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Back to Basics: Exploiting the Innate Physico-chemical
Characteristics of Nanomaterials for Biomedical

Applications

Chor Yong Tay,* Magdiel Inggrid Setyawati, Jianping Xie, Wolfgang J. Parak,

and David Tai Leong*

In nanomedicine design, emphasis is centered on the engineered impacts
of the nanomaterials (NMs). However, failure to understand the unintended
effects of nanomaterials on the cell biology can affect the overall perfor-
mance, approval, and adoption in the clinic. Much of these unintended
effects arise from unique physico-chemical properties of the NMs. This
feature article discusses some of the key physico-chemical parameters of
NMs and highlights how they could cause unexpected and novel biological
responses, with some insights into their underlying mechanisms.

1. Introduction

Nanomedicine can be broadly defined as the application of
nanotechnology to address or improve healthcare-related
issues. Ever since the seminal lecture given by Richard Fey-
nman “There’s plenty of room at the bottom” in 1959,/Y many
researchers worldwide have worked feverishly to realize the
notion of “swallowing the doctor” for the treatment of illnesses
and diseases by incorporating various small-scale technolo-
gies. Some 55 years on, building on the rapid development in
nanoscience and nanotechnology, we are now able to manip-
ulate materials with almost atomic precision to possess novel
electronic, optical, magnetic and mechanical properties. This
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empowering has expanded beyond the
therapeutic role of nanomedicine to
branch into other emerging areas such
as diagnostics,?™ imaging!*® and tissue
engineering.”®]

Nanomaterials (NMs) can be broadly
defined as materials with at least one
dimension in the size range of 1-100 nm.
Operating at a length scale of one-billionth
of a meter, the properties of NMs are
significantly different from their atomic
constituents and bulk substances due to
the high surface-to-volume ratio and quantum size effects.1%
Consequently, there are many novel nanospecific properties
that could be useful for biomedical applications. For example,
inorganic colloidal NMs can possess intrinsic physical proper-
ties that are governed by their size, such as fluorescence, -1l
superparamagnetism,'’l and plasmonic properties.'®1% While
our ability to control and engineer nanosized materials to have
these properties is fairly recent, the serendipitous exploits of
these nanoparticle (NP)-derived properties date back centu-
ries, as seen in plasmonic gold and silver NPs impregnated
in the glass of the famous Lycurgus cup.?%2l Of more recent
exploits, superparamagnetic NMs are used as contrast agents
for magnetic resonance imaging (MRD)2*?4 or for mag-
netic separation,®”! whereas plasmonic gold NMs have been
used for agglutination assays,?®?’] contrast agents for immu-
nostaining,*®l sensitizers for cancer radiotherapy,?3! and
as “bullets” for gene guns.’Z Biology itself has been working
at the nanoscale for far longer. Many essential proteins that
drive almost all biological activities are in the range of tens
of nanometers.133 Cells are also equipped with nanosized sur-
veillance apparatus to help sense and assimilate extracellular
information; guiding fundamental biological fates such as sur-
vival, migration, and differentiation.’ Therefore, the ability
to fabricate and tailor NMs to the level of precision at a length
scale that mimics the fundamental tenets of life would offer
researchers unprecedented opportunities to probe, influence,
and even rewire cellular behaviors.

At the forefront of nanomedicine is the utilization of NMs
as carriers to deliver therapeutic drugs to the diseased site.l*]
Currently, much of the technological efforts have been devoted
to further enhancing the therapeutic efficacy by adding inno-
vative modalities to the existing nanosized drug-carrier
platforms.3¢-38] This has given rise to the concept of “multi-
functional” NMs, where the NMs are conferred with added
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competencies such as the ability to target and deliver multiple
drugs.3637:39-81 On the flip side, additional functionalities may
inevitably lead to an increase in the complexity and cost to syn-
thesize these NMs. The therapeutic benefits-to-cost ratio would
therefore need to be evaluated.*¥ Furthermore, the newly
acquired physico-chemical identity of NMs may also differ dras-
tically compared to their pristine counterparts, and thus may
result in unforeseen biological responses.*’l Recently, there has
been mounting evidence that the intrinsic properties of
multiple types of inorganic NMs potentially hold some thera-
peutic value.**#’] However, the bench-to-bedside translation
of these engineered NMs would also require a better under-
standing of how NMs interact with biological systems, for the
purpose of evaluating their safe usage and any discovery of
novel nanospecific phenomenon that may be of significance for
biomedical applications.

In this feature article, we will first briefly review some of
the physico-chemical properties of colloidal NMs that critically
influence how they interact with biological systems. Following
which, an in-depth analysis on some new observations of NM—
bio interactions and insights into their biological mechanism
and possible applications will be given.

2. Physico-chemical Parameters that Matter at the
Nanoscale

Even before the onset of “nanoscience” in the context known
nowadays, around the 90s in the last century, many basic prop-
erties, synthesis protocols!'>**) for size and shape control,>%
and linked applications of NMs were reported. However, some-
times these reports are hard to find, as terminology has changed
over the years, and NPs have been referred to as colloids, par-
ticle sols, or monolayer-protected clusters; to name some spe-
cific examples: gold NPs have been referred to as colloidal gold
or immunogold, and iron oxide NPs have been referred to as
ferrofluids or immunomagnetic particles. Also, basic interac-
tions of dispersed NPs with media, such as the adsorption of
counter ions (the Debye—Hiickel model),P! or their sponta-
neous in vitro internalization by cells**3 and localization in
intracellular endocytic vesicles, have already been investigated.
Whereas the above-mentioned functional physical properties
(such as fluorescence, superparamagnetism, and plasmonic
properties) originate from the electronic band-structure of the
NPs, the physico-chemical properties depend on more physical
and mechanical parameters (such as size, shape, stiffness, etc.)
or surface chemistry parameters (such as charge, hydropho-
bicity, surface functional groups, etc.). Though physico-chem-
ical properties are paramount in determining the interaction of
NPs with biological building blocks, and despite the fact that
NPs have been heavily investigated, a comprehensive under-
standing is still lacking.>***! This is in particular due to the fact
that precisely defined NPs with intentionally tuned properties
have only been recently available. In the following sections,
some of these physico-chemical properties of NPs will be dis-
cussed in more detail.

Though one might not expect it, inorganic NPs are complex
objects, which comprise much more than their inorganic par-
ticle core. While the inorganic core provides the materialistic
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identity for the NP that will govern its mechanical and chemical
properties, it is the NP’s surface that determines much of its
physico-chemical properties. Assuming plain particles con-
taining a homogeneous inorganic core, it is easy to understand
that, with van der Waals forces, the NPs would agglomerate. In
order to prevent agglomeration, the NPs need to be stabilized.
This can be done by charge, either by using the charged surface
states of the NPs,’®%7] by the adsorption/attachment of charged
molecules to their surface,® steric hindrances,*® or by a com-
bination of both effects.’” Thus, even in pure water, the NP
surface needs to be different from its inner volume in order
for colloidal stability to be attained. In biological media further
modifications occur, such as the afore-mentioned adsorption of
counter-ions!®®®! and the repulsion of like-charged ions, as well
as the adsorption of proteins, forming a protein corona.l®?l In
this manner, the environment changes the NP surface, as the
NP surface modifies its immediate environment.[®®l Thus, there
are no homogeneous inorganic NPs, but in fact always complex
hybrid structures (Figure 1). In the same way, it can be easily
appreciated that it is not trivial to experimentally determine the
distinct physico-chemical properties of NPs, as they are often
highly entangled.[*l

Agglomeration is a key parameter, as it influences virtually
all the other NP physico-chemical parameters. The interaction
of NPs with biological building blocks is strongly influenced by
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Figure 1. Challenges to characterize physico-chemical properties of NMs. Proper characterization of the NMs at different stages of application is
highly complex, yet essential to establish the nano-bio relationship. Conventional methods such as microscopy, DLS, and zeta potential measurements
provide simple but useful information regarding the basic physico-chemical properties of the NMs in well-defined, simplified environments. However,
to adequately characterize the NMs in biologically relevant liquids, additional techniques to distinguish the composition, conformation, amount, and
type of adsorbed proteins on the NM surface will be required, as they constitute an important component when interacting with biological systems.
A non-exhuastive list of suitable characterization methods to examine particle size, surface charge, structure and protein corona is shown in the box.
TEM: Transmission Electron Microscopy; FESEM: Field Emission Scanning Electron Microscopy; AFM: Atomic Force Microscopy; DLS: Dynamic Light
Scattering; NTA: Nanoparticle Tracking Analysis; XRD: X-Ray Diffraction; LDE: Laser-Doppler Electrophoresis; PALS: Phase Analysis Light Scattering;
ESA: Electronic Sonic Amplitude; SPM: Scanning Probe Miscroscopy; FTIR: Fourier Transform Infrared Spectroscopy; PAGE: Polyacrylamide Gel Elec-
trophoresis; CD: Circular Dichroism; SERS: Surface-Enhanced Raman Sepectroscopy, ITC: Isothermal Titration Calorimetry.

