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Abstract

Nanoscale materials are increasingly found in consumer goods, electronics, and pharmaceuticals.
While these particles interact with the body in myriad ways, their beneficial and/or deleterious
effects ultimately arise from interactions at the cellular and subcellular level. Nanoparticles (NPs)
can modulate cell fate, induce or prevent mutations, initiate cell-cell communication, and modulate
cell structure in a manner dictated largely by phenomena at the nano-bio interface. Recent
advances in chemical synthesis have yielded new nanoscale materials with precisely defined
biochemical features, and emerging analytical techniques have shed light on nuanced and context-
dependent nano-bio interactions within cells. In this review, we provide an objective and
comprehensive account of our current understanding of the cellular uptake of NPs and the
underlying parameters controlling the nano-cellular interactions, along with the available
analytical techniques to follow and track these processes.
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1 Introduction

The cell membrane (CM) protects intracellular components from the surrounding
environment. More specifically, the CM maintains cell homeostasis, provides structural
support, maintains ion concentration gradients, and controls the entry and exit of charged
small molecules and nutrients.2~3 Almost all natural membranes, regardless of function,
share a common general structure: a bilayer of amphiphilic lipids with hydrophilic heads and
hydrophobic tails.2 4 The amphiphilic properties of phospholipids make their bilayer
assembly an efficient selective barrier, as “balanced” hydrophobicity/hydrophilicity is
needed to permit a wide range of small biomolecules to enter the cell by passive diffusion.
However, entry is regulated in some cases through other mechanisms (e.g., channel,

receptor, or transporter).®

The development of nanoparticles (NPs) for a wide range of biomedical applications
promises safer and more effective solutions to numerous medical issues.® In this review, the
word nanoparticles refers to an exogenous synthetic structure with nanoscale dimensions.
For many NPs, their safe entry into cells is an important step in achieving high-yield
prognostic and therapeutic efficacy. Moreover, the intracellular fate of NPs is critical to their
success, considering that these carriers are intended to deliver specific molecules (/.¢€., genes,
drugs, and contrast agents) to the cytosol, nucleus, or other specific intracellular sites.
However, NPs’ efficient and controlled entry/trafficking into cells remains a major
challenge. Besides their interactions with CMs, a more complete understanding of NPs’
cellular uptake and trafficking mechanisms is critical in designing efficient and safe
nanomedicines by the careful tuning of the NP’s physicochemical properties to optimize
cellular targeting, uptake, and trafficking.’-10

In this review, we will discuss the NPs’ journey inside the cell, with a focus on both
extracellular and intracellular nano-bio interactions.
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2 Cellular identity of nanoparticles and the effect of the microenvironment

Since NPs acquire different physicochemical properties in biological fluids such as blood
and cell-culture media, we will first attempt to shed more light on this phenomenon. In
biological fluids, the surface of NPs is dramatically modified by the adsorption of
biomolecules including proteins, the so-called “protein corona”.11 Therefore, what cells
“see” is corona-coated NPs rather than their pristine surfaces.12 More specifically, the
composition of the protein layer (in terms of type, amount, and conformation of the proteins
involved) is recognized as the biological identity of NPs. Three main factors affect the
biological identity of NPs: 1) NP-related factors including the collective physicochemical
properties of NPs such as size, polydispersity, shape, charge, surface chemistry, and surface
hydrophobicity/hydrophilicity. 2) Biological factors including protein source (e.g., human
serum, fetal bovine serum, rat serum) and protein abundance. 3) Experimental factors
including adsorption temperature (incubating temperature and local temperature changes
upon hyperthermic events), ionic strength, osmolarity, etc. We and others have thoroughly
reviewed the effect of NPs’ physicochemical properties on their biological identity;13-16 in
addition, we have also introduced and reviewed many biological and experimental
factors.17=23 Therefore, the protein corona is not thoroughly discussed here, and readers are
directed to the cited review papers for details. Before the NPs reach the exterior membranes
of target cells, they must interact with the microenvironment around the target cells.
Furthermore, that microenvironment, including fibrosis, extracellular matrix®, various
microenvironmental factors, pH24 25 and so on, can also change the properties of NPs and
affect their interactions with the cell membrane and finally their intracellular fate. For the
NPs designed for targeting tumor cells, the tumor microenvironment (TME) could have
great influence on their cellular fate. Specifically, the highly aggressive replicative nature of
tumor cells produces poor lymphatic drainage, extensive fibrosis, and a dense extracellular
matrix, which will lead to elevated interstitial fluid pressures. The extravasation of NPs to
distal regions in the tumor will be highly restricted by the high pressures in the TME, which
can determine the population of tumor cells (e.g., the periphery or the core of tumors) that
the NPs will interact with. The area of nano-cell interactions can also be affected by the
interplay of various microenvironmental factors, such as bradykinin, vascular endothelial
growth factor (VEGF), prostaglandins, and matrix metalloproteinases (MMPs). Moreover,
characteristics of the microenvironment such as pH can affect the nano-cell interactions and
the entry of NPs. As reported by Yuan er a/.28, when they reach the TME with a low pH
value of ~6.8, zwitterionic NPs can shed their anionic component leaving a positive charge
on their surface, enhancing tumor cell entry. Another common example is that of oral-
delivery NPs, such as insulin-loaded NPs for the treatment of diabetes. The
microenvironment of the gastrointestinal (GI) tract, including extreme pH, enzymatic
degradation, and poor permeability of the intestinal epithelium are critical in determining the
NPs to be degraded or to cross the intestinal epithelium via transcytosis.2” Therefore, when
we design NPs for different applications, the microenvironment of the target cells should be
carefully considered, since it greatly influences the performance of NPs, determining where
they go and what kind of cells they interact with.5: 24
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3 Cell membrane interactions and nanoparticle entry into cells

When NPs reach the exterior membrane of a cell, they can interact with components of the
plasma membrane or extracellular matrix and enter the cell, mainly through endocytosis.
Endocytosis leads to the engulfment of NPs in membrane invaginations, followed by their
budding and pinching off to form endocytic vesicles, which are then transported to
specialized intracellular sorting/trafficking compartments. Depending on the cell type, as
well as the proteins, lipids, and other molecules involved in the process, endocytosis can be
classified into several types.28: 29 Five main different mechanisms of endocytosis will be
discussed here: phagocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis,
clathrin/caveolae-independent endocytosis, and macropinocytosis. Some references may
consider the last four mechanisms subtypes of the broadly defined process of pinocytosis.
Compared to phagocytosis, which takes place mainly in professional phagocytes, pinocytotic
mechanisms are more common and occur in many cell types.30

At the end of this section, a few other non-endocytic entry mechanisms are also briefly
discussed.

3.1 Phagocytosis

Phagocytosis occurs primarily in professional phagocytes (e.g., macrophages, monocytes,
neutrophils, and dendritic cells), which are responsible for host defense and the uptake of
dead cells and cell debris. However, some other types of cells (e.g., fibroblasts, epithelial,
and endothelial cells) also have phagocytic activity, but to a lower extent and are referred to
as para-phagocytes.3!

Phagocytosis of NPs is usually initiated by opsonization: opsonins such as immunoglobulins
(7.e., antibodies), complement proteins, or other blood proteins (e.g., laminin and
fibronectin) are adsorbed onto the NPs” surface 31 32 (see Fig. 1). Opsonized NPs are then
recognized by, and attached to phagocytes via specific ligand-receptor interactions. This
initializes a signaling cascade that can trigger actin assembly, the formation of cell surface
extensions, and subsequent engulfing and internalization of particles, forming what is known
as a “phagosome”.33 The aforementioned events take between 30 minutes to several hours,
depending on cell type and the nature of the particle surface. Phagocyte receptors involved in
this process include Fc receptors, complement receptors, and other receptors such as
mannose/fructose receptors and scavenger receptors.

Uptake by the phagocytic route is governed by NP’s physiochemical characteristics
including size, shape, and surface properties.33 The precise mechanism of phagocytosis, and
subsequent events, also depend on the type of receptors involved; for example, Fc receptor-
dependent phagocytosis results in the production of pro-inflammatory mediators, whereas
complement receptor-dependent phagocytosis does not.3* Therefore, associated receptors
affect not only NPs’ delivery, but also their toxicity (i.e. inflammatory response).

In general, larger particles experience more efficient uptake by phagocytes. For instance,
when using radiolabelled albumin NPs in the size range of 200-1500 nm, larger particles
clearly underwent higher phagocytic uptake when incubated with human mononuclear
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cells.3® This agrees with another study of polystyrene NPs ranging from 460-2100 nm in
size, where maximal uptake by mouse peritoneal macrophages was reported in a size range
of 1000-2000 nm.36. 37

In addition, shape was also found to have a profound effect on the cellular uptake of
NPs.38. 39 For instance, a study by Arnida et a/. compared the cellular uptake of PEGylated
gold nanorods and nanospheres after incubation with murine macrophages for 6 hrs. Cells
were washed, lysed, and analyzed for gold content. Gold nanorods accumulated to a lesser
extent than nanospheres. These findings helped explain the /n vivo part of the study, where,
after injection in ovarian-tumor-bearing mice, gold nanorods achieved longer circulation,
compared to nanospheres,38: 39

Another critical parameter controlling the uptake of NPs by phagocytes is their surface
properties (Fig. 2), which first affect opsonization and then interactions with cellular
membrane receptors that facilitate phagocytosis. Functionalization of NPs with sterically
shielding polymers, such as hydrophilic PEG, can alter cellular uptake.? PEGylated NPs
can repel opsonization by preventing or minimizing protein adsorption to their surface. This
can be explained by the conformation that PEG molecules adopt in solution: their extended
form tends to create a repulsive barrier between NPs. Such a force can balance or overcome
the attractive force for the intended opsonization. Interestingly, a minimum layer thickness is
needed for such repulsion, which depends on the polymer’s molecular weight, conformation,
and the density of chains adsorbed.#? PEGylation can increase the circulation half-life of
NPs from a few minutes to several hours by avoiding uptake by the reticuloendothelial
system (RES).42 An interesting example is the first FDA-approved anticancer liposome
(Doxil®), in which PEGylation decreases uptake by phagocytes and thus increases the half-
life of the liposomes loaded with doxorubicin, improving the overall pharmacokinetics of
the nanocarrier.3 Conversely, NPs with charged or hydrophobic surfaces attract complement
proteins and hence undergo greater uptake by phagocytes.33

