells in the
rest of the S phase. This is possible due to increased cytosolic Na+ and/or Ca++. Depolarization and
augmented Ca++ entry will allow stimulation of Ca++-activated K+ channels and activation of Cl−

channels. Both K+ and Cl− outward currents are responsible for water leaving the cytoplasm,
which leads to a cell shrinkage before cell division. Chronic application of K+ channel blockers
(e.g., Kv11.1 blocker E4031) or openers (Kv11.1 opener NS1634) leads to changes of the
membrane potential in the opposite direction, but both type of drugs cause arrests of the cell cycle
in the G0/G1 phase, while blockade of the VGClC arrests the cell cycle in the G2 phase. This
suggests that oscillation of the membrane potential is a fundamental event that promotes
progression of the cell cycle. # = inward ionic flux; " = outward ionic flux; = no ionic flux.
Copied from Rao et al. (2015) with due permission
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Table 8.2 Involvement of VGICs in the pathology of cancer/tumor cells

Voltage-gated ion
channels

Cancer type/cell line Channel function

Kv 1.1 MCF-7 human breast
cancer cell line

Regulate tumor cell proliferation,
cell cycle progression, and
apoptosis
Ouadid-Ahidouch and Ahidouch
(2008)

Kv 2.1–2.9 Uterine cancer cells Influences proliferation of cancer
cells
Suzuki et al. (2009)

Kv 1.3 Breast cancer cells Regulate tumor cell proliferation,
cell cycle progression, and
apoptosis
Jang et al. (2009), Khaitan et al.
(2009)

Kv 4.1 Human breast epithelial
cells

Inhibits cell proliferation of
tumorigenic cells
Jang et al. (2009a)

KATP channel Glioblastoma multiforme;
Allogeneic brain tumor
model;
Uterine leiomyoma

Expression level increases,
increased tumor permeability
Black et al. (2008), Park et al.
(2008)

G-protein-coupled
inwardly rectifying
potassium channel 1
(GIRK1)

Breast carcinoma Overexpressed in breast
carcinoma, involved in
proliferation and oncogenesis
Ouadid-Ahidouch and Ahidouch
(2008), Brevet et al. (2008)

HERG K+ channels Leukemia cell lines K562,
HL-60,
Primary leukemia cells;
Gastric cancer cells

Overexpressed in cancer cells,
regulate leukemia cell
proliferation, and cell cycle
Li et al. (2008), Shao et al. (2008)

BKCa Osteosarcoma;
Human glioma cells;
Human ovarian cancer
cells;
Breast cancer (KCNMA1);
MCF-7 Human breast
cancer cell line;
LNCaP prostate cancer
cells

High sensitivity to calcium.
Expression of BK channel
auxiliary beta-sub-units by glioma
cells
Wonderlin et al. (1996), Ransom
et al. (2002), Khaitan et al. (2009),
Han et al. (2008), Black et al.
(2008), Sontheimer (2008),
Cambien et al. (2008), Gessner
et al. (2005)

KCa3.1 Leukocytes,
mitogen-induced
endothelial cells, vascular
smooth muscle cells;
Human colon cancer cells

Inflammatory and oncology
diseases
Chou et al. (2008), De Marchi
et al. (2009)

TREK-1 (two-pore
domain (K (2P))
potassium channel)

Prostate cancer Overexpression in cancer and is
associated with abnormal cell
proliferation
Voloshyna et al. (2008)

(continued)
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channels play a role in sensing pain in cancer (Nilius et al. 2007); therefore, these
channels are considered prime targets in strategies to alleviate the cancer-related
pain (Menendez et al. 2006; Ghilardi et al. 2005) which is also an important remedy
cancer patients require especially during chemotherapy and the late stages of
cancer.

TRPs are six transmembrane cation-permeable channels. They are widely
expressed in mammalian tissues. They regulate intracellular Ca2+, Na+ ion con-
centrations and membrane voltages in both excitable and nonexcitable cells. TRP
channels, as signal integrators, can be activated by multiple distinct stimuli and
localized physiological perturbations. With the opening of TRP channels, Ca2+ and

Table 8.2 (continued)

Voltage-gated ion
channels

Cancer type/cell line Channel function

TASK3 (TWIK-related
acid-sensitive K+

channel, KCNK9)

Human glioma cell lines;
Glioma specimens;
Breast tumors

Effects on membrane topology,
involved in cell death, reduce cell
survival in different glioma cell
lines.
Ouadid-Ahidouch and Ahidouch
(2008), Meuth et al. (2008)

Kir 4.1 Human astrocytic tumors Mislocalization of Kir 4.1 in
various human brain tumors (low-
and high-grade astrocytomas and
oligodendrogliomas), buffering
capacity of glial cells may be
compromised, leading to water
influx (cytotoxic edema)
Tan et al. (2008), Warth et al.
(2005)

Voltage-gated Ca++

channel Cav 1/Cav 1.3
Cav 3/Cav 3.1

Adrenal adenomas, prostate
cancer, melanoma,
glioblastoma

Reduced cell proliferation by
inducing apoptosis
Das et al. (2012), Yu et al. (2014)

Voltage-gated Na+

channel Nav 1.5, 1.6,
1.7, 1.9

Prostate cancer, ovarian
cancer, cervical cancer,
breast cancer

Reduced cell proliferation via cell
cycle arrest observed with the
small-molecule inhibitors.
Sikes et al. (2003), Fraser et al.
(2014), Nelson et al. (2015)

Voltage-gated Cl−

channel
Gliomas Reduced proliferation by cell

cycle inhibition at G1, G2/M
phase via cell volume regulation
Channel activators induce
apoptosis.
Zhang et al. (1994), Deshane et al.
(2003), Li et al. (2008), Zhao et al.
(2008), Sontheimer (2008), Zhu
et al. (2012), Liu et al. (2013),
Cheng et al. (2014), Dardevet
et al. (2015)

300 8 Ion Channels in Cancer



Na+ ions flow into the cell, which couple their activity to downstream cellular signal
amplification via calcium permeation and membrane depolarization (Clapham
2003).

Based on amino acid sequence homology, mammalian TRP channels can be
divided into seven subfamilies, such as TRPA, TRPC, TRPM, TRPML, TRPN,
TRPP, and TRPV (Montell et al. 2002; Clapham et al. 2003). A brief report has been
presented in Li et al. (2011). As Ca2+ is an essential regulator for cell cycle and
proliferation (Means 1994), TRP channels are observed to play important roles in
many physiological processes. They are known to be involved in a variety of
pathological processes including tumor formation and metastasis. The main objec-
tive here is to briefly analyze the TRP channels’ engagement in cancer promotion or
regulation. Table 8.3 summarizes such a brief report on TRP channels in cancer.

Studies from the last two decades suggest that the TRP channels and the
transport proteins play important roles in cell migration. Various recent literatures
reveal a critical role for TRP channels in the migration process, both in cancer cells
and in tumor vascularization. A recent review mainly focused on this important
issue (Pla and Gkika 2013). It provided an overview of advances in this field
describing TRP channels’ contributions to the vascular and cancer cell migration
process and relevant molecular mechanisms involved. Table 8.4 presents the
summary of TRP/Orai1 functions in cancer and endothelial cell migration.

Table 8.3 TRP channels/proteins that exhibit altered expression in cancer cells

TRP
channel/
protein

Cancer type where
expressed

Effects and/or changes in TRP expression

TRPM1 Melanoma Cell growth gets affected. Decreased expression in
tumorigenic melanocytes.
Duncan et al. (1998), Fang and Setaluri (2000);
Deeds et al. (2000), Duncan et al. (2001),
Prevarskaya et al. (2007)

TRPM7 FaDu cell line, glioma,
A172 cell line

Cell proliferation
Park et al. (2014)

TRPM8 Prostate, breast, colon,
lung, skin cancers
(iv) Prostate

Proliferation and apoptosis. Increased expression in
androgen-insensitive prostate cancer cells.
Tsavaler et al. (2001), Fussel et al. (2003),
Prevarskaya et al. (2007)

TRPV1 Prostate, bladder,
colon, pancreas

Increased expression in prostate cancer, colon
cancer, and pancreatic cancer
Dömötör et al. (2005), Hartel et al. (2006), Lazzeri
et al. (2005), Sánchez et al. (2005)

TRPV6 Rostate
adenocarcinoma,
colorectal cancer

Cell proliferation
Li et al. (2011)

TRPC Ovarian cancer Promote human ovarian cancer cell proliferation and
tumorigenesis
Zeng et al. (2013)
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Figure 8.2 presents the mechanisms in representative cancer cells and endothelial
cells without any tissue specification (Pla and Gkika 2013). AA, arachidonic acid;
ClC-3, chloride channel-3; EC, endothelial cells; ER, endoplasmic reticulum; bFGF,
basic fibroblast growth factor; GZMA, granzyme A; GPCR, G-protein-coupled
receptor; IGF, insulin-like growth factor; LPL, lysophospholipids; LPC,

Fig. 8.2 Schematic representation of TRP and Orai1 channels molecular mechanisms involved in
cancer cell and endothelial cell migration (Pla and Gkika 2013)
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lysophosphatidylcholine; LPI, lysophosphatidylinositol; MAPK, mitogen-activated
protein kinase; MMP, matrix metalloproteinase; MMP2, matrix metalloproteinase 2;
NFAT, nuclear factor of activated T-cells; PI3 K, phosphatidylinositol 3-kinase; PTEN,
phosphatase and tensin homolog; Pyk2, protein tyrosine kinase Pyk2; SK3, K +
channel; TIMP1, metallopeptidase inhibitor 1; VEGF, vascular endothelium growth
factor; VEGFR, VEGF receptor.

In this section, we have addressed the diversified roles of TRP channels in cancer
cells’ physiological functioning as well as cell migration. We have avoided pre-
senting the details as there are various reviews, as listed here, available where the
readers may find most of the information in topic specific aspects. Brief report
presented here may help understand the general behavior of TRP channels in cancer
cells and their possible use as target structures for therapeutic purposes while
developing anticancer drugs and therapy templates.

8.3 Proton Channels in Cancer Cells

Cancer cells and tissues generally experience an aberrant regulation of hydrogen
ion dynamics. This leads to rise of a reversal of the intracellular to extracellular pH
gradient. Such deranged pH control is a common feature of most cancer histotypes.
The perturbation in pH dynamics is known to rise very early in carcinogenesis
which makes it one of the most common pathophysiological hallmarks of tumors.
Here we shall brief about a few proton channels and address on how proton
channels are active in cancer cells.

8.3.1 Proton Exchangers and Transporters in Cancer

The reversed proton gradient is driven by a series of proton export mechanisms that
underlie the initiation and progression of the neoplastic process. The Na+/H+

exchanger isoform 1 (NHE1) is an integral membrane transport protein involved in
regulating intracellular and extracellular pH level. In tumor cells, NHE1 is a major
contributor to the production and maintenance of their reversed proton gradient.
A recent review presented the latest progress in understanding the role of NHE1 in
determining tumor progression and invadopodia-guided invasion/metastasis and
recent patents for NHE1 inhibitors including novel therapeutic protocols for
anti-NHE1 pharmacological approaches (Reshkin and Rosa 2013).

Cancer becomes isolated in biological system due to mainly the activity of major
determinants of aberrant pH gradient in cancer which are proton exchangers and
transporters, including V-ATPase, Na+/H+ exchanger (NHE), monocarboxylate
transporters (MCTs), carbonic anhydrases (CAs). This isolation, often also known
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as protection, is not only from the body reaction against the tumor growth, but also
from the vast majority of drugs that when protonated into the acidic tumor
microenvironment do not enter into physiologically isolated cancer cells.
Apparently, some key characters of proton transporters and exchangers present in
tumor cells help them survive in hostile microenvironments that the cells create
around them. A recent review which is part of a special issue entitled ‘Membrane
channels and transporters in cancers,’ critically presents a novel and efficient
approach to fighting cancer through blocking or inhibiting proton exchangers and
transporters that are active in human cancer cells (Spugninia et al. 2015). A model
(see Fig. 8.3) and list of proton exchangers and their roles in cancer have been
given in Table 8.5 (Spugninia et al. 2015).

Balance between acid and base conditions needs to be maintained to ensure
cellular homeostasis. A narrow pH range of the cell physiology can only ensure the
living processes working normally. The mentioned proton exchangers in Table 8.5
have direct roles to play in regard to development of cancer. We shall avoid
detailing there structures and functions here, but interested readers are encouraged
to understand them from quoted references. In cancer cells, these proton exchangers
are found to be prime targets to design therapeutic agents for various types of
cancers (Spugninia et al. 2015).