their size. While it is obvious that the adsorption of counter-
ions as well as proteins increases the effective particle size
(typically quantified in terms of hydrodynamic diameters dy,
in contrast to the diameters of the inorganic particle cores,
d.), even bigger changes are caused by agglomeration. Upon
agglomeration, the effective particle size is no longer the size
of an individual NP, but the size of the NP agglomerate. As size
is known to have a profound influence on particle uptake by
cells (small particles are typically internalized at a higher rate
than bigger ones),® agglomeration is an important determi-
nant that has to be considered. Other effects, such as toxicity
caused by surface-catalytic effects, depend on the total surface
of all individual particles, and thus agglomeration would also
play an important role in this. In addition to the NP’s intrinsic
properties, agglomeration depends also on the composition of
the dispersing medium,/® and thus measurements of hydro-
dynamic diameters should always be performed in the bio-
logical medium in which they are studied (Figure 2). For the
determination of hydrodynamic diameters (of single NPs in
case of no agglomeration, and of the agglomerate size in case
of agglomeration) many different methods exist,*”-%] though all
need to be interpreted differently, as they are based on different
detection principles. Dynamic light scattering (DLS) is probably
the most frequently used technique for determining hydrody-
namic diameters, as commercial machines are easily available
in many laboratories. However, caution should be exercised if
the machines were to be used without a clear understanding
of the underlying measurement principles, as it may possibly
lead to erroneous or misinterpreted results. This has been
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demonstrated in round-robin studies in which different hydro-
dynamic diameters were reported by different laboratories
working on the same NP sample.[*7% The working principle
of DLS relies on how light is scattered by the NPs in a liquid
medium. An autocorrelation function from the fluctuations of
this signal can be fitted with simple diffusion models, which
yield the diffusion constant of the particles (or diffusion con-
stants, in the case of multiple particle species). From the diffu-
sion constant D, the hydrodynamic diameter d,, is derived on
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Figure 2. Surface charge-dependent adsorption of human serum albumin
(HSA) onto Au NPs can be detected as an increase in hydrodynamic

radius with increasing HSA concentration. Reproduced with permis-
sion.[%¢] Copyright 2013, American Chemical Society.
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the basis of the Stokes—FEinstein model d;, e<D ."! Even with
this simplified version, one can see that the resultant computed
hydrodynamic diameter is dependent on the chosen fit model,
which typically is hidden as a black-box in the machine. Prob-
lems arise when measurements are made for NPs that are non-
spherical, display multimodal size distributions, or interfere
with scattering signals from other species in solution such as
proteins, etc. Despite the fact that accurate measurement of NP
size is of high importance, in practice, the determination of a
NP’s hydrodynamic diameter is hard to standardize, though the
principal foundations have been laid.

The interaction of NPs with biological units has also shown
a strong dependence on NP shape.[®>7273] For inorganic NPs,
shapes are typically determined from transmission electron
microscopy (TEM) images (in which only the inorganic core
provides contrast), and quantified in terms of aspect ratio.
However, the actual aspect ratio of the NPs may in some cases
be affected by, for example, the adsorption of organic sur-
face molecules or proteins onto NPs with very small size.’*
For a particle core of 5 nm diameter and 20 nm length, the
aspect ratio is AR = 20 nm/5 nm = 4. In the realistic case
of a 5 nm organic coating, the aspect ratio would be only
AR = (20 + 2 x 5) nm/(5 + 2 X 5) nm = 2, which is significantly
lower. Thus, even a simple parameter such as the aspect ratio
cannot be unequivocally determined, which again is due to the
complex hybrid nature of NPs. Shape agglomeration also plays
an important role: an agglomerate of NPs with a high aspect
ratio would result in an overall aspect ratio close to 1.

The surface charge of the NPs is also expected to greatly
affect any potential NP-biology interaction. Unfortunately,
there is no standard experimental procedure available to
directly measure the surface charge of NPs. The Poisson equa-
tion states that the charge and potential of a colloidal particle
are related, and thus the surface charge could be inferred
from a surface potential measurement. Surface potentials are
well defined for smooth surfaces, but what is the “surface” of
a hybrid NP with organic surfactant molecules bound to the
hard core? In addition, the NP surface interacts with the ions of
the surrounding medium. There can be specific adsorption of
ions,”>77I which adsorb in a tightly bound monolayer directly
at the NP surfacel’! followed by a diffused region of adsorbed
secondary counter-ions,”*%% as explained by the Debye-Hiickel
model.B! A first unified model of the electrical double layer
of tightly bound and diffusely attached ions was proposed by
Stern, 2 and later refined by Bockris and others.3l The outer
layer of adsorbed counter-ions is bound via electrostatic attrac-
tion, and the accumulation of counter-ions decays towards the
bulk solution with increasing distance from the NP surface. In
this static picture, the NP charge is screened by the adsorbed
counter ions and, outside of the diffusive layer, there is no
net charge or potential. In order to measure the counter ion
adsorption, one can disturb the static equilibrium by applica-
tion of an electric field, E. The charged NPs will migrate in this
field with a velocity, v. Similarly, the counter ions that are found
in close proximity to the NP surface are strongly bound electro-
statically and will move as a collective entity with the NP under
the effect of the applied electric field (as discussed above, this
is one of the reasons why dy, > d.). Counter ions that are found
further away from the NP surface, however, are not attached
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sufficiently strongly to the NPs and will move in the opposite
direction, resulting in the formation of a slipping plane. Within
distances closer to and further from the NP surface than the
slipping plane, adsorbed counter ions move with the NP and
in the opposite direction, respectively, and thus create a poten-
tial difference due to charge separation. The potential at the
slipping plane is called the zeta potential {, and can be experi-
mentally determined.®*®’ The zeta potential determines how
strongly counter ions are bound to the NP surface. This binding
energy e-{ (with the elementary charge e = 1.6 X 107 C) is in
competition with the thermal energy kT (with the Boltzmann
constant kg = 1.38 x 1072 J/K), whereby thermal fluctuation
would diffuse the cloud of counter ions. At room temperature
(T = 293 K) the thermal energy is around kgT = 25 meV. Thus,
zeta potentials |{] > kyT/e and |{] < kgT/e indicate a strong and
weak surface charge of the particles, with strongly attached
counter ions and with loosely attached counter ions, respec-
tively. A zeta potential value bigger ca. 25 meV is required for
NPs to be stabilized by electrostatic repulsion. The zeta potential
is thus a very important parameter to investigate colloidal sta-
bility. For the determination of the zeta potential of NPs, their
electrophoretic mobility p is determined (defined by y = v/E).
Thus, for an experimental determination of , an electric field
E is applied, and the resulting velocity v of the migrating NPs
needs to be measured. This can be done by making use of the
Doppler Effect, and the method is called laser Doppler veloci-
metry (LDV), or laser Doppler anemometry (LDA). Based on
simple electrophoresis models, the electrophoretic mobility is
directly proportional to the zeta potential ®38% and therefore
the zeta potential can be experimentally determined.’” Thus,
while in principle one would like to know the surface charge or
surface potential of charged NPs, the experimentally accessible
and also highly useful parameter is the zeta potential. Adsorp-
tion of proteins (Figure 2) typically screens part of the original
surface charge of the NPs, which results in a reduction of the
zeta potential.

As mentioned several times, another important phenom-
enon which has to be accounted for regarding the physico-
chemical characterization of NPs is the adsorption of proteins
to their surface. This effect has been known for decades,-%4
due to the fact that (nano-)particles are internalized slower by
cells in the presence of serum proteins.[®®%! It is also known
that charged objects in general are internalized by cells to a
higher extent than uncharged ones. In this way, reduced NP
uptake in serum-containing media might be attributed, in
part, to the change in the NP’s zeta potential, due to nonspe-
cific protein adsorption. It is only recently that protein corona
formation surrounding the NPs was intensively examined, >
again mainly because detailed investigation required advanced
protein and protein—-NP complex analysis techniques, as well as
state-of-the-art NP synthesis and measurement techniques.”!

Protein adsorption to NP surfaces is an entropy—enthalpy
driven process. Spontaneous formation of the protein corona
will only occur when there is a net reduction in the Helmholtz
free energy F of the system: AF = AU — TAS < 0. Helmholtz
free energy is a function of internal energy U and entropy S
at a specific temperature T. Upon binding, there are adhesions
(and thus a binding energy), and therefore the resulting energy
is reduced: AU < 0. Charge plays an important role, which has
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been carefully investigated using proteins with tuned surface
charges (this indicated that proteins are typically adsorbed in an
oriented way to the NP surface®®l). However, protein adsorption
onto the NP surface can also be driven by an overall entropy
gain. As proteins bind to the surface of the NP, the total amount
of protein area exposed to water is reduced, and thus entropy is
increased (water close to proteins is ordered, and in the case
where less protein surface is exposed to water, there will be less
order in the system and entropy increases): AS > 0. The entropy
contribution can be seen to be directly dependent on the tem-
perature at which the protein corona was formed. At higher tem-
peratures, the entropy term (the negative of T-AS < 0 as AS > 0)
gains importance. Since, at higher temperatures, there are
fewer bound proteins, there is a higher gain in entropy. Thus,
entropically driven protein adsorption is favored at higher tem-
peratures, which has also been experimentally demonstrated.”!

