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CONSPECTUS

There are a growing range of innovations in the field of nanobiotechnology and nanomedicine.
However, the increased number of engineered nanomaterials (ENMs) and their novel
physicochemical properties pose a new challenge of understanding the full spectrum of their
interactions at the nano/bio interface, including the potential to engage in hazardous interactions.
A comprehensive understanding of these interactions is required, including the physicochemical
properties that control bioavailability and how this knowledge could be used for safer
nanomaterial design. To this end, considerable knowledge generation and exploration is required
to understand how material properties influence ENM uptake, transport and fate, as well as the
biological consequences of these interactions at cellular level. The toxicity mechanisms of
different ENMs differ with nanosize/nanosurface which directly correlates to the physicochemical
activities of ENMs in vivo. So, to explore their underlying physicochemical processes of ENMs in
cells will be essentially helpful for definitely understanding the toxicity of ENMs. In addition, the
invitro results are indispensable for modeling the biokinetics of ENMs. Nevertheless, we need to
proceed such extrapolation with due caution, because the dosage relevance between the in vitro
and in vivo exposure largely influences outcomes of the toxic response.

In this Account, we delineate our view of the impact of ENM physicochemical properties on
cellular bioprocessing based on the research performed in our laboratories. Because organic,
inorganic, and hybrid ENMs can be produced in various sizes, shapes, surface modifications and
compositions, and their widely tunable compositions and structures that can be dynamically
modified under different biological and environmental use conditions. Therefore, a description of
how ENM chemical properties such as (1) hydrophobicity and hydropholicity, (2) material
composition, (3) surface functionalization and charge, (4) dispersal state, and (5) adsorption of
proteins on the surface determine ENM cellular uptake, intracellular biotransformation, and
bioelimination or bioaccumulation, were included. We will also review how physical properties
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such as size, aspect ratio and surface area influence these interactions and their potential risks. We
discuss this conceptual framework from the perspective of actual experimental findings and show
how tuning of these properties can be used to control the uptake, biotransformation, fate and
hazard of ENMs. The current review on ENM biological behavior and safety issues will provide
specific and concentrated information with the principles of both nano-bio interactions and
dominating natural biological rules. This knowledge gathering also assists us in developing safer
nanotherapeutics and guiding the design of new materials that can execute novel functions at the
nano-bio interface.

Introduction

With the ability to manipulate structures at nanoscale, significant breakthroughs have been
achieved in material design to impact industrial use of ENMs as well as their application for
nanomedicine.l However, the dramatic increase in the number of new ENMs and their novel
physicochemical properties introduce the potential to generate adverse biological outcomes
in humans and the environment.2= In order to understand material hazard and develop safer
ENMs, we need a platform that allows rational exploration of the cellular nano-bio interface,
including predictions for how ENM physicochemical properties relate to cellular
bioavailability, uptake and bioprocessing.

Numerous studies have attempted to address the role of physicochemical properties on ENM
uptake, transport and fate. These ENM physicochemical properties include: (1) surface
chemistry;5-8 (2) physical properties (size, shape and surface area);’:? (3) surface
modifications under biological conditions (e.g. acquisition of a protein corona);’-10.11 (4)
dispersion, aggregation and agglomeration of the ENMs12:13 and (5) stability in
physiological conditions.14-16 However, most published research on the bioprocessing and
biological fate of ENMs lack information to allow interpretation of quantitative property-
activity relationships.1” This lack of knowledge hampers a solid understanding of the
biological behavior, beneficial use and safety assessment of nanomaterials. For this field to
further evolve, we need to develop a scientific approach to understand how ENM
physicochemical properties relate to biological behavior and how designs of those properties
could be used to optimize the utility of the ENMs for therapeutic use and safety.