Fig. 8.3 Proton channels. This figure is copied from Spugninia et al. (2015)
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Table 8.5 Proton exchangers and their role in cancer

Pump type Cellular
localization

Function Cancer type where found active
(major cancer types are listed
here)

H+ ATPase Plasma
membrane
and acidic
organelles

Acidification of extracellular
microenvironment and
endolysosomal compartment

Breast cancer; Feng et al.
(2014), Feng et al. (2013),
Schwarzenberg et al. (2014),
You et al. (2009)
Oral squamous cell carcinoma;
Garcia-Garcia et al. (2012),
Perez-Sayans et al. (2010),
Perez-Sayans et al. (2010a),
Esophageal carcinoma; Huang
et al. (2012),
Hepatocellular and pancreatic
carcinoma; Xu et al. (2012),
Chung et al. (2011),
Lung carcinoma; Lu et al.
(2013), Sarcoma Perut et al.
(2014), Avnet et al. (2013),
General solid tumors;
Perez-Sayans et al. (2009)

Na+/H+

exchangers
(NHE)

Plasma
membrane

Alkalinization of cytosol and
acidification of extracellular
microenvironment

Breast cancer; Cardone et al.
(2005, 2007), Lauritzen et al.
(2012),
Melanoma; Vahle et al. (2014),
Stuwe et al. (2007), Ludwig
et al. (2013),
Lung cancer; Provost et al.
(2012),
Acute myeloid leukemia; Jin
et al. (2012), Rentsch et al.
(2007)

MCT1
(H+/lactate
symporter)

Plasma
membrane

Elimination of lactate from
glucose catabolism, and
acidification of extracellular
milieu

Breast cancer; Busk et al.
(2011), Kennedy et al. (2013),
Melanoma; Ho et al. (2012),
Pancreatic cancer; Guillaumond
et al. (2013)

Carbonic
anhydrase 9

Plasma
membrane

Regulation of intracellular pH
and pH gradients

Lung; Giatromanolaki et al.
(2001),
Cervical carcinoma; Brewer
et al. (1996),
Esophagus; Turner et al. (1997),
Bladder; Klatte et al. (2008),
Breast; Chia et al. (2001),
Colorectal cancers; Saarnio et al.
(1998)
Head and neck cancer; Choi
et al. (2008), Roh et al. (2009),
Oliveira et al. (2011); Eckert
et al. (2011), Kondo et al. (2011)

(continued)
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8.3.2 Human Voltage-Gated Proton Channels
(Hv Channels)

Specific expressions of the human voltage-gated proton channel Hv1 in highly
metastatic breast cancer cells are found to promote tumor progression and metas-
tasis (Wang et al. 2011). This is quite important novel finding. About three decades
ago, the voltage-gated proton channels (Hv channels) were first documented in snail
neurons (Thomas and Meech 1982). They were later identified at the molecular
level, called Hv1 for human and mVSOP for mouse (Ramsey et al. 2006; Sasaki
et al. 2006). Hv1/mVSOP is extremely selective for proton H+, with no detectable
permeability to other popular cell-based transported cations. Here the voltage
activation relationship depends strongly on pH of both intracellular and extracel-
lular regions. Increasing extracellular pH or decreasing intracellular pH is found to
promote H+ channel opening via shifting the channel activation threshold to more
negative values of the potentials.

Wang et al. (2011) have recently shown, apparently for the first time ever, that
Hv1 is expressed at a high level in highly metastatic human breast tissues and cell
lines, and at a very low level in poorly metastatic human breast tissues and cell
lines. The expressed Hv1 was found to regulate breast cancer cytosolic pH, to
acidify extracellular milieu and to exacerbate the migratory ability of metastatic
cells. Figure 8.4 explains the expression of Hv1 in human breast cancer tissues and
cell lines. Down-regulation of Hv1 expression significantly inhibits the ability of
the highly metastatic cancer cell invasion, migration, and proton secretion. The
present data suggest that Hv1 regulates breast cancer intracellular pH and exacer-
bates the migratory ability of metastatic cells. Hv channels are activated by depo-
larization and intracellular acidification, whose activities maintain intracellular pH
to be neutral to keep reactive oxygen species (ROS) generation (Clark et al. 1987;
Morgan et al. 2005). Hv channels not only regulate pH in cytoplasm, but could also
provide protons in phagosome, a closed membrane compartment for killing and
digesting the pathogen (DeCoursey 2003). pH condition is one of the major con-
cerns in cancer cells. Hv’s role in controlling or regulating pH may be considered
important for therapeutics.

Table 8.5 (continued)

Pump type Cellular
localization

Function Cancer type where found active
(major cancer types are listed
here)

H+/K+

ATPase
Gastric
epithelial
cell line

Regulation of extracellular
pH. Gastric H+/K+-ATPase
inhibitors can inhibit
V-ATPase via binding to
sub-unit A of the nucleotide
binding domain

Major types of cancers Bowman
et al. (1998), Huss et al. (2011),
Muroi et al. (1998), Wiedmann
et al. (2012), Mattsson et al.
(1991)
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The role of Hv1 in cancer cell migration is addressed in Fig. 8.5. Hv1 is found to
increase cell migration and invasion (Wang et al. 2011). Invasion and migration are
two important hallmarks of tumor malignancy. Figure 8.5A shows the migration
kinetics of the (MDA-MB-231) and poorly (MCF-7) metastatic cells. A wounded
monolayer of MDA-MB-231 cells allows wound closure after 48 h (Fig. 8.5A, b, e
and h). MDA-MB-231 cells closed the wound faster than MCF-7 cells (Fig. 8.5A,
a, d and g). Suppressed Hv1 by siRNA3-Hv1 clearly decreased the migration in the
highly metastatic cells (Fig. 8.5A, c, f, and i), but almost without affecting the
poorly metastatic cells [data not shown Wang et al. (2011)]. This group then studied
the invasion and migration of MDA-MB-231 and MCF-7 cells using transwell
inserts. The expression of Hv1 in the highly metastatic MDA-MB-231 cells was
inhibited by the three siRNA duplexes targeting Hv1 (siRNA1-Hv1, siRNA2-Hv1,
and siRNA3-Hv1). The inhibition of these three siRNA duplexes targeting Hv1 on

Fig. 8.4 Expression of Hv1 in human breast cancer tissues and cell lines (Wang et al. 2011).
(A) Distribution of Hv1 in highly (a, b, and d) and poorly (c) metastatic breast cancer tissues
detected by immunohistochemistry (a, b, and c) and immunofluorescence (d). In the highly
metastatic breast tumor tissues, intense immunoreactivity to Hv1 is shown by brownish staining (a
and b) and green fluorescence (d). In contrast, the poorly metastatic breast tumor tissue (c) hardly
shows the immunoreactivity. The background nuclei are in blue. Original magnification 40�.
(B) Expression of Hv1 in breast cancer cell lines, MCF-7 (a), MDA-MB-231 (b), T-47D (c),
SK-BR-3 (d), MDA-MB-468 (e), and MDA-MB-453 (f) detected by immunocytochemistry.
(C) mRNA expression levels of Hv1 showed significant difference among these breast cancer cell
lines. Values are means ± SD (n = 3). B and C clearly show that Hv1 is expressed at a high level in
the highly metastatic MDA-MB-231 cells, but at a low level in the lowly metastatic MCF-7 cells
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Fig. 8.5 Hv1 increases cell migration and invasion (Wang et al. 2011). (A and B) Migration
kinetics of MCF-7 (a, d, and g), scr-MB-231 (b, e, and h), and si3-MB-231 (c, f, and i) assayed by
wounded monolayer model. a, d, and g, migration of MCF-7 cells for 0, 24, and 48 h, respectively;
(b, e, and h), migration of si-MB-231 cells for 0, 24, and 48 h, respectively; (c, f, and i), migration
of si-MB-231 cells for 0, 24, and 48 h, respectively. Values are means ± SD (n = 3). �P < 0.05,
compared with scr-MB-231 cells. (C) Invasion and migration are significantly inhibited by siRNA
targeting Hv1 in the highly (MDA-MB-231) metastatic cells. The inhibition rate of invasion/
migration was calculated as (1 − invasion cell No. of test/invasion cell No. of control) � 100%.
Values are means ± SD (n = 3). �P < 0.05, compared with scr-MB-231 cells

the invasion and migration of MDA-MB-231 cells was studied. MDA-MB-231 cells
grown at confluence were transfected with these three siRNA duplexes and one
negative control with scrambled random sequence for 24 h, respectively. And
MCF-7 and the transfected cells were placed into transwell inserts coated with
Matrigel (invasion) or uncoated (migration) and assessed the inhibition rates of the
invasion and migration of the highly metastatic MDA-MB-231 cells after time
interval 24 h. The inhibition rates of the invasion and migration of MDA-MB-231
cells by the three siRNAs are shown in Fig. 8.5C. The siRNA duplex siRNA3-Hv1
remarkably decreased the invasion and migration of MDA-MB-231 cells. The data
indicate that the suppression of Hv1 expression could inhibit the invasion and
migration of the highly metastatic breast cancer cells in vitro, and suggest that Hv1
is involved in the invasion and migration of the metastatic cells of human breast
cancer.
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Wang et al. were the first to show that the voltage-gated proton channel Hv1 was
specifically expressed in highly metastatic human breast tumor tissues and cell lines
(Wang et al. 2011). In subsequent work (Wang et al. 2012), they addressed on the
contribution of Hv1 to breast carcinogenesis to some extent. In this study, Wang
et al. showed that Hv1 expression was significantly correlated with the tumor size,
tumor classification, lymph node status, clinical stage, and Her-2 status. High Hv1
expression was associated significantly with shorter overall and recurrence-free
survival. In vitro, knockdown of Hv1 expression in the highly metastatic
MDA-MB-231 cells decreased the cell proliferation and invasiveness, inhibited the
cell proton secretion and intracellular pH recovery, and blocked the cell capacity of
acidifying extracellular milieu. Furthermore, the activity of gelatinase in
MDA-MB-231 cells that suppressed Hv1 was reduced. In vivo, the breast tumor
size of the implantation of the MDA-MB-231 xenografts in nude mice that were
knocked down by Hv1 was dramatically smaller than that in the control groups. The
results demonstrated that the inhibition of Hv1 function via knockdown of Hv1
expression could effectively retard the cancer growth and suppress the cancer
metastasis by the decrease of proton extrusion and the down-regulation of gelati-
nase activity. We shall avoid going to the details here, but readers with more
interests may consider reading the original article (Wang et al. 2012).

Voltage-gated proton channels have been implicated in late-stage breast cancer
(Wang et al. 2012), where Hv1 expression correlated with tumor size and poor
prognosis. Hv1 knockdown reduced cell proliferation and migration as well as
matrix metalloprotease release. However, the presence of functional Hv1 in the
membrane of cancer cells has not been demonstrated, and the mechanism by which
they affect the function of these cells has not been elucidated. Just recently, Morgan
et al. have shown the presence of functional Hv1 on the membranes of
MDA-MB-231 cells (Morgan et al. 2015), a highly metastatic triple negative cell
line. They performed patch-clamp experiments on these cells and were able to
detect bona fide voltage- and pH-gated proton selective channels. The membrane
density of the channels in these cells was recorded as 3.5 pA/pF which is roughly
fivefold lower than the 15 pA/pF displayed in neutrophils. In order to show that
Hv1 expresses at a level sufficient to impact pH regulation within these cells, the
investigators acid loaded the cells using the ammonium pre-pulse technique and
monitored internal pH recovery utilizing SEER with SNARF-1. Inhibiting Hv1
with 1 mM Zn2+ slowed recovery from an acid load by threefold, demonstrating
that the expression of Hv1 on these cells affects pH regulation in the cells. The
ultimate conclusion came out of this latest work that one mechanism by which Hv1
may influence the pathophysiology of breast cancer is by improving the ability of
breast cancer cells to regulate their internal pH (Morgan et al. 2015). Membrane
patch-clamp experiments as addressed here came out as a traditional technique that
is usually applied to address the membrane hosted ion channels’ electrophysiology
conditions. We wish not to detail the results and other related aspects here, but the
interested readers may consider reading the original article (Morgan et al. 2015).
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8.4 Water Channels in Cancer Cells

Aquaporins (AQPs) are intrinsic membrane proteins that facilitate selective water
and small solute movement across the plasma membrane (Verkman and Mitra
2000). Optimal concentration of water and solutes is required for survival of cells.
This balance is largely maintained by water channels created by AQPs. The
expression of AQPs has been found in more than 20 human cancer types
(Papadopoulos and Saadoun 2015). The pore expression is found to be significantly
correlated with the severity of histological tumors and prognosis of patients with
cancer. Recent evidence showed that AQPs could also play a role in
tumor-associated edema, proliferation and migration of tumor cells, and tumor
angiogenesis in solid and hematological tumors. Inhibitors of AQPs in tumor cells
and microvessels have been suggested as new therapeutic strategies. A recent
review provided important information on AQPs in cancer cells and their impor-
tance as anticancer therapeutic targets (Wang et al. 2015). Ismail et al. investigated
the role of inhibiting AQPs in sensitizing prostate cancer cells to cryotherapy and
reports suggest quite remarkable therapeutic effects on cancer (Ismail et al. 2009).

The aquaporin membrane proteins were initially characterized in human red
blood and renal cells (Preston et al. 1992; Nielsen et al. 1993). Subsequently, they
were identified in mammals, plants, yeasts, and arthropods. Thirteen members of
the AQP family have so far been identified in mammals (AQP0–12). Mammalian
AQPs have two subgroups. First subgroup members AQP1, AQP2, AQP4, AQP5,
AQP6, and AQP8 are highly selective for the passage of water across the plasma
membrane. The second subgroup is the aquaglyceroporins which are AQP3, AQP7,
AQP9, and AQP10 and permit the transport of small nonionic molecules, e.g.,
glycerol, in addition to water molecules (Ishibashi et al. 1994). Recently, aquaporin
3 was found to be expressed in normal and malignant prostate tissue and is assumed
generally to be involved in tumor initiation and development (Wang et al. 2007).

Prostate cancer represents the second most common cause among all sorts of
cancer deaths (Jemal et al. 2008). Prostate cryotherapy is localized application of
freezing temperature resulting in in situ tissue ablation. Cryotherapy still represents
a minimally invasive alternative treatment for locally advanced prostate cancer.
Clinical case series studies confirmed the feasibility of cryotherapy as a primary and
salvage treatment for patients with localized prostate cancer (Ismail et al. 2007;
Cohen et al. 2008). The main aim of prostate cryotherapy is to selectively destroy
neoplastic tissue and preserve vital prostate regional structures like rectum and
urinary bladder. A standard freezing process is required to achieve this mentioned
goal. The tissue at target has to be exposed to a temperature lower than −40 °C to
ensure eradication of the cancer tissue completely (Larson et al. 2000) which is
complicated temperature cooling therapy, not achievable without huge side effects.
Cellular-level cold injury starts when temperature falls to sub-zero levels and ex-
tracellular ice starts to form at temperature range between −7 and −20 °C. Lower
temperatures (<−15 °C) cause intracellular ice formation, which is quite often lethal
to the living cells (Gage and Baust 1998). One of the most important aspects
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perhaps is to consider how aquaporins respond to such cooling therapy in regard to
their capability of water molecule transport across plasma membranes.