An increase in NP hydrodynamic diameter may indicate the
adsorption of proteins onto the surface of the NPs.['% However,
a dramatic increase in hydrodynamic diameter also most likely
suggests that the NPs are agglomerating. Interestingly, pro-
teins adsorbed onto particles was shown to enhance colloidal
stability instead of diminishing it.1° Thus, a large increase in
hydrodynamic size in the presence of proteins is an indicator
for NPs with poor colloidal stability. For colloidally stable NPs,
the protein corona should instead form a thin layer on top of
the NP surface. Serum proteins are designed to confer colloidal
stability; otherwise, upon the formation of big agglomerates,
they would clog the blood vessels. It is known that, under cer-
tain conditions, some serum proteins such as serum albumin
can form small assemblies, such as dimers.'%21% However,
under ideal experimental conditions (highly stable NPs with
only one type of protein) the formation of a protein monolayer
around the NP surface was demonstrated for several different
types of proteins.'®! In the case where the protein—-NP interac-
tion is bigger than the protein—protein interactions (which are
typically weak), single proteins and nonassembled proteins will
be attached to the NP surface. It has been also demonstrated,
however, that protein adsorption onto the NPs may change the
conformation of the proteins,!1%197] which might lead to altered
protein—protein interaction profiles. Consequently, there is a
body of work in which loosely bound additional layers,*%! the
so-called “soft corona”'®®l are claimed, which, upon rinsing,
disintegrate. Nonetheless, even in this case, the resulting pro-
tein corona formed should exist as a rather thin layer. When
thermodynamic equilibrium is attained, the affinity of different
proteins to different NP surfaces can be conveniently quantified
in terms of dissociation constants.'! By knowing the diffusion
constant, one can effectively predict, for a certain protein—-NP
system, the degree of protein coverage on the NP surface that is
independent of the protein concentration.

However, under realistic exposure conditions, protein adsorp-
tion onto NPs is a highly dynamic and complex process.['10-111]
For instance, proteins can bind weakly to a given substrate with
fast binding kinetics, only to be displaced by proteins that have
a stronger affinity for the surface which, in the case of planar
surfaces, is known as the Vromann effect.l''l It is very impor-
tant to also consider kinetics, as they may have completely dif-
ferent effects on different organisms. For instance, the average
number of heart beats is different for different animal species.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

s
Mt oS
www.MaterialsViews.com

For example, the pulse rate of mice (=500 beats per minute) is
much faster that of a human (=70 beats per minute), and the
lifetime of mice (=3 years) is shorter than the one of humans
(=75 years). In other words, the time needed for the NPs to
complete one circulation cycle as they biodistribute to other
parts of the organs, is a lot shorter in mice than in men. In
the situation where the kinetics of protein corona modification
is slower than the time for one circulation cycle, the “instanta-
neous” protein corona can predetermine the biodistribution of
the NPs. All these facts have to be considered in appropriate
pharmacokinetic models as knowledge of the kinetics of the
protein corona formation and re-modeling is important.'13]
These results demonstrate that, at present, there are significant
technological gaps that are impeding nano-scientist from pro-
viding a full description of all the important NPs physico-chem-
ical properties with a set of a limited number of parameters.
Further effort is required to develop more advanced characteri-
zation techniques that could accurately measure the physico-
chemical properties of NPs in biological relevant dispersants.

3. Some New Yin and Yang Relationships of NMs
with Biological Partners

The rapid development in nanofabrication techniques in recent
years has yielded a wide spectrum of NMs that can be synthe-
sized or prepared with a high batch-to-batch consistency. With
the momentum gained in the nanotechnological sector comes
the need to better appreciate how these NMs may interact with
biological systems. Understanding the complex interplay of
NM-triggered biological events and interrelations is not only
important for the safe implementation of NMs in commercial
products, but is also the rationally derived key to unlock their
full potential for a diverse range of biomedical applications.
Therefore, in this section, an up-to-date review of some of the
latest and sometimes surprising effects of nano-bio interac-
tions impacting developmental, physiological, and pathological
processes. Special emphasis will be placed on the unique bio-
logical responses that are triggered as a consequence of the
physico-chemical interactions of NMs with cellular compo-
nents. Implications of distinct biochemical signalling pathways
will also be discussed, which could provide critical insights into
nanobiology.

3.1. Interactions of NMs with Extracellular Spaces and Tissue
Barriers

3.1.1. Breaking Bonds between Cells: NM Interactions with
Cell-Cell Adhesion

Intercellular junctions are important for the mutual binding
of endothelial and epithelial cells so as to render proper spa-
tial organization of the cells in tissues. Adhesion of cells to
one another is usually mediated by a group of specialized cell-
adhesion molecules to form discrete interconnected junctions.
Among the major classes of cellular junctions are adherens
junctions (AJs), tight junctions (TJs) and communicating gap
junctions.* Collectively, these specialized junctional proteins
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are critical to regulate the movement of water and nutrients
and to facilitate cell-cell communication. A breach in the epi-
thelial or epithelium protective barrier in the lung may provide
foreign entities with unimpeded access to the systemic circula-
tion and would undoubtedly lead to dire consequences. How-
ever, an increase in vascular permeability may likewise present
an opportunity to enhance delivery of therapeutic agents to
hard-to-reach organs such as the brain via the blood-brain bar-
rier (BBB). In recent years, there has been mounting evidence
to suggest NMs are inherently biologically active and can influ-
ence expression and binding dynamics of cell-cell junctions
to bring about altered barrier functions in the epithelium and
endothelium.

The endothelial cells lining the blood vessels are critical to
the maintenance of barrier functions. Neighboring endothelial
cells are mechanically coupled by the homophilic interaction
between the extracellular domains of the vascular-endothelial
(VE) cadherin molecules that are associated intracellularly with
the actin cytoskeleton. Stable VE-cadherin plays an impor-
tant role in the preservation and control of endothelial con-
tacts.l''>116] Therefore, loss of VE-cadherin function is widely
believed to be the underlying cause of many vascular patho-
logical conditions, and since the blood stream constitutes one
of the major delivery routes commonly utilized by NPs, there
is considerable interest in trying to understand how NMs may
affect this special class of intercellular junction. Recently, devel-
opments have revealed that metal oxide NMs such as Fe,05,[!7]
Ti0,,['" Zn0,1% Si0, 2% carbon nanotubes,?! Cu0,!'*? and
ALO;!'2 are capable of impairing endothelial functions, as
monitored by a decrease in transepithelial or transendothelial
electrical resistance (TEER) or increase in transwell perme-
ability. While NM-mediated cytotoxicity has often been singled
out as the primary cause leading to increased endothelial per-
meability,'22123] there are several lines of evidence to suggest
that cell death is not a prerequisite and may involve distinct
NM-triggered biological signalling activities.

Broadly speaking, NMs can disrupt endothelial barrier func-
tions via two modes of action, namely the “inside-out” and
“outside-in” mechanisms. The “inside-out” framework refers
to a series of NM-mediated intracellular signals, that eventually
leads to the indirect modification of VE-cad binding between
adjacent endothelial cells. The biological roles of oxidative
stress in the regulation of endothelial cell dysfunction have
been well established.'?*) Therefore, this places NM-triggered
intracellular reactive oxygen species (ROS) expression as a
“prime suspect” that increases endothelial permeability. When
human microvascular endothelial cells (HMVECs) were treated
with 50 pg/mL of Fe,0O; NPs for 1 h, there was an increase in
intercellular gap formation with a concomitant increase in ROS
expression. It was later revealed that the upregulated oxidative
state of HMVECs is responsible for the engagement of the Akt/
GSK-3f signalling cascade, impairing microtubule remodel-
ling and thus compromising barrier function.''”] In the same
way, ROS was also postulated to have a negative impact on cell
membrane integrity of human umbilical vein endothelial cells
(HUVECs), provoking the global re-arrangement of the actin
cytoskeleton and the loss of cell-cell contacts.!'**]