NPs highly susceptible to opsonization can preferentially accumulate in RES organs such as
the liver and spleen. This accumulation can be exploited for the selective treatment of
diseases affecting these organs such as hepatocarcinoma and liver infections.3% An
interesting example is the loading of the anticancer agent doxorubicin into 200-300 nm
polyalkylcyanoacrylate NPs. Upon delivery, these particles substantially accumulated in
hepatic Kupffer cells, which then acted as a reservoir, slowly releasing doxorubicin as the
particles degraded.** When administered to mice, such NPs demonstrated lower systemic
toxicity compared to the free form of the drug, as evident in longer animal survival rates and
the absence of organ atrophy.#> Uptake of these particles was not achieved exclusively
through the phagocytic route, suggesting other mechanisms might also be involved.3? This
preparation has already passed phase | clinical trials %6 and is now in phase 111 clinical trials
under the name Transdrug®-32 Another example is the encapsulation of the antifungal agent
amphotericin B into nano-liposomes (AmBisome®) to treat leishmaniasis, an infection
caused by a fungus that hides and survives in liver macrophages.*’ Nevertheless, the rapid
capture of NPs by hepatic Kupffer cells can be problematic upon delivery to non-
macrophage populations; accordingly, prolonged circulation might be achieved by applying
one or more macrophage-evading techniques, such as interference with protein adsorption
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and opsonization, managing splenic filtration, and various attempts at particle confinement
within the vasculature.*8

3.2 Clathrin-mediated endocytosis (CME)

Clathrin-mediated endocytosis is the main mechanism by which cells obtain nutrients and
plasma membrane components such as cholesterol via low-density lipoproteins, (LDLs) and
iron via the transferrin carrier (Fig. 3). CME occurs either via receptor-specific uptake or by
non-specific adsorptive uptake, which is also referred to as receptor-independent CME. In
receptor-independent CME, uptake takes place without direct binding with membrane
constituents; instead, non-specific hydrophobic or electrostatic interactions eventually
initiate the uptake.*®

CME takes place at an area of the plasma membrane that is rich in clathrin; such domains
cover about 0.5-2% of the cell surface.>® The clathrin assembly unit, known as the
triskelion, has a three-legged structure consisting of three heavy and three light chains (Fig.
3).51 This unique protein and others (as detailed below) are responsible for spontaneous co-
assembly into a complex architecture that generates and stabilizes membrane curvature and
then the budding vesicle. Adaptor proteins are recognition sites for several different cargoes
and sorting signals; they are employed in docking sites on the cytoplasmic face of the
plasma membrane. Adaptor and accessory proteins are responsible for the coordination of
clathrin nucleation at the sites of internalization in the membrane.52 Nucleation promotes the
assembly of clathrin triskelions into curved lattices composed of pentagons and hexagons;
this induces invagination of the membrane into clathrin-coated pits and consequently
stabilizes the deformation points at the membrane.53 Accessory proteins (e.g., epsin,
amphiphysin, SNX9) help generate and stabilize membrane curvature. Bin-amphiphysin-rvs
BAR proteins can bind to dynamin, a membrane scission protein, and recruit it to the neck of
the budding vesicle, releasing the vesicle into the cytoplasm.>* During CME, vesicles with
diameter of 100-150 nm are formed, engulfing a volume of extracellular fluid proportional
to the available internal volume of the formed vesicle. However, particles entering the cell by
this route frequently end up in degradative lysosomes?®: 55 and may not be suitable for
coating NPs made of materials susceptible to degradation by lysosomal enzymes.

Several types of NPs were investigated for their uptake by the CME route. For instance, NPs
made of D,L-polylactide (PLA) and poly(ethylene glycol co-lactide) (PEG-co-PLA) were
found to be internalized via both the CME route and caveolae-mediated endocytosis (the
caveolae-mediated route is discussed in more detail below). In addition, surface charge was
observed to have a dominant effect over both the uptake mechanism and intracellular fate.
For example, anionic particles demonstrated cellular uptake via both mechanisms in HeLa
cervical cancer cells, while positively charged particles were strictly subject to CME.?8 In
the same context, the uptake mechanism of silica nanotubes (SNTs) was investigated using
MDA-MB-231 cells via co-localization of clathrin (which served as a marker for CME) and
Lysotracker (to track lysosomal uptake). Confocal microscopy indicated that positively
charged particles achieved higher cellular interaction and uptake, compared to the
unmodified bare SNTs. °7
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3.3 Caveolae-dependent endocytosis

Caveolae-dependent endocytosis plays a critical role in many biological processes, such as
cell signaling, transcytosis, and regulation of lipids, fatty acids, membrane proteins, and
membrane tension. In addition, caveolae-mediated endocytosis is believed to be involved in
a variety of diseases, including cancer, diabetes, and viral infections,58-65

Caveolae are flask-shaped membrane invaginations present in epithelial and non-epithelial
cells, interspersed among regions of dense bodies anchoring the cytoskeleton. In the case of
non-epithelial cells such as adipocytes and smooth muscle cells, caveolae constitute a

substantial proportion of the cell membrane, increasing the surface area by up to 75% (Fig.
4).86.67

Caveolae are 50-80 nm in size and are lined with caveolin, a dimeric protein involved in the
formation of their characteristic flask shape. Another caveolin protein known as caveolin 2 is
involved in structural stabilization.8: 59 61 Other proteins also play important roles in
caveolae-mediated processes. For instance, cavin proteins aid membrane curvature, dynamin
mediates scission and release of the budding vesicle, and vesicle-associated membrane
protein (VAMP2) and synaptosome-associated protein (SNAP) are involved in subsequent
vesicle fusion.®8: 6 The commercially available nanotherapeutic Abraxane®, an albumin-
bound form of paclitaxel, was found to be taken up by cancer cells by caveolae-mediated
endocytosis. Albumin is of great added value to the preparation, as it binds to gp60, the
albumin receptor present in the caveolae of endothelial cells, facilitating their transport to
tumor interstitial spaces, where it exerts its action on cancer cells.30

Because particles entering the cell by such caveolin-dependent mechanisms can sometimes
escape lysosomal degradation, this entry route is exploited by some pathogens such as
viruses to escape degradation’®. In terms of drug delivery, this pathway appears to be useful
for the delivery of degradable materials such as genes and proteins.”! However, trafficking
into acidic lysosomes could be the basis for engineering nanotherapeutics with acid-
triggered release characteristics.”? For example, Sahay et a/.’3 investigated the caveolae-
mediated cellular uptake of NPs loaded with the chemotherapeutic agent doxorubicin via
pH-sensitive hydrazone bonds in an attempt to achieve intracellular drug release in the acidic
environment of epithelial cancer cell lysosomes.”3

3.4 Clathrin/caveolae independent endocytosis

Clathrin- and caveolae-independent endocytosis takes place in cells devoid of both clathrin
and caveolae. These cells take up different cargos, such as cellular fluids, Interleukin-2, and
growth hormones through other pathways, requiring a specific lipid composition (mostly
cholesterol) without clathrin and caveolae.2% 74. 75

In addition, folic acid is also known to be internalized through this pathway.’ Bearing in
mind the nature of cancer cell growth, including the increased demand for folic acid, folate
bio-functionalization has frequently been addressed for targeting purposes. Folate-modified
NPs are an excellent example of particles internalized by this route. Folate binds to its
receptor, resulting in a non-destructive delivery of folate-functionalized NPs into the
cytoplasm.”’ Particles internalized by folate receptor-mediated endocytosis might also
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escape trafficking into lysosomes and often are retained in endocytic compartments or
released directly into the cytoplasm.”8

3.5 Macropinocytosis

Macropinocytosis is a unique pinocytosis process, since it does not involve the utilization of
lipid rafts or pit-forming proteins. Here, large membrane extensions or ruffles are formed as
a result of cytoskeleton rearrangement, which then fuse back onto the plasma membrane,
creating a large vesicle (0.2-5 um) that traps a large “gulp” of extracellular fluid (Fig. 5).”°
In macropinocytosis, all particles and dissolved molecules in the extracellular fluid are taken
into the endocytic vesicle, regardless of the presence of their specific receptors, making the
process a form of nonspecific bulk fluid uptake.

Macropinocytosis is important in many physiological functions such as antigen
presentation 89 and serves as a portal of entry for microbial pathogens, including many
bacteria and viruses.”® Because this process involves the formation of large vesicles, it is
considered important in the uptake of larger NPs that would not be possible via clathrin- or
caveolae-dependent endocytosis.81

3.6 Other entry mechanisms

Although the different mechanisms of endocytosis discussed so far are widely recognized to
be the major processes by which NPs enter cells, other entry mechanisms have also been
reported, including passive diffusion, hole formation, direct microinjection, and
electroporation (Fig. 6).8 17:82 \Wang et a/83 reported that 4 nm D-penicillamine-coated
quantum dots (DPA-QDs) were able to penetrate the plasma membrane of red blood cells
(RBCs) through a non-endocytic passive penetration process. The authors showed that the
interactions of the zwitterionic DPA-QDs with the lipid bilayer membrane led to its
softening, rendering it more flexible and allowing the passive penetration of NPs without
affecting the overall membrane integrity or causing any pore formation. Geiser er a/.84 also
showed that several nano-sized materials can cross cellular membranes by passive pathways
such as diffusion and adhesive interactions, where thermal capillary waves and line tension
play a significant role in controlling the entry of nanoparticles into cells. A range of cationic
NPs made of both organic (peptides and polycationic polymers) and inorganic (Au-NHo,
SiO»-NH>) materials have been shown to penetrate membrane-mimicking supported lipid
bilayers (SLB) by disruption of lipid bilayers and nanoscale hole formation.8586

Artificially induced mechanisms have also been used to enable NP entry into cells. For
instance, microinjection techniques have been used to directly inject silver NPs (20 nm) and
metal oxide magnetite NPs (8 nm) into the cytoplasm of HeLa cells.8”

Cytoplasmic microinjection has also been used to inject compacted DNA NPs into cancer
cells.88 Although microinjection is a highly sophisticated technique and is not yet practical
for the routine delivery of NPs into biological systems, it still represents a valuable tool in
evaluating toxicity and other cellular effects of NPs; especially when the effects of
extracellular biological factors (/.e., protein corona) are to be eliminated. Electroporation has
also been used for physically promoting NP entry into cells. This technique is based on
applying external high-voltage electrical impulses to cells, inducing the formation of
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transient membrane pores, through which NPs can pass. This technique has been used with
different types of nanoparticles including oligonucleotide-conjugated gold nanoparticles and
peptide-conjugated quantum dots.89:90

4 Physicochemical properties of nanoparticles affect their cellular uptake

It is now well understood that physicochemical properties of NPs (e.g., composition, size,
shape, surface charge, surface functionalization, and surface hydrophobicity/hydrophilicity)
play a key role in directing their interactions with cells. In this section, we focus on the
effects of these properties on cell-NP interactions.

