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ABSTRACT
Inspired by the high specificity and efficiency of the invasion of viruses into mammalian
cells, extensive effort has been devoted to develop biomimetic nanoparticle (NP)-based
therapeutics. Driven by the specific binding of ligands on the NP with the complementary
receptors overexpressed on cancer cells, NPs enter cells through receptor-mediated endocytosis.
As drugs are loaded either on or inside NPs, the efficacy of such systems is largely controlled by
the amount of NPs that enter cells, i.e. cellular uptake. Despite considerable progress in the
optimization of the NP design for enhanced cellular uptake, a comprehensive design map that
presents the optimal combination of various variables is still missing. In addition, due to the
active responses of cells to physical stimuli via mechanotransduction, the cellular uptake may
also be regulated by the physical environments of cells. Especially, whether and how substrate
stiffness and surface topography modulate cellular uptake of NPs requires further investigation.
To understand the endocytosis process, we developed a thermodynamics model for
receptor-mediated endocytosis of spherical NPs. This model allowed us to interpret the
endocytosis process from a general energy-balance framework of NP-membrane adhesion and
membrane deformation. The model foresaw the interrelated effects of particle size and ligand
density on endocytosis. The phase diagrams of the endocytic time of a single NP, cellular uptake
of multiple NPs and the phenomenal cellular uptake rate in the space of particle size and ligand
density provide a clear design map for spherical NP-based bioagents. To study the endocytosis of
nonspherical NPs, which is inaccessible by theoretical approaches, we extended our coarsegrained molecular dynamics (CGMD) membrane model to simulate receptor-mediated
endocytosis of NPs of various sizes and shapes. Our simulations demonstrated that NP shape
modulates the kinetics of endocytosis via rotation mediated by the membrane deformation. For a
spherocylindrical NP with the initial upright docking position on the membrane plane,
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endocytosis proceeds through a laying-down-then-standing-up sequence. A free energy analysis
revealed that NP size encodes the maximal membrane curvature energy that primarily determines
the completion of endocytosis, while NP shape breaks the symmetry of curvature energy
landscape and hence dictates the endocytic pathway and the angle of entry. By performing
cellular uptake assay on polyacrylamide (PA) gel of various stiffnesses and substrates of various
topographies, we confirmed the direct regulations on cellular uptake of NPs by the physical
environments of cells. Our experiments indicated that physical stimuli modulate cellular uptake
via mechanotransduction by dictating cellular spreading and membrane mechanics. Our results
not only provide fundamental guidelines, but also open up new avenues for engineering NP-based
drug delivery system for more sensitive disease diagnosis and more effective anticancer drug
delivery.
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Chapter 1
Introduction

1.1 Cancer, Cancer Diagnosis and Anticancer Therapies
Cancer, as the second leading cause to death, is killing more than half million people
annually in US. Sadly, despite tremendous efforts and funds that have been devoted to cancer
research, the death rate from cancer is only reduced by less than 15% since last decade [1]. Even
though it is still an incomplete puzzle to fully understand the causes of cancer at this stage, its
pathological evolution from initiation to metastasis is becoming increasingly clear. The
pathological change from a normal tissue to cancer begins with unregulated cell growth and
proliferation due to inherited genetic defects and/or induced gene mutations after exposure to
chemical carcinogens, radiation, viruses, etc., forming a primary tumor [2]. The tumor cells are
highly invasive compared with normal cells. They are able to attack nearby tissues, spread
through bloodstream and/or lymphatic system to attack distant organs and form secondary
tumors, a process called metastasis [3]. Metastasis happens at the later stage of cancer and is
responsible for over 90% of cancer-related deaths [4]. Therefore, early stage cancer diagnosis
before metastasis and effective treatments after metastasis hold the promise to largely improve
the survival rate.
Cancer is usually identified using one or more diagnosis techniques, including blood
tests, biopsies and imaging studies. Blood tests are performed to detect the antigen levels that are
produced by cancer cells in blood stream. However, the sensitivity of blood tests is still
questionable, since an elevated antigen level may also present for other reasons even without a
cancer [5]. Therefore, a positive result from blood tests usually needs further confirmation by
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imaging studies and/or biopsies. X-ray (e.g. computed tomography and mammography), magnetic
resonance imaging (MRI), and ultrasound are the main imaging methods for cancer diagnosis.
Using X-ray for diagnosis has always been controversial because it involves mutagenic ionizing
radiation, which has a chance to cause new cancers to happen [6, 7]. MRI and ultrasound are
considered as non-invasive since they involve neither surgical operations nor ionizing radiation.
However, they are somehow restrained by their limited sensitivity. Using contrast agents, for
example chelates of gadolinium [8] and superparamagnetic iron oxide nanoparticles (NPs) [9] for
MRI while microbubbles for sonography [10], can largely improve imaging contrast between
different tissues. Biopsies require collecting a tissue sample from the suspected cancer, followed
by further ex vivo examinations. Accurate positioning of target tissues under the guidance from
imaging techniques allows doctors to collect sample tissues with more confidence [11].
Therefore, improving imaging resolution not only benefits direct imaging studies, but also helps
biopsies. How to specifically and efficiently deliver imaging contrast agents into targeted cancer
tissues to improve cancer diagnosis is one of the direct implications of this dissertation.
What clinical therapies that a cancer patient should receive is usually case-dependent and
requires a thorough evaluation on cancer type, grade, location, patient’s physical condition, etc.
Once metastasis occurs, the cancer treatments that are highly effective for localized solid tumors
including surgery, radiation therapy, and photodynamic therapy, loose their effectiveness. These
treatments are also inherently useless for non-localized cancers, for example leukemia. In contrast
with localized treatments, systemic therapies, such as chemotherapy, immunotherapy and
hyperthermia, are more commonly used in the cases where metastasis has already occurred or the
cancer is not localized to a specific location.
In chemotherapy, cytotoxic drugs reach all over human body through blood circulation
and kill cells that divide rapidly, which is one of the main characteristics of cancer cells. However,
some normal cells also have a high proliferation rate (e.g. cells in the bone marrow), and
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therefore are killed along with cancer cells, causing severe side effects. Improved drug delivery
methods that deliver drugs specifically into cancer cells hold the potential to greatly reduce the
damage to normal cells. Drugs conjugated with antibodies that can bind with the proteins on
cancer cell membrane largely reduce the uptake by normal cells [12]. However, such drugantibody conjugates suffer from quick hydrolysis in blood stream and clearance by the immune
system [13].
Immunotherapies work differently from chemotherapies in a way that they induce the
immune system (e.g. T cells) to fight against cancer cells rather than directly killing cancer cells
with drugs [14]. Therefore, such treatments have much less side effect. Substances, including
antibodies and vaccines, are usually injected to boost the immune system [15]. However, only a
small fraction of these substances can reach lymph nodes, which are the command centers of the
immune system, and some of them are no longer functional due to the severe degradation by the
trip. In addition, cancer cells are smart enough to camouflage themselves from being recognized
by the immune system by forming a protective barrier of certain proteins [16]. Drugs, which can
block the expression of protective proteins, are used to break down the protective barrier along
with the substances to stimulate the immune system [17].
Hyperthermia therapy can work both locally on a specific tissue and on whole body
depending on the heating area. It functions by damaging cancer cells with raised temperature.
More commonly, rather than directly kill cancer cells, it serves as an accompanying treatment to
make cancer cells more sensitive to other forms of cancer treatments including radiation and
chemotherapy [18, 19]. The main concern regarding to this therapy is the possible damage that
might be done to normal tissues. Specifically delivering superparamagnetic iron oxide NPs into
tumors ensures minimal heating towards normal tissues while allows to heat tumors to high
temperature, which largely reduces the side effects [20].
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Therefore, a more effective drug delivery system would not only benefit cancer diagnosis
at early stages, but also advance current cancer treatments that are available for non-localized
cancers or after metastasis has already happened, which together hold great promise to reduce the
death rate from cancer in near future. The new system should fulfill three basic requirements.
First, it can protect drugs from possible hydrolysis and clearance by the immune system in
circulatory systems, which allows maximized amount of drugs to reach tumor sites. Second,
drugs can recognize cancer cells with high specificity. Minimizing the amount of drugs that are
delivered into normal tissues largely reduces possible side effects. At last, the system can
facilitate drugs to enter cancer cells with a high efficacy. Cancer cells can be killed or
distinguished from normal tissues with a high enough resolution only when the amount of drugs
delivered inside cancer cells reaches the therapeutic window.

1.2 Virus-Inspired Drug Delivery System
Motivated by the fact that improving drug delivery efficacy benefits both cancer
diagnosis and anticancer therapies, searching for a better solution for drug delivery has always
been one of the main focuses in cancer research. Nature has inspired us with a rich complexity of
structural designs at nanoscale via evolution, and many biomimetic materials and structures
exhibit superior properties [21-24]. Among various microorganisms, viruses represent the most
relevant nanoscale object in nature to artificial nanomedicine. Their remarkable ability to invade
cells with extremely high specificity and efficiency motivates intensive investigations into their
structures and functions.
The majority of viruses have a size between 20-300 nm and they feature a diverse
collection of shapes ranging from icosahedral, spherical, filaments, to bullet/rod. Viruses are
typically composed of an inner core of genetic materials, a protective shell of proteins, and an
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outer lipid envelope on which glycoproteins (known as ligands) present (Fig. 1-1(b)). The ligands
bind specifically with the complimentary proteins (known as receptors) on the cell membrane,
which triggers a complex succession of biomechanical and biochemical events: docking,
membrane wrapping, pinching off, and intracellular trafficking (Fig. 1-1(a)). Once entered,
viruses replicate within the host cells, destroy the cells, and spread from cell to cell in infectious
cycles, thus causing disease. For example, a hepatitis C virus (HCV), about 50 nm in size, is
constituted of an inner core of RNA genetic materials, an icosahedral protective shell of protein,
and a lipid envelope. HCVs infect specifically liver cells by endocytosis through the
glycoproteins (E1 and E2) on their lipid envelope. Once endocytosed, HCVs replicate themselves
in liver cells and bud off, continue to invade other liver cells, and subsequently cause liver cancer.
It is worth noting that proteins, such as clathrin, caveolae, etc., may also be involved
during the endocytic process [25]. Especially clathrin-mediated endocytosis accounts for a large
proportion of endocytic events. In this dissertation, receptor-mediated endocytosis is used for the
endocytic events that involve ligand-receptor binding, but in protein-independent manner. In fact,
endocytosis is not the only way for viruses to attack cells. Some viruses enter cells via membrane
fusion (e.g. HIV and herpes simple virus) [26-28], or genetic injection through entry pores (e.g.
phages) [29, 30]. In these cases, the ligand-receptor binding still serves as the way for viruses to
recognize host cells, but the complex succession of biomechanical and biochemical events after
initial binding are replaced by other biological events. This dissertation mainly focuses on
receptor-mediated endocytosis, and other types of entry are beyond the interests.
The highly effective and robust cell-targeting process of viruses has motivated
biomimetic design of NP-conjugates for cancer diagnosis and treatment (Fig.1-1(c)). The
essential concept is to conjugate ligand molecules onto the NP surface, usually antibodies and
short peptides. The conjugated ligands form a complimentary pair with overexpressed tumor
markers (e.g. epidermal growth factor receptor and folate receptor) on cancer cells. Even though
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antibody-drug conjugates also feature specific targeting, using NPs as drug delivery vectors has
way more advantages over antibody-drug conjugates. Firstly, the NP-conjugate is highly tunable.
Not only the particle size and shape can be well controlled during synthesis or fabrication [3135], but also the NP surface can be functionalized with various biomolecules to improve their
stability and biocompatibility [36, 37]. For example, grafting polyethylene glycol (PEG) onto NP
surface effectively reduces the recognition and clearance of NP-conjugates by the immune
system, and largely extends the circulation time of drugs in blood vessels [38]. The efficacy of
NP-conjugates entering cells can be optimized by improving the NP-conjugate design, as
described in more detail later. Secondly, due to their high surface to volume ratio, NP-conjugates
can carry a much larger payload of drugs and protect them from degradation. Drugs can be loaded
into NPs during NP synthesis by covalently crosslinking drug molecules onto NP building blocks
[39, 40] or via direct encapsulation [41-43]. More frequently drugs are loaded into the layer
between NP surface and surface functional macromolecules after NPs are prepared via noncovalent interactions, such as hydrophobicity, electrostatic attraction, etc. [44-46]. Their large
surface area also facilitates simultaneous loading of multiple types of drugs, or drugs with
imaging molecules (e.g. fluorescent dyes) [47-52]. Such multifunctional NP-conjugates can
achieve more than one therapeutic function, and have emerged as a promising next-generation
platform for targeted cancer therapies.
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Figure 1-1. Virus-inspired NP-based drug delivery system. (a) Schematic of the endocytosis of
delivery vectors by cancer cells [53], driven by the specific binding between the receptors (red Yshaped) on cell membrane (blue line) and the ligands (purple knob) on delivery vectors. (b)
Hepatitis C virus (HCV) structure (from www.prn.org). It is constituted of an inner core of RNA
genetic materials, an icosahedral protective shell of protein, and a lipid envelope. The buds on the
lipid envelope are the glycoproteins (E1 and E2) through which HCVs enter liver cells by
endocytosis. (c) Biomimetic NP-based drug delivery vector featuring functionalized surface
(brown) and conjugated ligands (yellow), with therapeutic payload (red dots) embedded in NP
matrix (grey).
NP-based therapeutics has been considered as one of the biggest breakthroughs in cancer
research in the past few decades. It holds great promise for more sensitive disease diagnosis and
more effective anticancer drug delivery compared with existing approaches. The actual efficacy
of a certain type of NP-conjugates is determined by many aspects, including drug loading
efficiency, biocompatibility in circulatory systems, tumor accessibility by NP-conjugates, cellular
uptake of NP-conjugates by cancer cells, and finally the drug release [54, 55]. Any problem in
these aspects would make the NP-conjugate fail in cancer treatment. In addition, NP cytotoxicity
also raises a big concern [56, 57]. Despite the high complexity, with close collaborations from
multiple disciplines, including biology, chemistry, pharmacology and mechanics, several types of
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NP-conjugates have already been approved for clinical use, and many are going through preclinical or clinical trials [58].

1.3 Factors Governing Cellular Uptake of Nanoparticles
As mentioned previously (Sec. 1.2), the efficacy of a certain type of NP-conjugates is
determined by many aspects from initial drug loading to NP-conjugate transport towards tumor
sites to drug release inside cancer cells, and each is worth a thorough study. Cellular uptake
happens after NP-conjugates exit blood vessels and reach tumor sites. This event is mainly driven
by the specific binding between the ligands on NP surface and the receptors on cancer cell
membrane. Since this event occurs in a symphonic manner, driven by the NP-membrane adhesion
while penalized by the cell membrane deformation [59], both NP properties and cell surface
mechanics play important roles in determining cellular uptake of NPs.

1.3.1 Particle design
As one of the most important features of NP-conjugates, they are designed to enter target
cells with high specificity, driven by the ligand-receptor recognition. This feature requires
prohibited entrance when the formation of ligand-receptor pairs is limited. However, studies have
demonstrated that NPs without ligands coated may also enter cells via receptor-mediated
endocytosis due to the adhesion of serum proteins onto NP surface [31]. Such entry is usually not
only limited to target cells. In addition, the nonspecific adhesion resulted from hydrophobic,
electrostatic, and van der Waals interactions between NP surface and cell membrane might be
strong enough to drive internalization to happen [60]. Reducing the possible serum protein
adsorption and the nonspecific adhesion increases the specific drug delivery into cancer cells
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while reduces the nonspecific delivery into normal cells, which largely reduces side effects.
Coating NP surface with hydrophilic/amphiphilic polymers, especially PEG, significantly inhibits
serum adsorption and hydrophobic interaction [38]. Since cell membrane is usually negatively
charged, NPs with positive charge would be attracted towards cells and loose specificity [60].
Nevertheless, too much negative charge on NP surface would obstruct the endocytosis to happen
due to the high electrostatic repulsion.
Another design variable that might remarkably affect the specificity and efficiency of
endocytosis is the choice of ligands. To target a specific type of receptors on cancer cells, usually
more than one type of ligands (e.g. antibody, protein segment, short peptide and aptamer) are
available to form ligand-receptor pairs. The sizes and binding affinities of these ligands vary in a
wide range [61, 62]. Considering the small size of NPs, the size of ligands limits the amount of
ligands that can be conjugated onto the NP surface, especially antibodies. The ligand density and
binding affinity together determine the adhesion strength of NP-conjugates. The adhesion
strength should big enough to be able to deform cell membrane. However, an extremely high
adhesion strength reduces the specificity of the NP-conjugate because it can enter cells even on
which receptors are not overexpressed. Theoretical studies also pointed out a ligand density
higher than a threshold value would slow down the endocytosis as more receptors are involved
during endocytosis [53, 63].
It is believed that the particle size should be above a threshold value (~10 nm), which is
determined by the glomerular permselectivity in kidney [64]. In vitro experiments show the
optimal particle size that leads to maximized cellular uptake is around 50 nm in diameter [31, 6568], which is explained later from both kinetics [69-71] and thermodynamics [53, 63, 72-74]
considerations. The size of NPs not only determines the membrane deformation energy profile
during wrapping, but also confines the amount of ligands that can be accommodated on the NP.
Therefore, particle size and ligand density interrelatedly modulate cellular uptake of NPs. The
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difference in cellular uptake of NPs of various geometries has been also evidenced in vitro [31,
34, 35]. However, how exactly particle shape regulates cellular uptake is still illusive and an
optimal particle shape has not been identified yet so far.
As discussed above, the NP-conjugate is a quite complex system. Besides the interrelated
effects of ligand density and particle size, many other variables are also interrelated. For example,
the polymer density, length and flexibility interrelatedly control the deformability of the polymer
layer and consequently NP elasticity [75, 76], which is another variable that modifies the
endocytosis process [77, 78]. The polymer layer also limits the accessibility of ligands to
receptors and the protein adsorption onto NP surface [79, 80]. The Given the same core size of
the NP, the density and chain length of the polymers coated onto NP surface determine the
effective particle size after functionalization and conjugation. Despite the continuous progress
that has being made in the optimization of NP design, a comprehensive design map that presents
the optimal combination of various variables is still missing.