As an example, we shall provide the brief report of a group that investigated the
effect of cryotherapy on aquaporin channels in cancer cells (Ismail et al. 2009). The
Ismail et al. group (Ismail et al. 2009) cooled PC-3 and DU145 prostate cancer cells
down to 0, −5, and −10 °C. The AQP3 expression in response to freezing was
determined using real-time quantitative polymerase chain reaction (RT–qPCR) and
Western blot analysis. Aquaporins were inhibited using mercuric chloride (HgCl2)
and small-interfering RNA (siRNA) duplex. Cell survival was assessed using a
colorimetric assay. There was a significant increase observed in AQP3 expression in
response to freezing. AQP3 siRNA-treated cells were observed to be more sensitive
to cryoinjury compared with control cells. HgCl2 inhibition of the AQPs increased
the sensitivity of both cell lines to cryoinjury, and a complete loss of cell viability
was observed at −10 °C. Figure 8.6 demonstrates how AQP3 is expressed on the
plasma membrane of prostate cancer PC-3 cells as a result of cryotherapy. The
Ismail et al. group was thus quite successful to demonstrate the involvement of
membrane protein AQP3 directly in cryoinjury (Ismail et al. 2009). The bottom line
message is that inhibition of AQP3 increases the sensitivity of prostate cancer cells
to freezing.

Latest progresses have added further details into our understanding of the AQPs
in cancer biology and cellular activity (Papadopoulos and Saadoun 2014; Wang

Fig. 8.6 Immunofluorescence expression and localization of aquaporin 3 (AQP3) water channel
post-cryotherapy (copied from Ismail et al. 2009). It is clear that AQP3 is expressed on the plasma
membrane of prostate cancer PC-3 cells. A similar finding was observed by the same group in
prostate cancer DU145 cells (Ismail et al. 2009). Original magnification � 600. Inhibition of
aquaporin in plasma membrane increases the sensitivity of prostate cancer cells to freezing
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et al. 2015). Expression of AQPs is found positively correlated with tumor types,
grades, proliferation, migration, angiogenesis, and tumor-associated edema
(Saadoun et al. 2002; Guan et al. 2009; Nico and Ribatti 2011), which can be
considered as diagnostic and therapeutic targets in cancer. For example, AQP1 and
AQP4 were found to be massively up-regulated in high-grade astrocytomas, as
compared with the low-grade ones and normal brain tissues (Saadoun et al. 2002;
Saadoun et al. 2002a). The high AQP4 expression was correlated with the formation
of more prominent type brain edema (Warth et al. 2007). AQP1 was found
up-regulated in lung adenocarcinoma, and inhibition of AQP1 expression can cause
inhibition of tumor cell invasion, which thereby were proposed as the prognostic
index and therapeutic targets for lung cancer (see Hoque et al. 2006).

AQPs are evident to be expressed in several solid and hematological cancer cells.
Table 8.6 summarizes a detail of AQPs expression in different kinds of cancer
tissues. One type of AQP protein can be expressed in different cancer tissues, and
there is a lack of the tumor-specific prosperity. The reverse is also true meaning one
type of cancer cell may host expression of several AQPs. AQP1 is reported to be
overexpressed in brain, breast, lung, colorectal, and ovarian cancers (Saadoun et al.
2002a; Moon et al. 2003; Yin et al. 2008; Mobasheri et al. 2005; Yang et al. 2006).
AQP3 expression is up-regulated in as many as cutaneous, esophageal and oral
squamous, pulmonary, renal, or hepatocellular cancer cells (Hara-Chikuma and
Verkman 2008; Liu et al. 2013; Guo et al. 2013; Kafe et al. 2004; Kusayama et al.
2011). The expression of AQP4 is found to be increased in brain, lung, or thyroid
cancers (Saadoun et al. 2002a; Xie et al. 2012; Niu et al. 2012). AQP5 is over-
expressed in lung, chronic myelogenous leukemia (CML), stomach, ovarian, or
colorectal cancers (Kang et al. 2008; Chae et al. 2008; Zhang et al. 2010; Yan et al.
2012; Watanabe et al. 2009). AQP7 expression is found to be increased in thyroid
cancer. AQP9 expressed mainly in brain or ovarian cancers (Lacroix et al. 2005;
Tan et al. 2008; Yang et al. 2011). However, AQP8 is down-expressed in hepa-
tocellular or colorectal cancers (Jablonski et al. 2007; Wang et al. 2012).

AQP5 are exclusively for water while AQP3 has ability to transport water and
other small solutes such as glycerol. Figure 8.7 shows some of the important fea-
tures, AQP-associated cancer cell pathways in model demonstration. AQP3
increases intracellular glycerol content which is transported to mitochondria to form
ATP. The ATP formation provides energy for tumor cell proliferation. The cas-
caded diagram shows various other regulatory function provided by AQP3; see
Fig. 8.7. AQP3 can directly or indirectly reduce the natural degradation of HIF-1a/
HIF-2a to cause an increase in the expression of vascular endothelial growth factor
(VEGF), which is a critical regulator in vascular maturation and tumor angiogen-
esis. AQP3 may directly or indirectly activate AKT (which behaves as oncoprotein)
to cause an increase in MMPs, resulting in tumor invasion. AQP5 induces activation
of the epidermal growth factor receptor (EGFR) and extracellular receptor kinase
(ERK1/2) pathway to facilitate tumor cell proliferation and metastasis. AQP5 is
phosphorylated on Ser156 and binds the SH3 domain of Src to promote EMT
activity in tumor/cancer cells. The roles of AQP3 and AQP5 in these pathways are
yet to be fully elucidated.
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Table 8.6 AQPs expression in different kinds of human tumors

Aquaporin
type

Tumor or cancer type where specific
AQP is expressed

Correlated functions in cancer cells

AQP0 Shi et al. (2013) Unknown

AQP1 Brain cancer (Saadoun et al. 2002),
breast cancer (Yin et al. 2008),
colorectal cancer (Moon et al. 2003),
cervical cancer, laryngeal cancer,
lung cancer (Xie et al. 2012),
nasopharyngeal cancer, ovarian
cancer (Yang et al. 2006)

Tumor grade, prognosis, tumor
angiogenesis, tumor necrosis, tumor
cell migration, tumor invasion, and
metastasis

AQP2

AQP3 Colorectal cancer (Moon et al. 2003),
cervical cancer, liver cancer (Guo
et al. 2013), lung cancer
(Papadopoulos and Saadoun 2015),
esophageal cancer (Liu et al. 2013),
renal cancer (Kafe et al. 2004), skin
cancer (Hara-Chikuma and Verkman
2008), stomach cancer, tongue cancer
(Kusayama et al. 2011)

Tumor grade, prognosis, tumor
angiogenesis, tumor invasion, tumor
cell migration, and tumor energy
metabolism

AQP4 Brain cancer (Saadoun et al. 2002),
lung cancer (Xie et al. 2012), thyroid
cancer (Niu et al. 2012)

Tumor grade, migration,
tumor-associated edema, adhesion,
invasion, and tumor apoptosis

AQP5 Breast cancer (Papadopoulos and
Saadoun 2015), colorectal cancer
(Moon et al. 2003; Kang et al. 2008),
cervical cancer, leukemia (Chae et al.
2008), liver cancer (Guo et al. 2013),
lung cancer (Zhang et al. 2010),
esophageal cancer (Liu et al. 2013),
ovarian cancer (Yan et al. 2012),
stomach cancer (Watanabe et al.
2009), tongue cancer (Kusayama
et al. 2011)

Tumor prognosis, tumor
proliferation, tumor invasion, tumor
cell migration, and drug resistance

AQP6 Renal cell carcinoma (GeneCards) Unclear

AQP7 Thyroid cancer (Lacroix et al. 2005) Unknown

AQP8 Cervical cancer (Shi et al. 2013) Tumor cell migration, tumor
invasion, tumor metastasis, and
anti-apoptosis.

AQP9 Brain cancer (Tan et al. 2008),
ovarian cancer (Yang et al. 2011)

Tumor grade, drug resistance, and
energy metabolism

AQP10 Breast cancer (Shi et al. 2012) Unclear

AQP11 Breast cancer (Shi et al. 2012) Unclear

AQP12 Breast cancer (Shi et al. 2012) Unclear
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8.5 A Mitochondria-K+ Channel Axis Suppression
in Cancer Cells

In several human cancer cells, high mitochondrial membrane potential (DWm) and
low K+ channel Kv1.5 expressions have been observed. This unique metabolic
profile of cancer might contribute to apoptosis resistance (Bonnet et al. 2007). In
cancer, mitochondrial glucose oxidation is known to be inhibited and energy pro-
duction relies on cytoplasmic glycolysis. This mitochondrial inactivity likely
induces some apoptosis resistance.

Dichloroacetate (DCA) is found to show substantial therapeutic values by
inhibiting mitochondrial pyruvate dehydrogenase kinase (PDK), thus shifts meta-
bolism from glycolysis to glucose oxidation, decreases mitochondrial membrane
potential DWm, increases the amount of mitochondrial H2O2, and activates potas-
sium channels in all cancer. DCA acts by up-regulating Kv1.5 by a nuclear factor of

Fig. 8.7 Proposed model of novel roles of AQP3 and AQP5 in tumor biology. Copied from Wang
et al. (2015)
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activated T-cell NFAT1-dependent mechanism. DCA induces apoptosis, decreases
proliferation, and inhibits tumor growth, without apparent toxicity.

Glycolytic phenotype is reported to be associated with a state of apoptosis
resistance (Plas and Thompson 2002). Many glycolytic enzymes have been rec-
ognized to also regulate apoptosis, and several oncoproteins are found to induce the
expression of glycolytic enzymes (Kim and Dang 2005). For example, AKT, which
stimulates glycolysis and induces resistance to apoptosis (Elstrom et al. 2004),
activates hexokinase, an enzyme catalyzing the first and irreversible step in gly-
colysis. Via its downstream mediator glycogen synthase kinase 3 (GSK3), AKT
induces the translocation of hexokinase to the mitochondrial membrane where it
binds to the voltage-dependent anion channel (VDAC), suppressing apoptosis (Kim
and Dang 2005; Pastorino et al. 2005). Inhibition of GSK3 in cancer cells causes
unbinding of hexokinase from VDAC, induces apoptosis, and increases sensitivity
to chemotherapy (Pastorino et al. 2005). This suggests that perhaps the metabolic
phenotype in cancer is due to a potentially plastic mitochondrial remodeling that
results in suppressed oxidative phosphorylation, enhanced glycolysis, and sup-
pressed apoptosis. Whether the metabolism of glucose will end with glycolysis in
the cytoplasm (converting pyruvate to lactate) or continue with glucose oxidation in
the mitochondria is controlled by a gate-keeping mitochondrial enzyme, pyruvate
dehydrogenase (PDH) (see Fig. 8.8). PDH converts pyruvate to acetyl-CoA which,

Fig. 8.8 A reversible metabolic-electrical remodeling in cancer is shown to contribute to
resistance to apoptosis [with due copyright permission taken from Bonnet et al. (2007)]
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along with the acetyl-CoA from the fatty acid b-oxidation, is fed to the Krebs cycle,
producing the electron donors NADH and FADH2. NADH donates electrons to
complex I of the electron transport chain (ETC) (and FADH2 to complex III). The
flux of electrons down the ETC is associated with the production of ROS and with
the efflux of H+, which causes a negative mitochondrial membrane potential (DWm).
The F1F0-ATP synthase uses the stored energy of the DWm to synthesize ATP;
thus, the DWm reflects ETC activity and mitochondrial function. PDH is inhibited
by phosphorylation by PDH kinase (PDK). The role of PDH and PDK in cancer is
unknown.

Figure 8.8 demonstrates important physiological features (Bonnet et al. 2007).
Activation of PDH by DCA increases glucose oxidation by promoting the influx of
acetyl-CoA into the mitochondria and the Krebs cycle, thus increasing NADH
delivery to complex I of the electron transport chain, increasing the production of
superoxide, which in the presence of MnSOD is dismutated to the more stable
H2O2. Sustained increase in ROS generation can damage the redox-sensitive
complex I, inhibiting H+ efflux and decreasing DWm. Opening of the DWm-sensitive
mitochondrial transition pore (MTP) allows the efflux of cytochrome c and
apoptosis-inducing factor (AIF). Both cytochrome c and H2O2 open the
redox-sensitive K+ channel Kv1.5 in the plasma membrane and hyperpolarize the
cell (increased Em), inhibiting a voltage-dependent Ca2+ entry. The decreased
(Ca2+)i suppresses a tonic activation of NFAT, resulting in its removal from the
nucleus, thus increasing Kv1.5 expression. The increased efflux of K+ from the cell
decreases the tonic inhibition of (K+)i on caspases, further enhancing apoptosis.
DCA’s selectivity is based on its ability to target the unique metabolic profile that
characterizes most cancers, and its effectiveness is explained by its dual mechanism
of apoptosis induction, both by depolarizing mitochondria (proximal pathway) and
activating/up-regulating Kv1.5 (distal pathway).

8.6 Mitochondrial Membrane Channels in Cancer Cells

Abnormalities in the mitochondrial membrane transport properties may be indi-
rectly responsible for turning normal cells into cancerous. The mitochondrial
membrane transport mainly happens through various types of channels. ATP and
other energy metabolites are delivered from mitochondria to the cell’s interior
region through a voltage-dependent anion channel (VDAC) (for details see, e.g.,
Maldonado et al. 2014). But mitochondrial apoptosis-induced channel
(MAC) releases cell death signals regulating cytochrome c (Dejean et al. 2006) (see
Fig. 8.9).