4.1 Effect of size and shape

The size of NPs plays an important role in cellular uptake.%! A key step in cellular uptake is
the physical interaction between the NPs and the CM, which can lead to segregation and
clustering of NPs on the cell surface and a subsequent CM response.?2 Several theoretical
models have been proposed to predict lower-threshold radius for NPs to be endocytosed.
Chaudhuri et a/.%3 presented a two-step model, which includes cells and ligand-coated
spherical NPs in thermodynamic equilibrium. The authors formulated an equation for the NP
minimum radius (R, required for full wrapping. (R, depends on the energy released
from ligand-receptor binding (adhesion strength) and the energy needed for bending the
membrane (membrane rigidity). In addition, they incorporated possible electrostatic
interactions between NPs and the CM before uptake to mimic real endocytosis conditions.
Their results showed that NP clusters have higher rates of internalization than single NPs.

Furthermore, (R does not change with an increase in repulsive interaction values,
whereas the maximum uptake is reduced, which can be explained by the balance of energetic
terms. Smith et a/% theoretically showed that a fully membrane-wrapped NP does not
necessarily detach from the membrane. To complete the engulfing process and subsequent
escape, the formation of phase-separated membrane domains (7.¢e., lipid raft) is needed. Le
Bihan et a/.9° demonstrated complete transmigration of silica-based NPs into large CM-
mimicking unilamellar liposomes. Instead of a passive diffusion across the membrane, cryo-
transmission electron microscopy (cryo-TEM) and cryoelectron tomography showed that
NPs are internalized into the liposome through a three-step active process: i) vesicle
spreading; ii) nearly complete engulfing; iii) completely internalized NPs (Fig. 7).

NP-membrane interactions can disturb the functionality and/or integrity of cellular
membranes in a size-dependent manner. For example, De Planque et a/.% reported that
membrane permeability and integrity depended largely on the size and surface chemistry of
interacting NPs. In another study, Zhang er a/.%’ found a striking difference in morphological
changes of giant unilamellar vesicles (GUV, a synthetic membrane-mimicking system) after
interacting with silica NPs of different sizes. In the case of 18-nm silica NPs, the smooth and
spherical GUVs transformed into crumpled “paper bags” with microscale holes, while the
GUVs interacting with 182-nm silica NPs transformed into crumpled “pots” with a single
micropore. Additionally, diffusion coefficient measurement revealed that small silica NPs
considerably decreased lipid mobility (/.e., they have a freezing effect) on the membrane.
This reduction in lipid mobility was time-dependent, suggesting that it does not proceed by a
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sharp first-order phase transition. On the other hand, larger silica NPs strongly increase
lateral diffusion of GUVs, attributed to defects in the GUV membrane introduced by the
wrapping mechanism. 9’

Quantitative and qualitative studies on the effect of NP size on endocytosis are needed to
improve our understanding of NPs’ toxicity and to design effective NPs for diagnostic and
therapeutic applications. Several experimental studies suggest that ~50 nm is the optimum
size for NPs to achieve the highest cellular uptake in certain cells.?8 However, theoretical
models suggest a lower threshold, because most of these models are based on membrane
deformation. For instance, Chithrani er a/.98 qualitatively demonstrated that in the presence
of serum proteins, the number of spherical Au NPs inside HeLa cells (introduced via
receptor-mediated mechanisms) depends strongly on the NP size; 50-nm NPs entered cells
more effectively than other NPs in the 14-100 nm range. The authors observed that the
interaction between Herceptin-coated Au NPs (Her-Au NPs) and ErbB2 receptors of SK-
BR-3 cells (/.e., receptor-mediated endocytosis) is greatly dependent on the size of the NPs;
40-50 nm Au NPs underwent much greater intracellular uptake;%® smaller NPs could not
enhance the uptake process because of their inability to occupy multiple receptor binding
sites and to firmly associate with receptors before being engulfed by the membrane (/.e., low
binding avidity). Conversely, larger NPs, despite multivalent receptor binding, were too large
for the membrane wrapping that is necessary for efficient endocytosis.

Shan et a/100 compared the uptake and unbinding forces of single Au NPs with diameters of
4,12, and 17 nm and the HeLa cell. Their results indicated that both the uptake forces and
unbinding forces increase with NP size, which can be traced back to the larger interaction
area. NPs usually form heterogeneous aggregates, due to exposure to a high concentration of
ions when they come into contact with biological media. 98: 101, 102 Aggregation of NPs can
quantitatively affect cellular uptake based on the NPs’ physiochemical properties and the
cell type. To properly mimic naturally forming aggregates in biological environments,
Albanese et a/.193 developed a method to prepare non-precipitating transferrin-coated
aggregates of variously sized citrate-capped Au NPs. Cells were exposed to a constant
number of monodisperse NPs (15 nm), and various states of aggregation (/.e., 26, 49, and 98
nm), and Au NP uptake was quantified. For HeLa and A549 cell lines, uptake of aggregated
NPs was on average 25% lower than non-aggregated Au NPs. More importantly, the authors
showed that aggregate uptake cannot be predicted based on the endocytosis of similar-sized
single NPs, because i) aggregates are composed of small NP subunits, with higher surface
curvature than larger spherical NPs, which reduces the density of targeting moieties on the
aggregate’s surface; ii) the irregular shapes of aggregates can lead to aspect ratios larger than
1 (nonspherical shape); and iii) the asymmetrical structure of aggregates can also greatly
influence binding avidity via multivalent receptor-to-ligand interactions. If aggregation of
NPs increases their sedimentation rate, their uptake rate will be higher than that of single
NPs.104 Other meaningful experimental studies also shed some light on the relationship
between NP size and their intercellular distribution. For example, Williams er /195 utilized
a high content analysis (HCA) platform to locate size-tuned CdTe and CdSe/ZnS QDs in
four different cells, demonstrating the QDs can enter the nucleus and finally nucleoli in all
cell types examined, when they are small enough (2.1 nm). As the size of the QDs increased
to 4.4 nm, penetration into cells was reduced. Nabiev et a/196 demonstrated that live human
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macrophages could rapidly uptake and use their active transport machineries to concentrate
QDs in distinct cellular compartments specific to the size of QDs.

Another matter that generates significant uncertainty about the effects of NP size on
endocytosis is how experimental data are generated. To eliminate this concern, a full-time
dedicated study using a variety of complementary techniques is needed. Shapero et a/197
used flow cytometry (in addition to confocal and electron microscopy) to investigate cellular
uptake, trafficking, and final localization of silica NPs of different sizes (50, 100, and 300
nm) inside A549 cells as a function of time. They showed that the uptake rate of silica NPs
decreases with size; however, non-normalized flow cytometry can result in incorrect
interpretation of kinetics profiles, due to the size-dependent fluorescence intensity of NPs.

In addition to size, the shape of NPs is another crucial factor in cellular uptake. Consistent
with the previously mentioned report on the cellular uptake of rod-shaped and spherical gold
NPs via murine macrophages38, several experimental studies have demonstrated that rod-
shaped NPs undergo lower cellular uptake than spherical NPs.98: 108 For example, Hela
cells took up 74- and 14-nm spherical Au NPs at rates 5- and 3.75-fold higher than 74 x 14
nm rod-shaped Au NPs, respectively.®8 Chithrani et a/198 presented two possible
explanations: first, membrane wrapping for rod-shaped NPs takes longer than for spherical
NPs; second, surfactant molecules adsorbed onto the longitudinal axis of nanorods impinge
upon the ligand binding on the NP surface that facilitates cellular uptake. The aspect ratio,
defined as the ratio of length to the width of nanorods, also has a significant effect on
cellular uptake. In this case, cellular uptake (HeLa cell line) of rod-shaped Au NPs with a
lower aspect ratio is greater than that of NPs with higher aspect ratio (#.¢. 1.5 > 3.5 > 6). Qiu
et al 199 reported that that Au rod-shaped NPs of shorter aspect ratio (ranging from 1 to 4,
with sizes ~30 x 33 nm, 21 x 40 nm, 17 x 50 nm, and 14 x 51 nm, respectively) entered
human breast adenocarcinoma cells (MCF-7) faster than longer NPs. The reason for this is
that membrane wrapping time is longer for the larger rod-shaped NPs, as mentioned above,
possibly due to formation of larger irregularly shaped aggregates. However, another study110
demonstrated that 150 x 450-nm rod-shaped (aspect ratio 3) cationic cross-linked PEG
hydrogel NPs were internalized by HeL a cells 4-fold faster than 200 x 200 nm (aspect ratio
1) NPs. Moreover, the number of 100 x 300 nm NPs taken up was less than larger NPs with
the same aspect ratio over a 4-h incubation period. The authors thus concluded that absolute
size and/or volume also affects cellular uptake of rod-shaped NPs, due to the varying
number of available receptor sites for binding. Dasgupta et a/111 used a simulation approach
to show the role of shape and orientation in the cellular uptake of nanorods and nanocubes
with different aspect ratios and edge curvature, respectively. For rod-like particles, they
found that higher aspect ratio is not desirable for complete wrapping. NPs with small aspect
ratios and flat tips enter tip-first in a “rocket” mode, whereas those with high aspect ratios
and round tips enter via “submarine mode,” side-first with their long edge parallel to the
membrane.111 Banerjee. et al. 112 recently investigated the cellular uptake of sphere-, rod-,
and disc-shaped polystyrene NPs; rods and discs were fabricated by stretching 200-nm
spheres in either one dimension (rods, hydrodynamic diameter = 394 nm) or two dimensions
(discs, hydrodynamic diameter = 293 nm). While the volume of these NPs was kept
constant, rods had twice as much surface area as spheres and about 1.5 times more surface
area than discs. The results showed that rod and disc NPs were taken up by Caco-2 cells
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twice as quickly as spheres. Additionally, biotin conjugation increased the uptake of these
NPs regardless of shape, but in a different manner; in fact, biotin-conjugation increased the
uptake of rod NPs threefold and spheres/discs twofold. The authors linked the higher uptake
of actively targeted rods compared to targeted discs and spheres to their larger surface-to-
volume ratio, presenting more sites for biotin conjugation, thus increasing the probability of
locating and interacting with cellular receptors for uptake.112