1.3.2 Mechanotransduction
Over the past few decades, bulk experiments have evidenced the active responses of cells
to their mechanical and physical environments, including shear flow [81-85], substrate stiffness
[86-95], surface topography [96-99], etc. The responses range from changes in morphology to
proliferation, and to the change in differentiation and functions. Even though the understanding
on the mechanisms by which cells convert mechanical signals outside to biochemical events
inside is still not complete, studies suggest the conformational changes of functional proteins
through mechanosensitive ion channels and the primary cilium act as a common way to sense
mechanical signals in mechanotransduction [81, 100-102]. Similar conformational alteration to
relevant proteins also plays an essential role in mechanosensing of physical environments by
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cells. The mechanosensing of substrate stiffness mainly happens in focal adhesions, where one
end of integrins binds with extracellular matrices (ECMs) (e.g. collagen, fibronectin, laminin,
etc.) and the other with cytoskeletons via many cytoplasmic proteins such as talin, α-actinin,
filamin and vinculin. The stress transmitted through integrin stabilizes focal adhesions and
promotes the polymerization of cytoskeletal filaments [103, 104]. Besides focal adhesions, Bardomains and ion channels are also involved in curvature sensing on various surface topographies
[105].
As the endocytosis of NPs occurs at the nano-bio interface, the changes to membrane
mechanics induced by physical environments of cells would consequently modulate cellular
uptake. In the majority of studies on endocytosis, cells were cultured on glass or plastic substrates
that are not only extremely stiff but also perfectly flat. In fact, cells experience a completely
different environment in vivo. The ECMs that support cells are composed of the interstitial matrix
and gels of polysaccharides and fibrous proteins that fill the interstitial space. The stiffness of the
ECM is on the order of kPa, which is about 103 times lower than that of glass and plastic
substrates. In addition, its complex geometry presents various surface topographies for cells to
grow on. Though the cell responses to substrate stiffness and topography have been well
investigated, how they regulate cellular uptake of NPs, despite their high biological relevance,
remains unknown so far.

Chapter 2
Thermodynamics Analyses of Receptor-Mediated Endocytosis of
Nanoparticles
This chapter is based on the article [74]: “H. Yuan, C. Huang, and S. Zhang, VirusInspired Design Principles of Nanoparticle-Based Bioagents, PLoS ONE 5 (2010): e13495”.

2.1 Introduction
Motivated by the great promise in cancer therapies, intensive effort has been devoted to
the development of NP-based drug delivery systems in the past few decades. Many types of NPs
have been explored with various levels of success as drug carriers, including dendrimers [106110], liposomes [111-114], quantum dots [115-118], gold NPs [31, 47, 49, 119-122], magnetic
NPs [19, 20, 50, 123-125], virus-based NPs [66, 126-130], etc. While they possess features of
their own, their sizes vary in a wide range from several nanometers up to microns. In vitro
experiments have clearly shown the size dependence of cellular uptake of NPs [31, 65, 66, 68,
131, 132]. However, the complexity of the NP surface after coating and/or bio-conjugation makes
it hard to isolate the size effect from other surface properties, such as surface charge, ligand
density and length, etc. Therefore the exact role of the particle size in cellular uptake is still not
completely understood.
Theoretical studies are mostly motivated by the intention to uncover the mechanisms that
matured viruses take to bud off from the plasma membrane of host cells, which is essentially the
same process with the endocytosis of NPs. Based on energetic analyses, Lerner et al. [133]
pointed out that driving forces, other than membrane fluctuation, are required for viral budding to
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happen and the time scale is limited by receptor diffusion. Now it is clear that the actual driving
force stems from the chemical energy release whenever a receptor-ligand pair forms. Analytical
models [69-71] concerning the endocytosis of a single NP predict the optimal size that
corresponds to the minimal endocytic time is around 25-30 nm, which is consistent with in vitro
experiments [31, 65-68]. However, ligands are assumed fully occupied by receptors within the
wrapped region, which later is demonstrated not necessarily a requirement for endocytosis to
occur [63].
To measure the cellular uptake in vitro, mammalian cells are incubated with dispersed
NPs. The cellular uptake increases monotonically at the beginning and gradually reaches a
plateau after several hours, indicating the approach to a thermodynamic equilibrium [31, 67, 134].
Statistical analyses manifest that the essential difference between the endocytosis of a single NP
and multiple NPs lies in the existence of competition between NPs for receptors [53, 73, 135].
However, the effects of particle size and ligand density are not clearly presented. In addition, the
optimal size that corresponds to the highest cellular uptake does not necessarily correlates to that
of the highest uptake rate. How the physical properties of NPs regulate the uptake rate is still
largely illusive.
In this chapter, we aim to investigate the effects of particle design (i.e. particle size and
ligand density) on three cellular uptake properties: the endocytic time of a single NP, the
equilibrium cellular uptake, and the uptake rate. The uptake rate is approximated based on the
endocytic time of a single NP and the total cellular uptake. From thermodynamic analyses, we
reveal that particle size and ligand density interrelatedly govern the uptake rate. The interrelated
effects can be interpreted from a general framework of energy balance between NP-membrane
adhesion and membrane deformation. The interrelation suggests that tailoring only one design
parameter may not be effective to achieve a high uptake rate. We construct a phase diagram of the
uptake rate in the space of particle size and ligand density, and discuss the effects of other
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relevant biophysical parameters (e.g. membrane properties, NP bulk density) on cellular uptake.
Our results provide guiding principles for the biomimetic design of NPs with a high uptake rate,
one of the key parameters that assess the efficacy of NP-based therapeutics.

2.2 Thermodynamic Models

2.2.1 General energetic considerations of endocytosis
From an energetics point of view, the endocytosis of a NP can be viewed as a
competition between NP-membrane adhesion and membrane deformation [59]. The adhesion
energy may stem from both non-specific (e.g. electrostatic and van der Waals) and specific
(ligand-receptor binding) interactions depending on the surface properties of the NP. For a
general consideration, the adhesion energy density (per unit area) is denoted by α . Membrane
deformation involves both bending membrane to wrap around the NP and pulling excess
membrane towards the wrapping site. As the adhesion between the NP and the membrane
deforms the membrane to follow the NP’s profile in the adhered part, the membrane detaching
from the contact to the NP is also deformed, as shown in Fig. 2-1. For a spherical NP, the elastic
energy density stored in the adhered part (red in Fig. 2-1) can be easily calculated according to
Canham-Helfrich theory [136, 137],  

wad = σ +

2κ
R2

(1)

where σ , κ and R are the membrane tension, bending rigidity of the cell membrane and NP
radius, respectively. The cell membrane is assumed locally flat at the adhering site since the NP
(~100 nm) is much smaller than the host cell (~50 µm). The spontaneous curvature of cell
membrane is neglected for simplicity’s sake.
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To calculate the elastic energy stored in the free, curved part (green in Fig. 2-1) requires
the knowledge of the membrane profiles at different wrapping levels. Deserno et al. [59]
calculated the elastic energy stored in the free part by analytically solving the membrane shapes
while wrapping a spherical NP. The energy density is nonlinear regarding to the wrapping extent,
which poses an energy barrier for the fully wrapping to occur. It is worth to note that the energy
barrier vanishes under zero tension condition (the mean curvature of the green region vanishes).
When the NP is fully wrapped and internalized, the deformation energy of the non-adhered part
vanishes. Such a topological change also involves a change in Gaussian bending energy 4πκ G ,
where κ G is the Gaussian bending rigidity. Since a constant energy term contributes nothing to
the derivatives of the total free energy functional, we neglect the Gaussian bending energy in our
following energetic analyses. The total deformation energy at the fully wrapped state indicates a
characteristic particle radius RC = 2κ / σ that weighs the relative significance of bending and
membrane tension [59]. For a NP smaller than the critical size ( R < RC ), membrane bending
becomes the dominated resistance when wrapping the NP, while for R > RC membrane tension
dominates.

Figure 2-1. Schematics of membrane deformation while wrapping a spherical NP. Wrapping a NP
(yellow) partitions membrane into adhered (red) and free (green) parts. Both parts store bending
and stretching energies. The front halves of the membrane and NP are not shown for clarity of
visualization.
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A local energy balance between adhesion and membrane deformation yields a threshold
particle radius

Rmin =

2κ
α −σ

(2)

below which adhesion energy is insufficient to drive fully wrapping to occur. The above equation
indicates that there exists a critical adhesion strength α C = σ below which the adhesion is even
insufficient to overcome membrane tension. Under some circumstances, for example clathrinand caveolae-mediated endocytosis, the actual minimal particle radius might be even smaller than
the threshold value predicted by Rmin attributed to the increased driving force to deform cell
membrane besides NP-membrane adhesion [25].

2.2.2 Free energy of a single NP-membrane interaction system
While non-specific wrapping occurs in a continuous manner, wrapping through ligandreceptor binding proceeds in a discrete manner. Formation of each ligand-receptor pair comes
with a stepwise increase in the wrapping area, the size of which is fully determined by the ligand
density on the NP surface. To reflect the discreteness of receptor-mediated endocytosis, the crosssectional area of the receptor, denoted by A0 , is treated as the unit area, and

A0 as the unit

length. The receptors are initially uniformly distributed on the cell membrane with an initial
receptor density ξ 0 . For a spherical particle of radius R and coated with ligands of surface density

ξ g , the total number of ligands on the NP surface is Kξ g , where K = 4π R 2 .
The question that we are asking here is how long it takes for a piece of cell membrane
with an area M and receptor density ξ 0 to fully wrap a single NP with particle radius R and
ligand density ξ g . As the NP approaches the membrane, ligand-receptor binding initiates NP-
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membrane adhesion and membrane deformation. Further wrapping starts to deplete the receptors
near the wrapping site, and requires receptors to diffuse towards the wrapping site from remote
region, which partitions membrane into three regions: bound ( ξ b > ξ 0 ), impacted ( ξ + < ξ 0 ) and
remote ( ξ r = ξ 0 ), where ξ b , ξ + and ξ r are the receptor densities in bound, impacted and remote
regions, respectively (Fig. 2-2). The receptor diffusion slows down the wrapping process and
determines the time scale of the endocytosis of a single NP.

Figure 2-2. Schematics of receptor-mediated endocytosis of a single NP. As receptors diffuse
towards the wrapping site, membrane is partitioned into bound region ( ξ b > ξ 0 ), impacted region
( ξ + < ξ 0 ), and remote region ( ξ r = ξ 0 ).
We consider a general stage of wrapping at which an area of Mb is wrapped through nb
receptors. The degree of wrapping is denoted by η = M b / K . The deformation energy density of
the membrane in wrapping is wη = Wη / M b , where Wη is the total elastic energy stored in both
adhered and free curved membranes. By definition, the receptor density in the wrapping zone is

ξ b = nb / M b . The impacted region in the immediate vicinity of the wrapping zone has an average
receptor density ξ + = n+ / M + , where n+ is the number of receptors in the impacted region of area
M+. The free energy in the area M = M b + M + can be written as (see Appendix for detailed
derivatives):

ES = M bξ g [ξˆ ln ξˆ + (1− ξˆ)ln(1− ξˆ)]+ M + [ξ + ln ξ + + (1− ξ + )ln(1− ξ + )]− nbµ + wη M b

(3)

where ξˆ = ξ b / ξ g , and µ is the binding energy of each ligand-receptor pair. The first two terms
in Eq. (3) are the translational entropies of the receptors in the bound and impacted membrane
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regions, respectively. The last two terms are adhesion and membrane deformation energies,
respectively. Considering the constraints of conservation of membrane area M = M b + M + and
conservation of receptors n = nb + n+ , the free energy functional features two independent
variables: nb and Mb. Minimizing the free energy functional in Eq. (3) with respect to these two
independent variables gives rise to the equilibrium conditions of the endocytosis of a single NP,
expressed in Eqs. (5) and (6).

2.2.3 Free energy of multiple NP-membrane interaction system
In in vitro experiments, cellular uptake assays are usually carried out by directly
incubating cells with dispersed NPs. The cellular uptake of NPs reaches a plateau after a certain
amount of time. At the equilibrium condition, NPs may associate with the cell membrane via
three possible states: completely naked ( η = 0 ), fully wrapped ( η = 1 ), and partially wrapped (

0 < η < 1 ), as seen in Fig. 2-3. The membrane is partitioned into two types of regions: free
membrane with receptor density ξ f and curved membrane bound to NPs with receptor density

ξ b . We denote the number of NPs with a wrapping area k as nk. It has been argued [138] that for
a more general consideration the wrapping size distribution should follow a two-dimensional
(2D) distribution nkl, which represents the number of NPs wrapped by an area k using l receptors.
In the present analysis, we assume that the density of receptors bound to NPs is independent of
wrapping size.
The total number of NPs and the total membrane area that is bound to NPs can be
rewritten as N = ∑

K
k=0

nk and M b = ∑

K
k=0

knk , respectively. The total free energy functional for

the system takes the following form (see Appendix for detailed derivatives):
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EM = M f [ξ f ln ξ f + (1− ξ f )ln(1− ξ f )]+ M bξ g [ξˆ ln ξˆ + (1− ξˆ)ln(1− ξˆ)]
+∑

K
k=0

( "n % +
K
nk *ln $ k ' −1- − nbµ + ∑ nkWη − N ln ϕ
k=0
) #M & ,

(4)

where M = M f + M b is the total membrane area, ϕ is the bulk density of dispersed NPs. The first
three terms are entropic contributions: the first two terms are the translational entropies of the free
and bound receptors, respectively; the third term accounts for the configurational entropy of the
2D mixture of wrapped NPs, treated here as a multi-component ideal gas. The next three terms
are energetic contributions: −nbµ is the chemical energy release upon the formation of nb
ligand-receptor pairs; the second energetic term is the total deformation energy of the membrane;
the last term is the energy penalty involved in NP adsorption to the membrane. Considering the
conservations of membrane area ( M = M f + M b ) and receptors ( n = n f + nb ), the free energy
functional in Eq. (4) features two independent variables: nb and nk . The thermodynamic
equilibrium conditions of the endocytosis of multiple NPs, expressed in Eqs. (12) and (13), can be
obtained by minimizing the free energy functional with respect to its two independent variables.

Figure 2-3. Schematics of receptor-mediated endocytosis of multiple NPs. At the thermodynamic
equilibrium, NPs may associate with cell membrane via three possible states: completely naked (
η = 0 ), fully wrapped ( η = 1 ), and partially wrapped ( 0 < η < 1 ).
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2.3 Results and Discussion

2.3.1 Endocytic time of a single NP
The fact that wrapping necessitates receptors to diffuse from the far field to the wrapping
site sets a diffusion-limited endocytic time. The endocytic time can thus be determined by solving
a diffusion problem that involves tracking the wrapping front of the cell membrane [70, 139]. An
alternative approach is to determine the total number of receptors required to fully wrap the NP
[71], from which the endocytic time can be estimated based on the diffusion property of
receptors. The latter approach is adopted in our following formulation.
Minimizing the free energy functional in Eq. (3) with respect to its two independent
variables nb and Mb gives rise to the balance of receptor potentials and the pressure balance
between the bound and impacted regions, respectively:

ξˆ
ξ
= eµ +
1− ξ +
1− ξˆ

(5)

ξ g ln(1− ξˆ) + wη − ln(1− ξ + ) = 0

(6)

At a specified wrapping extent, ξˆ and ξ + can be obtained by solving Eqs. (5) and (6), yielding
the distribution of the receptors. The influence of particle size on the distribution of the receptors
is embodied by the membrane deformation energy density wη. Since ξ 0 is typically on the order
of 10-2 and ξ + < ξ 0 , ξ + <<1, which allows us to reformulate Eqs. (5) and (6) as

wη = ξ g [µ + ln(ξ + / ξˆ)]

(7)

Equation (7) can be interpreted as a “global” energy balance criterion for wrapping between
adhesion and membrane deformation energies. Therefore, we define the global adhesion strength
as
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α S = ξ g [µ + ln(ξ + / ξˆ)]

(8)

where the subscript “S” stands for the case of endocytosis of a single NP. The adhesion is
composed of an enthalpic term ( ξ gµ ) and an entropic term ( ξ g ln(ξ + / ξˆ) ), which is attributed to
the fact that receptors not only provide adhesion by binding with ligands, but also carry
translational entropy. The entropic term varies with the receptor distribution at different wrapping
states, and consequently changes the global adhesion strength. The global adhesion strength
reaches its maximum when ξ + = ξ b = ξ 0 , which gives

α S,max = ξ g (µ + ln ξ 0 )

(9)

Noting that the enthalpic term is always negative, the maximum adhesion strength should always
lower than ( ξ gµ ). Therefore the assumption in previous models [69-71] that the receptor density
within the wrapped region shares the same density with the ligand on the NP surface needs to be
further examined. With a fixed ligand density, the maximum global adhesion strength
corresponds to a minimum particle radius

RS,min =

2κ

α S,max − σ

(10)

Since endocytosis is limited by receptor diffusion, the endocytic time can be
approximated based on the size of the impacted region, because it defines the amount of receptors
that are involved in the endocytic process. Conservation of the receptors in the wrapped region
and the impacted region specifies a characteristic length l [63, 71, 139], defined by

l2 =

K(ξ b − ξ 0 )
π (ξ 0 − ξ + )

(11)

At the fully wrapped state, the membrane deformation energy at the impacted region vanishes,
which reduces the elastic energy density wη to wad in Eq. (1). Given the ligand density ξ g and
particle radius R, solving equilibrium equations in Eqs. (5) and (6) gives the distribution of the
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receptors at the fully wrapped state, i.e. ξ b and ξ + , and therefore the characteristic length of the
impacted region. The endocytic time can then be approximated via t ~ l 2 / D , where D is the
diffusion coefficient of the receptors.
Figure 2-4 displays a phase diagram of l −2 ~ 1 / (Dt) in the space of particle radius and
ligand density. The following parameter values are used in our calculation: A0=225 nm2,
2
T, M=707 µm2 (with a diameter of 15 µm), ξ 0=220/µm
,σ
κ = µ = 20kkBBT
= 220 / µ2m
= 0.001kkBBTT/nm
/ nm22 and

ϕ = 1×10 −5 [59, 73, 140]. After normalizing all length scales by A0 and energy scales by kBT,

κ = µ = 20 , M = 3.14 ×10 6 , ξ 0 = 0.05 , and σ = 0.225 . The same parameter values are also used
in the rest of our analyses in this chapter. For particles of small size or low ligand density,
engulfment of the NP only consumes limited amount of receptors and thus hardly changes the
overall distribution of the receptors. Even though the entropic penalty is nearly minimized in this
case, the low adhesion strength, described in Eq. (9), is not high enough to overcome the high
deformation energy in Eq. (1). This extreme condition corresponds to the lower boundary of the
phase diagram described by Eq. (10). Oppositely, at large particle sizes or high ligand densities,
wrapping the NP consumes significant number of receptors, i.e. ξ + << ξ 0 . At this regime, further
increasing particle size or ligand density simply increases the total number of receptors ( Kξ b )
needed for wrapping, and thus the endocytic time increases. There exists a critical condition at
which the receptors in the impacted region are nearly depleted ( ξ + → 0 ); further wrapping
involves significant entropic penalty. As a result, the adhesion strength becomes too low to
overcome the deformation barrier. This critical condition corresponds to the upper boundary of
the phase diagram at which 1/t diminishes. Between these two extreme conditions, there exists an
optimal condition at which the endocytic time minimizes, corresponding to the ridge line in the
phase diagram in Fig. 2-4.
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Figure 2-4. Phase diagram of l −2 in the space of particle radius and ligand density. Endocytic time
is inversely proportional to l −2 , so the red region defines the optimal combinations of particle
radius and ligand density which correspond to a minimal endocytic time.