In order to address the uptake, transport and fate of ENMs, our understanding should
transcend the knowledge of the biological behavior of traditional small molecules or micron
scale particles. Generally, most organic and inorganic ENMs cannot be described only in
terms of chemical composition but also have to take into consideration of size, shape, and
surface modification. Moreover, their tunable compositions and structural features lead
ENMs to undergo dynamic and subtle changes under biological conditions. This leads to the
emergence of a series of distinct ENM behaviors under biological conditions, including the
impact on cells during the uptake, transport and fate of ENMs. Most small drug molecules
enter the cell through passive diffusion,1” whereas most ENMs are taken up by active
processes such as phagocytosis or pinocytosis depending on a dynamic series of
physicochemical properties.#:6:8.9.18 Thijs introduces a range of biological response
differences that could be used to therapeutic advantage or to understand and study hazard
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potential. Moreover, the intracellular fate and biotransformation of ENMs could differ from
small molecules or larger particles due to the complex interaction of ENM compositions and
physicochemical properties with cellular molecules and structures.1® This could introduce
additional biological variation. The intracellular fate and toxicity of biopersistant ENMs
could be very complicated.12:18

In this Account, the major physicochemical properties (Figure 1) of ENMs that impact
biological interactions at cellular level, including uptake, fate, accumulation and
biotransformation, are discussed. We will endeavor to explain the principal chemical and
physical properties of ENMs that impact bioprocessing by providing examples of the
biological events at the nano-bio interface and nanotoxicology emerging from our
laboratories.

Impact of Chemical Properties on Nanomaterial Cellular Uptake, Transport,

and Accumulation

When nanomaterials encounter cells, what do the cells see? And how do the cells respond?
The chemical properties at the nanomaterial surface play an important role in determining
interactions at the nano-bio interface.*19 The composition, coating, charge, placement of
ligands and wettability of the material surface play roles in the adsorption of biomolecules in
cellular fate and uptake.11-13 These surface properties also determine interactions with
membranes, ions, organelles, nucleic acids etc, and thus are capable of influencing the
structure and function of biomolecules and cells to affect homeostasis or induction of
toxicity. Surface composition also determines the stability and fate of ENMs in
biology.1214.16.20.21 Here, we will focus on the impact of the above properties in cellular
uptake, biotransformation, fate and safety, and illustrate some successful approaches that
improve the ENM biocompatibility and safety by adjusting the surface properties.

Impact of surface hydrophobicity and hydrophilicity

Hydrophobic nanoparticles are generally not stable and poorly dispersed in biological fluids
and culture medium.11-13 Hydrophobic interactions promote hydrophobic nanoparticles
forming aggregates, or interact with hydrophobic residues of blood proteins or peptides to
enhance their dispersion.1922 ENMs taken up as aggregates or agglomerates also tend to be
less avidly cleared by the host. The residual nanoparticles in macrophages or stromal cells
could last for one up to several months, thus leading to cumulative toxicity.1215 It also
seems that increased hydrophobicity is favored for blood protein binding.1911.22 According
to our recent findings, when nanoparticles enter a biological milieu, their original surface
will have contact with proteins and other biomolecules that form a dynamic protein corona
whose composition varies over time due to continuous protein association and dissociation
as well as changes in the environment.1? The composition of the protein-corona depends
chiefly on particle surface chemistry (primarily hydrophobicity or charge) and
compositions.1022 Qur recent research indicates that serum proteins could competitively
bind on the SWCNTSs hydrophobic surface. The nt-7 stacking interactions between SWCNT
and hydrophobic residues Tyr, Phe and Trp play key roles in determining their absorption
capacity on the SWCNT surface.1! The formation of the protein corona is one of the most
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significant alterations of ENMs’ surface chemical properties, and may, in turn, strongly
influence the uptake, biotransformation and biocompatibility of these particles.1911 For
instance, we found that by pre-incubatiing CNTs with serum protein, CNTs can be
individually dispersed and be taken up at higher concentrations into human mesenchymal
stem cells, HeLa cells, monocytes/macrophages as well as bronchial epithelial and
endothelial cells.11:12 1t is worthy to note that the high dosage of intracellular SWCNTs did
not cause any apparent acute cytotoxicity.23 This also implicates that looking at the chronic
toxicity in vivo is of most importance. In contrast, non-coated and agglomerated CNTs were
less bioavailable and did not induce pro-fibrogenic cellular responses and pulmonary
fibrosis to the same extent as dispersed tubes.12