It has been shown that geometry can also dictate the uptake mechanism used by NPs, which
determines intracellular fate. For example, Meng et a/112 synthesized mesoporous spherical
(110 nm) and rod-shaped silica NPs with aspect ratios ranging from 1.5-1.7 (MSNP1) to
2.1-2.5 (MSNP2) to and 4-4.5 (MSNP3). Cytometry results for HeLa and A549 cells
demonstrated remarkably higher cellular uptake of rod-shaped compared to spherical NPs;
furthermore, among the rods, the intermediate aspect ratio (/.. 2.1-2.5) was associated with
the highest internalization. More importantly, the results qualitatively and quantitatively
showed that greater internalization of MSNP?2 is attributable to the activation of
micropinocytosis, as evidenced by the enhanced activation of small GTP-binding proteins as
well as the formation of actin cytoskeleton and filopodia.

Herd et a/114 investigated cellular uptake of three silica NP constructs: worm-like (232 x
1348 nm), cylindrical (214 x 428 nm), and spherical (178 nm). They found that the rate of
uptake, especially in the early stages, depended on geometry. The authors linked the
variations they found to the different internalization mechanisms undergone by NPs with
different geometries. Furthermore, chemical inhibitor experiments suggested that clathrin-
mediated endocytosis is the most favorable mechanism for spherical NPs, whereas their
worm-like counterparts underwent micropinocytosis or phagocytosis. The authors’
speculation for this phenomenon is that the worms and cylinders are too large for clathrin-
mediated endocytosis, and can interact only with the CM w7z either their 200 nm dimension
or another dimension (400 and 1300 nm); i.e., within the size constraints of
micropinocytosis and phagocytosis. Using a dissipative particle dynamics (DPD) simulation
approach, Yang et a/115 reported that NPs with various shapes penetrate the lipid bilayer
differently. Their results also suggested that NP penetration consists of a two-step rotation
process, which, in addition to geometry, strongly depends on the initial orientation and the
location of the NPs.

4.2 Effect of surface charge

Electrostatic interactions between charged NPs and the CM are of great biological
importance.®1 A number of theoretical studies on the interactions of NPs with membranes
have highlighted the importance of NP surface charge. Li er /118 employed molecular
dynamics simulation to probe the effect of electrostatic attraction between cationic NPs and
phospholipid membranes; the charged NPs showed a more favorable thermo-dynamical
interaction than their uncharged counterparts. Moreover, the adhesion of positively charged
NPs to the CM can promote membrane-wrapping phenomena. Computation of the average
order parameter of lipid tails, which is a measure of the motional anisotropy of the particular
bond investigated and yields its time-averaged orientation, also showed that the adhesion of
anionic NPs exerts a stronger influence on the structure of membranes (/.e., formation of a
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high-density domain of lipid tails) compared to cationic NPs, which induce local disorders
in the location of adhesion. In another molecular dynamics simulation report, the
interactions of three kinds of Au NPs (cationic, hydrophobic, and anionic) with
electronegative and electroneutral bilayers were probed.11” The results confirmed the
dominant role of electrostatic interactions over hydrophobic interactions between NPs and
the bilayer. More specifically, the positively charged NPs had a much stronger disruptive
influence on the bilayers. Furthermore, both membrane penetration and disruption increase
with increasing charge density, but in different manners; the degree of penetration increases
remarkably at low charge densities up to an optimum value (cationic coverage of 50), while
membrane disruption begins to increase quickly at higher charge densities.}7 Nangia et
al118 showed that surface charge density can significantly affect the initial orientation of
non-spherical NPs. For example, the computed results for rice-shaped NPs’ interaction with
the lipid bilayer showed that NPs with a high positive surface charge become oriented
parallel to the negatively charged lipid membrane, which maximizes adhesion and leads to
substantial disruption of the bilayer. Additionally, the results emphasize the interplay of NP
shape and surface charge density, which can be engineered to enhance the translocation rate
by 60 orders of magnitude.118

A significant number of experimental studies have focused on interactions between NPs
with various surface charges and lipid bilayer assemblies to gain a deeper understanding of
the NP-membrane interaction. Leroueil er a/.8% used AFM/SLB to study the degree of
membrane disruption by a wide range of cationic NPs. Three general types of disruptions
were detected: i) NPs that accumulate around the edges of pre-existing defects (e.g.
membrane holes, membrane thinning, and/or membrane erosion), but do not induce new
defects (e.9. PAMAM G3-NH, dendrimers); ii) NPs that disrupt the bilayer mainly via
diffusing to pre-existing defects and expanding them (e.g. amine-coated Au NPs (Au-NH>),
the cell-penetrating peptide MSI-78, and PAMAM G5-NH, dendrimers); iii) NPs that
directly induce the formation of holes and defects in lipid bilayers, e.g. TAT sequence31
employed by HIV virus, PAMAM G7-NH,, polyethyleneimine (PEI), diethylaminoethyl-
dextran (DEAE-DEX) and amine-coated silica NPs (silica-NH,). Li and Malmstadt!19
showed that deformation and formation of pores (18-27 nm in size) of GUVs are elicited by
relatively small cationic polystyrene (20 nm) NPs. Consistent with theoretical results, it has
been shown that the strong electrostatic interaction between cationic NPs and the phosphate
groups of the lipid maximize NP-membrane binding, increasing membrane surface tension
and resulting in the formation of pores. Wang er a/.120 showed that NPs (/.e., 20 nm
polystyrene latex) with either negative or positive surface charges bind to lipid membranes
and induce changes in the membrane phase state. More specifically, negatively charged NPs
induced local gelation in fluid bilayers, while their positively charged counterparts induced
gelled membranes to fluidize locally. This surface reconstruction of phospholipid
membranes is attributed to NPs with either negative or positive surface charges that
preferentially interact with N*/P~ terminus of lipid membranes, respectively.

There are also several studies that have endeavored to more fully elucidate the role of
surface charge on interactions between NPs and cellular membranes. For example, Cho et
al 121 reported that the uptake rate of cationic Au NPs into SK-BR-3 cells is more than
fivefold greater than their anionic counterparts. The authors also showed that half of cationic
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Au NPs diffuse into cells by generating holes or other disruptions in the CM (/.e., via non-
endocytosis pathways), whereas anionic and neutral NPs are internalized into cells only via
endocytosis pathways. Arizo er a/.122 reported that positively charged Au NPs induce
membrane depolarization for different cell types, /.e., ovarian cancer CP70 and A2780 cells,
human bronchial epithelial cells (BECs), and human airway smooth muscle (ASM) cells.
Membrane depolarization results in an increase in Ca2* concentration inside the cell that can
induce the modulation of intracellular pathways (e.g. inhibition of proliferation and
reduction of viability in normal cells).

He et a/122 observed an increase in the uptake of chitosan NPs with higher surface charge
(either positive or negative) by macrophages compared to neutral particles, suggesting the
importance of electrostatic interaction in phagocytosis. However, in the case of non-
phagocytic cells (human liver cell line L02 and human hepatoma cell line SMMC-7721),
positively charged chitosan NPs were taken up by cells to a larger extent than were
negatively charged NPs, which might be caused by the attractive/repulsive forces between
the cationic/anionic NPs and the negatively charged CM. Hauck et a/123 studied the uptake
of gold nanorods (18 x 40 nm) with a range of surface charges, from very positive (+ 37
mV) to very negative (-69 mV) into HeLa cells. Their results showed that the highest and
lowest uptake were for nanorods with surface charges of + 37 mV and —69 mV, respectively,
at all examined concentrations of gold in the media (7.¢. 10, 20, 50, and 150 pM).

Hiihn et a/124 explored how surface charge indirectly affects cell-NP interactions via the
alteration of the protein corona around the NP. Positively charged NPs entered into different
cell lines (/.e., 3T3 fibroblast cells and murine C17.2 neural progenitor cells/fNPCs and
human umbilical vein endothelial cellsyHUVECSs) more than negatively charged NPs, both
with or without a protein corona. Furthermore, negatively and positively charged Au NPs
(hydrodynamic radius ~7.9 and 5.1 nm, respectively) exposed to human serum albumin
(HSA) have the same qualitative protein corona; /.e., the number of adsorbed HSA
molecules per NP is not significantly affected by the difference in charge. The presence of
proteins in the media decreases uptake of both the cationic and anionic NPs. However,
differences in uptake depending on surface charge are still apparent. The authors’
speculation regarding this phenomenon is that the specific functional groups mediate the
adsorption of different species of proteins with potentially varying orientation on the NP
surface. In-depth assessments of NPs’ surface charge should be performed after their
interactions with the cell media, since the protein corona forms at the surface of NPs and
changes their surface properties.17-20. 125,126 \jany researchers have used serum-free media
to avoid protein interactions with NPs.12” However, recent reports revealed that the protein
corona can form even in serum-free media, mainly due to proteins secreted by cells.128

4.3 Effect of hydrophobicity

Hydrophobic and interfacial forces play important roles in the interaction between NPs and
CM.91. 129 geveral theoretical studies have demonstrated how the hydrophobicity of NPs
affects their interactions with the lipid bilayer. Using a computer-based molecular dynamic
simulation approach, Li et a/130 suggested that the hydrophobic NPs are thermodynamically
stable around the middle of the hydrophobic core of the membrane. Moreover, the process of
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NP insertion leads to deformation and heterogeneity in the distribution of lipid molecules in
the bilayer (/.e., hydrophobic mismatch), but does not cause membrane leakage. In contrast,
the semi-hydrophilic NPs energetically prefer to be adsorbed on the surface of the bilayer
rather than entering the core, which can induce membrane wrapping (/.e., endocytosis).