2.3.2 Cellular uptake
We simplify the in vitro cellular uptake assay by considering a cell with membrane area
M and receptor density ξ 0 immersed in a solution with dispersed NPs of bulk density ϕ . The
NPs are uniformly coated with complementary ligands of density ξ g . The binding between
receptors and ligands with a binding affinity of µ deforms cell membrane and meanwhile alters
the receptor distribution as receptors diffuse towards the wrapping sites. Driven by the chemical
potential difference between the adherent and suspended NPs, the multiple NP-cell system
reaches a thermodynamic equilibrium with a steady-state cellular uptake, as suggested by a set of
prior experiments [31, 67, 134]. Minimizing the free energy functional in Eq. (4) with respect to
its independent variable nb gives rise to the balance of the receptor potentials in the free and
bound membrane regions:

24

ξ
ξˆ
= eµ f
1− ξ f
1− ξˆ

(12)

The chemical potential balance of the NPs in the bulk solution and on the cell membrane can be
obtained by minimizing the free energy functional with respect to nk, giving rise to a Boltzmann
wrapping size distribution as

nk = M ϕ exp[k(α M − wη )]

(13)

where 𝛼! is naturally defined as the adhesion strength, where the subscript “M” stands for the
case of multiple NPs interacting with the cell membrane, and takes the form as

α M = ln(1− ξ f ) − ξ g ln(1− ξˆ)

(14)

Combined with Eq. (12), 𝛼! can be rewritten and simplified as

α M = (1− ξ g )ln(1− ξ f ) + ξ g [µ + ln(ξ f / ξˆ)] ≈ ξ g [µ + ln(ξ f / ξˆ)]

(15)

with ξ 0 ~0.01 and ξ f < ξ 0 in mind.
Similar to the global adhesion strength of the endocytosis of a single NP 𝛼! in Eq. (8), the
adhesion strength of the endocytosis of multiple NPs is also comprised of a positive enthalpic
term ( ξ gµ ) and a negative entropic term ( ξ g ln(ξ f / ξˆ) ). The entropic term changes with the
receptor distribution in bound and free regions. 𝛼! reaches its maximum

α M ,max = ξ g (µ + ln ξ 0 )

(16)

when ξ f = ξ b = ξ 0 , which corresponds to a minimal particle radius,

RM ,min =

2κ

α M ,max − σ

(17)

It is worth noting that endocytosing a single NP and multiple NPs share the same minimal particle
radius, i.e. RS,min = RM ,min .
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The cellular uptake corresponds to the amount of NPs that are fully wrapped, i.e.

nK = M ϕ exp[K(α M − wη=1 )] . Conservation of the receptors yields:
M f ξ f + M bξ b = M ξ 0

(18)

Combining Eqs. (12-14) and (18), one finds the equilibrium receptor densities within bound and
free regions and the wrapping-size distribution, and therefore the cellular uptake nK.
Figure 2-5 plots the phase diagram of the cellular uptake in the space of particle radius
and ligand density. This phase diagram is similar to that for the endocytic time in Fig. 2-4,
indicating that the uptake behaviors of these two cases share the same mechanism. According to
Eqs. (10) and (17), the lower bounds of these two phase diagrams are exactly the same. As the
particle size and ligand density increase, increasingly more receptors diffuse toward the wrapping
sites, depleting the receptors in the free membrane regions, i.e. ξ f << ξ 0 . Under this condition,
the entropic penalty becomes significant and substantially lowers the adhesion strength.
Corresponding to this entropic limit, an upper bound exists at which the cellular uptake vanishes.

Figure 2-5. Phase diagram of cellular uptake of NPs in the space of particle radius and ligand
density. The red region corresponds to the optimized combinations of particle radius and ligand
density that lead to maximized cellular uptake.
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2.3.3 Cellular uptake rate
With the endocytic time of a single NP and the cellular uptake at equilibrium state, one
can naturally define the cellular uptake rate as

Θ(R; ξ g ) =

nK nK
∝ 2
t
l

(19)

Since both nK and l2 depend on particle size and ligand density, so as the uptake rate Θ .
Figure 2-6 plots the phase diagram of the uptake rate in the space of particle size and
ligand density. Similar to the phase diagrams for the endocytic time in Fig. 2-4 and cellular
uptake in Fig. 2-5, there exists a lower and an upper bound for the phase diagram beyond which
uptake rate approaches to zero, i.e. Θ ≈ 0 . According to Eq. (19), the lower and upper bounds
can be reached at limiting conditions nK → 0 , t → ∞ or both. Our previous analysis showed that
the lower bounds of the endocytic time and cellular uptake are simultaneously reached,
represented by Eqs. (10) and (17), respectively. Therefore the lower bound of the uptake rate also
corresponds to the enthalpic limit of the adhesion strength. Since both the upper bounds of the
endocytic time and cellular uptake are governed by the entropic limit of the adhesion strength, the
upper bound of the uptake rate is attributed to the same mechanism. However, due to the
competition for receptors among NPs in the case of the multiple NP-cell interaction, the entropic
limit of the cellular uptake is much easier to reach as compared to that of the endocytic time. One
thus follows that the upper bound of the phase diagram for the uptake rate is due to the vanishing
cellular uptake ( nK → 0 ).
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Figure 2-6. Phase diagram of cellular uptake rate in the space of particle radius and ligand
density. The red region corresponds to the optimized combinations of particle radius and ligand
density that lead to a maximized uptake rate.
An optimal region at which the uptake rate reaches the global maximum can be identified
from the phase diagram of the uptake rate in Fig. 2-6. This region corresponds R ∈ [25, 30] and

ξ g ∈ [0.8,1] . The optimal range of the particle size coincides with the experimental data [31, 67,
68], and is also consistent with the typical size of viruses. The overall optimal range of the ligand
density indicates that the maximal uptake rate is achieved when nearly every ligand binds with a
receptor. Previous analysis showed that the density of bound receptors in virus budding is nearly
saturated [73], which indirectly supports our results.
The ridge line of the phase diagram in Fig. 2-6 represents the optimal ligand density at
varying particle size. Figure 2-7 plots the lower bound and the ridge line extracted from Fig. 2-6.
Recall that the lower bound can be written as σ + 2κ / R 2 = ξ g (µ + ln ξ 0 ) . With κ = 20kkBBTT and

σ = 0.001kkBBTT/nm
/ nm22, the membrane bending outweighs membrane tension and rules the total
deformation energy for NPs smaller than the characteristic radius RC=200 nm. Since the particle
radius in our phase diagram falls in this range, it is reasonable to neglect the membrane tension
effect, which allows us to approximate the lower bound as Kξ g = 8πκ / (µ + ln ξ 0 ) ≈ 30 (for
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κ = µ = 20 and ξ 0 = 0.05 ). Figure 2-7 shows that the ridge line is fairly close to the lower
bound, suggesting that the optimal condition can be approximated by a hyperbolic function

Kξ g = nopt , where nopt is the optimal number of ligands that should be coated onto the NP surface.
Interestingly, the optimal ligand number is independent of the particle size. With the parameters
we adopted, the optimal ligand number that fits the ridge line with great accuracy is nopt =36.

Figure 2-7. The lower bound and the ridge line extracted from the phase diagram of the uptake
rate. The ridge line follows a hyperbolic fitting ( Kξ g = nopt = 36 ).
Considering viruses as NPs optimized by nature via evolution, the number of ligands
decorated on the surfaces of viruses should also obey the optimal number: nopt = 8πκ / µ . Given
the biophysically relevant ranges for membrane bending rigidity (10-40 kBT) and receptor-ligand
binding energy (10-20 kBT), the optimal amount of ligands coated onto viruses is predicted to fall
in the range 10-100, regardless the virus size. The extensively studied model system, the Semliki
Forest virus (SFV), is about 35 nm in radius, covered with 80 glycoproteins (ligands) [141, 142].
The SFV structure seems to agree with our model predictions.
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2.3.4. Effects of other biophysical parameters
In addition to the particle size and ligand density, the equilibrium conditions in Eqs. (5-6)
and (12-13) also involve some other parameters, including receptor density, ligand-receptor
binding affinity, membrane bending rigidity, membrane tension, and NP bulk density. In general,
they affect the uptake rate by altering either NP-membrane adhesion strength or membrane
deformation resistance. We will discuss about their influence on the phase boundaries of the
uptake rate in detail.

2.3.4.1 Effect of receptor density
Many types of receptors have been identified as tumor markers after decades of
investigation, and they are known to vary over a wide range in density [143, 144]. Even during
the endocytosis process, several factors may affect the density of receptors presented on the cell
membrane. First of all, receptors internalized by NPs may be recycled back to the host
membrane; they may also be degraded in the endosomes and lysosomes. In addition, new
receptors may be produced and diffuse to the cell membrane. The precise amount of receptors
involved in endocytosis is currently unknown. Figure 2-8 plots the lower and upper bounds of
the uptake rate at three different values of ξ 0 . Since the lower bounds of the endocytic time (Eq.
(10)) and the cellular uptake (Eq. (17)) are mainly determined by the enthalpic limit of adhesion
strength, they are weekly dependent on ξ 0 , and therefore the lower bounds of the uptake rate are
nearly the same at the three values of ξ 0 . With increasing ξ 0 , the increasing population of
receptors lowers the entropic penalty for the receptors to bind with NPs, which effectively
increases the adhesion strength. Since the upper bound of the uptake rate is entropically
dominant, it shifts upward with increasing ξ 0 , as shown in Fig. 2-8.
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Figure 2-8. Effect of the receptor density on the phase boundaries of the uptake rate. Increasing
ξ 0 hardly changes the lower bound while shifts the upper bound upward.

2.3.4.2 Effect of relative energy scale
From energetics point of view, endocytosis of NPs can be considered as a competition
between NP-membrane adhesion (driving force) and membrane deformation (resistance).
Enhancing one aspect diminishes the other. Therefore, the relative energy scale between the
effective adhesion and membrane resistance regulates the phase diagram of the uptake rate. In
addition to the ligand-receptor binding, receptor-mediated endocytosis may be assisted by
specific proteins, such as clathrin and caveolin [25, 145-147], contributing additional driving
force to locally curve the membrane. Nonspecific interactions [60, 148], such as hydrophobic
forces, electrostatic forces, and van der Waals interactions, may also contribute to additional
adhesion energy. Lumping the specific and nonspecific interaction together, one can determine an
effective ligand-receptor binding energy, µ eff . Bending rigidity represents the energy scale that
resists wrapping, which may also vary for different cell types. When the cortical actin network
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plays a role in endocytosis [149], the effective bending rigidity κ eff increases. We define the
relative energy scale by s = µ eff / κ eff , with which we construct the phase diagram of the uptake
rate, as shown in Fig. 2-9.

Figure 2-9. Effect of the relative energy scale on the phase boundaries of the uptake rate.
Increasing s hardly changes the upper bound while shifts the lower bound downward.
Increasing the relative energy scale s increases the effective adhesion while reduces
membrane bending resistance, and therefore reduces the enthalpic penalty of wrapping and
consequently shifts the enthalpically dominated lower bound of the phase diagram of the uptake
rate downward. On the other hand, the upper bound is entropically governed, and thus only
weakly dependent on s, as shown in Fig. 2-9. The weak dependence arises from the change of the
membrane deformation energy density relative to the adhesion energy density.
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2.3.4.3 Effect of NP bulk density
After intravenously injected in vivo, NPs are subjected to several physiological barriers
before reaching tumor sites. They are subjected to opsonization and may be recognized and
cleared by the immune system [37, 38]. It has been observed that a large portion of injected NPs
is accumulated in animal organs after several hours, especially in liver, spleen, kidney and lung
[150, 151]. Under physiological conditions, the bulk density of NPs can be interpreted as the
density of NPs that successfully reach tumor sites.
A high bulk density yields a high surface concentration of NPs on cell membrane, leading
to intensified competition for receptors among adhering NPs [135, 152] and high entropic penalty
for concentrating receptors onto NP surfaces. This follows that increasing the bulk density of NPs
decreases the adhesion strength, and therefore shifts the upper bound of the uptake rate
downward. Since the bulk density only affects the entropy of the receptors, the lower bound of
uptake rate is hardly affected, as shown in Fig. 2-10.

Figure 2-10. Effects of membrane tension and NP bulk density on the phase boundaries of the
uptake rate. Both increasing membrane tension and increasing NP bulk density hardly change the
lower bound while shift the upper bound downward.
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2.3.4.4 Effect of membrane tension
Cells may actively modulate their membrane tension under different physiological
conditions through various mechanisms such as membrane reservoir release [153, 154], lipid
molecules insertion into cell membrane, interference from the cortical actin network [149], etc. A
high membrane tension corresponds to a high deformation energy cost, and hence increases the
endocytic time and reduces the cellular uptake and uptake rate. We have pointed out that the
relative significance of the membrane tension and bending defines a characteristic particle radius

RC = 2κ / σ beyond (below) which membrane tension (bending) dominates the physics. Thus,
the effect of membrane tension is negligible for small particles but significant for large particles.
This follows that membrane tension primarily regulates the upper bound of the uptake rate, but
hardly affects the lower bound, as shown in Fig. 2-10.

2.4 Summary
Through thermodynamic analyses, we revealed that the endocytic time of a single NP and
the cellular uptake are governed by the unified framework of energy balance between adhesion
and membrane deformation. Adhesion and membrane deformation play the roles of driving force
and resistance to NP endocytosis, respectively. The knowledge of the endocytic time of a single
NP and the total cellular uptake allowed us to define a phenomenological uptake rate. We
established phase diagrams in the space of particle size and ligand density for the endocytic time,
the cellular uptake, and the uptake rate, from which the lower (upper) bounds below (beyond)
which the endocytic time goes to infinite and/or the cellular uptake vanishes were identified. We
further revealed that the mechanisms governing the lower and upper bounds of the endocytic
time, the cellular uptake and the uptake rate are the same: the lower bounds correspond to the

34
enthalpic limit of the NP-membrane adhesion strength, while the upper bounds to the entropic
limit of receptor diffusion.
The phase diagram of the uptake rate allowed us to identify a region that corresponds to a
maximized uptake rate: R ∈ [25, 30] and ξ g ∈ [0.8,1] . The identified optimal size agreed with
experimental data [31, 66-68, 155, 156]. Our model also predicted that the optimal number of
ligands that should be coated onto a NP follows a parabolic fitting 4π R 2ξ g = nopt , and is
independent on the particle size. These findings are supported by the typical viral structures. The
interrelated dependence of the uptake rate on the particle size and ligand density predicted by our
analysis suggests that optimization of particle design for enhanced cellular uptake should take
particle size and ligand density into consideration simultaneously. Overlooking the effect of
either one would result in incomplete conclusions.
We further discussed the effects of other relevant biophysical parameters on the uptake
rate, including the receptor density, the relative energy scale of ligand-receptor binding energy
and membrane bending rigidity, the bulk density of NPs, and membrane tension. All the effects
can be coherently interpreted by the variation of the enthalpic and entropic components of the
adhesion strength. Our analyses suggest that a rational biomimetic design of NPs should either
reduce the resistance or enhance the adhesion to facilitate NP internalization. The phase diagram
of the uptake rate in the space of particle size and ligand density thus serves as a design map that
guides the rational designs of NP-based bioagents for biosensing [157-159], bioimaging [9, 115,
116, 118, 129], and drug delivery [52, 55, 58, 128, 160, 161].