Recently, Leong and co-workers reported that negatively
charged TiO, NPs (~25 nm), but not micrometer sized TiO,,
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could similarly induce endothelial leakiness (NanoEL) to a
confluent layer of HMVECs at noncytotoxic concentrations,
via an “outside-in-signalling” mechanism (Figure 3).''8 With
an even shorter exposure of 30 min TiO, NP treatment, there
was a significant increase through distinct and large gaps
between endothelial cells. However, a significant upregulated
state of ROS expression was only detected at a time point (24 h)
that far exceeds the onset of intercellular gap formation, sug-
gesting that NanoEL may occur via a unique mechanism that
is not dependent on oxidative stress. Using a series of modi-
fied biomolecular techniques such as protein pull-down assays
and a proximity ligation assay, further evidence was presented
to suggest that TiO, NPs physically interacted and disrupted
homophilic pairing of VE-cadherin molecules. The physico-
chemical binding of TiO, NPs with intact VE-cadherin pre-
supposes that TiO, NPs are required to navigate their way to
the intercellular niche. In support of this notion, negatively
charged CdSe quantum dots (QDs) were also shown to prefer-
entially localize as early as 5 min post-QD exposure along the
cell-cell boundary of epithelial cells, whereas positively charged
QDs were found to traverse through the epithelial lining via the
transcellular route.”! Intracellularly, the binding of TiO, NPs
to VE-cadherin then triggers phosphorylation of VE-cadherin
at site Y658, followed by rearrangement of the cytoskeleton.
The proposed “outside-in” signalling mechanism provides crit-
ical insights into the diverse approach NPs may undertake to
invoke a common biological phenomenon. More importantly,
this study highlighted the possibility that NPs may possess the
ability to mimic the pharmacological action of vasoactive agents
such as vascular endothelial growth factor (VEGF) and hista-
mine, and thus may hold therapeutic value.

Similar to the endothelial cells, paracellular transportation
of molecules through densely packed epithelial cells is tightly
regulated by adheren junctions known as E-cadherin and
TJs.1126] A number of studies have shown that engineered NMs
can also perturb epithelial cell barrier function by altering the
TJs.12771291 For instance, carboxylated single-walled carbon
nanotubes (SWCNTs) were documented to trigger transient
opening of TJs as shown by a significant drop in TEER meas-
urements and ZO-1 immunofluorescence staining.'3% More-
over, it was suggested that the impact of NMs on epithelial
cell permeability is dependent on the geometry of the NM.
Apart from a higher cell uptake and reduction of mitochon-
drial activity, spherical Au NPs were documented to severely
impair cell—cell contacts in an MDCK cell line, with concomi-
tant overexpression of ROS levels, compared to rod-shaped Au
NPs.[131]

In addition to its regulatory role of the barrier function,
E-cadherin is also known to play a pivotal role in regulating
tumour metastasis via the process of epithelial-mesenchymal-
transition (EMT).132133] Treatment of pulmonary epithelial
cell lines with multi-walled CNTs (MWCNTs) with high aspect
ratios was shown to down-regulate E-cadherin expression and
promote expression of other EMT markers.'3 Conversely,
a recent study suggested that Au NPs synthesized by citrate
reduction may possess the innate ability to exert anti-tumor and
anti-metastatic effects in ovarian cancer cells by promoting re-
expression of E-cadherin, thus suppressing EMT in ovarian can-
cers.'¥] Furthermore, this therapeutic effect of Au NPs appears
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Figure 3. (A) Treatment with TiO, NPs (25 nm), but not with TiO, particles (680 nm),
caused endothelial cell leakiness (NanoEL) in monolayers of endothelial cells. Scale bar =
50 pm. Adheren junctions VE—cadherin and cell nuclei are stained green and blue, respec-
tively. (B) Consistently, in in vivo models TiO, NPs but not TiO, particles induced the
blood vessels to be more leaky and promoted metastasis of murine melanoma cells
(B16F10). Scale bar = 1 cm. (C) Increasing the administered dosage of TiO, NPs led
to higher colonization of B16F10 in the lungs. Scale bar =1 cm. (D) The TiO, NanoEL
occurred as nanosized TiO, migrated to adheren junctions, allowing them to bind and
disrupt homophilic interaction of VE-cadherin (). The disruption induced VE-cadherin
to be phosphorylated at the sites of Y658 and Y731, which led to the loss of interac-
tion between VE-cadherin and fB-catenin and p120 (2). This loss of interaction between
VE-cadherin and its interacting partners further destabilized the actin and induced the
cytoskeleton remodelling (3) with the end result of cell retraction and the occurrence of
leakiness (4). Reproduced with permission.''®l Copyright 2013, Nature Publishing Group.
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to be size dependent, with 20 nm Au NPs observed
to exhibit the highest efficacy in suppressing pro-
metastatic signalling pathways. The dissimilari-
ties in the effects of NMs on the EMT programme
between the two aforementioned studies may in
part be attributed to the differences in NM compo-
sition and the cell types that were examined. Fur-
ther studies would therefore be required to identify
a larger panel of anti-metastatic NMs so that this
tantalizing property of NMs to curb EMT can be
exploited clinically.

3.1.2. Gaining a Foothold at the Nanoscale:
Modulation of Cellular Adhesion Patterns with
Nanocues

The rapid advancement of nanotechnology and sur-
face science has also permitted the fabrication of a
wide variety of novel nanostructures that have been
shown to exert profound influence over cellular
fates. Thus far, our discussion has been limited to
the biological effects of discrete NMs. However, evi-
dence is accumulating to suggest that cells can also
respond to nanotextured surfaces. Apart from sol-
uble biochemical factors, cells also take their cues
from the physical nanoscale interactions between
the cells and the underlying substrate. The inherent
sensitivity of the cells to sub-micrometer features
is perhaps not entirely unexpected, considering
that cells are in constant contact with the extracel-
lular matrix (ECM) composed of a complex blend
of nanoscale (5-200 nm) pores, pits, grooves, and
ridges. Furthermore, collagen fibrils, being one of
the most abundant ECM structural proteins was
shown to possess an average diameter of 20 nm
with a D-periodicity of 67 nm.[3¢l The defining
characteristics of nano-level hierarchical organiza-
tion in biological systems thus strongly support
the notion that the spatiotemporal organization of
nanofeatures is an important regulator of cell func-
tion in vivo.

Cells are imbued with a plethora of nanoscale
sensory apparatus such as integrins to enable
cells to survey and respond to the submicrometer
ECM features. Integrins belong to a specialized
class of transmembrane cell adhesion molecules,
consisting of two noncovalently bound o and f8
subunits that bind specifically to distinct motifs
found on ECM molecules.'®”] Once the integrins
are engaged with ECM adhesion proteins such
as fibronectin or collagen, integrin clustering
will follow and subsequently trigger a series of
highly orchestrated signalling events and cytoskel-
etal remodelling to drive maturation of the focal
adhesions (FAs). FAs not only play an important
role in cellular adhesion, but also regulate vital
mechanotransduction signalling pathways via FA-
actin coupling, governing key functions such as
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Figure 4. Schematic to portray preparation of a multi-well array of surface-patterned 8 nm Au nanodots conjugated with thiolated cRGD (cRGD-SH)
peptides to study cell adhesion dynamics. Murine REF52 cells were stably transfected with paxillin (focal adhesion protein) (pax) and fused to the
yellow fluorescent protein (YFP) to monitor spatiotemporal expression of the FAs. Reproduced with permission.*!] Copyright 2014, Wiley-VCH Verlag.

motility, proliferation, and differentiation.38139 Therefore,
integrin-mediated adhesion on a given surface can be consid-
ered the defining step that will critically determine the perfor-
mance of the biomaterials.'*"] Significant progress in surface
patterning techniques has now made it possible to engineer
the spatiotemporal organization of integrins with nano-resolu-
tion. For example, using block copolymer micelle lithography,
one is able to pattern arrays of 8 nm Au nanodots conjugated
with cyclic-RGD (cRGD) peptides on a 2D surface.*! Against
a nonbiofouling background comprising polyethylene glycol
(PEG), cell adhesion was restricted to cRGD motifs that were
spatially defined by the position of the Au nanodots (Figure 4).
It was revealed that a lateral spacing >73 nm between integrin
ligands severely hindered focal adhesion formation and cell
spreading.1*2143] Consistent with this study, human mesen-
chymal stem cells (hMSCs) on vertically standing TiO, hollow
nanotubes with diameter >100 nm similarly impaired cell
adhesion by preventing integrin clustering and focal complex
formation.'*] Unravelling the spatial detection limit of the
integrins will have important implications to the design of
advanced biosurfaces that are geared to either strengthen or
weaken cell-matrix adhesion.