Fullerenes are well-known promising hydrophobic nanomaterials. Wong-Ekkabut ef a/.131
studied the thermodynamics and mechanisms of the permeation of fullerene aggregates
through CMs using a computational approach. Their results suggest that fullerene clusters
can easily penetrate and become embedded in a lipid membrane via passive transport, which
is similar to the case with single fullerenes, but much more slowly. Interestingly, they did not
find formation of stable clusters inside the bilayer or membrane disruption, even at high
concentrations. However, fullerene permeation can influence cell function by altering the
elastic properties of CMs. Alexeev et a/132 theoretically showed that the relative distribution
of hydrophilic and hydrophobic moieties on Janus NPs’ surface influences the stability of
pre-existing pores in a lipid bilayer. Specifically, Janus NPs have a hydrophobic portion that
forms stable pores in amphiphilic membranes. Curtis et a/133 applied a simulation approach
to visualize the molecular-level interaction between NPs and bilayer membranes.
Hydrophilic NPs with diameters larger than 20 A become wrapped, whereas NPs with a
diameter of 10 A become embedded in the bilayer surface and interact with the hydrophilic
head groups of the lipid molecules. In the case of hydrophobic NPs with diameters 10-40 A,
these NPs do not undergo wrapping; instead they embed themselves within the inner
hydrophobic core of the bilayers by directly penetrating the membrane.133

Understanding the interaction between NPs and a model CM can give insight into the
potential effects of hydrophobic/hydrophilic NPs on living cells. Gopalakirshnan et a/13%
reported that hydrophobic QDs (5 nm) were stably associated with and uniformly dispersed
within/around the lipid bilayer of the vesicles, forming lipid/QD hybrids. The diffusion
properties of the QDs within the membrane were also altered depending on the membrane
state (i.e., arranged or disrupted lipid bilayer). These observations suggest that such hybrid
vesicles could be promising nanocontainers for controlling the permeability of the
membrane and be applied for delivery of small molecules into living cells.

Jing and Zhul36 reported that initiating pore formation (lipid-poor regions) on L-a.-
phosphatidylcholine (a-PC) SLBs with adsorbed hydrophobic polystyrene NPs occurs
above a critical NP concentration that is independent of NP size. Furthermore, their results
led to the conclusion that dragging lipid molecules from the SLB to adsorb and wrap on the
NP surface is dominated by hydrophobic interactions, which can be enhanced by
electrostatic interaction screening at increased ionic strength. Olubummo et a/137 reported
that the location of QD NPs (2 nm) in mixed lipid/polymer membranes is dependent on
hydrophobic, hydrophilic, or amphiphilic surface properties. Their findings indicate that
hydrophobic QDs NPs can be selectively localized within the polymer domains of the mixed
lipid/polymer membrane. In contrast, amphiphilic counterparts showed no specific
localization in phase-separated lipid/polymer films.

Lee et a/138 reported the spontaneous incorporation of Au NPs functionalized with a mixed
monolayer of hydrophilic and hydrophobic ligands (6 nm) into liposome walls (~2.5 nm
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thickness) to form NP-liposome complexes. In fact, hydrophobic and hydrophilic ligands
redistribute themselves dynamically on the surface of Au NPs in response to interaction with
the surfactant vesicle to initiate incorporation (/.e., hydrophobic ligands on the NP cluster
and interact with the hydrophobic core of the bilayer, whereas hydrophilic parts remain in
interaction with the aqueous solution).

Furthermore, hydrophobicity can change the protein corona around the NP, which may
indirectly modify cell-NP interaction. For example, Ge et a/139 showed that the adsorption
amount and conformational changes of blood proteins (e.g., bovine fibrinogen, gamma
globulin, bovine serum albumin, and transferrin) after interaction with single-wall carbon
nanotubes (SWCNTSs) are mainly governed by hydrophobic interactions between the surface
and inner hydrophobic residues of proteins and the SWCNTS’ surface. However, those
studies were performed using only a single protein; in real blood, there is a wide range of
competing proteins. Therefore, more research is needed to probe the effects of NP
hydrophobicity on the corona composition at the surface of NPs and their biological
consequences. Moreover, the hydrophobicity of thermo-responsive NPs can be controlled by
temperature (at 37 °C particles are hydrophilic but at 40 °C are hydrophobic). This approach
was employed to increase the cellular uptake of thermo-responsive NPs by 20-fold at
elevated temperature (40 °C), compared to the physiological temperature (Fig. 8).134. 140

4.4 Effect of surface functionality

Surface functionality is the principal parameter dominating NP interactions with cells and
subsequent cell uptake. Since recent advances in manipulating NP surface to control
interactions with cellular membrane have been reviewed by our team and others, the readers
are referred to these publications for more details.24 82 141, 142 The cuyrrent challenge in this
field is to harness NPs and control their behavior by engineering their surfaces. A detailed
understanding of the role of surface functionalization in the biological effect of NP is needed
to facilitate efficient engineering of NPs for nanomedicine. One example that illustrates the
complexity of this interaction is that even the coordination of ligands on the NP surface can
significantly change their uptake pathways.143 To that end, changing the surface
functionality of NPs can dictate their interactions with biological systems.144 For example,
NPs can be equipped with a “homing device” that could guide the NPs to the intended target
and specifically recognize the target site. The functionalized NPs could exploit the presence
of overexpressed or unique receptors on the surface of cells. In this case, targeting small
molecules, aptamers, peptides, proteins, and antibodies that can interact with these receptors
is widely used to functionalize the NPs.14® The internalization of NPs can then occur via
receptor-mediated endocytosis.1#6 Tao et a/147 reported a novel polydopamine-based
surface functionalization method to develop aptamer-conjugated NPs for /n vivo tumor
targeting and finally achieved an enhanced therapeutic effect compared to the
unfunctionalized NPs. The Mei group*8 reported a folic acid (FA)-conjugated blended NP
system that achieved active targeting of cervical cancer and enhanced the uptake efficiency
of FA-NPs compared to unfunctionalized NPs. Alexis et al.14° reported the first example of a
targeted NP-affibody bioconjugate for controlled drug delivery to HER-2-positive cancer
cells.
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A potential strategy for understanding the role of surface functionality in NP-cell
interactions would be to systematically study NPs with the same size and shape, but
differing surface functionalities. However, one of the major challenges in such investigations
is the often low reproducibility of NP functionalization. In addition, the multi-parameter
nature of such studies makes drawing definitive conclusions often rather difficult. NP cell-
specific responses and the formation of non-specific protein coronas on NP surfaces also
complicate research findings. Although a large number of studies have focused on studying
the interactions of nanomaterials with cells and biological structures, there still is a long way
to go before predicting NP—cell interactions becomes a reality.

5. Importance of cell type in the endocytosis and fate of nanoparticles

It has been suggested that various cell types may employ different endocytotic pathways to
internalize the same NP.150. 151 Santos et a/15! utilized HelLa, 1321N1, and A549 cell lines
to study the endocytotic pathways of carboxylated polystyrene NPs with 40 nm and 200 nm
diameters. They found that 132N1 cells take up NPs mainly v7a clathrin-mediated
endocytosis, while A549 cells use a caveolin-mediated pathway. It has been shown that
caveolae-dependent endocytosis operates over one third of the cell membrane in some
tissues.152 This mechanism is especially frequent in smooth muscle, endothelial cells,
adipocytes, fibroblasts, and type | pneumocytes;152-155 while other cells such as neurons,
leukocytes, and HepG2 cannot internalize substances by caveolae-dependent endocytosis
because they lack caveolael protein.154 156 Therefore, NPs taken up by these cells might
experience a different fate. There is some evidence that the caveolae-dependent pathway can
bypass lysosomes. 150 153. 155, 157 \ost substances endocytosed by caveosomes are
eventually delivered to the endoplasmic reticulum or the Golgi apparatus.158-163

Internalization of surrounding fluid occurs by large vacuoles through macropinocytosis.164 It
happens in almost all cells, with a few exceptions such as brain microvessel endothelial
cells.#9. 164 Scientists do not yet agree on the final destiny of NPs captured in
macropinosomes, but there is some evidence that it depends on cell type. For example,
macropinosomes fuse with the lysosome in macrophages, whereas in A431 cells, they travel
back to the surface and release their cargo to the extracellular space.164-166 |_jkewise,
Falcone et al. showed that macropinosomes fuse with the cell membrane in human dendritic
cells by exocytosis, 167 while Kasahara er /168, using a HeLa cell line overexpressing Src-
tyrosine kinase, showed that high levels of c-Src kinase activity promote the formation of
macropinosomes associated and merged with the lysosomal compartment.