Chapter 3
Agent-Based Molecular Dynamics Simulation Studies of the Modulation of
Endocytosis by Nanoparticle Geometry
This chapter is based on the article [162]: “C. Huang, Y. Zhang, H. Yuan, H. Gao, and S.
Zhang, Role of Nanoparticle Geometry in Endocytosis: Laying Down to Stand Up, Nano Letters
13 (2013): 4546-4550”.

3.1 Introduction
Our thermodynamics model for the receptor-mediated endocytosis provides a unified
framework to understand the cellular uptake process from energetics point of view [74]. We
identified the interrelated roles of particle size and ligand density in the uptake rate, which
provides a fundamental guideline for the optimized design of NP-based drug delivery vectors.
However, our model only works for spherical NPs, though ideally it might be extended for
arbitrary particle geometries given the corresponding membrane deformation energy profiles.
Same as ours, existing analytical models [53, 59, 63, 69, 71, 73, 74, 140, 149] have been
primarily focused on spherical targets because of the complexity in calculating the membrane
bending energy for nonspherical targets, particularly when the membrane is under tension. So far
the fundamental question regarding how various geometries of viruses play a role in their
invasion of host cells is still illusive. In addition, existing targets for disease diagnosis and
therapy, ranging from viruses [66, 126-130, 163] to synthetic nanoparticles (NPs) [20, 115, 116,
121, 164], vary widely in size and shape. In vitro experimental studies have demonstrated that
both target size and shape influence the kinetics of endocytosis, and there exist an optimal size
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and shape at which cellular uptake maximizes [31, 34, 65-67]. The underlying mechanisms
responsible for the size and shape effects are, however, not fully understood.
Computational models may, in theory, simulate endocytosis of targets of any geometry
[165-167]. However, due to the fact that receptors are very sparsely scattered on cell membrane
(~100-400 per µm2), wrapping a NP requires receptors to diffuse towards the wrapping site from
the distant region (a few times larger than the particle radius) [69, 71]. The diffusion of receptors
limits the endocytic process to a large span of time period. Owing to the high computational
demand, existing numerical models are only able to simulate NPs of a few nanometers in
diameter, which is below the size limit for the endocytosis to occur. Indeed, simulations show that
NPs smaller than 10 nm mostly enter cells through direct penetration rather than endocytosis
[165, 168-170]. To simulate bigger NPs, extremely high ligand and receptor densities are usually
adopted in order to accelerate the simulations [166, 167, 171]. However, this imposes unrealistic
driving force for endocytosis, and therefore creating an incomplete, or sometimes even inaccurate
picture of endocytic kinetics. As a result, the roles of target size and shape in endocytosis, and
whether the roles are interrelated or separable, remain largely unknown.
We recently developed a coarse-grained solvent-free molecular dynamics model for
biological and biomimetic membranes [172]. The aggressive coarse-graining scheme we used
largely increases both the length and time scales at least an order of magnitude higher than
existing membrane models [173-175], which makes simulating the endocytosis of NPs with a few
tens of nanometers in diameter possible while using ligand and receptor densities close to those in
real biological systems. Herein, we extend the membrane model to include an agent-based NP
and performed systematic investigation on the role of target size and shape in endocytosis. Our
results indicate that both target size and shape modulate the kinetics of endocytosis. In general,
endocytosis proceeds by simultaneous membrane wrapping and NP rotation. Our simulations and
analyses show for the first time that size mainly determines whether endocytosis can complete,
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while shape breaks the symmetry of curvature energy landscapes and therefore dictates the
endocytic pathways and the angle of entry. In addition to presenting a coarse-grained molecular
dynamics (CGMD) model for the endocytosis of NPs, we map out the endocytic pathways of
spherocylindrical NPs through local energy analyses. Our findings regarding the NP size and
shape effects on endocytosis suggest design principles of NP-based therapeutics with optimized
cellular targeting.

3.2 Simulation Methodology

3.2.1 One-particle-thick coarse-grained molecular dynamics membrane model
Our membrane model [172] consists of single-layer lipid agents, and each lipid agent
represents a patch of phospholipids. Each lipid agent not only carries three translational degrees
of freedom, but also carries a body-fixed normal direction (Fig. 3-1). While the translational
motion changes the inter-agent distance, the rotation of lipid agents changes the relative
orientation. With the help of an anisotropic pair-wise inter-agent potential, a 2D fluid surface is
stabilized in 3D space without explicitly simulating water molecules. The inter-agent interaction
potential is specially designed to make a 2D surface with all normal directions perpendicular to
the surface and pointing to the same direction most energetically favorable, which takes the
mathematical form as

" u (r) +[1− φ (r̂ , n , n )]ε,
r < rmin
$ R
ij
i
j
U(rij , n i , n j ) = #
uA (r)φ (r̂ij , n i , n j ),
rmin < r < rc
$%

(20)

where ε is the energy unit, rmin and rc define the equilibrium distance between two neighboring
agents and the cut-off distance, respectively. We set rmin = 6 2σ and rc = 2.6σ in our simulations,
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where σ is the length unit. The orientation weight function, repulsive and attractive branches
take the following forms, respectively:
φ = 1+ µ[(ni × r̂ij ) ⋅ (n j × r̂ij ) −1]

(21)
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Tuning potential parameters (µ, η, ζ) yields fluid membranes with physical properties,
including bending modulus, diffusivity, thermal expansion coefficient and area compression
modulus, within the range of real biological and biomimetic membranes. Detailed parametric
study results can be found in the reference [176]. The characteristic length and time scales of the
model are σ ∼ 2 nm and τ ∼ 0.1 µs, respectively, which are both at least an order of magnitude
larger than chain-of-bead models [173-175]. Such an aggressive coarse-graining scheme largely
improves the computational efficiency and therefore allows us to simulate the events that involve
a large system and/or happens over a long time period. This model has already proven its great
capability in modeling dynamic shape transformation and morphogenesis for both homogeneous
and heterogeneous vesicles [177-179].
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Figure 3-1. Schematics of inter-agent interaction. Each agent carries a normal direction n, which
is fixed relative to the body. The inter-agent interaction depends both on the inter-agent distance
rij , but also the relative orientation.

Specifically, for the simulations presented in this chapter, the following values are
adopted for the inter-agent interaction potential parameters: µ=3, η=2, and ζ=4. The model
membrane has a bending rigidity of κ=25kBT and lipid diffusivity of D=0.06σ2/τ, where kBT is the
thermal energy, kB is the Boltzmann constant and T is the temperature.

3.2.2 NP-membrane interaction model
To simulate the receptor-mediated endocytosis, a certain amount of lipid agents are
randomly selected as receptors (blue beads in Fig. 3-2). While these receptors interact with other
lipid agents like a normal lipid agent, they specifically bind to the ligands (red beads in Fig. 3-2)
immobilized on the NP surface with a binding energy of 60kBT and a capture radius of Rcut=15σ
via a Lennard-Jones (LJ) potential:

(! σ $1.6 ! σ $0.8 +
U LR (r) = 12ε *# & − # & " r % -,
*)" r %

(24)

Here a relatively high ligand-receptor binding energy is chosen in order to lump up the
nonspecific NP-membrane interactions and to speed up the simulations. In the simulations, the
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receptor density in the membrane is set to be ξ R =0.0038/σ2, which is on the same order of
magnitude as the receptor densities in real biological systems [143, 180, 181].
In our model, NPs are made of beads immobilized on a 3D surface of specified shapes, as
exemplified in Fig. 3-2 for a spherocylindrical NP. Yellow beads on the NP interact with the
membrane via a steric repulsion, serving as the NP matrix. Ligands (red beads in Fig. 3-2) are
2 2
uniformly patterned on the NP with a density of ξ g =0.059/σ
ligand density is comparable to
= 0.059 / σ. The

that on typical viruses and much lower than those adopted in previous studies [166, 167]. The low
ligand density ensures the high specificity of the NP-membrane interactions.

Figure 3-2. The CGMD model of receptor-mediated endocytosis. Lipid bilayer membrane is
coarse-grained by one-agent-thick (green) aggregates with sparsely scattered receptors (blue).
The NP is modeled by a particle assembly (yellow) with ligands (red) immobilized on its surface.

During endocytosis, the ligand-receptor binding depletes the receptors in the immediate
vicinity of the NP, creating a receptor density gradient that drives the receptors to diffuse from
the remote region toward the NP. When the bulk density of NPs in solution is not too high, the
competition between NPs for receptors is negligible. In this case, the receptor density in the
remote region always remains constant. To maintain a constant receptor density in the remote
region, in our simulations, a lipid agent is converted to a receptor at the membrane boundary
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whenever a ligand-receptor binding event occurs. This numerical treatment may induce artifact
since it promotes the endocytosis if the simulated membrane area is not large enough to surpass
the impacted region. In order to exclude the numerical error from the membrane size, a
systematic convergence study is performed with varying membrane size. The results indicate that
beyond a critical size, further increasing membrane size has no impact on the endocytosis, as
shown in Fig. 3-3. The membrane size is chosen to be large enough even for the largest NP. This
numerical treatment effectively realizes the diffusion-limiting process of receptors in the
endocytosis [69].

Figure 3-3. Convergence of the endocytic time with increasing membrane size. As the membrane
size exceeds the impacted region, the endocytic time no longer changes with further increasing
membrane size.
For all the simulations presented, a planar membrane consisting of ∼60,000 lipid agents
(210σ×210σ) is preassembled under periodic boundary conditions. CGMD simulations are
performed in the NΣT ensemble, where N is the total number of the coarse-grained agents. The
membrane is maintained at zero tension (Σ=0) using a modified Berendsen pressure coupling
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algorithm [172], and at a system temperature of kBT=0.2ε using the Berendsen thermostat [182].
The time step in the CGMD simulations is set to be 0.01τ.

3.3 Results and Discussion

3.3.1 Endocytic dynamics of spherical and spherocylindrical NPs
To systematically investigate the effects of NP size and shape on the kinetics of
endocytosis, we use both spherical NPs with different radii and spherocylindrical NPs with
different aspect ratios in our simulations. The aspect ratio of the spherocylindrical NPs is defined
as ρ=(R+0.5L)/R, where R and L are the radius of the hemispherical caps at both ends and the
length of the cylindrical portion, respectively. The spherocylindrical NPs are reminiscent of
capped carbon nanotubes. Figure 3-4 depicts the snapshots of the endocytic process of the NPs.
The NPs are initially docked on the pre-equilibrated membrane, with their long axes of the
spherocylindrical NPs normal to the membrane surface (θ=90o). Ligand-receptor binding drives
membrane invagination of the NPs. After the NP is substantially wrapped, the membrane necks.
In the final stage, the membrane pinches off and endocytosis completes.
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Figure 3-4. Representative simulation snapshots showing the endocytic pathways of NPs with
different aspect ratios. The front half of the membrane model is not shown in the figures for the
clarity of visualization. For all the cases shown, R=10σ. A. ρ=1; B. ρ=1.5; C. ρ=2.
An interesting observation is the symmetry breaking during the invagination process of
the spherocylindrical NPs. For ρ=1.5, the NP slightly tilts by an angle of ∼20o from its initial
upright docking position after invagination starts. Endocytosis of the NP then proceeds at this
angle until the NP is fully internalized. The invagination pathway of the spherocylindrical NP of
a larger aspect ratio (ρ=2) involves two symmetry-breaking processes. From its initial upright
docking position, the NP continues rotating until it completely lays down on the membrane
surface. The NP then stands up and is finally internalized with a nearly 90o entry angle. We have
simulated endocytosis of spherocylindrical NPs for ρ>2 and observed that such a lying-downthen-standing-up sequence appears to be a universal pathway. Additional simulations demonstrate
that the standing-up process is absent provided that very high ligand and receptor densities are
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prescribed, consistent with recent CGMD simulations [167] wherein a lipid molecule is coarsegrained by three connected beads [173]. This may be due to the loss of interaction specificity at
high ligand/receptor densities, or to the momentum for NP internalization created by the
unrealistically high driving force of ligand-receptor binding.
We quantify the kinetics of endocytosis by the wrapped areal fraction of the NP (f) with
respect to the endocytic time. For spherical NPs, our simulations show that at a small NP size
(R=5.0σ), the NP can only be partially wrapped (∼50%). However, it has been firmly established
from a purely energetics viewpoint that at ground state under tensionless condition spherical NPs
are either not wrapped or fully wrapped, but cannot be partially wrapped [59]. In fact such a
partial wrapping status has also been predicted in the previous CGMD simulations [167]. Despite
contradicting to theoretical prediction, this event happens in dynamics simulations for the
following several combined factors. First of all, in receptor-mediated endocytosis, binding energy
is released in discrete bits via ligand-receptor binding. The curvature energy increases prior to
each ligand-receptor binding, representing an energy barrier for the discrete wrapping. For
uniformly coated ligands on the NP surface, the energy barrier can be approximated by
8πκ / (4π R 2ξ g ) = 2κ / (R 2ξ g ) . Apparently, the barrier decreases with increasing NP radius, and

also depends on how discrete the ligands are coated (the value of ξ g ). At the same prescribed
temperature and ligand density, it is easier for the system to overcome the barrier for larger NPs,
giving rise to larger wrapping extent. In addition, our detailed analysis also confirms that in our
simulations the membrane tension local to the wrapping site was not fully relaxed to zero as
expected, owing to the pinching effect of the ligand-receptor bonds at the curved region. The
residual tension, though small, substantially changes the energy landscape since the curvature
energy of the free membrane detaching from the NP-membrane adhesion region is no longer zero.
With the residual tension effect, it appears that the barrier maximizes at roughly 50% of wrapping
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extent at which endocytosis stalls, as shown in Fig. 3-5(a). At an intermediate NP size (R=7.5σ),
endocytosis completes fastest. Further increasing the NP size slows down endocytosis
monotonically. Such trends are consistent with the existing analytical and experimental results
[31, 63, 65, 68, 69].
Figure 3-5(b) shows the effect of the aspect ratio on the endocytic time of the NPs with
the same radius (R=10.0σ). All the spherocylindrical NPs can be fully endocytosed. The spherical
NP takes longer time to be fully endocytosed than the spherocylindrical NP of ρ=1.5, but shorter
time than the spherocylindrical NP of ρ=2. Further increasing ρ leads to the increasing endocytic
time, owing to the increasing number of diffusive receptors participated in the wrapping since
endocytosis is limited by the diffusion of the receptors. For all the cases shown in Fig. 3-5,
wrapping slows down following an initially rapid wrapping regime. This observation is consistent
with the parabolic rate law ( R ∝ t1/2 ) of wrapping predicted by a previous theory [69]. We further
note that for the spherocylindrical NP with ρ=2 the wrapped area sharply increases to 35% at the
beginning of wrapping. Such a sharp wrapping area increase indicates a contact instability,
corresponding to the laying-down process from its initial upright position, as observed in Fig. 3-4.

Figure 3-5. Effects of NP size and shape on the endocytic time. (a) Evolution of the areal
wrapping faction (f) of spherical NPs with various radii; (b) Evolution of the areal wrapping
fraction of NPs with the same radius (R=10.0σ) but different aspect ratios. In the simulations, the
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spherocylindrical NPs are initially docked on the membrane with their long axes perpendicular to
the membrane.

3.3.2 General energetic consideration of endocytosis of spherocylindrical NPs
We next rationalize the energetics of endocytosis and its implications to the completion
of endocytosis and the endocytic pathways. Membrane invagination of an NP involves both
bending and tension energy penalties. As discussed in Chapter 2, the relative significance of
bending and tension defines a characteristic NP size λ = κ / Σ below which the curvature
energy is dominant. For typical values of κ and Σ [137], the characteristic NP diameter is ∼100
nm. Membrane tension can be negligible in some physiologically relevant conditions, such as
when large-scale membrane reservoirs are available and able to release [154]. At the completion
of endocytosis and in the tension-free condition, the curvature energy of the membrane adhering
to the entire NP accounts for the total energy penalty. For a spherocylindrical NP of radius R and
length of the cylindrical part L, the total membrane bending energy can be obtained according to
Canham-Helfrich theory [137],

EB = 8πκ +

πκ L
R

(25)

while the total adhesion energy provided by the ligand-receptor binding upon fully wrapping the
NP is given by
E A = (4π R 2 + 2π RL)ξ g µ

(26)

From a global thermodynamics point of view, in the absence of membrane tension,
endocytosis can complete only if the total adhesion energy exceeds the bending penalty for
internalizing the NP, i.e. E A ≥ EB . This global energy balance criterion defines a lower limit of
NP radius for the completion of endocytosis:
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R0 =

(3+ ρ )κ
2 ρµξ g

(27)

In the case of ρ →1 , the lower bound of radius is reduced to that of a spherical NP:

R0, ρ =1 = 2κ / µξ g . While in the limit of ρ → ∞ , the lower bound of radius for a 1D rod (e.g.
capped long carbon nanotubes) is obtained: R0, ρ→∞ = κ / 2µξ g . With increasing ρ , R0
monotonically decreases, which indicates that a spherocylindical NP with a larger aspect ratio is
easier to be endocytosed. We note when ρ varies from 1 (a spherical NP) to ∞ (a 1D rod), R0
decreases by only two folds, suggesting that the aspect ratio only plays a secondary role in the
completion of the endocytosis.
It is worth to note that the lower bound of radius of spherical NPs predicted by Eq. (27),

R0, ρ =1 = 2κ / µξ g ≈ 3.8σ , is slightly smaller than the threshold radius ( 5σ ) identified by the
direct numerical simulations. Such a discrepancy might be due to the following couple of reasons.
Firstly, when a NP is wrapped, not every ligand is necessarily bound with a complimentary
receptor as predicted in our thermodynamics analyses in Chapter 2. Therefore, the effective
ligand density is lower than the actual density. In addition, due to the entropic effect of receptors,
the global adhesion strength, expressed in Eq. (9), is lower than ( µξ g ) and consequently Eq. (27)
underestimated the lower bound of radius.