An additional effect of protein adsorption to the surface of CNTSs is opsonization and the
removal by phagocytic cells such as monocytes and macrophages in the liver and spleen
within minutes.24 Opsonization of therapeutic nanoparticles could lead to significant
removal by the cells of the reticuloendothelial (RES), leading to a decrease of circulating
ENMs and reduced bioavailability at the intended delivery site.242% Thus, with the view to
improve the bioavailability and decrease toxicity, modification of polyethylene glycol (PEG)
onto the nanoparticle surface is frequently used to improve ENM dispersibility and decrease
subsequent opsonization.2® If combined with polyethyleneimine (PEI) in a PEI-PEG co-
polymer in mesoporous silica nanoparticles (MSNP), the particle dispersal became better by
electrostatic repulsion, which reduced opsonization and increased both the circulatory time
as well passive drug delivery to a tumor site.26

Impact of surface functionalization and surface charge

Use of ENMs for therapeutic or diagnostic purposes often involve functionalization of
nanomaterials with specific biomolecules (e.g., peptides, ligands) or chemical groups to
achieve drug, nucleic acid, or dual drug nucleic acid delivery to cells and targeted disease
sites. The interaction strength between nanoparticle surface groups and membrane receptors
can be controlled by the type of biomolecules/chemicals (e.g. affinity) or by changing the
density of surface biomolecules/chemicals (e.g. avidity).>8:19

The cell membrane consists of an anionic hydrophilic outer surface. In contrast to neutral or
anionic nanoparticles, cationic particles attach more readily to the cell surface, from where
they may also be taken up more avidly if size permits.” Therefore, cationic surface is
frequently used to promote cellular entry for drug and gene delivery applications.5:8 We
showed that cellular uptake of cationic PEI-coated MSNP is considerably enhanced
compared to unmodified MSNP (silanol surface) or particles coated with phosphonate or
PEG groups.® Both the rate and abundance of cellular uptake are enhanced by a positive
surface charge.” In the case of PEI, this effect is tunable by the attachment of longer length
polymers that display a higher density of cationic surface groups that are asymmetrically
displayed and more amenable to attach to negatively charged membrane phospholipids than
shorter length polymers.6 However, this comes at the expense of increased toxicity, because
high cationic density could lead to physical membrane damage that is associated with
increased intracellular calcium flux and cytotoxicity.>® Besides the generation of surface
membrane damage, cationic particles coated with unsaturated amines can also initiate
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intracellular damage when taken up into the lysosomal compartment. According to the
proton sponge hypothesis,® polyamine groups with high proton binding affinity could lead
to buffering and exaggerated proton pump activity. This toxicity results from chloride influx
to maintain charge neutrality, thereby leading to osmotic swelling and lysosomal rupture.1®
For instance, we have shown that cationic polystyrene (PS) nanoparticles with amine-
functionalized surfaces are associated with a high rate of macrophage cell death following
lysosomal rupture, intracellular calcium flux and mitochondrial injury.>27

In order to achieve a therapeutically beneficial cationic nanoparticle it is necessary to control
cationic density. We evaluated PEI polymer sizes ranging from 0.6 to 25 kD MW to balance
the efficiency of intracellular delivery and cytotoxicity.8 We demonstrated that the reduction
of the polymer size was capable of scaling back the cytotoxic effect of higher MW PEI.
Particles coated with PEI polymers of 10 kD or less maintained the feature of facilitated
cellular uptake due to high membrane binding avidity and ability to be efficiently wrapped
by the surface membrane. Additionally, MSNP particles coated with PEI polymers <10 kD
in length can efficiently bind and deliver siRNA, with significant gene knock down and
without provoking cytotoxicity.>8 Therefore, careful selection and control of surface
cationic groups can achieve the goal of constructing cationic ENMs capable of enhanced
intracellular siRNA delivery with minimal or no cytotoxicity.