Bcl-2 family proteins control the apoptosis or cell death program by regulating
the permeabilization of the mitochondrial outer membrane (MOM) and, hence, the
release of cytochrome c and other pro-apoptotic factors. MAC is responsible for
cytochrome c release early in apoptosis. MAC activity is usually detected by
patch-clamping mitochondria at the time of release of cytochrome c. MAC was first
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Fig. 8.9 Mitochondrial ion channels might mediate exchange of oncogenic factors with the
nucleus. Nuclear oncogenic factors either directly (via nuclear pore complexes, NPC) (Simon and
Rout 2014) or indirectly (via oncogenic expression) are transmitted to mitochondria to reprogram
metabolism and cell death mechanisms. Channels in the outer and the inner membranes might
provide the pathways for production and/or bidirectional transport of oncogenic factors.
Alternatively, they might be direct targets (see text). The legend indicates channel components
(red) or modulators (black) associated with cancer (see text for references). Components and
regulators of TIM22 and TIM23 channels were listed in the same category. K+C represents the
potassium channels BKCa and IKCa, ATP-dependent KATP, Kv1.3, two-pore TWIK-related
acid-sensitive K+ channel-3 (TASK-3). Inspired by Odra Noel’s ‘Mitochondrial Dawn.’ For
details, see Madamba et al. (2015)

320 8 Ion Channels in Cancer



detected in patch-clamp experiments on mitochondria isolated from apoptotic
FL5.12 cells 12 h after interleukin-3 (IL-3) withdrawal (Pavlov et al. 2001).
Electrophysiology record of MAC suggests that MAC is a high-conductance
channel of the outer membrane permeable to polymers (see Fig. 8.10).

The Bcl-2 family proteins mainly regulate apoptosis by controlling the formation
of MAC. Depending on the type of cells and apoptotic inducer, Bax and/or Bak are
structural component(s) of MAC. The negative action on MAC activity occurs
through overexpression of anti-apoptotic protein Bcl-2 that eliminates MAC
activity. Dejean et al. (2006) produced a nice review article to address the bio-
physical characterization of MAC activity and its regulation by Bcl-2 family pro-
teins. A model showing the Bcl-2 family members to play a critical role in
regulating MAC formation is presented in Fig. 8.11 (for details, see Dejean et al.
2006).

Some cancer cells reprogram the local power plant to adjust with revised
physiological conditions by decreasing the open probability of mitochondrial
channels involved in the transport of energy metabolites (Goldin et al. 2008;
Rostovtseva and Bezrukov 2012; Maldonado et al. 2013) and relying on glycolytic
metabolism to fuel competitive reproduction (Maldonado et al. 2014). The payoff
for relinquishing energy conversion efficiency is that cancer cells suffer lower
oxidative stress which seems to be one of the determinants of tumor cell trans-
formation (Gupta et al. 2012; Yang et al. 2013). Exacerbated ROS emission causes
the opening of pores in the inner membrane that breach the membrane permeability
barrier to solutes and the ensuing uncontrolled matrix swelling, membrane rupture,
and spillage of mitochondrial proteins into the cytosol. Although the exact per-
meability mechanism of the inner membrane is still being deciphered, cancer cells
expertly avert them by equally mysterious ways, not known yet. Cancer cell
mitochondria are coated with sentinel proteins, which prevent the formation of
MAC in the outer membrane, rendering the power plant oblivious to cancer
transformation and unrestrained growth. Cancer cells are known to overexpress the
sentinel protein Bcl-2. It may also be considered counterintuitive that the MAC
components Bax and Bak are structurally related and belong to the Bcl-2 family of
proteins. The truth is that this multifaceted family of proteins controls permeabi-
lization of the outer membrane by either inducing or preventing it. In cancer cells,
the second mode prevails and might even go beyond the outer membrane, as some
anti-apoptotic members (Bcl-xL and Mcl-1) have been shown to interact with and
regulate inner membrane proteins, including putative components of the perme-
ability transition pore complex (Madamba et al. 2015; Vento et al. 2010; Quinn
et al. 2011; Arbel et al. 2012). Mitochondrial dysfunction in cancer cells may also
be linked to the characteristic genomic instability of many human cancer cells
(Delsite et al. 2002; Rasmussen et al. 2003; Miceli et al. 2005; Singh et al. 2005;
Kulawiec et al. 2008; Porporato et al. 2014). Additional mitochondrial channels
may also be responsible for controlling calcium, potassium and magnesium flux,
organelle volume, nucleic acid transport, etc., which are directly or indirectly
associated with the rise of cancer condition (Baughman et al. 2011; De Stefani et al.
2011; Peixoto et al. 2012; Leanza et al. 2013, 2014). Table 8.7 addresses a brief
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report on a few important mitochondrial ion channels as their involvement is
identified in various cancer cells. We shall also provide here some details about two
important channel classes, namely VDAC and MAC in cancer cells.
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Fig. 8.11 MAC provides a pathway for cytochrome c to exit the mitochondria during apoptosis
(Dejean et al. 2006). Model shows that Bcl-2 family members play a critical role regulating MAC
formation. Induction of the intrinsic pathway results in Bax translocation to mitochondria and
oligomerization. The BH3 domain-only protein t-Bid facilitates activation and oligomerization of
Bax and Bak to form MAC. The anti-apoptotic protein Bcl-2 suppresses MAC formation. MAC
could be predominantly composed of either Bax or Bak. There may be other components, and Bax
and Bak may or may not form hetero-oligomers. MAC formation results in the release of
cytochrome c and ultimately apoptosome formation, caspase activation, and cell death

JFig. 8.10 MAC is a high-conductance channel of the outer membrane permeable to up to 17 kDa
polymers. a Immunoblots show the presence of the outer membrane protein VDAC but not the
inner membrane protein cytochrome oxidase sub-unit IV (CoxIV) in the outer membranes (OM,
2 lg) purified from mitochondria of apoptotic FL5.12 cells. Inner membranes (IM, 2 lg) are the
positive control for CoxIV. (b and c) MAC activity was reconstituted by incorporating
mitochondrial outer membranes of apoptotic FL5.12 cells into proteoliposomes. b Current traces at
20 mV allow comparisons of the single-channel behavior of MAC, VDAC, and TOM channels.
O and C indicate open- and closed-state current levels, respectively. c The pore size of MAC was
estimated by the polymer exclusion method. Current traces are shown of a 4 nS MAC after
sequential perfusion of the bath with media containing 5% w/vol of indicated MW dextrans as the
voltage was switched between ±20 mV. 10 and 17 kDa MW dextrans are permeant as they
induce a decrease in the current, but 45 and 71 kDa polymers are not. Parts of this figure were
reprinted from Pavlov et al. (2001), Guo et al. (2004), Martinez-Caballero et al. (2004)
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8.6.1 Voltage-Dependent Anion Channels in Mitochondrial
Membrane of Cancer Cells

Reference to a nice report by Tajeddine et al. (2008), the group studied
A549 NSCLC cells (carcinomic human alveolar basal epithelial cell line) being
transfected with a battery of small-interfering RNAs (siRNAs) that knock down
distinct proteins involved in the regulation of apoptosis-related MMP (de La Motte
Rouge et al. 2007). It provides explanation on the role of VDAC channels.
Figure 8.12 shows the effects of VDAC1 knockdown on apoptosis-associated
mitochondrial transmembrane potential (DWm) dissipation and plasma membrane
permeabilization. Subsequent Fig. 8.13 shows the influence of VDAC1 on the
release of mitochondrial intermembrane space (IMS) proteins and caspase activa-
tion induced by CDDP, cisplatin which induces cell death (Tajeddine et al. 2008).
Providing details on VDAC channels’ roles in cancer cells goes beyond the scope
of this book, but readers may read the details from various references quoted in
Table 8.7.

8.6.2 Mitochondrial Apoptosis-Induced Channels
in Cancer Cells

Madamba et al. have recently written a review where the group has attempted to
address the role of MACs in mitochondrial membrane in cancer cells in brief, but
quite in style (Madamba et al. 2015). MAC is a dynamic channel formed in the
outer mitochondrial membrane by at least two pro-apoptotic Bcl-2 protein family
members, Bak and Bax (Dejean et al. 2006). A decade ago, Hetz et al. (2005) first
demonstrated that Bax channel activity is required in apoptosis. Bax channel
inhibitors were found to protect cells in vitro against Bax-mediated apoptosis. Two
small molecular weight Bax channel inhibitors prevented cytochrome c release
from mitochondria, inhibited decrease of mitochondrial membrane potential, and
protected HeLa cells against apoptosis. Here to mention that the Bax channel
inhibitors did not affect the conformational activation of Bax or its translocation and
insertion into the mitochondrial membrane in cells undergoing apoptosis (Hetz et al.
2005). MOM’s localized physiological condition is another important feature that
might regulate apoptosis. Recently, Colombini group (Ganesan et al. 2012)
investigated the dynamics of Bax-mediated mitochondrial outer membrane per-
meabilization (MOMP), disorder of which creates direct regulation in apoptosis.
Here, the rate of Bax-mediated MOMP in isolated mitochondria was investigated
considering ionic strength as a tool. Higher ionic strength was found to increase the
sensitivity of Bax-mediated MOMP to inhibition by Bcl-xL. Decreasing ionic
strength resulted in the formation of larger channels that allow high flux rates of
cytochrome c and synchronously release both small and large proteins. High ionic
strength favored the initial formation of small channels, and these develop more
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slowly into the larger structures that were observed much sooner at low ionic
strength. More in cancer cell detection of parameters related to Bax channel’s
regulated dynamics needed to address this phenomenological aspect.

The MAC pores may not be entirely of protein nature. A few quite important
studies showed that sphingolipid ceramides or intermediates of ceramide biosyn-
thesis pathway had the potential to stimulate cytochrome c release in a Bak- and/or
Bax-dependent manner, indicating that these lipids are integral part of MAC con-
ductance (Siskind et al. 2010; Chipuk et al. 2012). In theory, MAC function mainly

Fig. 8.12 Effects of VDAC1 knockdown on apoptosis-associated mitochondrial transmembrane
potential (DWm) dissipation and plasma membrane permeabilization (Tajeddine et al. 2008). After
transient transfection (for 48 h) with either of the two siRNAs down-regulating VDAC1 (i.e.,
siVDAC1.1 and siVDAC1.2) or with a control siRNA (siUNR), A549 (a, b, d), and HeLa (c) cells
were left untreated or were treated for additional 24 h with 50 lM CDDP or with the indicated
concentrations of other cytotoxic molecules, and finally labeled for the cytofluorometric
assessment of DWm [with the DWm-sensitive probe DiOC6(3)] and plasma membrane integrity
(with propidium iodide, that is, PI). Due to its rapid effects, tert-butylhydroperoxide (tBHP) was
administered at the fixed concentration of 100 lM for 1–2 h. White and gray columns represent
the percentage of cells exhibiting DWm loss alone (DiOC6(3)

low) or in association with plasma
membrane breakdown (PI+), respectively (mean ± s.e.m., n = 3, *P < 0.05). (a–c) VDAC1
depletion inhibits CDDP-induced apoptosis-associated modifications. (a) Representative dot plots
recorded upon CDDP treatment. Numbers in each quadrant indicate the percentage of cells. In
(b) and (c), quantitative data are presented for A549 and HeLa cells, respectively. Insets in (a) and
(c) report immunoblots for the detection of VDAC1 following siRNA-mediated down-regulation
in A549 and HeLa cells, respectively. (d) Knockdown of VDAC1 fails to inhibit cell death
induced by various toxic stimuli other than CDDP. CDDP, cisplatin; DiOC6(3), 3,3′dihexylox-
alocarbocyanine iodide; H2O2, hydrogen peroxide; siRNA, small-interfering RNA; VDAC1,
voltage-dependent anion channel 1
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antagonizes cancer cell transformation and is, in fact, kept at bay by oncogenic gene
expression. Mechanism of regulation of the Bcl-2 or Bcl-xL proto-oncogenes is
associated with formation of tumor and more particularly with B-cell
non-Hodgkin’s lymphoma (Egle et al. 2004; Swanson et al. 2004; Meijerink
et al. 2005). Prolymphocytic cell lines overexpressing Bcl-2 are known to exhibit
resistance to MAC formation and the ability to induce lymphoma in mice (Pavlov
et al. 2001; Meijerink et al. 2005; Goping et al. 1998; Gross et al. 1998).

326 8 Ion Channels in Cancer



Paradoxically, it was shown that an overabundance of Bcl-2 not only caused
mitochondrial sequestration of BH3-only proteins, which are activators of the
formation of MAC, but also that of the MAC core component Bax (Certo et al.
2006; Letai 2008; Teijdo and Dejean 2010). This phenomenon seems to be a
common feature of anti-apoptotic Bcl-2 family members as an overabundance of
Bcl-xL was also recently shown to induce both Bax accumulation and functional
activation at the mitochondria (Gautier et al. 2011; Renault et al. 2013). This
accumulation has been termed ‘priming for death,’ and this concept is currently
being used to develop new anticancer drugs and strategies of cancer therapies
(Certo et al. 2006; Letai 2008).

In a decade-old study by Tarek et al. (2006), the role of the most studied
ceramide was investigated. Ceramide is a pro-apoptotic molecule. The accumula-
tion of ceramide following treatment of cells with various apoptotic agents has
implicated this lipid in its biological responses of these agents (Radin 2003).
Because of the apoptosis-inducing effects in cancer cells, ceramide has been con-
sidered as ‘tumor suppressor lipid’ (Hanun 1997). Ceramide (Cer) has been found
linked to most of the tumor suppressor protein p53, the Bcl-2 family of proteins and
several protease classes that are all key components of the tumor response to stress
insults (see Fig. 8.14, copied from Tarek et al. 2006). Ceramide is therefore found a
promising target for ceramide-based therapeutics in cancer treatment (Morad and
Cabot 2013). We are also in progress to design ceramide binding agents, mostly
aptamer based, to address the ceramide-targeted anticancer drug discovery
(Ashrafuzzaman and co-workers).