3.3.3 Energetic analyses of endocytic pathways
Our CGMD simulations show that NP endocytosis is comprised of a sequence of
simultaneous membrane wrapping and NP rotation. To map out the sequence, i.e., the endocytic
pathways, we next compute the relative thermodynamic resistance force at different wrapping
angles. Membrane bending energy for a partially wrapped NP includes contributions from two
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parts: the curvature energy of adherent portion (red in Fig. 2-1) and of the free curved membrane
detaching from the adherent point (green in Fig. 2-1). For a nonspherical NP, the curvature
energy E( f ;θ ) is generally a function of the wrapping angle θ and the wrapped areal fraction f.
Assuming the system reaches a thermodynamic equilibrium after each binding event of a ligandreceptor pair, the curvature energy of the free curved membrane vanishes (with a vanishing mean
curvature) in the tensionless limit. Under this condition, the curvature energy of the membrane
adhered to the NP accounts for the total energy penalty, which is analytically available. In Fig. 36, the solid lines plot the curvature energy profiles for the NP (ρ=2) wrapped with two fixed
wrapping angles, θ =0o (horizontally) and θ =90o (vertically). The analytical energy profiles
agree very well with the CGMD simulations, denoted by symbols. The curvature energies
linearly scale with the wrapped areal fraction for both the wrapping angles θ =0o and θ =90o.
However, for θ =90o, the linear curve is constituted of three segments of different slopes. Since
the two wrapping angles represent the extremes, these two curves envelope the curvature energy
profiles of all the other wrapping angles.
The energy profiles plotted in Fig. 3-6 indicate the endocytic pathways. At a small
wrapping extent (f <0.5), the relatively smaller curvature energy for θ=0o suggests that an
initially vertically docked or titled (0o<θ<90o) NP would tend to lay down by rotation, i.e.,
aligning its long axis with the membrane surface. Once the wrapping extent exceeds f >0.5,
wrapping with the angle θ =90o involves a smaller curvature energy penalty, and hence the NP
would tend to stand up to gain a larger wrapping angle θ. Upon completion of rotation, the NP
would be wrapped with this angle until it is completely endocytosed. Thus, an initially vertically
docked NP would take a laying-down-then-standing-up sequence to complete endocytosis.
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Figure 3-6. Bending energy profiles for internalizing a spherocylindrical NP (ρ=2) with different
wrapping angles (red: θ = 0o, i.e., its long-axis is parallel to the membrane plane; black: θ = 90o,
i.e., its long-axis is normal to the membrane plane).
To gain a refined picture of the wrapping-rotation sequence, we next perform a local free
energy analysis. Endocytosis involves sequential ligand-receptor binding to wrap the NP; each
ligand-receptor binding leads to a chemical energy release of -µ and an increment of the wrapping
area of Δf = ξ g−1 . The thermodynamic driving force ΔET for the system going from a wrapped
state ( f ;θ ) to the next state ( f + Δf ;θ + Δθ ) is:

ΔET = −µ + ΔEC

(28)

ΔEC = E, f ( f ;θ )Δf + E,θ ( f ;θ )Δθ

(29)

where

is the bending energy penalty, E, f and E,θ are the first derivatives of the energy with respect to
the wrapping extent and angle, respectively. Whether binding is thermodynamically favorable (

ΔET ≤ 0 ) depends on how discrete the ligand ( ξ g ) is on the NP surface as well as the local
energy landscape set by the wrapping extent f and the wrapping angle θ. It is possible that the
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endocytosis is locally stalled ( ΔET > 0 ), which may account for the relatively larger minimal R
determined by CGMD simulations than the analytical solution obtained from the global energy
balance.
It should be noted that in the expression of ΔEC the first term is the curvature energy due
to an incremental wrapping area of Δf , while the second term is the energy variation when the
wrapping angle is subjected to a small change of Δθ . One notes that ΔEC is always positive (so
is E, f ), since wrapping always needs to pay curvature energy penalty. However, the direction
along which the incremental area is wrapped depends on the energy variation associated with Δθ
. In the case that E,θ ( f ;θ )Δθ < 0 , rotation is energetically favorable. There exist three
possibilities for each incremental wrapping: the wrapping angle remains unchanged ( Δθ =0);
tilted with a positive angle increment ( Δθ >0) or with a negative angle increment ( Δθ <0),
depending on the value of E,θ , i.e., the local energy landscape associated with the wrapping
angle.
The above local free energy analysis sets a criterion that determines the endocytic
pathways of the NPs. We numerically compute the energies of the three possible end states and
identify the one with the lowest energy state as the energetically most favorable rotation
direction. In the case that no energy difference is found for the three cases, we artificially specify
that the NP be wrapped with the previous wrapping direction. Figure 3-7 plots the endocytic
pathways of two representative NPs with ρ=2 (a) and ρ=5.5 (b) in the plane of the rotation angle θ
and the wrapping extent f. The pathways are consistent with curvature energy landscapes plotted
by the colored contour maps. For both cases, the NPs are initially in the upright docking position
with respect to the membrane plane and the endocytic pathway involves a laying-down-thenstanding-up sequence, as plotted by the open circles. The turning points along the pathways are
schematically shown by the subfigures on the right, where the green-colored portion represents
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the wrapped area and yellow-colored the naked area. With increasing aspect ratio, the layingdown angle increases, i.e., its long axis is nearly parallel to the membrane plane. Extending this
observation to the limit of 1D nanorods (such as long carbon nanotubes) [166], endocytosis
would involve tip rotation before it completes with a 90o entry angle.

Figure 3-7. Endocytic pathways of NPs with ρ=2 (a) and ρ=5.5 (b) predicted by local energetics.
The spherocylindrical NPs take a general laying-down-then-standing-up sequence during
endocytosis. The contour maps plot the curvature energy level in the plane of rotation angle and
wrapping extent. The turning points (I-V) along the endocytic pathways are schematically shown
on the right of each subfigure, where the green-shaded areas are wrapped, while the yellowshaded areas are naked.

The pathways predicted in Fig. 3-7 captures the general trend of CGMD simulations with
some discrepancies. For example, in the CGMD simulations for ρ=2, the NP lays down
completely (90o rotation angle), while in our free energy analysis the rotation angle is ∼45o; the
entry angle in the CGMD simulations is ∼70o, while our free energy analysis predicts a 90o entry.
The discrepancies may arise from the simplification of the CGMD model as well as the lack of
the consideration of the kinetics in our free energy analysis. From a kinetics point of view, the
amount of curvature energy ΔEC needs to be paid prior to the chemical energy release via each
ligand-receptor binding, representing an energy barrier for the incremental wrapping. During the
laying-down process, owing to the relatively high thermodynamic driving force and the very high
Reynolds number (because of the solvent-free treatment of the CGMD model), the NPs in the
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simulations likely gain an angular momentum that drives the rotation of the NPs in the previous
rotation directions. This explains the larger rotational angles in the simulations than that predicted
in the free energy analysis during the laying-down process. In addition, in the case that all the
three wrapping angle variations ( Δθ >0; Δθ =0; Δθ <0) are thermodynamically favorable for
further wrapping, which wrapping angle the system would take could follow a statistical
possibility, instead of deterministically taking place along the direction with the highest
thermodynamic driving force, as assumed in our free energy analysis. Further, the curved
membrane surface during endocytosis presents difficulties to stabilize the membrane at
tensionless condition using the Berendsen barostat in the CGMD simulations. As a result, small
residual tension might exist in the membrane, which would deviate the endocytic pathways
slightly from those under the tensionless condition.

3.4 Summary
As an extension to our one-particle-thick CGMD membrane model, we developed a
platform for the simulation of receptor-mediated endocytosis of a single NP by modeling the NP
as a rigid assembly of coarse-grained particles. The improved length and time scales of the
membrane model allowed us to model a NP of tens of nanometers with ligand and receptor
densities similar to these in real biological systems. Our model successfully captured the sizedependent feature of the endocytosis of spherical NPs, as predicted in theoretical analyses [53,
59, 63, 69, 71, 73, 74, 140, 149] and observed in in vitro experiments [31, 66-68, 155, 156]. This
can be considered as a validation to our model.
Our free energy analyses showed that NP size primarily determines whether endocytosis
can complete, while shape breaks the symmetry of the curvature energy landscape and hence
dictates the endocytic pathways. For long spherocylindrical NPs that are vertically docked on the
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membrane surface, endocytosis proceeds by a laying-down-then-standing-up sequence. We
further established under the tensionless condition a local energy criterion with which we mapped
out the detailed endocytic pathways for NPs of different aspect ratios. Extending our results to the
limiting case, a 1D nanorod would be endocytosed with a 90o entry angle, which agrees with the
tip rotation phenomenon observed in previous studies [166]. The energy criterion for the
endocytic pathways might be applicable to NPs with other shapes and could be easily extended to
the finite membrane tension condition.
The NP in our simulation is an assembly of coarse grains on a prescribed surface of a
given geometry. Even though we focused on the endocytosis of spherical and spherocylindrical
NPs in our study, in theory, this model can be easily extended to study the endocytosis of NPs of
arbitrary shapes. Our model can also be used to extract the membrane deformation energy
profiles of the endocytosis of nonspherical NPs, which are essential inputs for existing theoretical
models. Given the corresponding energy profiles, theoretical models would on longer limited to
spherical NPs and become available for even nonspherical NPs. In addition to providing a
fundamental understanding of the size and shape effects on the endocytosis of NPs, our findings
offers useful guidance to engineer NP-bioconjugates for cancer diagnosis and therapy with
improved cellular targeting and controlled entry.

Chapter 4
In Vitro Studies of the Regulation of Cellular Uptake of Nanoparticles by
Substrate Stiffness
This chapter is based on the article [183]: “C. Huang, P. J. Butler, S. Tong, H. S.
Muddana, G. Bao, and S. Zhang, Substrate Stiffness Regulates Cellular Uptake of Nanoparticles,
Nano Letters 13 (2013): 1611-1615”.

4.1 Introduction
With our thermodynamic theory (Chapter 2) and molecular dynamics model (Chapter 3),
the optimal combinations of the particle size, shape and ligand density for both spherical and
nonspherical NPs can be obtained for enhanced drug delivery in highly targeted cancer diagnosis
and therapy. Besides our own studies, other in vitro experiments [31, 34, 35, 65, 184, 185],
theoretical analyses [69, 71] and computational simulations [167, 171, 186] have also been
conducted to elucidate how the physical properties of NPs (e.g. size, shape, and surface
chemistry, etc.) affect the endocytosis-mediated cellular uptake. As mostly existing studies focus
on the optimization of NP designs to achieve improved cellular uptake, the fact that cells are
active materials is largely overlooked. To date, how exactly local physical environments
modulate the endocytosis of NPs is still illusive, despite the widely known effects of physical
environments on cellular responses and disease states both in vitro and vivo.
Advances in mechanotransduction have established that mechanical cues modulate many
cell responses, though such modulation is usually cell-type specific. In particular, substrate
stiffness has been shown to be a regulatory factor for cell spreading [87], locomotion [90, 91, 94,
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187], differentiation [188-190], and proliferation [191]. As the endocytosis of NPs happens at the
nano-bio interface, it is possible that stiffness-regulated cell responses also modulate NP uptake
kinetics, and this phenomenon could be utilized as a new avenue to optimize NP designs for more
effective in vivo delivery. The studies of the effect of substrate stiffness on cellular uptake of NPs
have other significant implications. In relevant physiological conditions, tumor tissues have
different stiffnesses as they go through different stages [192]. In addition, a metastatic cancer cell
migrates along tissues of varying stiffness [193]. If the mechanical properties of ECMs indeed
mediate cellular uptake, such an effect should be taken into account in the optimization of NPbased cancer cell targeting for inhibiting tumor growth and cancer cell metastasis. Though much
is known separately about cell responses to their local physical environments and the size/shape
dependent cellular uptake of NPs, the effect of the ECM stiffness on the cellular uptake, despite
its high clinical and biological relevance, remains unexplored.
While the substrates on which cells are cultured in vitro, commonly glass or plastic
materials coated with biomolecules (e.g., fibronectin), can mimic the biochemical interactions
between cells and ECM in vivo, their stiffness is usually several orders of magnitude different
from that of ECMs in vivo. In this chapter, we aim to explore the influence of the substrate
stiffness on the cellular uptake of NPs. Herein, we use poly-acrylamide (PA) gel as model
substrates. The stiffness of PA gel can be easily tuned within a wide range by varying the
compositional ratio of acrylamide (monomer) and bis-acrylamide (cross-linker) to facilitate
varied cross-linking levels [194-196]. Using fluorescent polystyrene NPs, we report that the total
cellular uptake of NPs by bovine aortic endothelial cells (BAECs) increases with the increasing
gel stiffness. To gain insight into the underlying mechanisms, we characterized the relationship
between substrate stiffness, spreading area, stress fiber formation, and apical membrane tension.
By measuring fluorescence lifetime of a lipophilic dye using time-correlated single photon
counting (TCSPC), we deduced that increasing substrate stiffness leads to increased membrane
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tension. The increased tension correlates with increased actin fiber formation, as confirmed by
confocal microscopy imaging. A thermodynamics model complementary to the experimental
characterization was then established to rationalize the role of the substrate stiffness on the
cellular uptake. The model predicts that cell membrane surface area and membrane tension are
the governing factors that dictate the cellular uptake of NPs, both of which are modulated by the
substrate stiffness. The findings provide new insight into the rational design of NP-based
therapeutic and diagnostic agents for disease detection and treatment.

4.2 Materials and Methods
Preparation of PA gel substrates. PA gels were prepared following the protocol
described by Y. L. Wang et al. [196]. Coverslips (22x40mm2, No. 1 thickness; VWR
international) were activated by treatment of 2% 3-aminopropyltrimethoxysilane (Sigma-Aldrich,
St. Louis, MO) and 1% glutaraldehyde solution (Alfa Aesar, Lancaster, UK). Solutions of 40%
acrylamide and 2% bis-acrylamide (EMD Chemical Inc., Gibbstown, NJ) were mixed at
designated ratio and degassed for 20 min in a vacuum desiccator. To initiate polymerization,
TEMED (Teknova, Hollister, CA) and ammonium persulfate (Promega, Madison, WI) were
added to the final concentrations of 0.15% and 0.05%, respectively. Microscope slides (25x75
mm2) were vigorously wiped with Rain-X wipes to make their surfaces hydrophobic. The gel
solution of 15 µL was pipetted onto each hydrophobically treated microscope slide and covered
with an activated coverslip. After the polymerization was complete, the coverslip with the gel
attached was gently detached from the microscope slide and placed in a 60 mm CELLSTAR dish
(Greiner Bio-One GmbH, Frickenhausen, Germany). The gel surface was functionalized with 0.5
mg/mL Sulfo-SANPAH (Pierce Chemicals, Rockford, IL) and then coated with 10 µg/mL
fibronectin (Sigma Aldrich, St. Louis, MO). Gels were washed extensively with Dulbecco’s
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phosphate-buffered saline (DPBS) without calcium and magnesium and sterilized under UV light
prior to seeding cells.
Characterization of PA gel substrates. The Young’s modulus of hydrogel substrates
was measured via indentation experiments using an atomic force microscope (AFM;
NanoscopeIIIa,

Digital

Instruments,

Santa

Barbara,

CA).