In conclusion, it has been demonstrated that various types of cells employ different entry
processes to internalize materials such as NPs, which are delivered to different cellular
compartments. Table 1 offers a summary of studies of various cell types, which relate the
intracellular fate of NPs to the endocytotic pathway employed during cellular uptake.
Overall, the NPs” intracellular fate is complicated, and the results obtained from studying a
limited number of cell types cannot be generalized to all cells. Nevertheless, it is essential to
take the effect of cell type on NP fate into account when NPs are to be used in vivo.
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6 Intracellular trafficking

Intracellular trafficking of NPs has a critical role in the cellular fate of NPs and their
therapeutic/imaging efficacy. The well-defined intracellular pathways of NPs are
summarized in Fig. 9. For example, after the entry of NPs into cells via endocytic vesicles,
their ultimate fate is usually determined by the intracellular sorting/trafficking mechanisms
mediated mainly by a network of cellular endosomes in conjunction with the Golgi
apparatus, endoplasmic reticulum (ER), and lysosomes®: 169 (see Fig. 9 for details).
Endosomes are relatively large (up to 1 um and even larger) intracellular membrane-bound
compartments initially produced by the plasma membrane, and later they may fuse with
Golgi-derived vesicles.1’® Endosomes are usually found in the cytoplasm of most human
cells and can be classified into three major types: early endosomes, recycling endosomes,
and late endosomes (also called multi-vesicular bodies - MVB), which together constitute
the major part of the intracellular endocytic pathway.171: 172

After endocytic vesicles pinch off the plasma membrane, they become uncoated (if they
were the coated type) and then fuse with early endosomes. Particles in endocytic vesicles
become part of early endosomes, either freely in the lumen or inside smaller luminal
vesicles. Early endosomes then act as a hub that guides further trafficking of the endocytic
vesicles’ cargo into different cellular destinations.171: 173 pPart of this cargo will be recycled
to the plasma membrane in small vesicles, either directly or indirectly, by fusing with the
recycling endosomes.17# The rest of the cargo remains in early endosomes, which then
mature and differentiate into late endosomes. Late endosomes can either fuse with the
plasma membrane (releasing their contents outside the cell in the form of exosomes) or they
fuse with lysosomes, forming endolysosomes, whose contents become exposed to a variety
of degradation enzymes such as lysosomal hydrolases.8171

In some cases, the endocytosed NPs may escape the abovementioned endocytic pathway at
any stage and become released into the cell cytoplasm; if such escape precedes fusion with
the lysosomes, the particles can bypass lysosomal degradation and end up intact in the
cytoplasm or in other intracellular compartments.175 176 Another issue that should be
considered when investigating the intracellular fate of NP’s is the process of autophagy.
Autophagy is an intracellular degradation pathway that, distinct from the endocytic pathway,
delivers certain cytoplasmic constituents to lysosomal degradation.1”” This process poses a
risk of recapturing the NPs after their initial escape to the cytoplasm and directing them
again toward lysosomal degradation. On the other hand, since autophagy plays an essential
role in maintaining cellular homeostasis, it is also important to consider the effect of NPs on
this vital process, since several NP types have been suggested to either induce the process of
autophagy or cause its dysfunction.178. 179

One of the major challenges in the cellular trafficking of NPs is the existence of several
hidden factors, including “cell vision” and “protein corona”.126. 180 Cell vision refers to the
mechanisms/behaviors that any particular cell can utilize in response to NPs. The cells can
also secrete several proteins that may affect the biological identity of NPs. These two
important issues can substantially change the intracellular trafficking of NPs and should be
carefully considered in future reports. In addition, the type of employed protein source (e.g.,
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fetal bovine serum) can significantly affect the intracellular trafficking of NPs,181. 182
Therefore, one can expect that a portion of the current data on /n vivo intercellular
trafficking of NPs is invalid, mainly because the biological identity of NPs is entirely
different from that in /n vitro studies.

Recent progress in the field of the biological identity of NPs revealed that even the type of
disease may substantially change the biological identity of NPs and their biological fates,
including their cellular uptake and toxicity.20-22: 183 Therefore, this “disease-specific”
protein corona adds complications to the actual /77 vivo intracellular trafficking of NPs and
needs more attention in future studies.

7 Probing Cellular Interactions of Nanoparticles

Our current understanding of cell-mediated NP trafficking is largely attributable to recent
advances in chemical analysis and imaging. These methods provide not only information on
the spatial distribution of particles within a given cell type, but also the corresponding
bimolecular interactions and the phenotypic/genotypic consequences of these perturbations,
as well as their time- and context-dependency. Imaging is perhaps the most salient of these
techniques. Recent advances in super-resolution techniques, imaging cytometry, and high-
content analytics have further expanded our appreciation of the complexity of NP trafficking
and strengthened our capacity to control these cellular interactions and their specificity. Flow
cytometric methods have also emerged as an indispensable tool in this regard, shedding light
on the heterogeneity of cell-NPs interactions — even among monoclonal cell populations —
and improving objectivity and statistical rigor through high-throughput single-cell analysis.
As cell-based models give way to organoid and organ-on-a-chip technologies, 196 new
methods will need to be developed to address this increasing complexity. Highly automated
phenotypic screening techniques are already commonplace among cell biologists, including
methods for long-term, live cell imaging9 (e.g., IncuCyte® and CytoSMART™) and high-
content image analysis198 (Cellomics™ and CellProfiler). High-throughput loss- and gain-
of-function screens using RNA interference (RNAI),199 as well as CRISPR interference
(CRISPRI) and CRISPR activation (CRISPRa)2% will also doubtless lead to important new
insights that will improve the diagnostic and therapeutic potential of nanoscale technologies.
Although there are still very few reports regarding the latter methods, the following section
summarizes some of the techniques currently employed to study NP cellular internalization
and trafficking.

7.1 Super-Resolution Fluorescence Microscopy

Confocal laser scanning microscopy (CLSM) is distinguishable from the more common
epifluorescence methods largely by its ability to exclude out-of-focus objects through point
scanning.2%1 Due to its narrow depth of field, one can not only image cell association and
trafficking with high z (axial) resolution, but also obtain serial optical sections with which to
determine subcellular localization with improved accuracy. This technique has proven
particularly useful when endosomal sequestration limits therapeutic potential — for example
in the delivery of therapeutic nucleic acids such as plasmid DNA, small interfering RNA
(siRNA), messenger RNA, and single guide RNA (sgRNA).202 CLSM can also shed light on
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particle-protein interactions, where co-localization can provide mechanistic information
regarding intracellular trafficking routes and binding partners. Strano and coworkers,203 for
example, used the intrinsic fluorescence from single-walled carbon nanotubes (SWNTSs) and
single-particle tracking software to monitor the cellular uptake and expulsion of SWNTS as
a function of length by CLSM. They found that SWNT endocytosis was maximal near 50
nm diameter when scaled to account for diffusive interactions and the exocytosis rate of
SWNTSs slowed with increasing size (Table 2). Readers may note that fluorescence-, optical
absorption/emission, and refractive index-based spectroscopic methods can also be used to
quantify ensemble cellular uptake/efflux of nanomaterials or drugs (e.g. by HPLC,204
AAS:205 Table 2).

While CLSM dramatically improved both lateral (xy) and axial (z) resolution, compared to
epifluorescence methods, recently developed super-resolution techniques have further
improved our ability to discriminate NPs trafficking with superior spatial and temporal
resolution2%6 - in particular, stochastic super-resolution methods such as photo-activated
localization microscopy (PALM) and stochastic optical reconstruction microscopy
(STORM). Both methods reconstruct the location of a fluorescent point source by
discriminating emitters based on molecule-specific intensity fluctuations; the former based
on photobleaching and the latter based on on/off state switching. Fig. 10a illustrates lateral
resolution improvements obtained from STORM imaging of polystyrene NPs internalized
within HeLa cervical carcinoma cells.297 Unlike confocal and conventional widefield
methods, STORM can differentiate NPs of varying size (300 v 80 nm diameter) and
functionality (color), providing previously unattainable information regarding aggregation
state and location, as well as the capability to perform multiplex analyses in high-throughput
assay formats.

7.2 Transmission electron microscopy

Transmission electron microscopy (TEM) discriminates objects based on their interactions
with a collimated electron beam.298 Due to the small de Broglie wavelength of electrons,
TEM provides resolutions superior to photon-based methods, often in the order of a single
atom. However, while powerful, it also suffers from many drawbacks: long sample prep
times, low multiplexing capabilities, and low contrast among biological structures. Because
TEM relies fundamentally on transmission, biological samples must also be sectioned (50—
100 nm thick) with an ultramicrotome. Challenges notwithstanding, the method can provide
a wealth of information regarding size/location, electron density, atomic periodicity, and
elemental composition.208 Kabler et af., for example, used TEM to investigate the possible
biological interactions of carbon nanotubes (CNTSs) ingested via inhalation (Fig. 10b).299
After intra-tracheally administering CNT solutions to C57BL/6 mice, the authors observed
significant cell surface labeling and intracellular accumulation within alveolar cells and
tissue-resident macrophages. Such insights are important to understanding the possible long-
term consequences of CNT inhalation, where persistent inflammation has been shown to
lead to cancer pathogenesis following exposure to other materials such as asbestos. Gold
NPs have been routinely imaged by TEM, both as endocytosed probes coupled to various
proteins and for immunogold labelling of cells and tissues. This method has been applied to
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studying leukocyte biology, and it has helped to demonstrate how activated leukocytes
deliver specific cargos.210: 211

7.3 Atomic force microscopy

Atomic force microscopy (AFM) provides lateral resolution comparable to electron-based
methods and uses a piezoelectric-driven scanning cantilever to measure interactions between
a scanning probe tip (ca. 10 nm radius) and a sample, yielding topographical and mechanical
information at high resolution.22 Unlike EM methods, which typically require vacuum
conditions, AFM can be performed in the aqueous state, enabling maintenance of native
hydration and biological architecture. While versatile, this technique often suffers from poor
discrimination, and methods for labeling/multiplexing are not currently in widespread use.
Fig. 10c demonstrates the unique structural information that AFM can provide. Here, tattoo
ink NPs are directly imaged from cryosectioned human skin. Ink NPs and agglomerates
were shown to be distributed throughout the dermis and surrounding collagen matrix,
demonstrating not only the spatial distribution of these NPs but also the biomechanical
properties of their surrounding environment.