JFig. 8.13 Influence of VDAC1 on the release of mitochondrial intermembrane space (IMS)
proteins and caspase activation induced by CDDP (Tajeddine et al. 2008). (a–d) IMS proteins are
retained in mitochondria of VDAC1-depleted cells following CDDP treatment. A549 cells
transiently transfected (48 h) with an siRNA targeting VDAC1 (siVDAC1.1) or with an unrelated,
control siRNA (siUNR) were exposed or not to the indicated doses of CDDP for 24 h followed by
immunofluorescence staining to visualize nuclei (with Hoechst 33342) and cytochrome c (Cyt c;
(a) and (b)) or apoptosis-inducing factor (AIF; (c) and (d)). In (a) and (c), representative
immunofluorescence pictures of CDDP-treated cells are shown (white scale bar = 10 lm), whereas
the percentage of cells exhibiting diffuse Cyt c and nuclear AIF staining is depicted in (b) and (d),
respectively (mean ± s.e.m., n = 3, *P < 0.05). (e and f) The knockdown of VDAC1 inhibits
CDDP-induced caspase-3 activation. A549 cells transfected as in (a) were left untreated or
incubated with 50 lM CDDP for additional 24 h, then subjected to cytofluorometric assessments
(e) or immunoblotting (f) for the analysis of caspase-3 activation. In (e), left panels depict
representative histograms recorded following the administration of CDPP to control or
VDAC1-depleted cells. In the right panel, the percentage of cells (mean ± s.e.m., n = 3,
*P < 0.05) staining positive for active caspase-3 (Casp-3a

+) is reported. (f) Total protein extracts
were separated on SDS–PAGE and analyzed by immunoblotting with antibodies specifically
recognizing the active fragments of caspase-3 (Casp-3a), poly (ADP-ribose) polymerase 1
(PARP-1), VDAC1 and b-actin (loading control). The activation of caspase-3 results in the
accumulation of its active fragments of 19 and 17 kDa, paralleled by the cleavage of PARP-1
(116 kDa) to a degradation product of 89 kDa. CDDP, cisplatin; SDS–PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; siRNA, small-interfering RNA; VDAC1,
voltage-dependent anion channel 1

8.6 Mitochondrial Membrane Channels in Cancer Cells 327



Table 8.7 Mitochondrial ion channels in cancer cells or tissue

Ion channel Cancer type where
role is proven

Function in cancer cell

VDAC1
In mammals 3 isoforms of VDAC:
VDAC1, VDAC2, VDAC3

Breast
Colon
Liver
Lung
Pancreatic
Thyroid cancer

VDAC1 gene is up-regulated.
Loss of growth control, role in
tumor microenvironments, which
are often hypoxic

VDAC2 Prostate
Melanoma

Microtubule formation regulates
apoptosis through its interactions
with Bak, activates Bax to
efficiently mediate cell death,
facilitates recruitment of both Bak
and Bax to the mitochondria.
Overexpression of VDAC2
inhibits inhibition of Bak and
decreases apoptosis by Bcl-x(S)
in melanoma cells Plotz et al.
(2012),
Asmarinah et al. (2014)

VDAC3 Prostate
Liver (HepG2 cells)

No significance effect on VDAC3
observed in prostate cancer tissue.
VDAC3 is a regulator of sperm
motility, male mice missing
VDAC3 result in infertility Reina
et al. (2010), VDAC3 knockdown
decreases mitochondrial
membrane potential in HepG2
cells Maldonado et al. (2013),
mutations in VDAC3 are also
associated with Parkinson’s
disease.

MAC-Bax
MAC: formed by proteins Bax
and Bak and lipid ceramide.

Hematological cancer
Human colon cancer
cells (HCT116)
Chandra et al.( 2005)
Human prostate
cancer cell lines
(DU145) Chandra
et al. (2005)

Bax deficiency delayed and
inhibited apoptosis Chandra et al.
(2005).

MAC-Bak Human colon cancer
cells (HCT116)
Chandra et al. (2005)
Human prostate
cancer cell lines
(DU145) Chandra
et al. (2005)

Down-regulation of Bak in
Bax-expressing cells only slightly
inhibits mitochondrial protein
release, caspase activation, and
apoptosis Chandra et al. (2005)

MAC-ceramide Ceramide is popularly known as
the ‘tumor suppressor lipid’
Taha et al. (2006)

(continued)
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8.6.3 Mitochondrial Inner Membrane Permeability
Transition Pore in Cancer Cells

Induction of permeability transition pore (PTP) in inner mitochondrial membrane is
a key effector of death elicited by oxidative stress (Rasola and Bernardi 2011).
Prolonged opening of PTP constitutes the point of no return toward the demise of
the cell, irreversibly committing it either to apoptosis, provided that there is enough
ATP present to activate caspases, or to necrosis, elicited by massive release of Ca2+

in the cytosol and through impairment of various mitochondrial functions. Various

Table 8.7 (continued)

Ion channel Cancer type where
role is proven

Function in cancer cell

Protein import channels, pathway
through channel complexes:
translocase of the outer
membrane (TOM); proteins
Tom20, Tom70, Tom40, Tom22,
Tom7, Tom6, Tom5 Rapaport
(2005)

Cervical carcinoma
HeLa cells
Breast
adenocarcinoma
MCF-7 cells
Epithelial cancer cells

Tom20 abolished mitochondrial
import of survivin and sensitized
tumor cells to apoptosis, whereas
silencing of Tom70 had no effect.
Rapaport (2005), Sotgia et al.
(2012)

Translocases of the inner
membrane (TIM); TIM22, TIM23

Thyroid carcinomas Tim22 forms channel
Tim44 observed in oncotic
thyroid carcinomas
TIM23 peripheral component
might have a role in cancer
transformation possibly by
induction of ROS production or
impairment of protein import
Handa et al. (2007)

Permeability transition
pore (PTP) in the inner
mitochondrial membrane

General tumor cell
Skin cancer

Cancer cells down-regulate PTP
inducers (i.e., ROS and calcium),
alter expression of chaperones
that regulate PTP opening,
desensitize the channel through
kinase signaling pathways
(GSK-3 and hexokinase II),
leading to reduced mitochondrial
oxidative phosphorylation
regimes characterized by high
ATP/ADP ratios, low-inorganic
phosphate, and high-ROS levels
Bonora and Pinton (2014), Rasola
and Bernard (2015)
Inhibition of the PTP promotes
skin cancer Norman et al. (2010)

This is just a brief list.
There are many other but we wish not to go for the whole database here.
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pro-oxidant agents are able to induce PTP opening. Oxidants increase intracellular
release of Ca2+ from the endoplasmic reticulum and inhibit Ca2+ extrusion from
plasma membrane (Camello-Almaraz et al. 2006). Mitochondrial Ca2+ enhances
oxidative phosphorylation (OXPHOS), and therefore generation of ROS as
by-products. Above a certain level, mitochondrial Ca2+ or membrane hyperpolar-
ization might also produce ROS through inhibition of respiratory complexes and
eventually by PTP induction, which completely stops electron flow along the res-
piratory chain and causes release of mitochondrial glutathione (GSH) (Kowaltowski
et al. 2009; Leanza et al. 2013). A transient PTP induction may in turn induce short
bursts of ROS in the so-called ROS-induced ROS release (RIRR) (Zorov et al.
2006; Zorov et al. 2014).

Fig. 8.14 Ceramide is a central mediator of many apoptotic pathways. Following genotoxic
stress, ceramide accumulates, but it is still unclear whether the increase is dependent or
independent of p53. Signaling through the lysosomes involves increases in ceramide via ASMase.
Ceramide can directly activate the lysosomal protease cathepsin D which can subsequently cleave
and activate Bid. Another direct target of ceramide is protein phosphatase 2A, which is known to
negatively regulate the prosurvival kinase AKT/PKB. Both PP2A and AKT/PKB regulate the Bax/
Bcl-2 rheostat; if the PP2A prevails, as is the case in ceramide signaling, Bax prevails over Bcl-2
and the mitochondrion is permeabilized. Death receptor activation can lead to ceramide formation
via nSMase and caspase 8-mediated cleavage of Bid; lysosomes may also be activated downstream
of death receptors, with both signals converging on MMP. Additionally, generation of ceramide
from sphingomyelin hydrolysis in mitochondria results in Bax translocation and MMP
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Various molecules may induce ROS-dependent PTP opening (see Fig. 8.15)
(Rasola and Bernardi 2015). Inhibition of a mitochondrial voltage-dependent K+

channel, termed mtKV1.3, induces production of ROS and a CsA-sensitive mito-
chondrial depolarization, indicating opening of PTP. Inhibition can be elicited by
specific residue on the pro-apoptotic protein Bax (Szabo et al. 2008) or by the
membrane-permeant, selective inhibitors Psora-4, PAP-1, and clofazimine, which at
the end induce death in several human and mouse cancer cell lines and in primary
B-chronic lymphocytic leukemia cells (Leanza et al. 2012; Leanza et al. 2013a).

8.7 Targeting Ion Channels in Cancer Cells

This chapter is dedicated to addressing the state of ion channels in cancer cells. We
have so far discussed about the altered expression of ion channels, some of the
channels’ structural and functional features, and their specific molecular actions in

Fig. 8.15 Mechanisms of PTP regulation in tumor cells. A variety of factors control tumor cell
viability by modulating PTP opening, mainly by modulating ROS levels. A ROS surge elicits PTP
opening and cell death, whereas ROS inhibition keeps the pore locked and protects cells from
noxious stimuli (Rasola and Bernardi 2015). PTP inducers are indicated in orange, PTP inhibitors
in blue. I-IV: respiratory complexes; 2-AAF: 2-acetylaminofluorene; Q: coenzyme Q; cyt c:
cytochrome c; HK II: hexokinase II; IMM: inner mitochondrial membrane; SB3: serpin B3;
UCP-2: uncoupling protein 2
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cancer cells. A clear understanding of these structural and functional phase state
alterations is key to success in developing therapeutics for cancer cure. Altered
channel expressions can be exploited for diagnostic purposes or for addressing
traceable or cytotoxic compounds to specific neoplastic tissue (Arcangeli et al.
2009).

Evidences indicate that blocking ion channel activity impairs the growth of some
tumors, both in vitro and in vivo. This opens up a new field for medicinal chemistry
studies. This can avail many available tools, such as blocking antibodies, antisense
oligonucleotides, small-interfering RNAs, peptide toxins and a large variety of
small organic compounds, designed small-molecule inhibitors, molecular regula-
tors. Ion channels are generally overexpressed in numerous types of tumor cells.
Their altered activity plays a significant role in apoptosis resistance, proliferation,
and metastasis of cancer cells. Controlling channel growth is an obvious strategy in
therapy. Blocking the activity of ion channels to impair cancer growth is an obvious
scientific strategy (Bose et al. 2015). This is associated with altered levels of ion
channel expression and their activity in the mutated cancer cells (Lang and
Stournaras 2014). Some ion channel blockers, however, produce serious side
effects, often considered as cytotoxicity, in the vicinity of on or off target areas,
such as cardiac arrhythmias. Therefore, rigorous multidimensional cytotoxicity
assays need to be concomitantly explored, besides finding agents for regulating
altered ion channel states, structures, and functions. We present here a Table 8.8
[modified from another table in Bose et al. (2015)] listing a few most updated ion
channel blockers and regulators and their roles in cancer cell-based ion channel
functions. We are also in process of designing and validating nucleic acid aptamers
(Ashrafuzzaman 2016) based on patented techniques entropy fragment-based
approach (Tseng et al. 2011; Ashrafuzzaman et al. 2013) and screened Coulomb
interaction approach (Ashrafuzzaman and Tuszynski 2012). We cannot list the
aptamer sequences here because we are still in process of patenting them.

Beside conventional therapy, ion channels in cancer treatment are sometimes
targeted using some dietary compounds (Frede et al. 2013). Curcumin, resveratrol
(grape polyphenol), docosahexaenoic acid (omega-3), and epigallocatechin gallate
(catechin from green tea) extract were investigated and found to modulate ion
channels activity by suppressing migration and growth of cells in breast and ovarian
cancers (Ji et al. 2008; Lee et al. 2009; Isbilen et al. 2006; Yan et al. 2012).

We have substantial amount of knowledge about the altered ion channel con-
ditions in cancer cells, as explained in this chapter. But the progress in
channel-targeted therapeutics and diagnostic discoveries is not satisfactory. Our
book does not aim at covering the discovery part here, but our explained knowledge
on the channels’ alteration conditions in this chapter will certainly help the dis-
covery scientists to work for further developments in this area.
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8.8 Conclusions

States of ion channels especially structures and functions in cancer cells are often
observed way different from that of normal cells. Understanding of pinpointed
aspects and targeting that for chemotherapy is a promising field now. As anticancer
drug discovery is also on a rise, certain ion channel structure may be at the target to
design novel molecules. The geometric locations of most of the ion channels that
are analyzed here can be sketched in a single model diagram (see Fig. 8.16) as
presented in 2016 (Peruzzo et al. 2016).

Two decades ago, ion channels were proposed as potential targets for cancer
treatment as the channels are often aberrantly expressed in cancer tissues compared
to healthy ones. In a nutshell, several hallmarks of cancer cells rely on the physi-
ological conditions of various of these cell-based ion channels (Hanahan and
Weinberg 2011), such as cell migration and invasiveness (Litan and Langhans
2015; Djamgoz and Onkal 2013), metabolic reprogramming, e.g., (Andersen et al.
2014; Leanza et al. 2013, 2014), limitless proliferative potential (Urrego et al. 2014;

Fig. 8.16 Intracellular ion channels are expressed in many subcellular compartments, such as the
nucleus, endoplasmic reticulum, golgi apparatus, lysosome, mitochondria. Ion channels with roles
in cancer development and/or progression are stained in green
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Pardo and Stühmer 2014), apoptosis resistance (Wang 2004; Hoffmann and
Lambert 2014), stimulation of neo-angiogenesis (Munaron 2015).