Once adhesion is initiated, the cells will begin the process of
mechanosensing, in which fine cellular processes, termed filo-
podia,l] are employed to sense and interrogate the physical
surroundings, guiding cell adhesion and morphological adop-
tion. In fact, as early as 1912, Harrison alluded that the physical
structure of micrometer-thick spider webs can guide adhesion
and the spreading of cells via a process termed “contact guid-
ance”.[1*6147] Using nanoscale architectures, researchers are
now able to manipulate cell morphology, adhesion, motility,
and differentiation.l'*¥] Some of the more commonly studied
nanotopography configurations include nanogratings,[14%15%
nanopits,I'*! and nanopillars.'>’~153 Evidence is mounting to
suggest that nanotopography plays an important role in the
guidance of cellular development.['>4l

Nanogratings with periodicities ranging from 200 nm up
to 800 nm are by far one of the most commonly used archi-
tectures for the control of cell adhesion and to induce cellular
elongation. Given that the cell body is considerably larger than
the nanoscale topography, the cell is still capable of reacting
to the directionality of the topographical cues. This is a true
example of “contact guidance” taking place at the nano level.
Cells respond to the architectural cues by adopting a highly
stretched morphology in the direction of the gratings and the
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focal contacts are typically redistributed to the apical ends of
the cell body. The resultant atypical cellular morphology and
guided adhesion pattern also makes such nanostructures par-
ticularly useful to guide the direction of neurite extension,
which will be useful to construct neural circuits.'> Further-
more, the use of nanogratings to direct large-scale cellular
alignment and polarity not only recapitulate in vivo myocar-
dial tissue organization, but also promote cell-cell coupling
and action potential conduction velocity of neonatal rat ven-
tricular myocytes.['>% There is also increasing evidence to dem-
onstrate that cellular adhesion-based modulation such as cell
geometry!>*1) and matrix stiffness!1%-162 can be exploited as
an important biophysical impetus to steer stem cell differen-
tiation. Using electron beam lithography, controlled disordered
arrangement of 120 nm nanopits of 100 nm depth can be used
to promote osteogenesis of hMSCs without the need for any
additional soluble chemical cues.'® Osteo hallmark markers
such as osteopontin and osteocalcin were clearly visible after
21 days on the osteo-inductive surface, suggesting that stem
cell differentiation can be modulated through precise design of
the nanoscale features. Interestingly, long-term maintenance
of mesenchymal stem cell multipotency can also be attained
when the 120 nm nanopits were arranged with a high degree
of symmetry.[14

3.2. Interaction of NMs with the Cell Surface

3.2.1. Breaching the Outer Defense Line: NM Interactions with Cell
Membrane

The function of the cellular plasma membrane is analogous to
that of medieval city walls, offering vital protection from foreign
threats and structural support to maintain the cell shape./'®]
Therefore, the initial engagement of the NMs with the cell
membrane and the cellular changes that follow can be consid-
ered a critical biological event that may affect the performance
of the cells. NMs may, for example, disrupt the integrity of the
phospholipid bilayer, thus leading to compromised cellular via-
bility. Early descriptions of NM-induced cell membrane damage
reported magnesium oxide (MgO) NPs causing punctated
cell walls in Bacillus subtilis.'%! Subsequently, other studies
observed that the physical interaction of Ag,['7-1%% MgO,166]
ZnO,70171 and carbonl'7?l NMs with the cell membrane can
significantly disrupt membrane integrity. Electrostatic forces
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Figure 5. Time course computer simulated path of graphene nanosheet as it approaches the cell membrane of Escherichia coli (E. coli). It was shown
that the graphene nanosheet mimics the action of a nanoscale “blade” by inserting through the (A) outer membrane consisting of pure POPE and
(B) inner membrane made up of 3:1 mixed POPE-POPG of E. coli and in the process extracting the lipid content from the phospholipid membrane.

Reproduced with permission.['”>l Copyright 2013, Nature Publishing Group.

appeared to be responsible for this disruption due to the oppo-
sitely charged nature of the interacting NMs and the cellular
membrane.l'”] For example, positively charged ZnO NMs were
shown to bind to the negatively charged Pseudomonas aeruginosa
membrane, leading to acute cytotoxicity.'”?! Besides electro-
static interactions, it was also suggested that NM interactions
with cell membrane components are facilitated by other types
of interactions such as van der Waals forces, hydrophobic inter-
actions, and receptor ligand interactions.'’3] A recent study
showed that interaction between 2D graphene nanosheets with
the cell membrane was initiated by strong van der Waals and
hydrophobic forces. In a computer simulation experiment, it
was shown that these nanosheets act as “mechanical blades”,
cutting/piercing into the cell's lipid membrane (Figure 5). The
effect of NMs causing physical injury to the cell membrane was
also documented with the use of nanoscale protrusions formed
on the surface of black silicon for antimicrobial applications.
These rigid nanoprotrusions pierced several types of bacteria
cells that were attached to the silicon surface.l*%l A similar obser-
vation was also made for graphene-based nanowalls, where the
sharpened edges possessed the capability to penetrate and slice
the bacteria cell membrane, leading to extensive cytotoxicity.!'7

Another interesting mechanism whereby NMs can disrupt
the cell membrane entails the concept of the NM serving as a

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

“sponge” to absorb essential biomolecules from the cell mem-
brane. For instance, graphene nanosheets!”’! were reported to
siphon phospholipid molecules from the bacterial wall, thus
destroying the structural integrity of the cell membrane. In
addition, the damaged bacteria cell membrane could result
from the extensive lipopolysaccharide and membrane proteins
leaching out onto the negatively charged Ag NPs.['”®177] Interac-
tion of negatively charged Ag NPs with the bacterial cell wall
could also deplete membrane calcium content to disrupt mem-
brane integrity.[176-178]

3.2.2. NM Interactions with Cell Surface Receptors Activate
Signalling Pathways

Embedded in the cell membrane are myriad biomolecular
molecules and transmembrane receptors governing important
biological cascades that are essential to maintain cell function
and survival. The comparable size scale of the NMs and these
surface receptors’ ligands brings about a promising oppor-
tunity to exploit the NMs as an extracellular signalling mole-
cular analogue that can bind to surface receptors and modulate
signal transduction (Figure 6). Magnetic forces applied to fer-
romagnetic microbeads bound to ECM surface receptors could
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\ phenomenon is restricted to cells treated
with graphene-based NMs (i.e., graphene
oxide, aminated graphene, carboxylated gra-
phene), but not carbon black or carboxylated
MWCNT structures,®% suggesting that the
process of NMs binding to specific receptors
is tightly coupled to the composition of the
PM|  NM and how the chemistry is presented on
the interacting surface of the NM. In addition
to NM’s shape and size, surface charge can
also exert a deterministic role on the surface
receptors. For example, poly(acrylic acid)-
conjugated Au NPs were demonstrated to
bind to the Mac-1 receptor and the associated
inflammatory response in THP-1 cells was
also strikingly dependent on the size of the
NMs. Further mechanistic studies revealed
that the NM-induced unfolding of surface-
adsorbed human plasma-derived fibrinogen,
leading to promotion of Macl receptor acti-
vation.’!l' These studies highlighted the
need to understand the complex interplay
between NM properties and their effects on
the protein corona formation. Negatively
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Figure 6. Physico-chemical binding of NPs of comparable length scales with cell receptors
such as the EGFR or integrins can activate the RAS-MEK-ERK signalling pathway and impact
on fundamental cellular functions (e.g., apoptosis, inflammation, proliferation, migration, etc.)
without the need for the NPs to be internalized into the cell. The manner in which the NPs bind
to the receptors is highly dependent on size, shape, charge, and protein corona, encapsulating
the NPs. Reproduced with permission.['®% Copyright 2013, American Chemical Society.

remotely initiate cytoskeleton remodelling, leading to cell
stiffening with higher resistance toward mechanical deforma-
tion.'”? Tron-based NMs, in conjunction with magnetic field
gradients, have been used to gain spatiotemporal control of
the surface reporters to regulate signalling activities, leading
to engineered cell growth and differentiation.!'8-182 This sig-
nalling activities were facilitated by NMs decorated with the
receptor’s recognition molecules such as RGD,[7% Tie2,[81]
anti-TREK1 antibody,'®” or herceptin>'83] to enhance binding
specificity to the targeted receptors. However, unmodified NMs
such as carbon black (14 nm) also exhibited an intrinsic capacity
to bind to EGFR receptors to activate the Akt signalling cas-
cade, stimulating proliferation of the RLE6TN cells.'8* In con-
trast, Ag NPs exerted anti-proliferative effects on rat airway
smooth muscle cells, caused by their unintended interaction
with the cells’ muscarinic receptors.'®% Gadolinium endohedral
metallofullerenols (Gd@Cgy(OH),,), purported to be potential
antitumor chemotherapeutics due to their low toxicity to non-
cancer cells, could still interact with Toll-like receptors (TLRs)
and this interaction promoted pro-inflammation cytokine IL-1
production.l®] Similarly, the NM’s capability to activate intra-
cellular pathways due to its interactions with surface receptors
have been reported for undecorated nanostructures such as gra-
phene, I TiO,, and Si0,.['%8]

In a more recent study, graphene was shown to interact
with TLR4 and subsequently induced TNF-o-mediated cell
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charged SPIONs were also shown promote
cellular proliferation by binding to EGFR
and activating the AKT and ERK signalling
pathways.['°2l This SPION-EGFR ligand-free
induction effect was observed for breast cells
MCF10 A and in even higher levels of induc-
tion in its Ras mutagenic phenotype CA1,11%2
suggesting potential growth stimulation of
cancer cells. Overall, it is important for the nanotechnologist
and biologist alike to consider the potential inadvertent interac-
tions of the NMs with some surface receptors.