7.4 Scanning electron microscopy

Scanning electron microscopy (SEM) maps the interactions of an electron beam with a
sample based on the detection of secondary electrons emitted from its surface or
backscattered electrons from its surface/subsurface.?13 SEM provides lateral resolution on
the order of 1.0 nm and can also provide elemental information useful in labeling
experiments. Because transmission is not required as with TEM, SEM can image tissues of
millimeter-scale thickness. By integrating focused ion beam (FIB) surface milling,
biological tissues can also be imaged in serial sections, providing precise tomographic
information. Yu et al,, for example, used FIB-SEM to study the CD169 receptor-mediated
uptake of HIV virus-like particles (VLPs, Fig. 10d).214 Because the cytoplasmic tail of
CD169 lacks any known endocytic motifs, receptor-mediated HIV-1 uptake and subsequent
trafficking were not fully clear. FIB-SEM imaging showed that cell surface-bound particles
were diffusely spread, while intracellular NPs appeared sequestered in vesicles, suggesting
the presence of a membrane-associated co-factor that promotes uptake/trafficking.

7.5 Light-scattering microscopy

Elastic and inelastic light scattering microscopy can provide considerable information
regarding the local chemical environment within a biological sample.21® 218 The former can
discriminate spectral absorption/scattering as well as orientation (e.g., collagen fibril
orientation in polarized light microscopy), while the latter is particularly unique in offering
information regarding solid-state and molecular vibrations. Palonpon et a/. showed that
molecular vibrations can be mapped in real time using live-cell Raman microscopy (Fig.
10e).217 Using 50-nm Au NPs as surface-enhanced Raman scattering?18 (SERS) probes,
individual NPs could be tracked in murine macrophages. The authors demonstrated the
detection of exogenous (alkyne) DNA labels and were able to track the NPs’ trajectory and
the surrounding chemical environment with confocal lateral and axial resolution.
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7.6 Flow cytometry

Flow cytometry measures multicolor optical scattering and fluorescence (or impedance)
from individual cells in suspension by focusing them through a fluidic channel in which
cells are allowed to flow only in ‘single file’.21® Segmentation and electrostatic deflection of
the cell-containing fluid column (i.e., flow-automated cell sorting, FACS), can also be
performed in real time to physically sort cells based on their optical or electrical
characteristics. Flow cytometry (analysis and sorting) can be performed with both live and
fixed cells and routinely accommaodates 10-color multiplexing (with spectral compensation)
and measurement rates of thousands of cells per second. Statistically robust staining
intensity values and distributions can be determined from heterogeneous cell populations in
high throughput, 220 while spatial distribution patterns and interaction partners can also be
assessed using Forster resonance energy transfer (FRET) techniques. Ruoslahti and
coworkers recently utilized flow cytometry to differentiate cell surface-association and
internalization of ligand-targeted silver NPs using a cell membrane-impermeable chemical
etchant to ‘de-stain’ surface-bound particles (Fig. 10f).221 The authors found that ~60% of
peptide-targeted particles were internalized at 1 h /in vitro, while comparable concentrations
of untargeted NPs were only ~1% internalized. This technique was also capable of
identifying tumor-specific intracellular NP delivery in vivo.

7.7 Dark-field microscopy

Dark-field illumination enables imaging using scattered rather than transmitted light.222 This
method is particularly useful in imaging translucent objects whose refractive indices are
similar to that of their surroundings (e.g., cells) and uses a beam stop, commonly a “spider
stop’, to block the center of a conical light beam that impinges upon the sample at a low
angle. Thus, only highly scattering objects are visible on a black background. In many cases,
this technique can be more sensitive than fluorescence microscopy and is commonly used to
track plasmonic NPs and probes thereof, in live cells.223 224 Fig. 10g demonstrates the
utility of this technique in monitoring respiratory syncytial virus (RSV) infection in larynx
epidermal cells using virus surface-labeled Au NPs.225 The authors tracked RSV cell-entry
kinetics and demonstrated that 13-nm Au NPs probes can serve as non-interfering, non-
photobleaching dark-field imaging probes.

7.8 Photoacoustic microscopy

Photoacoustic (PA) imaging uses laser-induced thermoelastic expansion to map cells and
tissues based on variations in subsequent ultrasound emission.226 The method typically
employs non-ionizing laser pulses that convert light energy into sound following light
absorption, heat generation, and local volume expansion of an object or contrast agent. The
technique is most commonly used to macroscopically image tissues and vessels, but has
more recently been employed to detect circulating tumor cells.227 Strohm recently
demonstrated that PA imaging can also be used to image individual unstained cells at high
resolution (Fig. 10h).228 The authors used two-color excitation to perform PA imaging on
lymphocytes with micrometer-scale resolution. Because inorganic nanoscale particles are
often efficient photothermal contrast agents?29 230 (e.g., CNTs, Au NP, etc), PA imaging is
an emerging analytical method that efficiently differentiates probe-labeled cells and
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interrogates the trafficking of nanoscale materials across both microscopic- and
macroscopic-length scales.

7.9 Surface-Enhanced Raman Scattering (SERS)

NPs of noble-metal such as gold, silver, and platinum can serve as excellent probes for
Raman sensing (Fig. 10e). Raman tags using these NPs enhance signals by ~12 orders of
magnitude, with higher stability of the tags (compared to fluorescent dyes) and high signal-
to-noise ratio in biological settings.231 One research group investigated the use of Au NPs to
probe the cellular ultra-structure and various sub-cellular environments in terms of spectral
signature and signal strength.216

Another study used SERS tags to image the distribution of epidermal growth factor receptor
(EGFR) by creating an intensity map. Malachite green signals were enhanced by spherical
Au NPs 30-40 nm in size and functionalized with antibodies to EGFR; maps created were
consistent with the expected distribution of Au-NPs and EGFR.232

7.10 Laser Ablation ICP-MS

Inductively coupled plasma—mass spectroscopy approaches are utilized to detect trace
concentrations of metals as low as one part in a trillion. The sample is introduced by
nebulization and converted to plasma at very high temperature. When combined with laser
ablation, this approach can attain an even lower detection limit with quantitative and spatial
distribution of silver NPs. LA-ICP-MS enabled the investigation of silver NP uptake and
localization within a cell, as in Fig. 10f.233234

7.11 Correlative microscopy

Correlative microscopy is the integration of two or more microscopy techniques to analyze
the same sample (Fig. 11).23% The aim of correlative microscopy is to obtain more in-depth
information about the sample using the advantages of individual techniques including light
microscopy, electron microscopy, atomic force microscopy, and super-resolution
microscopy. For example, super-resolution microscopy in a correlative microscopy can
overcome the conventional limitation of the light microscopy, which is poor resolution
below 300 nm. Therefore, the correlative microscopy may create exciting new opportunities
in the field of nanomedicine, and more specifically in intracellular trafficking of NPs. More
in-depth information on the correlative microscopy and its challenges and opportunities are
available in our very recent review paper.23°

7.12 X-ray adsorption near-edge spectroscopy (XANES)

This approach is employed to study the “chemical fate” of nanoparticles in biological fluids/
media and also inside cells.236237.238Chemical fate of nanoparticles is related herein to
chemical dissolution, transformation, and speciation. For example, a recent study utilized
XANES to show that silver nanoparticles (20 nm) were gradually transformed from
nanoparticles into ionic silver (Ag*, Ag-O- and Ag-S— forms) inside cultured
macrophages.23? This transformation mediated the observed toxicity of the nanoparticles. In
another study, XANES was utilized to confirm the dissolution of 60 nm AgNPs into Ag+
inside primary murine macrophages, forming complexes with the thiolate group in the
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glutathione ligand.240 In a recent study, it was shown that XANES spectroscopy is capable
of following the Zn speciation profiles of zinc oxide (ZnO) and copper oxide (CuO)
nanoparticles. The authors showed that both types of nanoparticles are rapidly transformed/
dissolved during a standard /n vitro toxicological assay to soluble forms that are sequestered
intracellularly.24! Rapid chemical transformation and degradation in an acidic lysosomal
environment of Cu3BiS3 nanodots was characterized using XANES, confirming their
excellent metabolism and rapid clearance, which is a prerequisite for clinical
applications.242 Trends relevant to the use of nanomaterials in cellular trafficking research,
organized by country and research funding source over the past decade, are provided in Fig.
12.

8 Exocytosis of NPs

Exocytosis is involved in vital biological processes such as organizing membrane proteins
(e.g., transporters, ion channels, and receptors) and lipids, excretion of essential
molecules,?44 and repairing the CM.245 The important pathways by which NPs are excreted
from cells are fully described in our previous review paper.246 Though the NP’s journey
inside the cell ends in exocytosis, the story is not finished, as the composition of the protein
corona can undergo significant changes as a result,24” and changes in the protein corona may
alter targeting outcomes. After exocytosis, NPs have been shown to acquire the ability to
cross critical in vivo barriers, such as the blood-brain barrier, and cause unexpected
cytotoxicity.248 Exosomes carrying inhaled nanoparticles out of alveolar cells and
disseminating them into the systemic circulation have also been shown to induce systemic
immune responses and subsequent inflammation; this further emphasizes the role of
nanoparticles’ exocytosis in their potential toxicity in the human body.249

Improving our understanding of the exocytosis mechanisms involved in the excretion of NPs
and the factors affecting them could help reduce toxicity. NP features such as size, shape,
and surface modifications influence exocytosis along with cell type, NP concentration,
incubation time, and organelle distribution. The effect of the above-mentioned factors and
detailed associated information is summarized in Table 2. More details of the exocytosis of
NPs can be found in our previous review paper.246

9 Artifacts and Crucial “ignored” parameters in Cellular Uptake Evaluation

Aurtifacts in experiments or result interpretation can yield incorrect and sometimes
misleading conclusions.23: 126 For instance, in terms of nano-toxicological studies, few
publications have tackled the toxicity of the NPs themselves versus the supernatant solution.
For a preparation of gold nanorods, it was demonstrated that toxicity originated from agents
in the supernatant solution (namely cetyltrimethylammonium bromide) CTAB rather than
the NPs themselves.23

Acrtifacts are also expected in cellular uptake studies. In this regard, the stability of
nanomaterials upon introduction to biological media in uptake studies or toxicological
evaluation is a critical parameter in the early stages of experimental design. For example,
NPs that are stable in their original solution may aggregate extensively upon exposure to
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biological medium, due to the presence of aggregation-inducing molecules/species (such as
salt), which may significantly alter the uptake extent, rate, and mechanism in addition to the
observed toxicity of NPs.23

Moreover, in the case of metallic NPs, inductively coupled plasma mass spectroscopy is a
very popular technique for quantification of NP accumulation or uptake (with sensitivity
down to the parts-per billion level) and was successfully used for the quantification of metal
NPs per number of cells. Nevertheless, this technique cannot differentiate between NPs
actually internalized and those attached to the surface. Xia et a/12! proposed a technique to
distinguish between these two groups of NPs, relying on a selective etchant based on I5/KI
to selectively dissolve the Au NPs on the surface of cells. Combined with ICP analysis, this
technique has the potential to improve our understanding of the cellular uptake of Au NPs.