As summarized in Fig. 8.16, inside the cell, various ion channels are expressed
in several organelles (Xu et al. 2015) including mitochondria, endoplasmic retic-
ulum, nucleus, lysosome, Golgi apparatus, peroxisomes, endosomes. Most of the
identified ‘oncogenic’ intracellular channels are located in the outer or inner
mitochondrial membrane, since this organelle is a key point of control of important
hallmarks of cancer, such as ATP-linked metabolism and apoptotic cell death (for
details, see the analysis in Peruzzo et al. (2016). Another quite relevant intracellular
location is the endoplasmic reticulum (ER). Ion channels and transporters of the ER
modulate the cytosolic Ca2+ concentration by controlling the uptake and release of
calcium from this intracellular store and thus impact several cellular pathways
implicated in the determination of cell fate as well in cell metabolism (Peruzzo et al.
2016). Modulated gene expressions in several cancer tissues linked to various
cancer cell ion channels have also been evident (for details, see Peruzzo et al.
2016).

The ion channels require more in-depth investigations to understand their cas-
caded roles in regard to their structural aspects as well as structures in the vicinity,
namely the ion channel hosting membrane modulation, modulation in the dielectric
environment, physiological conditions. In this chapter, we have tried to briefly
pinpoint at the modulations happening at ion channels in cancer cells. This chapter
may serve important ingredients for general readerships as well as for drug dis-
covery scientists.
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Chapter 9
Quantum Mechanics of the Cell:
An Emerging Field

Cell is generally considered a classical system. The molecular structures inside it
appear with ultra-level complexities. General physics concepts help construct
popular biophysics techniques to understand the energy states and physiological
functions of various cellular structures. Besides using statistical mechanics, clas-
sical mechanics, and other general physics rules, it is also found recently that
quantum mechanics may be utilized to understand some of the crucial cellular
aspects. Even about six decades ago, the quantum effects of the electron tunneling
of cytochrome were explained (see Chance and Nishimura (1960); Vredenberg and
Duysens (1964); Devault et al. (1967). In this chapter, we shall briefly address the
application of quantum mechanics to understand cell biology. We shall provide
hints on the future outlook of cellular research that may connect quantum
mechanics techniques to address both fundamental cellular aspects and related
diseases dealt in biomedical research.

9.1 Introduction

Quantum effects are usually observed in nanometer (nm) or lower scale size objects
that are surrounded by vacuum at ultra-low controlled laboratory temperatures.
Whereas, biological cells exist in messy warm environment at microscopic scale.
Some reactions between the cell-approaching agents, e.g., drugs and their cell-based
targets, are often found to happen at low nm scale. These cell targets or components
may be individual plasma and mitochondrial membrane-based lipids, cholesterol,
hydrocarbons, small membrane proteins, cytosol proteins, etc., and the compart-
ments such as cell membrane, nuclear membrane, mitochondrial membrane, and
various other structures. Moreover, the fluctuations, dynamics, movement of these
small components, and their physical interactions that take place inside a cell
happen also within nm scale dimensions. We have explained some of these aspects
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in our previous book ‘Membrane Biophysics’ (Ashrafuzzaman and Tuszynski
2012) and references (see, e.g., Ashrafuzzaman et al. 2014; Ashrafuzzaman 2015a,
b). However, a quantum mechanical phenomenon, such as ‘coherence,’ in which
the wave patterns of every part of a system stay in step, lasts less than a
microsecond (µs) in the tumultuous realm of the cell. But most of the cellular events
take time beyond µs. Search for quantum effects in biological cells was therefore
considered unrealistic until recently. Coherent quantum processes may well be
present in the natural world and perhaps specifically in biological cell-based pro-
cesses. Examples range from the ability of birds to navigate using Earth’s magnetic
field to the inner workings of photosynthesis—the process by which plants and
bacteria turn sunlight, carbon dioxide, and water into organic matter (Ball 2011).

Understanding quantum effects at nanoscale or lower-level dimension cellular
structures and related calculations is slowly evolving. With the development of fast,
precise, and powerful quantum computing, this trend is expected to grow fast.
Although isolating pinpointed structures and events in biological system inside a
liquid environment is truly an issue, we shall provide a few cases here where
quantum mechanical treatments have been successfully performed.

9.2 Quantum Mechanical Calculations to Address Ion
Channel Gating Mechanisms

Quantum coherence that sustains as long as 300 femtosecond (fs) was recently
detected at physiological temperature which is long enough to impact biological
energy transport (Panitchayangkoon et al. 2010). Microscopically, this coherence
lifetime was attributed to correlated motions within the protein matrix encapsulating
the chromophores.

About a decade ago, quantum mechanical calculations were performed on KcsA
channel to address the ion channel gating mechanisms (Kariev et al. 2007). Here,
the charge effects on gating mechanisms were considered. KcsA channel is formed
by four identical subunits with each sub-unit containing two alpha helices, con-
nected by a long loop of 30 amino acids proofreading into the pore region. The pore
region consists of the following:

– An inner pore which starts from inside of the cell,
– A cavity near the middle of the pore,
– Selectivity filter separating the cavity from the extracellular mostly hydrophilic

solution.

The inner pore region and the internal cavity region are hydrophobic in nature.
The selectivity filter is lined exclusively by polar main-chain atoms belonging to the
so-called signature sequence. The potassium ions coordinate at their binding sites in
the pore.
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A series of ab initio density functional calculations were carried out on side
chains of a set of amino acids, plus water, from the (intracellular) gating region of
the KcsA K+ channel. X-ray structures provide channel’s atomic coordinates,
except hydrogen, and are known from Doyle et al. (1998), MacKinnon et al. (1998),
Jiang et al. (2001), as are the coordinates of some water oxygen atoms. Quantum
mechanical optimization shows four water molecules to form a ‘basket’ under side
chains, blocking the channel. When a hydrated potassium ion approaches this
‘basket,’ the optimized system shows a strong set of hydrogen bonds with the
potassium ion at defined positions. This prevents further approach of the K+ to the
basket. This optimized structure with hydrated K+ added shows an ice-like 12 water
molecule nanocrystals. If the water molecules exchange, unless they do it as a
group, the channel will remain blocked. Here, a calculation of open and closed
states of the KcsA channel leads to a proposed gating mechanism, showing how
proton addition to the gating region of the channel disrupts hydrogen bonds, pro-
ducing channel opening. It is suggested that a similar mechanism may apply to
voltage gating. Details are presented in Figs. 9.1, 9.2, and 9.3.

Kariev et al. recently performed quantum mechanical calculations to explain the
open gating mechanisms of the Kv1.2 channel (Kariev et al. 2014). Their calcu-
lations showed key role played by hydration. The open Kv1.2 voltage-gated
potassium channel gate can just hold a hydrated K+ ion. Quantum calculations
showed little change from the X-ray coordinates for the protein. The calculations
included the water molecules and ions which are not in the X-ray coordinates.
A sequence of steps is postulated in the calculations in which the potential expe-
rienced by the ion in the pore is found to be influenced by the position of the ion.
The gate structure, with and without the ion, has been optimized. The charges on
the atoms and bond lengths have been calculated using natural bond orbital cal-
culations, giving K+ � 0.77 charges, rather than 1.0. The calculation provided the
optimized structure of the gate region of the Kv1.2 channel, showing the water
structure with and without an ion in the gate. The ion is well hydrated, and the
hydrated ion structure provides a sort of sleeve that allows the ion to slide through
the gate region. The calculations also predict that ion must have a finely tuned
energy minimum at the gate to allow conductance. For details on technique, results,
etc., readers may read the original articles in Kariev et al. (2014).

As a demonstration of the quantum calculations, we have used two of the studies
made by Kariev and co-workers. Ion channel is perhaps one of a very few bio-
logical fields especially in cell-based areas in which a fair amount of work has been
done using various quantum mechanics methods-based calculations. Usually in the
case of ion channels, instead of addressing the whole channel mechanics, a part of
the macroscopic channel is chosen for study. This choice helps to pinpoint mi-
croscopic nature of a macroscopic problem and deduce the calculations locally. Few
examples can be mentioned here. Ion channel conductance selectivity is an
important aspect which has been scrutinized quantum mechanically by Varma et al.
(2011). Quantum calculations on selectivity of channels were also performed by
Dudev and Lim (2009), (2010), (2012a). Varma and Rempe have addressed
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Fig. 9.1 a Open (protonated) state of the KcsA channel, showing results of calculations on three
amino acids from all four domains, plus water. Outer methyl groups are frozen. The distance
between the two oxygen atoms of Q119 is 10.9 Å on one diagonal and 10.2 on the other. Color
code: see end of caption. Outer methyl groups are frozen. The central region of the set of amino
acids opens, and the distance between two oxygen atoms of Q119 is 11.0 Å: b the closed state,
Q119 only, plus the water. Instead of 11Å, the distance across is now only approximately 6Å, not
enough for a hydrated K+ ion, even if the water molecules could exchange instead of blocking the
channel. c, d The uncharged (closed) state of all three amino acids (two orientations), plus the
remainder of the structure, not present in the computation: The system consisting of the Q119,
E120, R122 amino acids (all four domains) plus 32 water molecules and a K+ is optimized. These
are shown as heavy lines (tubes). The amino acids adjacent to these are not included in the
calculation and shown as thin gray lines; all amino acids are labeled in one domain. The small red
x’s are 58 water molecules (oxygen atoms) from the 1k4c X-ray structure. The heavy water
molecules are the result of the optimization. As in b), there is a ‘basket’ of water molecules
hydrogen bonded to Q119 that blocks the channel and also holds the domains together: The set of
12 hydrogen-bonded water molecules form a ‘nanocrystal,’ shown at the center of Fig. 9.1c
surrounding the K+ and at the bottom of Fig. 9.1d, and is a strong barrier to the approach of K+

toward the channel. Hydrogen bonds are shown in Fig. 9.1a, b as dashed lines. Large amino acid
labels are shown in one domain, and the corresponding amino acids are present in all four
domains. Atoms: black = frozen; optimized atoms: green = carbon, blue = nitrogen, red = oxygen,
white = hydrogen. For details, see Kariev et al. (2007)
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extensively on the hydration of ions in relation to selectivity (Varma and Rempe
2010). Bucher et al. have applied ab initio molecular dynamics (MD), to channels,
especially but not exclusively on questions of selectivity (Bucher et al. 2004;
Bucher and Rothlisberger 2010). Voth group applied the empirical valence bond
method to water and proton transport (Maupin et al. 2006).

Fig. 9.2 Two views, at 90° angles comparing the calculated and 1k4c and 1j95 X-ray structures:
Carbons from the 1k4c structure are red–orange, from the calculation green, from 1j95 black.
Nitrogen is blue, hydrogen not shown, and carbons frozen in the calculation that are used as
methyl groups are circled in A (the 1k4c and calculated positions of those atoms are forced to
coincide). Water oxygens (only calculated shown) are pale blue and can be seen to be in locations
that outline the nanocrystal. R122 is missing in the 1j95 X-ray structure. One instance of each
amino acid is labeled. The two oxygen atoms of the E120 carbdysfunctional without DHAoxyl to
the neighboring domain R122 guanidinium C atom have optimized distances of 3.09 and 4.12 Å,
compared to 4.19 and 6.17 Å in the 1k4c X-ray structure. The 3.09 Å distance is marked on the
figure. For details, see Kariev et al. (2007)
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9.3 Quantum Mechanical Understanding of the Neural
Cell Signaling

Quantum mechanical properties of cellular signaling agents may be found important
to explain electrical signaling pathway. Crawford et al. recently offered a theoretical
explanation based on the quantum mechanical properties of docosahexaenoic acid
(DHA) regarding its role in electrical signaling membranes (Crawford et al. 2013).
DHA is an omega-3 fatty acid that is a primary structural component of the human
brain, cerebral cortex, skin, sperm, testicles, and retina. In regard to health benefits,

Fig. 9.3 This figure shows how much the quantum optimization for KcsA moves atoms from the
starting 1k4c positions; initial positions for all atoms in the calculation are shown in black. All thin
red lines show motion of >1 Å; absence of thin red lines for atoms shown in color shows that the
motion is <1 Å; these atoms essentially remained at the X-ray structure positions; most of the
protein atoms are in this group. Gray atoms were not included in the calculation; they are shown in
their X-ray positions. Some water moved more than 1 Å, the guanidinium nitrogen moved about
2 Å, and the water hydrogen bonded to it moves about 4 Å. The inset enlarges the key step: The
glutamine amine nitrogen rotates about the single bond, and the hydrogen-bonded water
accompanies it, rotating to form the ‘basket.’ For clarity, the water molecule to the left is removed
from the inset. All four domains show the same move. Atom colors: C, green; O, red; N, blue; H
(added, not from X-ray structure) white. The water O–H bond length is close to 1 Å, so that the
dimensions of the figure can be seen by using water as a scale bar. Dashed blue lines are hydrogen
bonds, thin black lines, initial positions. The ‘basket’ is in the center and only exists after the
optimization. For details, see Kariev et al. (2007)
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DHA is essential for the growth and functional development of an infant’s brain as
well as required for maintenance of normal brain function in adults (for details, see
Horrocks and Yeo 1999).