The

AFM

cantilever

(BioForceNanosciences, Ames, IA) was modified by attaching a 5 µm sphere to the end of a
triangular silicon nitride cantilever in order to minimize the potential damage to gels during
indentation process. The spring constant of the modified probe was calibrated prior to indentation
experiments following the method published elsewhere [98]. The Young’s modulus of PA gel
substrate was extracted by fitting the position-deflection curve to Hertz theory [197], described by
23
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where z and d are the cantilever’s base displacement and tip deflection, respectively, z0 is the
piezo-controller’s vertical position as the AFM tip touches the gel surface, and d0 is the initial
cantilever deflection before bending. Here ks is the spring constant of the modified cantilever, R is
the radius of the sphere, and E and υ are the elastic modulus and Poisson’s ratio of the gel
substrate, respectively. We used υ =0.5 in our calculations.
Cell culture and NP uptake assays. The bovine aortic endothelial cells (BAECs) (VEC
technologies, Rensselaer, NY) were grown in MCDB-131 complete medium (VEC technologies,
Rensselaer, NY) at 37ºC in a 5% CO2 atmosphere. Carboxylate-modified fluorescent polystyrene
NPs (100 nm; Invitrogen, Eugene, OR) were sonicated for 15 min to break apart possible
aggregations and diluted 1:1000 to the final concentration of 0.02 mg/mL in fresh culture
medium. The cells were seeded onto PA gel substrates with a low density to avoid intercellular
adhesion and cultured for 12 hours before adding NPs. After incubated with NPs for a certain
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amount of time (1, 2, 4, 6, 12 hours), cells were rinsed 3 times with DPBS, and fixed with 4%
paraformaldehyde solution.
Analysis of cell spreading area and cellular uptake. Phase contrast and fluorescence
images were acquired with a fluorescence microscope using a 20x lens (NA=0.40, LCPlanFI;
Olympus, Tokyo, JP). The outline of individual cells was manually traced in ImageJ software
(National Institutes of Health, Bethesda, MD) based on the phase contrast images to allow
accurate image thresholding. The cell spreading area and the mean fluorescence intensity of
individual cells were then quantified based on their outlines in ImageJ.
Staining and visualization of F-actins. BAECs on substrates of varying stiffness were
fixed with 4% paraformaldehyde solution for 10 min at room temperature and then permeabilized
with 0.1% Triton X-100 for 5 min. Cells were stained with 0.165 µM AlexaFluor 488 phalloidin
(Invitrogen, Eugene, OR) following the manufacturer’s instruction. To reduce the non-specific
staining signal, cells were pre-incubated with 1% bovine serum albumin (BSA) for 20 min prior
to adding the phalloidin solution. Three-dimensional (3D) images were taken under a confocal
fluorescence microscope (Visiteck, UK) with a 60x oil-immersion lens (NA=1.45, PlanApo N;
Olympus, Tokyo, Japan) and 3D deconvolution was performed using the AutoQuant software
(MediaCybernetics, Rockville, MD) to remove remaining out-of-focus signal.
Staining of cell membranes and fluorescence lifetime measurement. Cell membranes
were stained with 1,1’-didodecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI-C12)
(Invitrogen, Eugene, OR). The stock solution was maintained at the concentration of 65.3 mM in
ethanol. Subsequent dilutions were performed to reach the final concentration of 1.0 µM. After
staining for 4-5 min at 37ºC, cells were extensively washed with DPBS and left in phenol-red free
DMEM with 10% FBS. The fluorescence lifetime of DiI-C12 was measured using the TCSPC
technique. The system setup and theoretical basis were described in detail elsewhere[198]. Laser
position with respect to the imaging system was checked by marking a photobleaching spot on a
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DiI-covered coverslip before each experiment. The instrument response function (IRF) was
collected using a sample of 0.2 M Rhodamine 6G solution (Invitrogen, Eugene, OR), prior to the
experiment [199]. The laser was positioned on the apical surface of each cell based on the
fluorescence images under a 60x water-immersed objective (NA=1.20, UPlanApo; Olympus,
Tokyo, Japan). Special attention was paid to make sure the photons collected were actually from
the apical membrane by noting the peak in fluorescence on the top cell surface during a z-scan.
The decay curves were fitted to a decay model with two exponentials. The curve fitting was
performed using Fluofit software (PicoQuantGmbh, Berlin, Germany).
Confocal imaging to confirm the endocytosis of the NPs. Cells were seeded on PA gel
substrates and cultured for 12 hours before loading NPs. Cells were then cultured with NPs with a
concentration of 0.02 mg/mL for 6 hours. Cell membranes were stained with DiI-C12 (Invitrogen,
Eugene, OR) at a concentration of 1.0 µM for 4-5 min at 37ºC. Cells were extensively washed
with DPBS and left in phenol-red free DMEM with 10% FBS. 3D images were taken under a
confocal fluorescence microscope (Visiteck, UK) with a 60x oil-immersion lens (NA=1.45,
PlanApo N; Olympus, Tokyo, Japan). An example is shown in Fig. 4-5.
Statistics. Data were presented as average ± standard deviation. Means were compared
using either Student’s two-tailed t-test between two data groups, or single-factor analysis of
variance (ANOVA) test among more than two data groups. Note that p < 0.05 is considered
statistically significant.
Thermodynamic Analysis. Considering a cell immersed in a solution with dispersed
NPs, the NPs may be wrapped by cell membrane with various levels after the whole system
reaches its equilibrium state, i.e. A ∈ [0, A0 ] , where A is the wrapped area of each NP and A0 is
the surface area of each NP. We denote the number of NPs with wrapped area of A as nA. The
nonspecific adhesion can be considered as an extreme case of specific adhesion where ligands
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and receptors fully cover NP surface and cell membrane, respectively. Since, in such an extreme
case, receptors no longer need to diffuse towards wrapping sites during endocytosis, the total free
energy functional of the system can be obtained by removing the entropic contributions of
receptors in Eq. (4) and reformatting the rest of terms in Eq. (4) in a continuous manner:
A0

E(nA ) =

A0

A0

A0

∫ nA [ln(nA / M ) −1] dA − ∫ γ nA A dA + ∫ nAWA dA − ∫ nA ln ϕ dA
0

0

0

(31)

0

The first term accounts for the configurational entropy of the 2D mixture of wrapped NPs and M
is the area of cell membrane. The second term is the chemical energy release upon the binding
between NPs and cell membrane, where γ is the nonspecific adhesion energy density (per unit
area). The third term gives the total membrane deformation energy, which includes the bending
and stretching energies stored in both the membrane segment adhering to the NP and in the
strongly curved membrane detaching from the NP-membrane contact. Detailed description on the
membrane deformation energy can be found in Chapter 2. The last term gives the energy penalty
involved in NP adsorption to the membrane, where ϕ is the bulk density of NPs in solution.
Minimizing the free energy functional with respect to the independent variable nA yields the
wrapping size distribution, expressed in Eq. (32).

4.3 Results and Discussion

4.3.1 Regulation of cellular phenotype and mechanics by substrate stiffness
Three groups of PA gel substrates were prepared: soft (8% acrylamide/0.02% bisacrylamide),

intermediate

(8%

acrylamide/0.05%

bis-acrylamide),

and

stiff

(8%

acrylamide/0.08% bis-acrylamide). The Young’s moduli of the three gels were measured via
indentation experiments using an AFM and found to be 1.61±0.11 kPa (soft), 3.81±0.12 kPa
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(intermediate), and 5.71±0.51 kPa (stiff), respectively, all of which fall within the physiological
range of biological tissues [189]. We chose the stiffness of this range since the cell line (BAECs)
used in our experiments is mostly sensitive to this range, as suggested by the previous studies
[87]. To facilitate cell adhesion, the gels were surface-coated with fibronectin bridged via SulfoSANPAH. The density of fibronectin on the PA gel surface is independent on the gel stiffness, as
reported in previous studies [87, 195].

Figure 4-1. Cellular uptake of the fluorescent NPs by the cells on PA substrates of varying
stiffness. Cells were cultured on substrates for 12 hours before loading the NPs. Images were
taken after loading the NPs for 6 hours.

BAECs were cultured on PA gel substrates for 12 hours before loading NPs into the
culture media. Phase contrast images clearly show that the gel stiffness modulates cell
morphology (Fig. 4-1). Cells on soft substrates rounded up, while cells on intermediate and stiff
substrates were much more spread. Cells on intermediate substrates exhibited relatively smaller
size compared to those on stiff substrates. This qualitative observation agrees well with the
previous reports by Yeung et al. [87]. We further measured the projected spreading area of the
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cells at certain specified time points upon loading the NPs. The results showed that cell spreading
areas remained nearly unchanged after the initial 12-hour incubation (Fig. 4-2). These areas were
276.0±58.1 µm2, 1025.1±272.7 µm2, and 1453.9±266.7 µm2, for soft, intermediate, and stiff
substrates, respectively. It should be pointed out that the total apical cell surface areas might be
underestimated by the projected area since cells have a non-zero thickness, especially for the cells
grown on soft substrates. The cells grown on soft substrates are around 1.5-fold thicker than those
on the intermediate and stiff substrates, while the thickness difference between cells on
intermediate and stiff substrates is hardly differentiable from their confocal stacks. Treating the
round cells as hemi-spherical, the cells on soft substrates have a maximum apical cell surface area
of 562.3±141.3 µm2, which is still considerably smaller than the others.

Figure 4-2. The spreading area of the cells on the PA gels of varying stiffness. Cells were
cultured on substrates for 12 hours before loading the NPs (the time clock is set to be zero at the
time of loading the NPs). The cell spreading reached a steady-state level after 12-hour incubation
(p>0.16 for all the three types of substrates using the single-factor ANOVA test). The difference
in the spreading area between any two groups at each time point of measurement is statistically
significant (p<0.01 using Student t-test). The numbers of cells studied for each group are listed
above each corresponding column.
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We also examined the influence of gel stiffness on the stress fiber formation in the cells
by staining F-actin with phalloidin. Figure 4-3 showed representative maximal intensity zprojections of F-actin distribution within the cells and corresponding F-actin distribution near the
apical surface of the cells on the PA gel substrates. Stress fibers were absent in the round cells on
soft gels and only discrete bright spots were observed. Cells on stiff gels exhibited much more
aligned stress fibers than those on the intermediate gels. These observations are in good
agreement with previous studies[87, 89]. These features were also evident on the apical surface of
the cell where NPs come into contact first (bottom panel in Fig. 4-3). Considering the cell
morphologies on substrates of varying stiffness, the results also showed a positive correlation
between the cell spreading and actin stress fiber formation.

Figure 4-3. The distribution of F-actin within the cells on the PA gels: soft (left), intermediate
(middle), and stiff (right). Top: maximal intensity z-projections; bottom: F-actin distribution near
the cell apical surface. Arrows in the figure highlight the well-aligned stress fibers.

Previous studies suggested a positive correlation of stress fiber formation and cell
stiffness [89, 200], yet no direct evidence has been established concerning the relation of stress
fiber formation and membrane tension. Conventional approaches to measure cell membrane
tension often involve either indenting or tethering cell surface using AFM [201] or optical
tweezer [202]. The applied mechanical stimulation might disturb cell organization and induce
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cell remodeling [203, 204]. Recent molecular dynamics simulation results suggested that the
fluorescence lifetime (refers to the time period that a fluorescent molecule stays in its excited
state after being excited before returning to its ground state) of DiI chromophores, a lipophilic
dye, embedded in lipid bilayer is an effective indicator of relative membrane tension [205], which
was later confirmed in experiments [206]. In this technique, DiI is intercalated into the native
lipid bilayer with its chromophore head group just under the lipid head group and alkyl chains
aligned with the lipid acyl chains. When the membrane is in tension and/or bends, the area
experienced by the DiI chromophore changes. When expanded (compressed), there is more (less)
freedom for trans-cis isomerization of the DiI chromophore to happen, which leads to a decrease
(increase) in its fluorescence lifetime. Figure 4-4 showed the fluorescence lifetime of DiI-C12
within cells on PA gels of varying stiffness. The DiI fluorescence lifetime in cells on soft
substrates (τsoft=1.209±0.083 ns) is significantly longer than that on either intermediate
(τinter=1.083±0.079 ns) or stiff (τstiff=1.088±0.088 ns) substrates, indicating that the cell membrane
on soft substrates was much less tense. However, no significant difference in fluorescence
lifetime was detected between intermediate and stiff substrates.

Figure 4-4. Fluorescence lifetime of DiI-C12 in apical membranes of the cells grown on PA gels
of varying stiffness (3 repeated experiments, 10 cells/experiment).
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4.3.2 Regulation of cellular uptake of NPs by substrate stiffness
We used carboxylated polystyrene NPs (PS-COOH) with a diameter of 100 nm in our
uptake study. The yellow-green fluorescent dye embedded inside the NPs with minimal
photobleaching allows us to quantify cellular uptake at any culture time. Assuming that the
fluorescence intensity is proportional to the number of fluorescent NPs, the average fluorescence
yield per unit area within individual cells indicates the efficiency of cellular uptake of NPs. Prior
to quantifying the fluorescence intensity, cells were extensively washed using DPBS to remove
the free NPs in solution and NPs adhered to the cell surface. Therefore, the fluorescence intensity
accounts only for the internalized NPs, as confirmed by our 3D confocal images (Fig. 4-5).

Figure 4-5. Representative 3D confocal images of cells on PA gel substrates, where DiI is
pseudo-colored as red while NPs are green. (a) Orthogonal views along yellow lines. Yellow
arrows point to the centers of the point spread functions of NPs. (b) 3D view using ImageJ 3D
viewer. NPs are covered by DiI signals, indicating that they are inside the cell rather than
adhering to the membrane surface.

Figure 4-6(a) showed that cellular uptake per unit area decreases with the increasing
substrate stiffness at all times measured. Compared to the cells on intermediate and stiff gels,
round cells on soft gels uptake NPs much more efficiently. It should be pointed out that the
fluorescence intensity per unit area was to certain extent overestimated here due to the
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underestimation to the apical surface area, especially for the cells grown on soft substrates.
However, even if we treat the cells grown on soft substrates as hemi-spherical, in which case the
apical surface area is twice as much as the measured projected area, its fluorescence intensity per
unit area is still higher than that of the cells on intermediate and stiff substrates after 6 hours. The
uptake level reached a plateau after 4 hours for cells on both intermediate and stiff gels, but
continued to increase even after 12 hours for cells on soft gels. This difference might originate
from the distinct membrane tension levels of the cells on gels of varying stiffness. Compared to
cells on soft gels, the higher membrane tension of the cells on intermediate and stiff gels resists
NPs from entering cells since the uptake involves a higher membrane deformation energy
penalty. Overlaying the phase contrast and fluorescence images showed that the fluorescence
signal was concentrated around cell nuclei, but nearly undetectable near the cell protrusions (Fig.
4-1). This clear contrast might be indicative of the role of membrane tension in inhibiting cellular
uptake at the cell protrusions, where cell membrane was highly tensed as a consequence of richly
developed stress fibers [207, 208].
We further quantified the total fluorescence yield of individual cells on the gels by
multiplying the fluorescence intensity per unit area (Fig. 4-6(a)) by the projected area (Fig. 4-2)
on a cell-by-cell basis. As seen in Fig. 4-6(b), the total fluorescence yield in individual cells
increases with increasing gel stiffness at all time points measured. Similar to the kinetics of the
fluorescence intensity per unit area, the total fluorescence yield of cells on intermediate and stiff
gels reached a plateau after 4 hours, but not for those on soft gels within 12 hours. The uptake
level by cells on soft gels might surpass that by cells on intermediate and stiff substrates after
prolonged incubation time. However, since NPs usually are cleared out within several hours after
intravenous injection [37], the uptake level after 12 hours has little clinical implication and thus is
beyond the scope of our study.
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Figure 4-6. Cellular uptake of NPs on the gels of varying stiffness. (a) The fluorescence yield per
unit area of individual cells. (b) The total fluorescence yield of individual cells obtained by
multiplying fluorescence per unit area by the projected cell area on a cell-by-cell basis. In both (a)
and (b), the difference between any two groups at any specified time point of measurement is
statistically significant (p<0.01 using Student t-test).

4.3.3 Theoretical arguments
Since the NPs used in our experiments were free of surface conjugation with ligand
molecules, it is likely that endocytosis occurred in a non-specific manner. From an energetic point
of view, NP internalization is driven by non-specific adhesion energy but penalized by membrane
bending and tensional energies. To arrive at a generalized understanding of the cellular uptake
behavior, we next perform thermodynamic analyses of the parametric dependence of NP uptake
on membrane area and cell surface mechanics and compare these model results with the
experimental data.
Following the same concept in Chapter 2, the cellular uptake assay performed in this
study can be simplified by considering a cell with a surface area M, bending modulus κ , and
membrane tension σ immersed in a solution with dispersed NPs of surface area A0 and bulk
density ϕ . Here the membrane tension includes the contributions from both the plasma

68
membrane and the cortical layer underneath the membrane. We denote the number of NPs with a
wrapped area A as nA. Through a thermodynamic analysis (see Materials and Methods for
detailed derivations), the wrapping size distribution of NPs upon the NP-cell system reaches a
steady state can be written as:

nA = M ϕ exp(γ A − WA )

(32)

where γ is the non-specific adhesion energy density and WA is the associated membrane
deformation energy, including both bending and stretching energies, when an NP is wrapped by
an area of A. It is worth noting the similarity between Eqs. (32) and (13). The NPs are fully
wrapped and endocytosed when A=A0 at which WA = σ A0 + 8κπ . Therefore, the total cellular
uptake N can be written as:

N = M ϕ exp[A0 (γ − σ ) − 8κπ ]

(33)

The cellular uptake per cell surface area is

N
= ϕ exp[A0 (γ − σ ) − 8κπ ]
M

(34)

Equations (33) and (34) provide the basis for the comparison with the in vitro
experimental data. Considering cells on substrates of different stiffnesses are of the same cell
type, it is reasonable to assume the difference in membrane composition on different substrates is
not significant enough to cause noticeable difference in membrane bending modulus. Even
though fluorescence imaging clearly showed the difference in the stress fiber patterns underneath
plasma membrane, as demonstrated in Fig. 4-3, cytoskeletons are not able to sustain bending.
Therefore, the contribution of bending modulus κ to the variation of cellular uptake on various
substrates can be neglected. From Eq. (33), the total cellular uptake increases linearly with
increasing cell surface area, but decreases exponentially with increasing membrane tension.
Equation (34) indicates the cellular uptake per unit area is inversely proportional to the
corresponding tension level, which is consistent with our in vitro results in Fig. 4-6(a). The
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theoretical predictions support our experimental data in that NP uptake increases with increasing
area (Fig. 4-6(b) and Eq. (33)), and decreases with increasing membrane tension (Fig. 4-6(a) and
Eq. (34)).

4.4 Summary
In the past few decades, PA gel has been widely used as model substrates for cells to
grow in vitro. One of the main advantages of this synthetic substrate over natural substrates (e.g.
collagen, fibrin, polysaccharides, etc.) is attributed to its inert surface, which allows a clear
separation of the mechanical signals from possible chemical stimuli [209]. Despite its high
popularity, concerns have also arisen regarding to its large variation in pore size as the stiffness
changes. The pore size increases with the decrease in the cross-linking level. However, since the
gel stiffness adopted in our experiments is within a narrow range, the influence of pore size is
minimal and should be excluded. In addition, the same acrylamide monomer concentration
adopted for different gel stiffnesses in our study avoids the possible variations in the surface
texture and the distribution of surface ligand sites after coating.
Using PA gel as model substrates, we demonstrated the regulatory role of substrate
stiffness in determining cellular phenotype and membrane mechanics of BAECs, and
consequently in the cellular uptake of NPs. Substrate stiffness regulated cellular uptake originates
from mechanotransduction of cells. As it has been well established for many different types of
cells, BAECs can sense the stiffness of their physical environments and respond by actively
modulating spreading area and cytoskeletal formation [87, 89]. The TCSPC technique, a
noninvasive, semiquantitatively means to probe the membrane mechanics, facilitates us to
identify the positive correlation between stress fiber formation and membrane tension levels. As
the substrate stiffness increases, both the spreading area and membrane tension of cells increase.
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The enhanced spreading level promotes cellular uptake by providing more excess area to NPs,
while increased membrane tension inhibits cellular uptake to happen since a higher deformation
energy needs to be overcome, as predicted by our thermodynamics model.
Though membrane mechanics modifications due to the change of substrate stiffness need
to be further quantified, the present work reports the first experimental evidence regarding how
local physical environments regulate the cellular uptake of NPs, and provides an example of
exploiting mechanotransduction in nanomedicine. Considering the dynamically changing
physical environments that cells may encounter, for instance, in tumor tissues during different
growth stages and in different organs over which metastatic cancer cells migrate, our fundamental
understanding of the regulatory role played by the substrate stiffness opens up a new dimension
to NP optimization for enhanced chemotherapeutic effects and amplified diagnostic signals.