3.2.3. Mechanisms of NM Transport Across the Cell Membrane

Successful internalization of NMs into the cells is important
for many nanomedicine application such as drug delivery, gene
therapy, biosensing, and bioimaging. Targeting cell receptor-
mediated pathways, which has been extensively reviewed else-
where,'3-1%] is one of the most commonly adopted strategies
to facilitate NM cellular uptake. However, additional targeting
functionalities are not always desirable as it will translate to
more synthesis steps, a higher cost, and more uncertainties in
real in vivo settings.[*4

Nature has fashioned specific pathways to transport proteins
and macromolecules into the cells. Depending on the nature
and the size of the molecules, the cells will activate a certain
pathway to internalize these important biomolecules. Using
the size of the NMs as a criterion, it is possible to postulate
the endocytic pathways that the NMs may undertake to gain
entry into the cells (Table 1). However, the inherent complexity
of nano-bio interactions and life itself makes it hard to exactly
pinpoint which entry mechanism the NMs will exploit based
solely on their size. Phagocytosis, for instance, is traditionally
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Table 1. Possible internalization routes engaged by NMs based on their
e 1205]
size.

NM size
approximation

Uptake Description
mechanism

Phagocytosis Internalization of solid particles >1 pym
such as bacteria and yeast by

specialized cells

Macropinocytosis Engulfment of large fluid pockets 1-2 pm
by formation and enclosure of
plasma membrane ruffles
Clathrin-mediated Transmembrane receptors medi- ~120 nm
endocytosis ated process. Ligand-receptor
interaction triggers “coated pits”
on plasma membrane formed by
clathrin molecules
Caveolin-mediated Large flask shaped invaginations of 50-80 nm
endocytosis solid particles
Clathrin/Caveolin- Membrane invagination based on <200 nm
independent endocytosis generic physical interaction
Direct penetration Direct penetration of cell 4-10 nm

membrane

considered to take in large solid particles (e.g., bacteria cells
with size >1 pm). Nevertheless, recent reports indicate that
phagocytosis is also involved in mediating gold,[°6197] silver,[1%8]
NPs and QDs!™ into the cells. In addition, these studies have
shown that changing the size of these NMs did not prompt any
change to the entry pathway.2%% Likewise, macropinocytosis
has been shown to engulf NMs independently of their size and
their material composition and also activation of other endo-
cytic pathways. NMs may also exploit multiple uptake mecha-
nisms simultaneously to gain entry into cells. For example,
monodisperse iron-based NMs (7 nm) were reported to enter
MCF-7 cells via macropinocytosis and clathrin-mediated endo-
cytosis.2?! Similarly, TiO, NMs (6 nm) were internalized via
macropinocytosis in addition to clathrin-mediated and cave-
olin-mediated pathways.?2l Clathrin-mediated uptake trans-
ports NMs with sizes between 10-300 nm. Also, Au NPs with
the size range of 14-74 nm entered HelLa cells via a clathrin-
mediated pathway.®*l Caveolae rafts, which are approximated
to be 50-80 nm in diameter, were reported to take in nano-
hydroxyapatite (50 nm)2%”l and nano-TiO, (24 nm)2%l in
addition to the much larger silica NPs (178 nm).2% While it
appears to be clear cut for some particles, the concurrent acti-
vation of multiple endocytic pathways has made the general
assignment of NM uptake to a particular endocytotic pathway
too convoluted and confusing. The list of notoriously promis-
cuous endocytotic inhibitors does not alleviate the experimen-
tally controlled discernment of which endocytic pathway is
responsible for a particular NM uptake.

As mentioned, while it is technically challenging to resolve
the endocytic pathway taken by the NMs to enter the cells based
on NM size alone, there are a few studies which demonstrate
a strong NM size dependence in governing the overall uptake
process. For instance, it was shown that spherical Au NPs with
diameters of 14, 50, 74, and 100 nm were taken up by Hela
cells in a size-dependent manner, with 50 nm being the critical
size for optimal uptake.®®l Other studies have suggested that

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the critical size of spherical NM uptake is within the radius
range of 20-30 nm.?%271 QDs with a radius of 25 nm were
also reported to be taken up more efficiently than 7.5 nm
ones.?%l A more recent study identified this critical radius to be
between 20-25 nm.[20%]

In addition to size, NM shape has also been shown to influ-
ence cellular uptake. A study showing that transferrin-coated Au
nanorods (74 nm x 14 nm) were internalized by HeLa cells to
a lesser degree when compared to their spherical counterparts
(two sizes: 74 nm and 14 nm). Moreover, the authors noted that
the rate trend holds when uncoated NMs are used.[>”? In con-
trast, higher internalization of long silica nanorods (aspect ratio
4) was measured in human melanoma cells (A375) as com-
pared to shorter silica nanorods (aspect ratio 2) and spherical
silica nanoparticles (aspect ratio 1).2'% Carbon-based nano-
tubes, however, do not show any propensity to follow any of
the aforementioned trends. SWCNT (130, 320, 430, 660 nm in
length) internalization into NIH-3T3 cells was found to follow
a skewed Gaussian distribution of the tube length. It has been
noted that the optimal uptake occurred for SWCNTs with
a capture radius of 26.4 and length of 320 nm.?'l In a sepa-
rate study, it was reported that endocytosis only occurred for
NPs with intermediate aspect ratios, while those with smaller
aspect ratios were not endocytosed. Those long NMs with even
larger aspect ratios could not be totally endocytosed, resulting
in the phenomenon of “frustrated phagocytosis”.212 This led to
inflammation and eventually the formation of granulomas and
pleural mesothelioma.?*3!

However, the shape dependency of the NMs in effecting a
particular endocytotic mechanism may not be that straight for-
ward, because one also has to consider the intertwined effects
of other possible NP parameters such as surface charge. For
instance, a study where the aspect ratios of nano-hydroxyapa-
tite were varied (but keeping surface area similar) showed
similar cellular association.?'* Furthermore, in a recent simu-
lation study, NMs with different shapes and surface charges
were found to have diverging internalization rates. Negatively
charged NMs showed no preference for their mode of translo-
cation across the cell membrane, while the positively charged
NMs were internalized with a strong dependency on their shape
and orientation (Figure 7). In addition, the presence of facets on
the NMs provides more planes for the NMs to interact with the
cell membrane, facilitating stronger adhesion and higher inter-
nalization.?® The interdependency of all these NM physical
properties is exemplified by the positively charged, faceted, rice-
shaped NMs, which undergo electrostatic reorientation near
the cell membrane to maximize their contact area, resulting
in the instantaneous internalization and disruption of the cell
membrane.?®l Also, spherical silica nanospheres (178 nm)
were internalized through a clathrin-mediated pathway, while
worm-like silica nanostructures (232 nm x 1348 nm) utilized
macropinocytosis and phagocytosis.?*1  Conversely, indis-
criminate internalization of mesoporous silica nanoparticles
(MSNs) with different architectures (long nanorods, NLRs;
short nanorods, NSRs; and nanospheres, NSs), utilizing non-
specific endocytotic pathways was reported in A375 cells.[?1%
In a follow-up study, the same group found that the PEGylated
versions of the same NMs were internalized into HeLa cells
following remarkably different pathways. NS-PEG favored a

Adv. Funct. Mater. 2014, 24, 5936-5955



'a\
Me \Iiir’ﬁ

www.MaterialsViews.com

www.afm-journal.de

nanoparticle Charge Barrier(kJ/mol)
density
Rice 0.0 223.8+10.3 6.7 x 107% 1.0 x 10%
0.1 190.1 £9.7 49x107% 1.3 x 10%
% 0.2 926+6.2 47x%10 1.4 % 10°
0.3 43.6+3.6 1.6 x 10° 43 %107
0.4 barrier less
Sphere 0.0 408.2 + 23.1 53x107 1310
0.1 259.4+12.3 43 %107 1.6 x 10%
@ 0.2 164.1 + 6.9 1.7x107"° 4.1x%10"
0.3 106.2 = 8.2 2.0x107° 3.4x10°
0.4 60.3 + 3.1 1.9 x 10° 3.5%x107
Pyramud % 0.4 66.3+32 1.8 x 10’ 0.04
Came % 0.4 722441 1.7 % 10° 0.4
s m 0.4 753439 49% 10" 1.4
Cube s 0.4 79.8+3.5 7.9 x 1072 8.7

Figure 7. Translocation rate of gold-based NPs is heavily dependent on shape, charge density, and orientation of the NPs as it approaches the negatively
charged cell lipid bilayer membrane. ‘Barrier’ refers to the energy barrier encountered by the NPs and thus is a measure of resistance to pass through
the cell membrane. k is the translocation rate constant and t, ; is the half life that provides a good estimation of the translocation efficacy of each NP
type. Reproduced with permission.2'3 Copyright 2012, American Chemical Society.

clathrin-mediated pathway for their uptake, NSR-PEG made
use of both clathrin- and caveolin-mediated pathways to enter
the cells, and NLR-PEG was internalized mainly via a caveolin-
mediated pathway.?1® This discrepancy highlights the complex
interplay between the physical properties of NMs and the cel-
lular uptake mechanism.