Fossil Intracellular structures are found so similar to extant organisms that they
were likely made with identical membrane constituents lipids and proteins, which
together provided organization and specialization over time. Amino acids could be
synthesized over 4 billion years ago, but only oxidative metabolism allows for the
synthesis of highly unsaturated fatty acids, and thus the process might help produce
novel lipid molecular species for specialized cell membranes (Crawford et al.
2013). DHA is known to have had provided the core for the development of the
photoreceptor, and conversion of photons into electricity stimulated the evolution of
the nervous system and brain. DHA has since been found conserved as the principal
acyl component of photoreceptor synaptic and neuronal signaling membranes in the
cephalopods, fish, amphibian, reptiles, birds, mammals, and humans. Despite great
genomic changes, this unimaginably extreme conservation in electrical signaling
membranes suggests it was perhaps nothing but DHA dictation on DNA. The
quantum mechanical works of Crawford et al. predict that the unique molecular
structure of DHA allows for quantum transfer and communication of p-electrons,
which explains the precise depolarization of retinal membranes and the cohesive,
organized neural signaling (Crawford et al. 2013).

The basis of quantum transfer and communication of p-electrons in DHA has
been explained in ref. (Crawford et al. 2013). The van der Waals equation (see
Crawford et al. 2013) hints that DHA has both stereochemical and electromagnetic
properties. Quantum mechanics can predict the existence of energy levels inside
lattices, whereby any electron in that level can be effectively spread across the
whole structure, thus becoming a quasiparticle or a wave. Albert Szent-Gyorgyi
postulated that common energy levels could exist in protein structures, as they
contained ‘a great number of atoms, closely packed with great regularity.’ He
considered the communication of energy between molecules in biological systems
could be achieved through coherence of electrons raised to a higher energy state.
The formation of a triplet state of the p-electrons around double bonds in aromatic
amino acids was the basis for this mechanism (Steele and Szent-Gyorgyi 1957;
Avery et al. 1961). Since Szent-Gyorgyi, the electron transfer of the energy pro-
duction system in mitochondria has become well known. Bendall (1996) considered
the conformal dynamics of proteins to be reliant on the long-range transfer of
electrons. The method of quantum transport is quantum mechanical tunneling, a
feature of proteins demonstrated by Hopfield (1974). Hackermuller et al. (2003)
obtained evidence that tetraphenylporphyrin exhibits wavelike behavior, indicating
quantum coherence in nature. Hammeroff and Penrose (1998) proposed a model
based on quantum mechanics that can explain consciousness and is testable. In the
‘Orchestrated Objective Reduction’ model of consciousness, quantum coherence
exists in the microtubules found in neurons. It is hypothesized that microtubules are
capable of quantum computing, and quantum computations are translated to
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classical outputs—hence consciousness. Hammeroff (2010) then proposed the
connections between neurons were linked to consciousness. Gap junctions are small
enough for quantum objects to cross by quantum tunneling, allowing cohesion
across regions of the brain and creating consciousness. The brain can contain
numerous proteins but is absolutely dysfunctional without DHA and arachidonic
acid (20:4n-6, AA). Crawford et al. (2013) hypothesize that the p-electrons in DHA
could behave in similar quantum manner, explaining the unique and irreplaceable
role of DHA in neuronal signaling. According to Crawford et al., we must also
consider that beyond consciousness, cohesion across regions of the brain drove the
evolution of symbolic thinking and behavior, which is the hallmark of humanity.

There is a planarity to the DHA molecule and a d (+)ve to d (−)ve polarization to
the electron cloud (see Fig. 9.4). The same polarization applies to the sigma
electrons around the methylene groups.

In photoreceptor membrane, the polar headgroup on the outer face is dominated
by a phosphate and a strong quaternary amine (choline). On the inner side of the
membrane, there is the same phosphate but a weak primary amine (ethanolamine).
The resting state bilayer will be charged, with the probability of finding an electron
greater in the direction of choline. Two conditions which could pull an electron out
of DHA are as follows (details in Crawford et al. 2013):

(i) A sufficient electrical charge as in hyperpolarization,
(ii) The Einstein photoelectric effect-type mechanism.

Electrons from a material are dislodged by the impingement of photons when
those photons reach or exceed a threshold frequency. Below the threshold

Fig. 9.4 Molecular dynamic representation of DHA illustrating the alternative d −ve and d +ve
distribution through the molecule. With the electrons in the methylene groups participating, a
probability exists of electron cohesion across the whole molecule. The methylene participation is
confirmed in the NOE analysis described later. For details, see Crawford et al. (2013)
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frequency, no electrons are emitted from the metal regardless of the light intensity
or the length of time of exposure to the light. Einstein’s photoelectric effect explains
the fact that light can eject electrons from metal even if its intensity is low, where
Albert Einstein proposed that a beam of light is not a wave propagating through
space, but rather a collection of discrete wave packets (photons), each with a
quantum of energy. Simply, we can summarize it by saying that the photoelectric
effect is caused by absorption of quanta of light. This effect is found applicable to
explain the mechanism of the light-induced electron transfer in condensed phase,
e.g., as found in the case of DHA in neural cell signaling (for details, see Crawford
et al. 2013). Here, an important question regarding the photon energy efficiency in
condensed phase has been addressed. As it is known that the energy of a photon in
visible wavelengths is more than sufficient to eject an electron from retinal, could
the same photoexcitation take place in the p-electrons of DHA? The isomerization
of the 11-cis-retinal is achieved by a photon energy exciting a p-electron into an
escape mode. DHA double bonds consist of a r bond and a p bond. The calcu-
lations found the following: the 80 kcal/mole (the r bond energy) and 65 kcal/mole
(the p bond energy) of total 145 kcal/mole (the C = C double bond energy). The p
bond energy is much less than that of r bond. Therefore, p bonds are more reactive
than r bonds which means that all things being equal, the p bonds of DHA are
more likely to undergo activation by light.

Further into the insights, based on the molecular dynamic calculations, the
ground state energy of DHA is found to be 50 kJ/mol which is in the region of
photoreception. Visual responses still can be detected in the electroretinograms of
mice lacking critical components of all known retinal phototransduction cascades
(Allen et al. 2010). Excitation of a p-electron in the DHA phosphoglycerides fol-
lowed by electron tunneling, in response to hyperpolarization, could offer a theo-
retical solution which fits with that of Gawrisch et al. (2003) who describe low
barriers to torsional rotation about the C–C bonds that link the cis-locked double
bonds with the methylene carbons between them.

Electron tunneling has been explained here. If one electron is delocalized and
pulled out by hyperpolarization, an immediately distal electron will take its empty
place and this electron tunneling would lead to a current to flow. The Pauli
Exclusion Principle suggests that no two electrons can occupy the same energy
state. If one electron is pulled out, the loss leaves a hole which can only be filled by
an incoming electron of the same quantum status of spin and energy. This is
explained in Fig. 9.5. This process could depolarize the membrane and do so only
at a quantized energy level, as is understood here, theoretically.

Crawford et al. demonstrated some remarkable conservation and irreplaceable
nature of DHA in neuronal signaling and its high concentration in the photore-
ceptor. For details, readers should consider reading the whole paper from Crawford
et al. (2013), due to lack of space we just briefed here. Here, explanations were
provided through consideration of electron tunneling providing quantized signals.
Membrane depolarization in phototransduction was explained using quantum
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mechanical treatment. This precision is essential to visual acuity and synaptic
signaling. The energy-minimized structures, molecular polarization, and moment of
inertia of DHA allow for its theoretical possibility of operating in the realm of
supramolecular chemistry with electron quantum coherence. This is certainly a
preliminary study which requires more in-depth investigations.

There are many studies in various cell-based fields already performed. Due to
lack of spaces, we shall avoid going to other fields than what have been discussed
for ion channels. The quantum mechanical understanding of the cell is now a

Fig. 9.5 Dual particle/wave properties of an electron tunneling. Neural signaling is assumed to be
600 million years (my) old as the nervous tissue first arose in wormlike organisms about 550–600
my ago. Seen as particle, it is like a ball hitting a brick wall—impossible to penetrate. However,
there is no such thing as a ball or brick wall; the electron’s ‘position’ is only the sum of the
molecular electromagnetic forces defining a probability function for its location. As a wave, there
are probability distributions in which the electron penetrates barriers and can communicate with
neighboring molecules or end up in other regions of the molecule. Removal of an electron in a
neighboring orbit will reduce repulsive forces and invite the electron into a new, higher energy
orbit. An electropositive charge will increase the probability of occupation. The p-electrons have
opposite intrinsic angular momentums or spin. The occupation of the orbit by two electrons with
the same quantum energy state is forbidden. The Pauli Exclusion Principle ensures that the energy
level at which tunneling occurs is precise. For details, see Crawford et al. (2013)
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reality. Before the beginning of this century, it was thought that quantum mechanics
application in cell is not quite possible though predictions were made. More
developments are expected to happen fast over next decades.

9.4 Quantum Effects in Photosynthesis

Photosynthetic complexes are naturally tuned to capture solar light efficiently. The
excitation energy is then transmitted to reaction centers, where long-term energy
storage is initiated. Semiclassical models are often used to describe the energy
transfer mechanism. Two-dimensional (2D) Fourier transform electronic spec-
troscopy has been found to map the energy levels and their coupling in the Fenna–
Matthews–Olson (FMO) bacteriochlorophyll complex. The FMO is a water-soluble
complex. It is found to appear in green sulfur bacteria and is active in mediating the
excitation energy transfer from light-harvesting antenna chlorosomes to the
membrane-embedded center of bacterial reactions.

Although the spectroscopic investigations clearly document the dependence of
the dominant energy transport pathways on the spatial properties of the excited-state
wave functions of the whole bacteriochlorophyll complex, the intricate dynamics of
quantum coherence has always been ignored. Engel and co-workers attempted first
in 2007 to extend previous 2D electronic spectroscopy investigations of the FMO
bacteriochlorophyll complex and obtained direct evidence for remarkably
long-lived electronic quantum coherence playing an important part in energy
transfer processes within this system (Engel et al. 2007). The quantum coherence
was reported to manifest itself in characteristic, directly observable quantum
beating signals among the excitons within the Chlorobium tepidum FMO complex
at temperature 77 K.

Some photosynthetic proteins have been found to host phenomenon such as the
electronic energy transfer involving quantum coherence. In photosynthesis process,
sunlight is captured and transported by highly specialized proteins known as ‘an-
tenna proteins.’ Structural models and absorption spectra of a few representative
photosynthetic light-harvesting antennae are presented in Fig. 9.6.

In Fig. 9.6, the presented spectra were recorded at 77 K, but they are similar at
ambient temperature, owing to the presence of significance inhomogeneous line
broadening.

Following clockwise direction, left to right:

(a) The peridinin-chlorophyll proteins (PCPs) of dinoflagellates that contain eight
blue-absorbing peridinin molecules and two chlorophyll-a molecules (for
details, see Hofmann et al. 1996).

(b) PE545 complex, typical of varieties of cryptophyte antenna proteins, binds
eight bilin chromophores with absorption that is found to vary widely among
species (for details, see Wilk et al. 1999).
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(c) Primary light-harvesting complex of the higher plants, LHC-II, shown in trimeric
form. Each trimer complex binds eight chlorophyll-a and six chlorophyll-b
chromophores and carotenoids used for the purpose of photoprotection and
regulation (for details, see Liu et al. 2004).

(d) Gigantic chlorosome antennae from green sulfur bacteria comprise about
200,000 self-assembled bacteriochlorophyll-c chromophores (for details, see
Ganapathy et al. 2009).

(e) LH2 complex from purple bacteria is notable for its apparently beautiful
ninefold symmetry (for details, see McDermott et al. 1995).It binds carotenoids
and two rings of bacteriochlorophyll-a chromophores, 9 and 18 in the B800
ring and B850 ring, respectively.

The antenna proteins are found to act as quantum machines, use a quantum
transport mechanism, guide the light, and finally store the energy in the centers of
their reactions. Scientists at the Institute of Photonic Science in Barcelona, in
collaboration with colleagues at the University of Glasgow, for the first time tracked
the energy flow in individual proteins and discovered that the quantum coherences
made the light flow in the antenna protein immune to the ubiquitous external natural
effects.

Fig. 9.6 A few photosynthetic light-harvesting antennae, their structural models, and absorption
spectra are presented here. This is copied from Scholes (2010) and Collini et al. (2009) with due
permission to reproduce
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Besides explaining the role of the mentioned antenna proteins in photosynthesis,
the meaning of quantum-coherent energy transfer was explained in detail by
Scholes in 2010 (Scholes 2010). Here, a few questions were analyzed such as why
did certain photosynthetic organisms evolve to use quantum coherence in light
harvesting and are these electronic excitations entangled? The analysis put forward
a basis for chemists to attempt further to understand the details of the phenomenon.

The chromophores, specifically tetrapyrroles, called bilins, in cryptophyte
antenna proteins are arranged with average nearest-neighbor separations of � 2 nm
(Wilk et al. 1999). In comparison, nearest-neighbor separations between chloro-
phyll molecules in the major higher plant peripheral antenna protein LHC-II are
typically about half of that distance that is � 1 nm (Barros et al. 2009). Yet, the
cryptophyte antenna complexes are still able to collect incident light and transfer
those excitations to specific reaction centers with a high quantum efficiency of > 95%
(van der Weij-De 2006). Two-dimensional photon echo experiments, briefly
explained in Fig. 9.7 (measurement of the quantum coherence), provide an answer to
the question—how cryptophyte antenna complexes are able to function with the same
overall efficiency as LHC-II (Scholes 2010). Quantum coherence is found to play a
role, even at or near physiological temperature, to ‘wire’ chromophores together in
the cryptophyte antennae, thereby compensating for the large interchromophore
separations (Collini et al. 2010).