Most of the delivered nanoparticles may get entrapped in endomembrane compartments,
such as late endosome or lysosome.28 To escape from endosomal pathways into cytoplasm,
cationic groups such as reducible polyethylenimine (PEI) or cell penetrating peptides (CPPs)
are frequently applied. For those out-of-endosomal target delivery, the transportation must
minimally satisfy the following requirements: it must (i) avoid or escape from endosomal/
lysosomal pathways, (ii) possess a organelle localization signal (sorting signals), such as
nuclear localization signal (NLS) or mitochondrial leader peptides to interact with the
nuclear pore complex or mitochondria;29 and if the target is in nucleus: (iii) be small enough
(<30 nm) to cross the nuclear membrane.30

Impact of material and surface composition

ENM s entering the cell by endocytosis are directed to a series of early and late endosomes.24
Some of these ensomes undergo acidification that could vary from a slightly acidic
environment (pH 6.2-6.5) in early endosomes to more pronounced acidity (pH~ 4.5 and 5.5)
in late endosomes and lysosomes. This process is also accompanied by enzyme recruitment
to these compartments to digest vesicular content. In the case of nanoparticles, the material
composition and surface coatings are important in determining the intracellular fate and
biopersistance in this destructive environment. From the perspective of the material and
surface stability, nanoparticles may be regarded as: (i) biodegradable (e.g. biodegradable
polymer, peptide);31:32 (ii) dissolvable (e.g. quantum dots, zinc oxide, copper, silver, iron
oxide)14-16.21.33 and (iii) non-biodegradable and non-dissolvable nanomaterials (e.g. CNTs,
graphene, gold) (Figure 2). For biodegradable polymers such as poly (D,L-lactide-co-
glycolide) (PLGA) and polylactide (PLA), their hydrolytic degradation is accelerated in low
pH endosomal or lysosomal environments.31:32 The metabolic products that form such as
lactic acid and glycolic acid, could become incorporated into biocompatible metabolic
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pathways.3! The biodegradation rate and release kinetics of the encapsulated guest
molecules are controlled by particle size, composition and molecular weight of the shell
polymer (Figure 2A).31:32

The dissolution of metallic nanoparticles, such as quantum dots, copper nanoparticles and
magnetic iron oxide nanoparticles, is a dynamic process under biological conditions (Figure
2B&C).14.16:34 Material solubility depends on solvent properties (e.g. pH, ionic strength and
concentration) and may therefore vary from one to another cellular compartment (e.g., early
endosome, lysosome and cytosol). Dissolution of metallic nanomaterials might persist over
periods of weeks to months to get rid of nanoscale materials.34 In case of exhaustion of
enzymes or proton pump activity, nanomaterial overload may perturb cellular homeostasis
or induce cell death, leading to the release of undigested material that could start a vicious
cycle.14 Dissolution of hybrid nanomaterials with a core-shell structure may proceed layer
by layer. Thus, contents shielded by the shell can be shielded from being degraded or
biotransformed until at a more advanced stage of biotransformation. Cadmium (Cd)-
containing quantum dots (QDs) are somewhat cytotoxic due to the presence of free Cd (QDs
core degradation) or interaction of QDs with intracellular components. By manipulating the
outer coating (capping material, functional groups), reduction of the interfacial exposure
QDs could minimize cytotoxicity.2%-21 Our recent study showed that different chirality of
biomolecules (e.g., D- and L-glutathione, GSH) on the QD surface determines the ligands
exchange between QD-surface group and the intrinsic homochiral glutathione. This
ultimately determined the shell degradation of QDs, and their toxicity.29