Surface charge, too, affects cellular uptake. Positively
charged NMs typically exhibit higher uptake due to the elec-
trostatic attraction between the oppositely charged NMs and
the cell membrane. For example, positively charged PAA-
coated Au NPs were internalized more effectively by SK-BR-3
cells compared to citrate-coated (negatively charged) and PVA-
coated (neutral charge) Au NPs.?'"”] Au NPs with a positive
surface charge are taken up with significantly higher efficiency
compared to zwitterionic and negative Au NPs.?!8] Though
designing NMs to carry a positive charge could improve cel-
lular entry for any biomedical application, most of these posi-
tively charged NMs seem to also induce mitochondrial damage,
cell membrane damage, and cell death.?!¥-223] While we are
uncertain whether it is the positive charge that is responsible
for the observed damage, one needs to weigh the benefits of an
increased uptake with the potential cytotoxicity when dealing
with positively charged NMs.

In addition, one should also consider the interplay between
the physico-chemical properties of NMs and the cellular uptake
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mechanism to facilitate NM internalization to the target cells,
such as was demonstrated by Tay et al.??Yl These authors
reported Au nanoclusters capped with different types of ligands
of the same charge causing significant differences in the uptake
of these Au nanoclusters. The authors observed that the nega-
tively charged, MPA-coated Au nanoculsters were internalized
more easily by NCM460 cells. They concluded that the NM’s
surface charge is not the only the deciding factor for their
internalization and, more importantly, the nature of the ligand
and its interplay with the cells also determines the biological
response.[24

Another important parameter to be considered is the adsorp-
tion of proteins onto the NM surface. When the NMs are dis-
persed in biological fluid, a layer of protein (a corona) will form
around the NM. Formation of the protein corona on the NM
surface is a highly dynamic and complex process in which all of
the aforementioned NM parameters (i.e., material, size, shape,
surface charge) have been shown to affect the composition,
thickness, and conformation of the protein layer surrounding
the NMs in numerous studies.">225228 Within a short time
span of less than 0.5 min, as many as 300 different proteins
were observed to form on the NM’s surface.l''%] Proteins of high
abundance will likely dominate the protein corona initially, only
to be displaced by proteins of lower concentration but with
higher affinity to the NM surface at longer time scales. Since

wileyonlinelibrary.com 5947

“
m
5
G
~
m
>
E
(o}
F
m




w
i
4
e
g
w
[
B
g
T
T

5948  wileyonlinelibrary.com

¢

Fh,
£ 5%
‘R%?s

Figure 8. lllustration of SWCNTs (wheat sticks) physically binding to the hydrophobic (dark
grey) domain of the YAP65WW protein (light grey). The SWCNTs not only caused the unfolding
of the B-sheet of the WWW domain but also prevented binding of the proline residues to the
protein. Reproduced with permission.[23% Copyright 2013, Wiley-VCH Verlag.

biological systems usually interact with protein-coated NMs,
the amount, identity, and associated structural changes to the
surface-adsorbed proteins is also expected to exert a significant
impact on the manner in which the NMs are internalized into
the cells. As an extreme example, compared to silica NPs coated
with serum-derived proteins, bare silica NPs were observed to
show higher cellular association and uptake by exploiting other
nonendolysosomal pathways to enter the cells.??” Similarly, an
overall decrease in cellular uptake was observed with increasing
amounts of surface-adsorbed proteins on the NPs.23% While
the presence of proteins on the NM surface may limit cellular
uptake, it may also trigger cell- and receptor-specific-mediated
pathways to promote endocytosis, which can be exploited for
targeted delivery.[231:232]

3.3. Interaction of NMs with Intracellular Components

3.3.1. Interfering from Within: NM Influences over Enzymatic
Functions and Genomic Stability

Upon gaining entry into the cells, the internalized NMs can
come into contact with the intracellular machinery, which
may elicit diverse biological outcomes.[?24233-238] For instance,
NM-enzyme association could occupy the enzyme’s active
site and/or block the substrate binding to the active sites
(Figure 8), resulting in the loss of enzymatic activity.?*! In the
case of Ag NPs, it was shown that the NPs were able to bind to
RNA polymerase, an essential enzyme for RNA synthesis and
maintaining overall cell functions. This interaction brought
about a robust inhibition of RNA polymerase activity!?*" in
mouse erythroleukemia cells. This led to the reduction of the
haemoglobin content in the embryonic erythrocytes, which
accounted for embryonic anemia and embryonic developmental
retardation.*40)

Consistent with other aspects of nano-bio interactions, the
physico-chemical properties of NMs were also reported to be
a contributing factor in determining the manner in which the
NMs will interface with other essential enzymes in the human
body. The activity of pepsin was shown to reduce significantly
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following its exposure to spherical nano-TiO,
(60 nm), while perturbation to the enzyme
activity when exposed to larger 200 nm
TiO, particles was minimal.?*!l The under-
lying mechanism can be best understood
by the conformational changes in pepsins
that were adsorbed onto the NM surface,
dependent on the size of the NM. While
noncovalent binding of pepsin to the 60 nm
nano-TiO, was shown to induce unfolding
of the enzyme’s secondary structure, thus
p decreasing the enzyme activity, negligible
Native protein structural changes were observed
when pepsin was adsorbed onto the 200 nm
nano-Ti0,.2"! Similarly, smaller Au NPs
(8 nm) with a large surface-to-volume ratio
were documented to exert a greater effect
in depleting intracellular glutathione (GSH)
levels as compared to their bigger counter-
parts (37 nm). The GSH adsorption on the surface of the 8 nm
Au NPs was so immense that the cell's anti-oxidative stress
mechanism was compromised, and this triggered apoptosis.[?*!
TiO,, SiO,, ZnO, and clay-based NMs were also shown to
exert an inhibitory effect on the human arylamine N-acetyl-
transferase 1 (NAT1), a cystolic enzyme that aids drug metabo-
lism and detoxifies carcinogens. The mode of inhibition in this
case involves the binding of the NM to the active site of NATT,
thus preventing NAT1 from binding to the target substrate.
Interestingly, the more negative the surface charge of the NM,
the lower the LD50 concentration needed to inhibit the NAT1
activity, highlighting the importance of considering NM charge
as a critical design parameter to inhibit enzymatic activity.?*’]
Recently, it was also suggested that NMs could directly or
indirectly interact with cytoplasmic proteins to induce cellular
autophagy.?*#?%] In simple terms, autophagy can be defined
as an evolutionary conserved process displayed by the cells to
sequestrate cytosolic elements that are meant to be degraded.
Autophagy has significant physiological implications and con-
stitutes a homeostatic cellular response to cope with stress
derived from oxidative stress, organelle damage, and even
internalized nondegradable NMs.[237:246.247] NMs can potentially
interact with mitochondria, anti-oxidative enzymes, or surface
receptors to active signalling cascades, leading to increased
intracellular ROS levels, triggering autophagy.?*! It was also
proposed that NMs may incite autophagy by promoting NM—
ubiquitin aggregate formation, which can subsequently prompt
the cells to activate the proteasome pathway for clearance. This
is supported by evidence showing that gold NMs can induce
substantial conformational changes and protein misfolding to
surface-bound human ubiquitin protein to form large NM-
ubiquitin complexes.?*¥! ¢-Al,0; (60 nm) was also observed
to co-localize with p62/SQSTM]1, an important protein that is
linked to the autophagic machinery in the autophagosome of
dendritic cells.?*l Because autophagy is linked to numerous
pathologies, researchers are now looking into the possibility of
exploiting NM-mediated autophagy for therapeutic applications
such as the enhanced and selective killing of cancer cells. While
the prospect appears to be promising, there is a need to better
understand the underlying NM’s physico-chemical properties

Adv. Funct. Mater. 2014, 24, 5936-5955



el
Mot oS
www.MaterialsViews.com

governing the autophagy process. Based on the available liter-
ature, it appears that NM size plays an important role, since
QDs that had a tendency to aggregate to micrometer-sized par-
ticulates failed to induce autophagy compared to their smaller
nano-counterparts, regardless of the surface coating.>%?>! This
size-dependent phenomenon may in part be explained by the
difference in the uptake level of the NMs.