Other researchers investigated cellular uptake at two different temperatures: 4 °C and 37 °C.
At lower temperatures, energy-dependent uptake and passive diffusion are blocked due to
membrane rigidity.255 However, such comparisons can be used to draw inferences regarding
the amount of particles adsorbed (at low temperature) on cells versus those internalized at
physiological temperature.286

Another interesting study differentiated between cellular uptake resulting from the diffusion
of particles and their sedimentation. In a typical in vitro study, cells are immobilized on the
bottom of culture plates, and nanoparticles are dosed into the growth medium. The injected
nanoparticles are assumed to diffuse by Brownian movement and interact with cells before
cellular uptake/toxicity evaluation. However, aggregation of nanoparticles may be
underestimated, and thus Brownian movement could be masked by the sedimentation effect,
with the larger and heavier particles sedimenting first, possibly leading to the variability of
the dose available on the cell surface. Thus, differential uptake may be related to variation in
colloidal stability in biological media rather than differences in size, shape, or surface
charge. With this in mind, careful consideration of NPs’ colloidal stability in biological
fluids used in uptake/toxicity studies and their tendency regarding sedimentation is
essential. 104

10 Conclusions and future perspectives

Although our knowledge regarding the cellular association and trafficking of nanoscale
materials has advanced tremendously in the past several years, much progress remains to be
realized in our ability to both understand and exploit context-dependent phenomena in
various disease states and their pathogenesis. Additional work in the field will likely expand
to both smaller and larger scales, at both sub-cellular and tissue levels. Recent advances in
organ-on-a-chip technologies are expected to give rise to an improved understanding of
macroscopic nano-bio interactions — for example, re-examination of the EPR effect — and
provide insights into tissue-level phenomena such as transcytosis, exosomal transport, and
synaptic cell signaling modulation. New methods of directing nano-bio interactions at
subcellular compartments — for example, mitochondrial or epigenetic targeting — will likely
expand our ability to control cell fate, while emerging methods of sub-cellular analysis such
as super-resolution microscopy, cryo-electron microscopy, high content analytics, and
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imaging cytometry will provide new insights with which disease can be modulated or
reverted using nanoscale technologies. As advances in chemical synthesis continue to yield

new structures with precisely defined biochemical features, and as emerging analytical

techniques continue to shed new light on nuanced and context-dependent nano-bio
interactions, our ability to exploit and treat human diseases using synthetic nanomaterials
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Il continue to grow as rapidly as the field has expanded over the past several years.
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phagocytosis

Schematic illustration of the opsonization process, initiated by the adsorption of
immunoglobulins or other complement proteins (opsonins) to the nanoparticle’s surface.
Opsonized particles are subsequently identified through receptors on phagocytic cells and

internalized.
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Effect of surface properties on opsonization and subsequent internalization of nanoparticles
into the cell. The Fig. compares PEG-coated nanoparticles to uncoated ones. The PEG shell

repels complement proteins, minimizing protein adsorption and hence, cellular uptake.

Accordingly, the uncoated nanoparticles undergo greater cellular uptake.
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Schematic of clathrin-mediated endocytosis. The process is initiated by ligand recognition
and then the formation of clathrin-coated pits. With the aid of clathrin triskelions, a
hexagonal lattice is formed, inducing the invagination of the plasma membrane. Afterwards,
dynamin (a scission protein) releases the vesicle into the cytoplasm, where decoating takes

place.
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Fig. 4.

Schematic of caveolae-mediated endocytosis. Caveolin proteins play the main role in
curvature formation. As in CME, dynamin is the scission protein that allows for budding of
the vesicle and release into the cell.
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Fig. 5.

chhematic illustration for the process of macropinocytosis. Upon recognition, intracellular
signaling pathways are activated to promote the formation of large membrane extensions.
These ruffles then fuse back to form a large vesicle entrapping the content of the
extracellular fluid by engulfment with membrane extensions/processes.
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Fig. 6.
Schematic illustration for some other non-endocytic entry mechanisms.
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‘ | micro-injection

passive diffusion

Fig. 7.
Schematic illustration of the internalization of NPs into the liposome through active process.
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Hydrophilic Hydrophobic

T < transition

-
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Fig. 8.
NPs at temperatures below the thermal transition temperature of their outer shell exhibit

hydrophilic chain-extended polymers (left-hand side) and enter cells less readily than the
same NPs above their polymer thermal transition temperature (right-hand side). Reproduced
with permission from Ref.134
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Fig. 9.

chhematic of endocytosis (gray arrows), intracellular trafficking (blue arrows), and cellular
exocytosis (red arrows) of NPs. After cellular uptake, NPs are usually delivered to early
endosomes, which are the main sorting stations in endocytosis; even vesicles related to non-
receptor mediated entry mechanisms fuse with early endosomes. In the early endosome,
some NPs are transported along with receptors to recycling endosomes and subsequently
excreted; others that remain in early endosomes move slowly along microtubules toward the
cell interior and fuse with late endosomes. Finally, late endosomes fuse with lysosomes,
which are not necessarily the end of the pathway; some undergo exocytosis and release their
undigested content by fusion with plasma membranes. On the pathway to multivesicular
bodies (MVB) or even in lysosomes, a portion of NPs may escape from vesicular
compartments to the cytoplasm; in addition, some NPs may begin by entering the cytoplasm
via unspecific mechanisms. NPs in the cytoplasm or trapped in vesicles can enter the
nucleus, mitochondria, endoplasmic reticulum (ER), and Golgi apparatus via unknown
mechanisms. In fact, vesicles containing NPs can fuse with ER, Golgi, and other organelles.
NPs that enter the ER or Golgi may leave the cell via vesicles related to the conventional
secretion system. NPs that are localized in the cytoplasm can leave the cells via re-entering
the vesicular system or directly via unspecific mechanisms. The “question marks” in the
schematic denote unknown mechanisms.
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Fig. 10. Probing Cellular Interactions of Nanoparticles
a) Super-resolution fluorescence microscopy (STORM) of the trafficking of 80-nm

polystyrene nanoparticles (red) in HeLa cervical carcinoma cells (plasma membrane, green)
compared to conventional wide-field microscopic techniques. b) Transmission electron
microscopy (TEM) images of carbon nanotubes (CNTSs, left) interacting with lung alveolar
cells (right) following intratracheal administration in C57BL/6 mice. c) Atomic force
microscopy (AFM) imaging of tattoo ink nanoparticles in cryosectioned human skin. Large
(black arrows) and small (white arrows) agglomerates, as well as the underlying collagen
fibril network, are visible in AFM height (left) and amplitude (right) images. d) Focused ion
beam scanning electron microscopy (FIB-SEM) of HIV-mimetic 80-nm Au NPs infecting
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cells expressing the glycosphingolipid receptor CD169. Cell surface-bound particles are
diffusely spread, while intracellular nanoparticles appear sequestered through as-yet-
undetermined mechanisms. e) Real-time, live-cell Raman scattering images of murine
macrophages with internalized 50-nm gold nanoparticle probes. Surface-enhance Raman
scattering (SERS) from individual nanoparticles is detected (left) and spectral features from
nanoparticle region-of-interest (right) are reported. f) Flow cytometry of PPC-1 prostate
cancer cells treated with fluorescent, peptide-targeted, and etchable silver nanoparticles.
Both cell fluorescence and side-scattering increase with peptide targeting (R-) of silver
nanoparticles, while both decrease in response to the etching of cell surface-bound
particulates. g) Real-time, dark-field scattering microscopy of respiratory syncytial virus
(RSV) trafficking and infection in larynx epidermal cells as imaged using gold nanoparticle
surface labels. h) Photoacoustic (PA) microscopy of human leukocytes. Composite images
(532 nm, green; 600 nm, red) illustrating chromatin, nuclear, and cytoplasmic morphology.
Although not used here, nanoparticles commonly serve as strong PA contrast agents. i)
Laser-ablation inductively coupled plasma mass spectrometry (ICP-MS) imaging (heatmap)
of mouse fibroblasts (grayscale) incubated with Au (left) and Ag (right) nanoparticles.
Reproduced with permission from (a) 297, (b) 299, (c) 243, (d) 214, (e) 217, (f) 221, (g) 225,

(h) 228 and (i) 234. Copyright (a) 2016 American Chemical Society, (b) 2014 Kabler et af.,
(c) 2015 Grant et al., (d) 2014 Nature Publishing Group, (e) 2013 Nature Publishing Group,
(f) 2014 Nature Publishing Group, (g) 2014 Nature Publishing Group, (h) 2016 Strohm et
al., and (i) 2012 American Chemical Society.
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Fig. 11.
Scheme showing the use of most important techniques in the correlative microscopy. The

image is reproduced with permission from American Chemical Society. 235
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Cellular Trafficking Nanomaterials

Fig. 12. Trends in nanomaterial cellular trafficking research over the past decade
Web of Science query terms: (ts=(nanoparticle* OR nanomaterial*) AND ts=(uptake* OR

endocyt* OR traffic* OR entry* OR corona*)) AND DOCUMENT TYPES: (Article)
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