Chapter 5
In Vitro Studies of the Regulation of Cellular Uptake of Nanoparticles by
Substrate Topography
This chapter is based on the article: “C. Huang, T. Ozdemir, L. Xu, P. J. Butler, C.
Siedlecki, J. Brown, and S. Zhang, The Role of Substrate Topography on the Endocytosis of
Nanoparticles, submitted to ACS Nano”.

5.1 Introduction
Besides stiffness, surface topography is another important feature to consider when
mimicking in vivo environments. Indeed, studies have shown the active sensing and responding
of many types of cells to surface topography in terms of adhesion [105, 210-213], migration [214217], proliferation [218-220] and differentiation [97, 221, 222]. A well-established example is the
tendency of cells to align themselves along grooves, fibers or edges [97]. Incorporating
topographic micro/nano-features onto biomedical devices, especially implants, and tissue
engineering scaffolds represents an effective route to improve the biocompatibility and medical
functions [223]. Though the understanding on how cells transfer topological features into
biochemical signaling is still not complete, the mechanosensing of geometrical curvature through
focal adhesions, bar domains and ion channels has been identified as one of the possible
mechanisms [105].
Since surface topography modulated cell responses were first brought into attention
nearly half a century ago [224], a large variety of topological features have emerged and served
as platforms to elicit desired cellular functions in vitro, including fibers, grooves, pillars, pits, and
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precisely controlled surface curvature and roughness [215, 220, 221]. Among all these structures,
nanofibrous scaffolds are most physiologically relevant, considering the fibrous nature of ECMs
in vivo. The structure of ECMs varies in different tissues and undergoes remodeling at different
stages of development even within the same tissue, especially in tumor tissues [225]. In vitro
studies have evidenced the superior properties of fibrous scaffolds in cell attachment, growth and
differentiation [99, 211, 221, 226, 227]. Aligned nanofibers induce the unidirectional cell
arrangement that is found in real tissues (e.g. muscle, tendon, nerve, blood vessel, etc.), and
further directs cell migration and differentiation [228, 229]. The ability to promote osteoinduction
without using other additional chemical or mechanical stimuli is a particularly attractive feature
of fibrous scaffolds in bone regeneration [99, 212]. Despite the fibrous nature of ECMs in vivo, in
vitro experiments on evaluating the cellular uptake of NPs thus far have exclusively involved
seeding cells on flat surfaces. As a result, the role of fibrous substrates on the cellular uptake,
despite its high clinical and biological relevance, remains unexplored.
According to the way that fibers are obtained, the methods to fabricate fibrous scaffolds
can be classified into three groups: naturally sourced, bottom-up and top-down. Plant cell walls
are a great source to extract cellulose fibrils [230]. Cellulose fibrils can also be harvested from the
secretion from certain bacteria [231]. Bottom-up methods, including but not limited to
electrospinning, self-assembly, phase separation, vapor-phase polymerization and drawing,
synthesize fibers from basic gradients. Advances in nanotechnology facilitate the top-down
fabrication of nanofibers using micro/nanofabrication techniques. Summarized advantages and
drawbacks of each method can be found in review articles [227]. Among all these techniques,
electrospinning has stood out and gained its popularity for its low cost, simplicity and versatility.
Fibrous scaffolds of various polymers with various diameters, densities and orientations have
been successfully obtained so far [232-234].
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In Chapter 4, we have demonstrated the regulatory role of substrate stiffness in the
endocytosis of NPs via mechanotransduction. With the active recognition of topological features
by a large variation of cell types in mind, we speculate surface topography also modulates cellular
uptake of NPs in a similar way as substrate stiffness. To test our hypothesis, we culture human
osteosarcoma SaOS-2 cells on poly(methyl methacrylate) (PMMA) fibrous substrates of various
fiber densities. The fibrous substrates are fabricated through electrospinning. The responses of
SaOS-2 cells to substrate topography are investigated using fluorescence microscopy, atomic
force microscopy (AFM), and time-correlated single-photon counting (TCSPC) technique. Using
fluorescent polystyrene NPs with a diameter of 100 nm, we show that substrate topography
regulates cellular uptake of NPs by altering cell spreading level and membrane mechanics. With
pharmacological inhibitors, we demonstrate that the relative scale of the contributions from
myosin II and stress fibers to the cellular uptake of NPs also varies on different substrate
topographies. In addition to unraveling the biophysical mechanisms of surface topographymediated endocytosis of NPs, our results shed light on concerted design of NP-based drug
carriers and tissue scaffolds for improved cellular targeting.

5.2 Materials and Methods
Substrate preparation. Completely smooth substrates were prepared by spin-coating 2%
poly(methyl methacrylate) (PMMA; MW 120,000) (Sigma-Aldrich, St Louis, MO) on 22×22 mm
glass slides at 2500 rpm for 15 seconds. Electrospinning with a stationary copper target was
performed in order to generate PMMA fibrous substrates. Briefly, PMMA was dissolved in a 3:1
dimethylformamide (DMF): tetrahydrofuran (THF) solution at 25% w/v and was transferred to a
5 mL glass syringe with a 25G needle (Beckton Dickinson, Franklin Lanes, NJ). The syringe was
placed on a syringe pump with the speed of pumping set to 5 mL/hr. A 10 kV voltage was applied
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between the syringe tip and copper target and the exposure time was adjusted between sparse and
dense fiber deposition cases. Fibers were collected on glass coverslips placed 18 cm from the
needle tip, which were pre-coated with 2% w/v poly(2-hydroxyethyl methacrylate) (PHEMA;
Sigma Aldrich, St. Louis, MO) in 70% v/v ethanol through spin-coating at 5000 rpm for 10
seconds. PHEMA prevents cell adhesion to non-fibrous regions. The desired densities of fibrous
mesh were generated after 60 sec and 10 sec of electrospinning for dense and sparse fiber
substrates, respectively. The fiber-deposited slides were then heated twice on a 120˚C hot plate
for 1 min each. Both smooth and fibrous substrates were washed extensively with growth media
for 15 min to eliminate cellular toxicity from possible solvent residues. All substrates were UVtreated for minimum 30 min for sterilization prior to in vitro experiments.
Substrate characterization. The surface topographies of both smooth and fibrous
substrates were characterized using a SEM (FEI Quanta 200, Philips, Netherlands). The average
diameter (average of at least 100 measurements) of fibers was quantified through analysis of
SEM images using the National Institute of Health’s ImageJ software package. The stiffness of
the smooth PMMA layer and PMMA fibers was measured using an AFM (NanoscopeIIIa, Digital
Instruments, Santa Barbara, CA). The details of AFM tip preparation and data processing were
documented in the “Materials and Methods” of Chapter 4.
Cell culture. Human osteosarcoma cell line SaOS-2 was purchased from American Type
Culture Collection (ATCC, Manassas, VA). Cells were grown on 15 cm tissue culture grade
polystyrene (TCPS) culture dishes (Sigma-Aldrich, St. Louis, MO) in McCoy’s 5A essential
medium (ATCC, Manassas, VA), supplemented with 15% fetal bovine serum (FBS; Atlanta
Biologicals, Lawrenceville, GA) and 1% penicillin-streptomycin (Pen-Strep)

(Invitrogen,

Carlsbad, CA) at 37˚C in a 5% CO2 atmosphere with 95% humidity. When they reached 80%
confluence, cells were either detached from the surface using 0.05% trypsin-EDTA (Invitrogen,
Carlbad, CA) and passed for tissue culture expansion or used for further experiments.
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Fluorescence microscopy. Immunostaining was performed by staining F-actin, vinculin
and nucleus following a previously published method [235]. Briefly, cells were fixed for 15 min
in 3.7% paraformaldehyde followed by incubation with a permeabilization buffer (3% BSA and
0.1% Triton X-100 in PBS) for 45 minutes. The cells were incubated with 1:1000 dilution of
vinculin primary antibody (Sigma Aldrich, St Louis, MO) at room temperature for 1 hour and
with 1:500 dilution of Dyelight 488 secondary antibody (Rockland Immunochemicals,
Gilbertsville, PA) for 45 min with extensive washing in between. Next, actin stress fibers were
fluorescently labeled by incubating cells in a 1:1000 dilution of CF 568 conjugated phalloidin
(Biotium, Hayward, CA) for 30 min. Nuclei were stained by incubating cells with a 1:5000
dilution of 4'-6-Diamidino-2-phenylindole (DAPI; Pierce, Rockford, IL) for 5 min. The stained
slides were mounted using ProLong Gold antifade reagent (Invitrogen, Eugene, OR) and imaged
with a Leica DM5500B microscope (Leica Microsystems, Buffalo Groove, IL) with a 63x oil
immersion objective (Leica Microsystems, Buffalo Groove, IL).
Cell mechanics measurements. The cell stiffness and membrane tension were measured
using AFM and TCSPC, respectively. The same AFM and TCSPC systems as detailed in Chapter
4 were used.
Flow cytometry. Cells were seeded at a density of 1000 cell/cm2 on both smooth and
fibrous substrates. The medium was replaced with fresh medium containing orange carboxylatemodified fluorescent polystyrene NPs (100 nm; Invitrogen, Eugene, OR) of 0.02 mg/mL after an
initial 24 hr of cell attachment and cell-substrate interaction. Prior to loading, the NPs were
sonicated for 15 min to break apart any possible aggregations. Cells were incubated with NPs for
6 hr to allow the cellular uptake reach equilibrium, and then rinsed 3 times with phosphatebuffered saline (PBS) to get rid of extracellular NPs. Cells were then harvested with 0.05%
trypsin/EDTA, followed by neutralizing using fresh growth medium and centrifuging under 300 g
for 4 min. After discarding the supernatant, the cell pellet was fixed and homogenized using 4%
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paraformaldehyde in PBS and pipetted up/down several times until a homogenous single cell
suspension was obtained for flow cytometry experiments. Intracellular fluorescence intensity was
measured using a GUAVA flow cytometer with a PT-1 orange emission filter.
Inhibition of endocytosis. Cells were seeded on both smooth and fibrous substrates and
cultured for 24 hr as described above. Prior to loading NPs, cells were treated with either
blebbistatin (Sigma-Aldrich, St. Louis, MO) or cytochalasin D (Sigma-Aldrich, St. Louis, MO)
for 30 min at a concentration of 10 µM and 10 µg/mL, respectively. After the treatment, cells
were incubated with NPs for 6 hr, followed by flow cytometry to quantify cellular uptake as
described above.
Statistical analysis. Data were represented as mean ± standard deviation. Student’s t-test
was performed where statistical significance of the difference in means between two groups was
tested. A 95% confidence level (p-value<0.05) was considered to be statistically significant. Due
to the non-normal distribution of the AFM data, Kruskal-Wallis one way ANOVA on ranks test
was performed on mean Young’s modulus values and tabulated for statistical significance [236].

5.3 Results and Discussion

5.3.1 Regulation of cellular phenotype and cell mechanics by substrate topography
In our experiments, completely flat and fibrous surfaces were prepared for cell seeding
(Fig. 5-1). The flat substrate was prepared by spin-coating 2% PMMA onto 22x22 mm glass
slides (Fig. 5-1(a)). To fabricate fibrous substrates, PMMA fibrils were deposited onto glass
slides of the same dimensions via electrospinning. The glass slides were pre-coated with PHEMA
in order to inhibit cell adhesion on non-fibrous regions. The fibril density can be well controlled
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by varying the deposition time during electrospinning. The fibril densities in our studies were
chosen such that multiple fibrils were underneath each cell for the dense case (60 sec deposition),
while only a single fibril for the sparse case (10 sec deposition) (Fig. 5-1(b-c)). Our experimental
settings allowed us to fabricate uniform PMMA fibrils with an average diameter of 1.64±0.31
µm, as measured using a SEM. Using AFM, the stiffnesses of the flat PMMA layer and PMMA
fibrils were measured, and found to fall within the range of ~1.8-3.0 GPa. The comparable
stiffness of the flat PMMA layer and fibrils decouples the effect of surface topography from
substrate stiffness. The topographies of both flat and fibrous substrates were further examined
using SEM prior to cell seeding.

Figure 5-1. Representative SEM images of substrates with various surface topographies: flat
substrate (a), dense fibrous substrate (b), and sparse fibrous substrate (c).

Prior to imaging and other treatments, cells were seeded on both flat and fibrous
substrates and cultured for 24 hours to allow focal adhesions to be fully developed and stabilized.
Compared with cells on the flat PMMA surface, the spreading level and the size of cell nucleus
on the fibrous substrates were reduced by 2.5 and 2.0-fold (Fig. 5-2(a)), respectively. Though the
degrees of cell spreading on the dense and sparse fibrous substrates remained roughly the same,
the cell nuclei on the sparse fibrous substrates were relatively smaller. On the flat substrates, cells
did not show any preference in the direction of polarization, since all directions were
topographically invariant. In contrast, cells could only spread along the fibrils on fibrous
substrates and therefore cell morphologies were determined by the fibril patterns. We used
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circularity as an indicator of the polarization level of the cells, defined by C = 4π A / L2 , where A
and L are the spreading area and perimeter of the cells, respectively. Note that C = 1 corresponds
to the perfectly circular shape. As the value of C approaches zero, the cell becomes highly
polarized and its shape significantly deviates from a perfect circle (such as the needle-like shape).
Our measurements indicated that cells on fibrous substrates were significantly less circular than
those on flat substrates, especially on sparse fibrils (Fig. 5-2(b)). Though cell outlines on flat
substrates were more circular than those on dense fibers, the circularities of cell nuclei on flat and
dense fibrous substrates showed negligible difference. However, the cell nuclei on sparse fibrous
substrates were significantly less circular than those on flat and dense fibrous substrates.

Figure 5-2. Cell responses to substrate topography. (a) Cell spreading area and cell nucleus size
vary with substrate surface topographies. (b) Circularities of cell spreading and nuclei vary with
substrate surface topographies. **Significance at p<0.01 with respect to the cell spreading on flat
substrates. ##Significance at p<0.01 with respect to the cell nucleus on flat substrates.
δ
Significance at p<0.05 with respect to the cell nucleus on dense fibrous substrates. δδSignificance
at p<0.01 with respect to the cell spreading on dense fibrous substrates.

Fluorescence immunostaining was performed to visualize the cellular responses to
various surface topographies by simultaneously staining F-actin, vinculin, and cell nucleus (Fig.
5-3). Cell nuclei exhibited distinct patterns on different substrates. On the flat surface, cell nuclei
were mostly elliptical with smooth boundaries, while they were more irregularly shaped due to
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the spatial confinement from multiple fibrils on dense fibrous substrates. They unidirectionally
elongated along the fibrils on sparse fibrous substrates, forming a spindle shape. Phalloidin
staining clearly demonstrated well-aligned stress fibers within cells on the flat surface, while
much thicker stress fiber bundles formed along the edges of spindle-shaped cells on sparse
fibrous substrates. Compared with the cells on the flat and sparse fibrous substrates, fewer aligned
stress fibers were formed on dense fibrous substrates. Vinculin staining showed that large focal
adhesion sites were formed wherever cells adhered to fibers (see white arrows in Fig. 5-3),
indicating that fibrils promote focal adhesion formation and maturation.

Figure 5-3. Representative fluorescence images of SaOS-2 cells on various substrates with
distinct surface topographies.

The distinction in cell phenotype inspired further examination of cell mechanics on
various substrates, including the elastic modulus of the cells and membrane tension. Our AFM
measurements revealed clear difference in the overall elastic modulus between cells growing on
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sparse fibrils and those on the dense fibrous and flat cases (Fig. 5-4(a)). The mean elastic
modulus of the cells on sparse fibers was more than 25% higher than flat counterparts and more
than 30% higher than the cells growing on dense fibers. According to Kruskall-wallis significance
test (Table 1), the difference between any two groups was significantly appreciable. The modulus
distributions on various substrates also showed that the median modulus on sparse fibers was
higher than that of both flat and dense fibrous substrates. It is worth noting the direct correlation
between stress fiber formation within cells and the overall elastic modulus of the cells: the thicker
the stress fiber bundles, the relative higher stiffness of the cells.
A high elastic modulus of cells measured using AFM might stem from three possible
aspects. First, the membrane itself could become stiffer due to the increase in stiff components,
for example proteins. As we discussed in Chapter 4, it is reasonable to assume the membrane
compositions on various substrates stay nearly the same. However, whether this assumption holds
on various surface topographies needs further investigation using the methods in analytical
biochemistry. Second, high membrane tension is another possible origin of the measured high
elastic modulus. As presented in Chapter 4, TCSPC technique is a noninvasive and effective way
to probe the membrane tension of live cells. This method has been described in details and
validated in Chapter 4 and elsewhere [198, 205, 206]. In brief, a lipophilic dye (e.g. DiI) is used
to stain cell membrane, which stays with the hydrophobic tails of phospholipids due to the
hydrophobic interaction. The lifetime of the fluorescent dye after being excited by a laser power
is an indicator of the membrane tension level, because its non-radiative decay is largely
determined by the exposure extent of dye molecules to water, i.e. membrane strain. The higher
the membrane tension, the shorter the fluorescence lifetime of the dye. Figure 5-4(b) showed that
the membrane tension in cells growing on dense fibrous substrates was lower than that on flat and
sparse fibrous substrates, which is consistent with its lowest stiffness measured using AFM.
However, the measured membrane tension levels did not match with the measured cell moduli on
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flat and sparse fibrous substrates. The relative higher stiffness of cells on sparse fibrous substrates
might origins from the thick stress fiber bundles underneath cell membrane, which is the third
possible origin of a high elastic modulus of cells.