Due to their small dimensions, some internalized NMs
could translocate into the cell nucleusi®®? via the nucleus
pores, which have a reported pore size range of 80-120 nm.[*%!
This poses a significant concern since any potential interac-
tion between the NMs and the genetic materials may induce
genomic DNA damage, leading to impaired cellular func-
tions and viability. Furthermore, persistent NM-mediated
DNA damage could also lead to genetic mutation and epige-
netic defects that could be passed on to the daughter cells. The
ability of NMs to bind to DNA has been demonstrated and fully
utilized for the formation of well-dispersed and stable hybrids
of DNA-CNTs.123] Recently, it was also documented that CNTs
and tungsten oxide could interact physically with plasmid
DNA, resulting in single-strand and double-strand breaks in
Escherechia coli (E. coli) DNA. The mutagenic potential of the
NMs was demonstrated by transforming E. coli with plasmids
pretreated with CNTs and tungsten trioxide NPs. Only 10% of
the total cell population was found to survive, and the entire
surviving cell population carried DNA damage.> In a similar
manner, double-stranded as well as single-stranded DNA have
been reported to bind to and interface with carbon NPs[*l
and silver NPs.?l It was observed that these interactions
severely compromised DNA replication fidelity and impaired
cell growth.[?5>256] Tt appears that physical binding between the
NMs and the DNA may not be a pre-requisite to inflict DNA
damage. For instance, Pt?* ions released from Pt NPs were
shown to form Pt-DNA complexes and, in turn, to cause DNA
strand breaks.?”] Interestingly, chemotherapeutic platinum-
based prodrugs (e.g., cisplatin, satrapplatin, oxoplatin, etc.)
also entail the formation of Pt~-DNA complexes as the main
therapeutic mechanism to kill cancer cells.?>® Therefore, the
ability of Pt NPs to replicate the same effects of these prod-
rugs may suggest the potential use of Pt-based NPs for cancer
chemotherapy.

3.3.2. Crippling Migrating Cells: NM Interactions with the Cellular
Cytoskeletal Network

‘Cytoskeleton refers to the intricate fabric-like system consisting
of long chains of biopolymers that is instrumental in regulating
multiple fundamental cellular functions. The cytoskeletal poly-
mers are in a constant state of polymerizing and depolymer-
izing with a time scale of microseconds to minutes, so as to
allow the cells to respond quickly to extracellular signals in a
dynamic fashion. Broadly speaking, the cytoskeletal system con-
sist of three subtypes of nanosized filamentous protein, namely:
i) microfilaments such as the filamentous actin (F-actin), ii)
microtubules (MTs), and iii) intermediate filaments (IF). The
spatiotemporal organization of the cytoskeletal network is
important for organelle partitioning, maintenance of cell shape,
directing cell motility, and also intracellular transport.
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Due to the abundance of cytoskeleton molecules in the cyto-
plasm in addition to their extensive network, which spans the
entire cell body, substantial interactions between internalized
NMs and these structural proteins can be expected. Vesicle-
coated NMs can also utilize motor proteins such as dynein or
kinesin to be transported along the cytoskeletal track towards
the perinuclear region.”>”) However, nonspecific binding of
the NMs with cytoskeletal components may also result in detri-
mental outcomes, as NMs may interact and interfere with the
dynamic remodelling of the cytoskeletal polymers.?%°! Several
ex vivo studies have suggested that NPs can physically bind
to the MTs and induce significant conformational changes to
the MTs and impair their polymerization.?¢1-2%4l For instance,
fullerene derivative Cgy(OH),o was shown to be able to occupy
multiple binding sites between adjacent tubulin dimers with
a binding constant of 1.3 + 0.16 x 10° M~ and effectively
inhibit MT polymerization.?®¥ Treatment of PC12 murine
neuronal cells with Fe;O4 NPs could also induce physical con-
formational changes to the secondary and tertiary structures
of tubulin and prevent cooperative binding between tubulin
and tau protein, which then destabilizes the MT fibril struc-
ture.l?92] Although the exact parameters that cause NM-medi-
ated changes to the cytoskeletal network still needs to be fully
elucidated, there are studies suggesting that both particles size
and shape are important determinants.[?19263261 Comparing
Au NPs with sizes of 20, 40, and 60 nm, Au NPs with diam-
eter 40 nm inflicted the greatest damage to the MT system by
causing massive tubulin aggregation in the cytosol, resulting
in Go/G; cell cycle arrest and apoptosis in A549 cells.?%3] The
shape-dependent effect of NMs was also observed for silica
NPs with higher aspect ratios, which were shown to display
higher cellular internalization and to perturb cytoskeletal
formation.21%

Apart from negatively affecting cell viability, NPs can also
trigger “latent” toxicity that could lead to impaired cellular
function as a result of cytoskeletal network destruction. For
instance, NP treatment can significantly impair directed cell
migration without any apparent cell death.?°6-26 Recently,
using techniques such as microcontact printing (pCP) and
cell traction force (CTF) microscopy, Tay et al.?*’] were able to
decouple the “cause—effect” relationship between NM-mediated
cytoskeletal damage and the slowing down of cell migration,
thus providing important nanospecific mechanistic insights
(Figure 9). Internalized nano-TiO,, hydroxyapatite, and SiO,
were shown to upset the force balance between the MTs and
F-actin by destabilizing the MT network.?®”] According to the
cellular tensegrity model,?’%) the MT plays an important struc-
tural role to counteract the tension in the F-actin. Therefore,
the net loss in the MT caused by the NMs forced the cells to
be more tense, driving the adoption of a “sticky” phenotype,
and limiting cell migration.[?’! In another related study, loosely
bound Au NMs on a glass surface generally decreased the
migration of PC3 human prostate cancer cells and human
dermal fibroblast (HDF) cells, which is dependent on both Au
NM size and surface charge.?*®! This seemingly innate ability
to target the MTs with NMs may point to a potential thera-
peutic usage, similar to cytoskeletal targeting drugs such as col-
chicine?”! and paclitaxel®’?l that are used for the treatment of
gout and chemotherapy respectively.
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Figure 9. (A) Internalization of several types of NPs was shown to disrupt microtubule assembly by (B) destabilizing the structure, as indicated by
a lower expression of acetylated tubulin at the lysine 40 site. (C) This NP-mediated cellular response causes the cells to increase expression of focal
adhesions (white arrows) and forces the cells to adhere more strongly to the underlying substrate. Scale bar = 20 pm. Reproduced with permission. (27!

Copyright 2014, American Chemical Society.

More than just an architectural support for the cells, the
cytoskeleton is also heavily involved in the regulation of intra-
cellular signalling pathways. Besides physically binding to the
cytoskeletal apparatus, NMs can also indirectly target the cytoskel-
etal system by provoking certain cytoskeletal-associated signal-
ling pathways. For instance, it was proposed that graphene oxide
nanosheets can induce cytoskeletal damage by dampening ROCK
activity,®” a downstream effector of RhoA activity that is known
to positively regulate F-actin formation and contractility. This
resulted in the drastic attenuation of actin polymerization and
caused macrophages to lose their phagocytic ability. Treatment
with high concentrations of iron oxide NPs was also shown to
destroy the cytoskeleton network and diminish focal adhesion
kinase-mediated signalling.?*") Conversely, treatment of hMSCs
with a nontoxic concentration of mesoporous silica nanoparticles
(MSNs) can, in turn, upregulate GTP-RhoA activity in hMSCs
with a concomitant increase in stress fiber formation.[**! Interest-
ingly, MSN treatment alone was sufficient to induce transient up-
regulation of osteogenic gene expression, suggesting that MSNs
may hold the potential to modulate stem cell lineage commitment.

4, Conclusions

Nanomedicine is on an upward trajectory with the rapid expan-
sion of nanotechnology and nanofabrication techniques bolstered
by a strong understanding of both the chemical and biological sci-
ences. Since the receiving end of many of these nanomedicines is
diseased cells or tissues, the biological design has always adopted

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a problem-centric approach. While it is clearly a great start to apply
nanotechnology to medicine, it is hardly sustainable because it is
usually the unwanted side effects that derail the paths to clinical
applications. Therefore, to follow the disease problem-centric
approach to design nanomedicine is inadequate. Much consid-
eration needs to be refocussed on the generic properties of NMs
and their physico-chemical nuances because it is these nuances
that may bring about those unwanted side-effects. Having a deep
understanding is likewise important because only with under-
standing can we engineer control over these effects. While there
are unwanted side effects, the flip-side would be that with under-
standing of the biological mechanisms arising from NM interac-
tions with cells, we could exploit these effects as novel strategies.
From a strategic perspective, it is important to build a multidis-
ciplinary network to focus on both the classical disease-centric
approach and “expect the unexpected effects”. In similar ways, we
can learn from outer space exploration on these two issues as we
further explore the inner space within us with nanotechnology.
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