Impact of Physical Properties on Nanomaterials Cellular Uptake, Transport,

and Accumulation

Impact of nanoscale size

The most important physical property of a nanomaterial in determining cellular uptake,
transport and accumulation is its nanoscale size. Organisms have highly tuned and precise
function of regulating the uptake and transportation of nanosize biological components.
There also exist some scale-rules within the cell. For example, most membrane bilayers
exhibit a thickness of 4-10 nm. The vertebrate nuclear pore complex is approximately 80—
120 nm in diameter.1” These natural size-restricted structures execute their barrier functions
when nanoparticles enter and exit. Figure 3 illustrates the most crucial sizes involved in
different ways of cellular uptake, transport, and accumulation. Therefore, the convergence of
spatial sizes indicates that behaviors such as uptake, transport and ENM accumulation are
restricted by the innate rules of biology that includes regulation at the nanoscale level. In the
following discussions, the role of ENMs physical properties such as size (for 0-dimentional
ENMS), aspect ratio (for 1-dimentional ENMs) and surface area will be discussed in terms
of impact on cellular uptake, transport and bioaccumulation.

To obtain direct bilayer penetration independent of endocytosis, the ENM size must be small
(only a few nanometers) and its surface properties well designed to facilitate cellular
entry.3536 Larger particles or particles with high density cationic surfaces may lead to
generating holes in the membrane, thereby generating cytotoxicity.3> ENMs taken up via
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endocytosis-mediated internalization are restricted by the size of each endocytotic portal
(Figure 3). Mammalian cells exhibit five endocytic pathways for nanoparticle endocytosis:
phagocytosis, macropinocytosis, clathrin-mediated, caveolin-mediated and clathrin/
caveolin-independent endocytosis (Figure 3).24 Each of these portals has its own dynamics
and size rules. For example, ligand-modified nanoparticles are typically taken up by
clathrin-coated vesicles, which are ~120 nm in diameter (Figure 3). Ligands-modified
nanoparticles larger than 120 nm are less facilely endocytosed via clathrin-mediated
pathway.3’

Impact of the aspect ratio

When nanoparticle size falls within the restricted size range of 120 nm, the aspect ratio of
the material could make an additional independent impact on uptake and transport. ENM
uptake typically proceeds through a 4-step process, namely nano/bio recognition, membrane
binding, membrane wrapping, and pinching off.37 Both ENM size and aspect ratio impact
membrane wrapping (Figure 4).938-40 Tg investigate how aspect ratio impacts cellular
uptake, we constructed an ENM library in which a series of MSNPs with different aspect
ratios were synthesized. This library included spheres and different nanorods with aspect
ratios of 1 to 4.5. MSNP spheres are of 110 nm diameter. Rod-shaped MSNP cylinders are
with dimensions of 110-130/60-80 nm (AR from 1.5-1.7), 160-190/60-90 nm (AR from
2.1-2.5), and 260-300/50-70 nm (AR from 4-4.5). We demonstrated that rod-shaped
particles are preferentially taken up in HeLa and A549 cells. Particles exhibiting an aspect
ratio of 2.1-2.5 were taken up faster and in larger quantities compared to spheres as well as
shorter and longer length rods. We further showed that the intermediary length rods can be
taken up via a macropinocytosis process. The rods with intermediary aspect ratio induced
the maximal number of filopodia, actin polymerization, and activation of small GTP-binding
proteins involved in the assembly of the actin cytoskeleton and filopodia formation.® In
another study, we demonstrated that Au nano-rods of longer aspect ratio [aspect ratio ranges
from 1 to 4, with the sizes about 33 x 30, 40x 21, 50x 17, and 55 %14, (length x diameter/
nm), respectively] are internalized slower than shorter Au nano-rods. We believe that this is
mainly attributed to the longer membrane wrapping time required for the longer rod-shaped
particles (Figure 4).73% Comparing spherical nanoparticles with rod-shaped nanoparticles,
the cellular uptake of spherical Au was 5-7 times faster than rod-shaped Au particles.3”