Fig. 9.7 Measurement of the quantum coherence using 2D photon echo spectroscopy. Copied
with due permission and through personal communication with Professor Gregory D. Scholes
(Scholes 2010)
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The 2D electronic photon echo (2DPE) spectroscopy is now a practical method
for obtaining detailed insights into excited-state dynamics. The 2DPE spectra in-
formation includes the time evolution of coherent superpositions of the absorption
bands, which provides a measure of quantum coherence. To illustrate this, Scholes
considered a representative rephrasing 2DPE spectrum for a population waiting
time T. The data are plotted as the photon echo ‘emission’ frequency xt versus the
conjugate frequency xs that represents excitation. They are plotted here in Fig. 9.7
on an arcsinh intensity scale to accentuate the representation of weak features in the
cross-peaks. The dynamics was followed by recording a series of such spectra for
various population times. The data shown here (see Fig. 9.7) were recorded for an
aqueous suspension of cryptophyte antenna proteins at 294 K (PC645 from
Chroomonas CCMP270) (Collini et al. 2010).

In Fig. 9.7a, the linear absorption spectrum is projected along the diagonal of the
2DPE spectrum. Despite happening the strong spectral line broadening, peaks along
the diagonal (white line) can be identified with absorption bands in the linear
spectrum, projected above and beside each 2DPE plot for reference. For example,
the excitation of the absorption band labeled b can yield an emission at the same
frequency in the photon echo, according to the double-sided Feynman diagram
shown on the right-hand side of the panel. That signal (analogous to a bleach signal
in pump–probe spectroscopy) yields a diagonal peak in the 2DPE spectrum, as
indicated.

In Fig. 9.7b, c, off-diagonal peaks in 2DPE spectra can have a few different
origins. They may mean, for example, that excitation of the absorption band a
produces an excited-state population that relaxes incoherently to band b, perhaps by
electronic energy transfer. Consequently, a cross-peak in the lower diagonal would
emerge with population time T. Cross-peaks can also provide signatures of coherent
superposition states formed by the excitation pulse sequence. Two possible
coherent superposition states are presented here, and depending on the corre-
sponding off-diagonal component of the density matrix, aj i bh j or bj i ah j, they can
produce a 2DPE signal at the upper or lower cross-peak position, respectively.
According to the representative Feynman diagrams that explain these signal con-
tributions, an oscillating phase will be acquired during the population time T as like
as the beating sound heard when two tuning forks of different frequency are rung
simultaneously. The magnitude of the oscillation frequency is determined by the
energy difference between the two absorption bands in the superposition state, but
the sign of the oscillation is opposite for each peak in the pair of the cross-peaks.

In Fig. 9.7d, cross-peak intensity oscillations in 2DPE spectra reveal quantum
coherence, particularly by the observation of anticorrelated oscillations as a func-
tion of T. As an illustration, the cross-peak intensities versus T were fitted to a sum
of damped cosine functions and thereby the oscillating component corresponding to
the energy difference between a and b was isolated. The anticipated anticorrelation
was clearly indicated. The damping time of the beats indicated the decoherence
time for the superposition.
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Hildner et al. employed fs pulse-shaping techniques and showed that quantum
coherences in single organic molecules can be created, probed, and manipulated at
ambient conditions even in highly disordered solid-state environments. A broadly
distributed coherence decay time for different individual molecules giving direct
insight into the structural heterogeneity of the local surroundings was reported in
their studies (Hildner et al. 2011). Here, they induced Rabi oscillations and could
control the coherent superposition state in a single molecule. Thus, they could carry
out a basic fs single-qubit operation at room temperature. Energy transport path-
ways of separate individual but chemically identical antenna proteins were evalu-
ated. Each protein was shown to use a distinct pathway. The transport paths within
single proteins could adapt the optical efficiency and were found to vary over time
due to changes in the environmental conditions. The coherence which is a genuine
quantum effect of superposition of states is thus found responsible for maintaining
transport efficiency in biological systems.

Sarovar et al. investigated the entanglement in multichromophoric light-harvesting
complexes. They considered the case for the FMO protein to extract the initial state and
temperature dependencies of entanglement (Sarovar et al. 2010). It was found in this
study that although the FMO protein in natural conditions largely contains bipartite
entanglement between dimerized chromophores, a small amount of long-range and
multipartite entanglement should exist even at physiologically relevant temperatures.
A rigorous quantification of entanglement in a biological system was thus analyzed
here.

Quantum effects in photosynthetic complex were observed by Greg Engel and
collaborators in 2007 (Engel et al. 2007). These effects were reproduced in different
laboratories using varieties of approaches at a temperature of around −193 °C and
subsequently at ambient temperature. These quantum effects have been observed in
biological complexes, which are large, wet, and noisy systems that make the effect
as also physiologically relevant. We shall avoid explaining the techniques in detail.
But serious readers may go through the referred references to acquire an in-depth
understanding. Although quantum effects of photosynthesis have been predicted
earlier and recently demonstrated details, understandings require more studies.
Future development of fine methods and techniques to address quantum effects in
dynamic and noisy biological systems especially in living cells may update our
understanding further.

9.5 Quantum Imaging

Quantum-based life science imaging is a possible future technique to generally
emerge. Fluorescence-based imaging has been popular in biological systems.
Whole cell imaging, cell compartment/section imaging, cell penetrating agent,
particles, microbes imaging, etc., are routinely performed as there are developed
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imaging techniques already in place (Alivisatos 2004). The quantum properties of
single spins within fluorescent particles have been explored in nanoscale magne-
tometry fields (Maze et al. 2008; Balasubramanian et al. 2008; Chernobrod and
Berman 2005; Taylor et al. 2008; Degen et al. 2008; Cole and Hollenberg 2009;
Hall et al. 2009). Such investigations are yet to be explored in biological envi-
ronments. Recently, McGuinness et al. (2011) demonstrated optically detected
magnetic resonance of individual fluorescent nanodiamond nitrogen-vacancy
(NV) centers inside living human HeLa cells and measured their location, orien-
tation, spin levels, and spin coherence times with nanoscale precision. They mea-
sured quantum coherence through Rabi and spin echo sequences over long time,
greater than 10 h. The orientation was tracked with effective 1° angular precision
over acquisition times of 89 ms. Here, we may mention that the Rabi cycle is the
cyclic behavior exhibiting the Rabi flopping of a two-level quantum system in the
presence of an oscillatory driving field.

Measurement of the NV quantum state within living HeLa cells in culture has
been made (McGuinness et al. 2011). The NV center is an atomic-sized defect, with
stable fluorescence observed in small crystals with dimensions as small as 5 nm
(Bradac et al. 2010). Here, three specific investigations were made:

– Microwave spectroscopy to distinguish NV centers with otherwise identical
fluorescence within the cell. Study 1,

– Intracellular quantum coherence measurement of single spin systems, including
Rabi and spin echo sequences. This study provides a foundation for further
intracellular magnetometry studies. Study 2,

– Orientation tracking of nanodiamonds in the intracellular medium, based on
continuous ODMR monitoring. Study 3.

In a confocal microscope with microwave control, it was first demonstrated how
the unique quantum properties of each NV in the absence of an externally applied
magnetic field (B0 = 0) could be used as a fingerprint in the intracellular environ-
ment to spectrally separate nanodiamonds (see Fig. 9.8a). Before imaging, HeLa
cells cultured in media containing fluorescent nanodiamonds (see Fig. 9.8b) were
washed in phosphate-buffered saline (PBS). A typical confocal image of one cell
(HeLa-1), which contains two single NV centers (NV-1a and NV-1b) in the same
focal plane, is shown in Fig. 9.8c. Quantum measurement and control of the NV
center are shown in Fig. 9.8d.

The coherent quantum control and measurement of the spin state of the NV
probe in the intracellular environment were demonstrated (see Fig. 9.9). Coherence
times for both NV-1a and NV-1b were measured by means of spin echo, and this
sequence was repeated for each NV as the cell timeline progressed. This in living
cell demonstration represents the full suite of quantum control and measurement
required for nanoscale intracellular magnetometry.

Continuous optically detected magnetic resonance (ODMR) monitoring in the
presence of an external magnetic field allows rotational motion of an internalized
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nanodiamond. This is to be measured over millisecond (ms) acquisition timescales.
This was demonstrated in this study (see Fig. 9.10) (McGuinness et al. 2011).

Figure 9.10a shows two spectra taken over the life of the cell that demonstrate
the timescale for rotational monitoring to be essentially unlimited, depending only
on the cell lifetime. With knowledge of the applied magnetic field strength B0, the
nanodiamond orientation can be determined through the geometric relationship
h = cos−1(�h Dx/lNVB0) where h is the angle between B0 and the NV axis, lNV is
the magnetic moment of the NV center, and Dx is the peak separation between the
ODMR transitions. Figure 9.10b tracks the value of h that was derived from the
measurement of Dx over 16 h. Figure 9.10c represents the plot of the
three-dimensional position and rotation of NV-2 over a 3 h period (indicated by the
dashed vertical lines in Fig. 9.10b).

Fig. 9.8 a Experimental setup with microwave (MW) control of the NV spin levels and confocal
fluorescence readout. b Bright field and confocal fluorescence images of HeLa cells that show
uptake of nanodiamonds. NV fluorescence is shown in red, and the nucleus is stained using
Hoechst 33342 (blue). A Leica TCS SP2 confocal microscope was used. c Atomic lattice structure
of the NV center. d. Quantum measurement and control of the NV center are shown here. Left:
energy levels of the NV probe system and fluorescence dynamics. Middle: quantum control for
studies 1 and 2 (p and p/2 pulses for spin echo). Right: orientation-dependent Zeeman splitting
Dx(h) in an applied magnetic field B0. For details, see McGuinness et al. (2011)

9.5 Quantum Imaging 371



The quantum spin levels were found to serve as fingerprints that allow individual
centers with identical fluorescence to be identified and tracked simultaneously.
Monitoring decoherence rates in response to changes in the local environment may
be found to provide new information about intracellular processes. The experiments
performed by McGuinness et al. (2011) that are summarized here demonstrate the
viability of controlled single spin probes for nanomagnetometry in biological
systems. This kind of approach may be explored further to open up new possi-
bilities for quantum-based imaging of cells and cellular compartments in life
sciences.

Fig. 9.9 a, b, Rabi oscillations of NV-1a and NV-1b measured at various times during the
lifetime of the cell. c, Initial spin echo measurements on both NV centers (statistical errors *1%
level). d, Time evolution of the decoherence rates extracted from the spin echo profiles for both
NV centers. The uncertainties in the extracted values, quoted at the one sigma level, are
determined from the fit to the data. For details, see McGuinness et al. (2011)
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Epilogue

Application of biophysics principles in addressing cell’s nanometer dimension
structures and functions started not too long ago. But recent advances in this area
are not limited too. This is why I took an initiative with Springer-Verlag to publish
a book with the title ‘Nanoscale Biophysics of the Cell.’ I have presented quite a lot
of information about biological and biophysical aspects of various cellular events.
To be in line with the title of the book, my focus has always been to limit the
discussion in the specific nanoscale world of cell and the surrounding cell biological
fields by presenting the analysis of existing and novel experimental and theoretical
data along with the techniques of their production, methods of interpretations, and
understanding of their applications. The book has addressed on structural and
functional mechanism perspectives of both normal cell conditions and perturbed
conditions under the influence of diseases. A lot of specific cell-based structural
components have been taken into consideration as examples for explaining the
biophysics aspects of mainly the nanoscale structure cell components.

The book started with the search of a descriptive definition of life. With the
development of technology over centuries, we have been able to revise our
knowledge on cell by going deep into its finest structures. Consequently, life’s
definition, once used to be made up using biological perspectives, now also requires
considerations of physical principles and phenomena discovered in cells for a
descriptive understanding. We have attempted to do so. The physics of cellular
dynamics, diffusion, and transport has been explained considering existing rules
and models as well as novel principles and analytical expressions. Application of
biophysics in nanoscale sections of cell is a pretty new field. A lot of new
physics-based models have to emerge to help understand the unexplored areas.
I have produced a few conceptual approaches what readers may find as their mind
opening and thought creating for further explorations in microscopic cell’s
low-dimension interior word.

Biological cells are enriched with molecular machines which account for most of
the molecular-level solid state structures that regulate cellular functions. Their
pre-creation molecular mechanisms, states, and energetics of physical existence and
their physiological functional aspects have been inspected quite in detail. The book
contains rigorous discussion where molecular machines have been scrutinized in
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regard to their physical roles in creating cell-based natural nanotechnology. The
principles of these natural nanotechnology along with artificial biophysics tech-
niques can be utilized for regulating the functions of cellular machines and work
toward repairing the cellular disorders by designing drugs. I provided quite a
detailed explanation on this issue too.

The molecular machines in cancer cells appear with perturbed physiological
properties. Special emphasis has been given in understanding ion channels in
cancer cells. This medically important area will certainly be found attractive due to
the importance in applied medical research.

Although quantum mechanics application in cell is quite new, it offers some
promising tools to understand crucial cellular processes. A brief address on quan-
tum mechanical calculations that are especially related to the quantum effects in cell
dynamics has been provided.

Low-dimension cell structure-based nanotechnology has been naturally
observed. Physics principles besides biological and chemical properties are also
naturally in built to drive physical structures into functioning. Application of
physics principles related to interactions, forces, and energies are mainly respon-
sible to cause and regulate the statics, dynamics, and technological architectures of
cells. Biological processes as detected in observational experiments are better
understood using the physics laws. Disorders due to disease conditions can also be
addressed through understanding the perturbations in structures and functions using
related physics principles. ‘Nanoscale Biophysics of the Cell’ will help the readers
to get a summary of huge information on all of these. We hope that this monograph
will be a catalyst for future studies of cell in regard to its treatment at the nanoscale
components where various technologies are available. It is my great hope that this
book will become a source of empirical information and conceptual inspiration to
students of biophysics, biology, biomedical sciences, and engineering disciplines,
and expert researchers including those involved in pharmaceutical sciences and
industries.
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