Figure 5-4. Cell mechanics on substrates of various surface topographies. (a) Distribution of
elastic moduli measured using AFM. The mean moduli on flat PMMA, dense fibrous and sparse
fibrous substrates are 3.94±1.90 kPa, 3.62±3.12 kPa, and 4.99±2.60 kPa, respectively. (b)
Fluorescence lifetime of DiI-C12. The mean lifetime on flat PMMA, dense fibrous and sparse
fibrous substrates are 1.30±0.06 ns, 1.66±0.13 ns, and 1.38±0.10 ns, respectively. **Significance
at p<0.01 and *significance at p<0.05 with respect to the fluorescence lifetime on flat substrates.
##
Significance at p<0.01 with respect to the fluorescence lifetime on dense fibrous substrates.
Table 5-1. All Pairwise Multiple Comparison Procedures (Dunn's Method) for the statistical
significance of the AFM measurements that show a non-normal distribution. The difference of the
average modulus values between any two groups is statistically significant:
Comparison

Diff of Ranks

Q

P<0.05

PMMA vs Dense F

3007.144

43.772

43.772

Yes

Sparse F. vs PMMA

1094.069

11.840

11.840

Yes

Sparse F. vs Dense F

1913.075

21.725

21.725

Yes
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5.3.2 Regulation of cellular uptake of NPs by substrate topography
We next used 100 nm carboxylate-modified fluorescent polystyrene NPs (COOH-NPs) to
investigate the roles of the substrate topography on the cellular uptake of NPs. The bright and
stable fluorescent signal of the NPs facilitated the quantification of the cellular uptake level via
flow cytometry. To ensure that only NPs inside cells contributed to flow cytometry signals, cells
were extensively washed to completely remove free NPs in the solution and those adhered on cell
surface after 6-hour incubation. Figure 5-5 showed that the cellular uptake of NPs on sparse
fibrous substrates was reduced by about 30% as compared with the cells on the flat PMMA
substrates. Our previous theoretical analyses have revealed that both membrane tension and
spreading area affect cellular uptake of NPs [183]. Our TCSPC measurements have clearly shown
that membrane tension is higher on the flat surface. Therefore, it follows that the reduction in
cellular uptake of NPs on fibrous substrates was caused by the reduced spreading level. Though
cells displayed insignificant difference in the spreading area between dense and sparse fibrous
substrates (Fig. 5-2(a)), the higher membrane tension resulted in the lower uptake level in the
cells on sparse fibrous substrates. Normalizing the cellular uptake by the spreading area
illustrated that the highest and lowest uptake efficiencies (per unit area) occur on dense fibrous
and flat substrates, respectively, which is consistent with the corresponding tension levels
measured using TCSPC.
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Figure 5-5. Cellular uptake of fluorescent NPs by cells on substrates of different surface
topographies. The fluorescence intensities are normalized by the intensity on flat PMMA surface.
**Significance at p<0.01 between any two groups.

In order to investigate whether and how the substrate topography mediates the endocytic
pathways, we measured and compared the cellular uptake of NPs on flat and fibrous substrates in
the presence/absence of pharmacological inhibitors. Herein, sparse fibrous substrates were
adopted for our inhibition assays. We used blebbistatin, a myosin II inhibitor, and cytochalasin D,
an actin polymerization inhibitor, to probe the possible roles of cell contractility and stress fiber
formation in cellular uptake of NPs on different substrate topographies. From a mechanics point
of view, disrupting either cell contractility or actin polymerization decreases the cell stiffness and
therefore would lower the resistance for cells to internalize NPs. However, our experiments
showed that treating cells with either blebbistatin or cytochalasin D inhibited cellular uptake of
NPs on both flat and fibrous substrates (Fig. 5-6). Though this result seemed to be counterintuitive, it agreed with existing studies [237] and might be due to two possible reasons. First,
treating cells with pharmaceutical drugs not only inhibits the formation of target structures, but
also may disrupt essential signaling and force transducing pathways that affect the overall
morphology and mechanical properties of cells; both in turn influence the cellular uptake. For
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example, we observed dramatic morphological change of cells in the presence of pharmaceutical
inhibitors (results not shown). Secondly, studies have proposed the positive effects of stress fibers
on endocytosis [238]. Stress fibers provide assistance for cell membrane to deform by pulling
membrane inward during endocytosis and help vesicle scission to occur at the last stage of
endocytosis. The cellular uptake reduction levels of the cells in the presence of blebbistatin and
cytochalasin D differed on fibrous and flat substrates. The cellular uptake of cells on fibrous
substrates was reduced by more than 30% with blebbistatin, but less than 15% with cytochalasin
D, while both blebbistatin and cytochalasin D reduced the cellular uptake by 20% for cells on the
flat substrates. This result indicates that substrate topography markedly regulates the roles of
myosin II and stress fibers in the cellular uptake of NPs, with myosin II contractility being critical
to NP uptake on fibrous substrates.

Figure 5-6. Effects of pharmacological inhibitors on the cellular uptake of NPs on both flat and
fibrous substrates. The fluorescence intensities are normalized by the intensity on flat PMMA
surface without any inhibitor. **Significance at p<0.01 with respect to the control case on flat
substrates. ##Significance at p<0.01 between any two groups.
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5.4 Summary
To test the possible influence of substrate topography on cellular uptake of NPs, we
decided on fibrous substrates because of their high physiological relevance and wide applications
in tissue engineering. Fibrous substrates were fabricated using electrospinning by passing
dissolved PMMA solution through a high electric field. The pre-coated PHEMA layer, which
prevents cells from adhering onto non-fibrous regions, allowed us to investigate cell behaviors on
single fibers. We clearly saw the guidance of cell orientation by fibers underneath, as
demonstrated in Fig. 5-7. The smaller spreading area on fibrous substrates compared with that on
the flat surface agrees with previous studies [227].

PHEMA*
PMMA*

Coverslip*
Figure 5-7. Schematics of surface topography guided cell polarization on completely flat and
fibrous substrates. For the fibrous substrate, cells are adherent to PMMA fibers, but non-adherent
to the pre-coated PHEMA layer.

Once again, we performed cellular uptake assay using fluorescent NPs. The cellular
uptake was quantified by the intensity of fluorescent signals via flow cytometry. Compared with
directly measuring fluorescence intensity of 2D images as adopted in Chapter 4, flow cytometry
provides a higher sensitivity and accuracy. Using the same argument that the cellular uptake is
mainly controlled by cell spreading and tension level, we are able to relate our results from
cellular uptake assay to cell morphologies observed using microscopy and cell mechanics
obtained using AFM and TCSPC. We found that the NP uptake efficiency changes consistently
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with the phenotypic and mechanical properties of the cells. Our inhibition studies showed that
disrupting the acto-myosin coupling through blebbistatin and cytochalasin D inhibits the uptake
efficiency, consistent with previous studies [237]. Our results further indicated that the
contributions from myosin II and actin fibers to the cellular uptake efficiency vary on different
surface topographies.
As ECMs in vivo vary widely in chemical compositions [225] (collagen, fibronectin,
glycosaminoglaycans), organization (topography [239, 240], porosity [241]), and physical
properties (stiffness[188]), it is critically important to design nanoscale targets in concert with the
chemophysical properties of the ECM to achieve optimized targeting efficiency. To date, studies
have primarily focused on optimizing the physiochemical properties of the NPs [242], and the
roles of the local physical environments of the cells in the cellular uptake of NPs are largely
omitted. Rational tissue scaffolding provides a biomimetic environment that comprises of the
correct chemical (a biological inert material), physical (a scaffold with the right dimensions, pore
size, stiffness) and biological (providing constant release of growth factors and bioactive agents)
properties, which can elicit desired cellular functions that facilitate the delivery of nanocarriers.
Our findings in this study thus pave the way toward concerted design of NPs and tissue scaffolds
for improved cellular targeting.

Chapter 6
Conclusions and Discussion
We performed thermodynamics analyses on receptor-mediated endocytosis of spherical
NPs. From energetics point of view, this event is driven by the specific binding between ligands
on the NP surface and the receptors on the cell membrane, while penalized by membrane
deformation. As the wrapping proceeds, receptors diffuse towards the wrapping site from the
remote region to compensate the depletion of receptors in the vicinity of the wrapping site.
Receptor diffusion defines the endocytic time of a single NP. The phase diagram of the endocytic
time in the space of particle size and ligand density features an optimal region encompassed by a
lower and upper bounds. The lower bound is limited by the enthalpic limit of adhesion strength
below which adhesion energy is not enough to overcome the membrane deformation, while the
upper bound by the entropic limit resulted from receptor depletion. From the endocytosis of a
single NP to that of multiple NPs, the competition among NPs for receptors makes the receptor
depletion easier to occur, therefore lowering the upper bound, while the lower bound stays
unchanged. The endocytic time of a single NP and the cellular uptake of multiple NPs together
define a phenomenal uptake rate. The phase diagram of the uptake rate in the space of particle
size and ligand density defines an optimal region of endocytosis: R ∈ [25, 30] and ξ g ∈ [0.8,1] .
The identified size range matches with both in vitro experimental studies and the typical size of
viruses in nature. The identified range for ligand density indicates that the particle surface is
almost fully covered with ligands when the uptake rate maximizes. In addition, the optimal
number of ligands follows a hyperbolic fitting and is independent with particle size.
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Applying the energy-balance argument to spherocylindrical NPs elucidates that NP size
primarily determines whether endocytosis can complete, while shape breaks the symmetry of the
curvature energy landscape and hence dictates the endocytic pathways. However, due to the
unavailability of the membrane deformation energy profile when wrapping a nonspherical NP,
our thermodynamics analyses are not accessible to spherocylindrical NPs. To study the
endocytosis of spherocylindrical NPs, we performed systematic CGMD simulations for NPs of
various sizes and aspect ratios based on our previously developed CGMD membrane model. Our
simulations successfully captured the size-dependence feature of the endocytosis of a single
spherical NP predicted by our thermodynamics model, which validated our simulation schemes.
For spherocylindrical NPs that are vertically docked on the membrane surface, endocytosis
proceeded by a laying-down-then-standing-up sequence mediated by membrane deformation
energy. Under a tensionless condition, we proposed an energy criterion that allowed us to map
out the endocytic pathways of spherocylindrical NPs with various aspect ratios. Our analyses
indicated the rotation angle from its initial configuration before it starts to stand up increases with
the increased aspect ratio. Extending this result to the limiting case, a 1D nanorod would be
endocytosed with a 90o entry angle, which agrees with the tip rotation phenomenon observed in
previous studies[166]. The energy criterion for the endocytic pathways may be applicable to NPs
with other shapes and can be potentially extended to the finite membrane tension condition.
We then demonstrated the regulatory roles of physical environments of cells in cellular
uptake of NPs through in vitro experiments. Both substrate stiffness and surface topography
induce changes in cell spreading and stress fiber formation. Correlating the fluorescence
immunostaining of F-actins with our TCSPC results, we noticed the positive correlation between
stress fiber formation and membrane tension. The cellular uptake of NPs is regulated by both cell
spreading and membrane tension, as illustrated by our thermodynamics analyses. We found that
the same regulatory mechanism is also taken by shear flow, as shown in Fig. 6-1. BAECs were
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subjected to different flow conditions for 24 hours, followed by the cellular uptake assay with 100
nm fluorescent PS-COOH NPs. Shear flow was not applied during cellular uptake assay to
exclude the possible disturbance to NP adhesion. After 24 hours, cells reorganized themselves to
align along flow direction and stress fiber formation was enhanced under steady shear flow (Fig.
6-1(a)). The stress fibers aligned along the flow direction. Figure 6-1(b) clearly showed the
reduction in cellular uptake by cells experienced shear flow. Quantification of fluorescence
intensity indicated that the cellular uptake of NPs is reduced by more than 20% after shearing
(Fig. 6-1(c)).

Figure 6-1. Shear flow induces morphological and cytoskeletal remodeling of BAECs, which
consequently alters cellular uptake efficacy. (a) Fluorescence immunostaining of BAECs with
and without shear flow. Stress fibers are stained with phalloidin (green). (b) Cellular uptake assay
using 100 nm fluorescent PS-COOH NPs (green). (c) Quantification of cellular uptake levels with
and without shear flow (*p<0.01). Red arrow denotes the flow direction. Cell nuclei are stained
with DAPI (blue).
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For all of three different physical signals tested in our in vitro experiments, similar
scheme in cellular responses and changes in cellular uptake of NPs was observed. The physical
stimuli induce cell remodeling in morphology and cytoskeleton, which consequently alters
cellular uptake. Therefore, we conclude that physical environments modulate cellular uptake of
NPs via mechanotransduction, as illustrated in Fig. 6-2.
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Appendix
Derivations of the free energy functional

1. The entropic energies of the receptors in bound and free (or impacted) regions
The NP-membrane interaction system is considered as an isolated system, which allows
us to treat the system as a microcanonical ensemble in thermodynamics. The translational
entropies of the receptors in the bound and free (or impacted) membrane regions are simply a
two-component system. Here we provide the detailed derivation for the translational entropy of
the receptors in the bound region. The entropy in the impacted membrane region can be derived
in the same manner.
The total number of binding sites available for receptors to occupy in the bind region is
determined by the number of ligands: N = M bξ g , where Mb and ξ g are the area of the bound
region and ligand density, respectively. The number of receptors in the bound region is given by
nb, leaving (N-nb) of empty sites. In the microcanonical ensemble, all states with the given energy
( Eb = µ nb ) are equally probable. The entropy is determined by the number of states with energy
Eb, denoted by Ωb (Eb ) :

Ωb (Eb ) =

N!
nb !(N − nb )!

(A1)

The entropy is given by

Sb (Eb ) = kB lnΩb (Eb ) = kB ln N!− kB [ln nb !+ ln(N − nb )!]
The above expression can be simplified using Stirling’s approximation:

(A2)

92

ln N! = N ln N − N

(A3)

Sb (Eb )
= N ln N − nb ln nb − (N − nb )ln(N − nb )
kB
( n
n " n % " n %+
= N *− b ln b − $1− b ' ln $1− b ') N N # N & # N &,

(A4)

which gives us:

The expression can be rewritten as

Sb (Eb )
= −M bξ g "#−ξˆ ln ξˆ − 1− ξˆ ln 1− ξˆ $%
kB

( ) ( )

(A5)

where ξˆ = nb / N = nb / (M bξ g ) = ξ b / ξ g . Therefore the entropic contribution of the receptors in the
bound region to the total free energy functional of single NP-membrane system is given by

E f ,b = −TSb (Eb ) = kBTM bξ g "#ξˆ ln ξˆ + 1− ξˆ ln 1− ξˆ $%

( ) ( )

(A6)

The entropy of the receptors in the impacted region can be easily obtained by substituting
n+ and M+ for nb and N in Eq. (A4), respectively, yielding:

S+ (Eb )
= −M + "#−ξ + ln ξ + − (1− ξ + ) ln (1− ξ + )$%
kB

(A7)

where ξ + = n+ / M + .

2. The configurational entropy of the 2D mixture of wrapped NPs
The NPs with various wrapping extents can be treated as multi-component ideal gas. The
total number of sites for NPs to occupy is M, while the total number of atoms (NPs) is given by

N =∑

k=K
k=0

nk , where nk is the number of atoms of species k. The number of ways to position these

atoms is given by:
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Ω2 D = CMn0 CMn1 −n0 CMn2−n0 −n1 !CMnk−n0 −!−nk−1
=

M!
M!
=
k=K
n0 !n1 !!nk !(M − n0 −!− nk−1 )! (∏ nk )!(M − N )!

(A8)

k=0

With Stirling’s approximation in Eq. (A3), the corresponding entropy can be approximated by
k=K
S2 D
= lnΩ2 D = M ln M − ∑ nk ln nk − (M − N )ln(M − N )
k=0
kB

(A9)

Considering N<<M, the last term of Eq. (A9) can be simplified as

"
N %
N
(M − N )ln(M − N ) = (M − N )$ln M + ln(1− )' ≈ (M − N )(ln M − )
#
M &
M
≈ M ln M − N ln M − N
Substituting N = ∑

k=K
k=0

(A10)

nk , Eq. (A9) yields

( "n % +
k=K
S2 D
= −∑ nk *ln $ k ' −1k=0
kB
) #M & ,

(A11)

3. The energy penalty involved in NP adsorption to the membrane
Given a two-component system with Nw water molecules and Np NPs, the entropy of this
simple system can be easily obtained according to Eq. (A4):

S = −kB (N w + N p )"#ϕ ln ϕ − (1− ϕ ) ln (1− ϕ )$%

(A12)

where ϕ = N p / (N w + N p ) is the NP density in the solution. The corresponding free energy is
given by Π = −TS .
The energy involved when taking N NPs out of the given system is given by

E =−

∂Π
N
∂N p

N p =N

=T

∂S
N
∂N p

N p =N

= −kBTN ln ϕ

(A13)
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