The physicochemical properties which regulate the exocytosis of nanoparticles are still not
clear, but it appears to be largely impacted by size and aspect ratio. For instance, transferrin
coated spherical-shaped Au nanoparticles (Tf-Au) are exocytosed in a linear relationship to
size.39 Smaller Tf-Au appeared to exocytose at a faster rate and at a higher percentage than
large Tf-Au. The fraction of spherical-shaped Tf-Au exocytosed (Feyo) could be written as:
Fexo = a-Ng/S here, a: a constant that depends on the cell type and its value is determined
experimentally; No: the number of Tf-Au internalized at the beginning of the exocytosis
process; S surface area of each Tf-Au. Rod-shaped Tf-Au exocytosed was higher than
spherical-shaped nanoparticles.39 However, in case of much longer and more rigid multi-
walled CNTs (MWCNTS), the clearance of these high aspect ratio carbon nanomaterials
proceed by an extremely slow rate in vivo.12 Inability to efficiently clear the aggregated
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MWCNTSs that form rigid and fiber-like stacks could lead to toxicity by initiating frustrated
phagocytosis.12

Impact of the surface area, dissolvability and degradability

Beyond cellular uptake, a key question becomes which ENM properties determine the
materials' elimination kinetics or cellular retention, biotransformation, biodegradability, and
metabolic pathways. Under certain conditions, the dissolution rate constant (k) of
dissolvable ENMs depends on the surface area of particles (A) as shown: k=AxD/Vxh, (D:
diffusion coefficient of solute molecule, V: volume of solution, h: thickness of diffusion
layer).3* Therefore, nanosized materials are often expected to dissolve more quickly and to a
greater extent than large particles of the same material. The free ions released by dissolvable
nanomaterials may be utilized as trace element or induce heavy metal toxicity (Figure 2).
We experimentally determined that there is a major difference in the dissolution of small
(23.5 nm) or big (17 micron) copper particles. The released copper ions lead to the
accumulation of excessive alkaline substances in vivo and overload of heavy metal ions
(copper ions) (Figure 2B).16 Our most recent research also indicates that inhaled magnetic
iron oxide nanoparticles (MIONSs) might be excreted from the cells in the form of
breakdown products or ions via extracellular secreted membrane vesicles (named
exosomes). 4!

It is also very important to understand the fate of ENMs that are not readily dissolved or
biodegraded such as CNTSs, graphene, Au, titanium dioxide nanomaterials, etc. These
materials may either be cleared from or accumulate inside the cell. The limited literature on
clearance of non-degradable nanomaterials suggested that it mainly occurs by exocytosis
that depends on the endomembrane system.%18:39 Furthermore, besides the physicochemical
properties, the cellular trafficking and intracellular fate of nanoparticles are also cell-type
and cell-phase dependent.18:39 For instance, the Au-nanoparticles show different exocytosis
processes in Hela cells, SNB19, and STO cells, which could influence the cellular
accumulation and clearance rates of the particles.39 Also, the Au nano-rods in cancer and
normal cells show selective accumulation (Figure 2D).1® Au nano-rods within tumor cells
could translocate to mitochondria, inducing decreased mitochondrial membrane potentials,
increased oxidation stress and finally reduced cell viability. This is a god-given character in
development of tumor cell targeted nanomedicines with low-toxicity to normal cells. Recent
studies also indicated that internalization of nanoparticles by cells could be ranked according
to the different phases: G2/M> S > G0/G1.42 Partitioning of nanoparticles in cell division is
random and asymmetric uptake of nanoparticles by cells is also influenced by their cell
cycle phase.3

Conclusion and Perspectives

Although ENMs have had numerous brilliant applications over the last decade,
understanding of their bioprocesses is still on the way. Among these correlations between
cellular trafficking and intracellular fate of ENMs and their physicochemical properties are
the underlying fundaments. A thorough understanding of biological behavior and safety
issues of ENMs needs to further know how nanoparticles interact with biological
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membranes, organelles, biomolecules, and what their biological consequences are,! these
generally lack of systematical investigation so far. Up to the present, experimental findings
can provide us with very useful information but are still limited to help prediction of certain
physicochemical properties on the cellular behavior of ENMs, especially on the processes of
biotransformation and elimination of ENMs. A major challenge of identifying the causative
relationships between physicochemical properties of ENMs and their toxicity responses
from the viewpoint of cellular trafficking is the lack of better probing technique or
methodology, in particular, the real time, in situ, rapid, and quantitative analyses
methodology for characterizing cellular behavior of ENMs, which urgently needs to make a
breakthrough in the future. Because of the large number of variables in nanomaterials,
experimental exploration needs a long time and much costs to clarify the cellular uptake,
transport and fate of each ENMs. Thus, modeling from in vitro data to in vivo metabolism
using computer simulation becomes a grant challenge but is urgently needed to be developed
to assist designs of biologically safer nanomaterials or nanoplatforms. The knowledge we
gained from the dynamic processes of ENMs in biological systems like living cells would
feed back to the rational design of safer ENMs. In general, the in vitro results at cellular
level are more useful for understanding the mechanism of biokinetics (ADME) of ENMs in
vivo, and for predicting the possibly potential toxic responses at a whole body level when a
living body is exposed to a given ENM. For example, the results obtained in vitro can be
gathered to predict in vivo ADME/Tox (absorption, distribution, metabolism, excretion and
toxicity) of the ENMs through systematical information on (a) the most effective cellular
uptake and bioavailability at target sites; (b) cellular metabolism and organ toxicity; (c)
cellular excretion and tissue accumulation and long-term risks. All these are essential
knowledge for us towards the development of a sustainable nanotechnology.
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Figure 1.

Scheme of the main physicochemical properties govern the cellular process of ENMs which
would be introduced in this Accounts. Other properties which were not elucidated in this
Accounts but also involved in ENM cellular process were listed as other.
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Figure 3.

Natural size-rules and gatekeepers within a mammalian cell. The thickness of membrane
bilayer is typically 4-10 nm. The nuclear pore complex (NPC) is approximately 80-120 nm
in diameter.1” The sizes of endocytic vesicles in both phagocytosis and pinocytosis
pathways for nanoparticles internalization were also introduced.?4 Phagocytes could uptake
large particles (or nanoparticle aggragates), opsonized nanoparticles, or nanoparticles with
certain liagnds modification via phagocytosis. Nanoparticles internalization in non-
phagocytic mammalian cell is mainly through pinocytosis or direct penetration. With
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different surface modifications, nanoparticles may be taken up via specific (receptor-
mediated) endocytosis or non-specific endocytosis. The heterogeneity of nanoparticles
suface and dispersion always take multiple uptake pathways involved. These natural size-
restricted structures execute their barrier functions when nanoparticle comes in and out.
Therefore, the convergence of spatial sizes indicates that the behaviors (uptake, transport
and accumulation) of ENMs are restricted by the innate rules of biology. MR: mannose
receptor; PRRs: pattern-recognition receptors, FcyR: immunoglobulin Fcy receptor, CR:
complement receptor, CPPs: cell penetrating peptide; 1gG: immunoglobulin G, ER:
endoplasmic reticulum; Golgi: Golgi apparatus
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Figure 4.
Impact of size and aspect ratio on ENMs cellular uptake. (A) Au nano-rods of different

aspect ratio of 1.0 (CTAB-1), 2.0 (CTAB-2), 2.9 (CTAB-3) and 4.2 (CTAB-4), respectively.
CTAB: cetyltrimethylammonium bromide;’ (B) Numbers of Au nano-rods within human
breast adenocarcinoma (MCF-7) cells;” (C) TEM image showing the process of cellular
uptake of Au nano-rods. The Au nano-rods wrapping into vesicle and further get into
lysosome;’ (D) Sketch map for how size and shape affect membrane wrapping kenetics in
cell endocytosis. Changes in nanoparticle size may affect the surface ligand density, ligand
conformation, surface curvature and relative orientation during nanoparticles membrane
docking. Changes in nanoparticle aspect ratio may affect the position of surface ligand and
wrapping time.
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