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Nanoparticle elasticity regulates phagocytosis

and cancer cell uptake

Yue Hui', Xin Yi?, David Wibowo'*, Guangze Yang', Anton P. J. Middelberg?,

Huajian Gao***, Chun-Xia Zhao'?

The ability of cells to sense external mechanical cues is essential for their adaptation to the surrounding micro-
environment. However, how nanoparticle mechanical properties affect cell-nanoparticle interactions remains
largely unknown. Here, we synthesized a library of silica nanocapsules (SNCs) with a wide range of elasticity
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(Young's modulus ranging from 560 kPa to 1.18 GPa), demonstrating the impact of SNC elasticity on SNC interactions
with cells. Transmission electron microscopy revealed that the stiff SNCs remained spherical during cellular uptake.
The soft SNCs, however, were deformed by forces originating from the specific ligand-receptor interaction and
membrane wrapping, which reduced their cellular binding and endocytosis rate. This work demonstrates the
crucial role of the elasticity of nanoparticles in modulating their macrophage uptake and receptor-mediated cancer
cell uptake, which may shed light on the design of drug delivery vectors with higher efficiency.

INTRODUCTION

The perception of mechanical cues is an integral part of cells that in-
fluences their performance and adaptation to the surrounding envi-
ronment (1, 2). Cells are able to perceive forces exerted by substrates
or adjacent cells to trigger specific signaling pathways, which, in turn,
regulates their biological processes such as cell spreading (3), prolif-
eration (4), and differentiation (5). Current research on the effect of
external mechanical information on cellular behaviors mainly focuses
on cell-substrate interactions at the macroscale (3-5), cell-cell inter-
actions at the microscale (4, 6), and cell-ligand interactions at single
molecular levels (7, 8). However, how cell-nanoparticle (NP) inter-
actions are regulated by NP mechanical properties on the nanoscale
remains largely unknown.

Recently, by designing NPs having distinct mechanical properties
but otherwise identical, researchers have demonstrated the important
role of NP elasticity in regulating their interactions with cells (9-16).
However, most of the current studies focus on examining the effects
of NP elasticity on nonspecific NP-cell interactions, while the effects
of NP elasticity on receptor-mediated cellular interactions remain
much less understood despite the fact that specific ligand-receptor
interaction has proven to play a critical role in the cellular sensing
of external mechanical cues (17). Moreover, the effect of NP me-
chanical property on their macrophage uptake has important
implications, for example, in their blood circulation time. A better
understanding of the effect of NP elasticity on these NP-cell interac-
tions as well as the underlying mechanisms will shed light on the
future design of better drug delivery vehicles.
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Here, we fabricated a library of silica nanocapsules (SNCs)
(~150 nm) with Young’s moduli ranging from 0.56 kPa to 1.18 GPa.
Their interactions with macrophage cells and cancer cells through
nonspecific or receptor-mediated pathways, including cell binding,
uptake, and endocytic pathways, were systematically investigated to
fundamentally understand the mechanisms underlying their elasticity-
dependent NP-cell interactions. Transmission electron microscopy
(TEM) study revealed an interesting dynamic shape evolution of the
soft SNCs during cell binding and internalization. Single-particle
tracking demonstrated the notable difference in internalization ki-
netics of the soft and stiff SNCs.

RESULTS

Synthesis of SNCs having a broad range of Young’'s moduli
(560 kPa to 1.18 GPa)

SNCs were synthesized on the basis of a method developed in our
laboratory, using a bifunctional peptide SurSi (Ac-MKQLAHSVS-
RLEHA RKKRKKRKKRKKGGGY-CONHo) (Fig. 1A) (18). The silica
precursor, triethoxyvinylsilane (TEVS), allows the formation of very
soft SNCs, while tetraethoxysilane (TEOS) gives very stiff SNCs (16).
TEOS/TEVS mixtures (0, 5, 10, 20, 40, and 100 mol% of TEOS) were
used to tune the elasticity of SNCs. TEM micrographs (Fig. 1A and
fig. S2) reveal distinct levels of deformability of different SNCs. Pure
TEVS (0% TEOS) generated SNCs with a collapsed structure, whereas
TEOS SNCs (100% TEOS) maintained their spherical morphology,
indicating a high elasticity (Fig. 1, A and D). The prepared SNCs
had hydrodynamic diameters of around 190 nm with small poly-
dispersity index (PDI) values (<0.2) (fig. S1) and zeta () potentials
of around +30 mV. The diameters and shell thickness of the SNCs
under TEM were around 150 and 10 nm, respectively.

The mechanical properties of SNCs were characterized using
liquid-phase atomic force microscopy (AFM) (Fig. 1C). The Young’s
moduli of the SNCs were calculated on the basis of the Hertzian
contact model (fig. $3), exhibiting a positive correlation with the molar
percentage of TEOS (Fig. 1E). The softest TEVS SNC has a Young’s
modulus of 560 kPa, which is comparable to many soft hydrogel
NPs, while the stiffest TEOS SNC has a Young’s modulus of 1.18 GPa,
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Fig. 1. Synthesis and characterization of SNCs. (A) Schematic illustration of the synthesis of SNCs having controllable Young’s moduli. (B) TEM micrographs (scale bars,
200 nm) and (C) AFM height profiles (scale bars, 500 nm) of SNCs. (D) SEM micrographs (scale bars, 200 nm) of SNCs synthesized using 0% (softest) and 100% (stiffest) of

TEOS. (E) Young'’s moduli of SNCs (values are means + SD, n=15).

representing typical inorganic nanomaterials. The six different SNCs
have Young’s moduli of 0.56, 25, 108, 225, 459, and 1184 MPa, re-
spectively, covering an elasticity range much broader than any other
previously reported individual NP systems.

Nonspecific and receptor-mediated cell binding and uptake
The SNCs were modified with methoxy-poly(ethylene glycol) (mPEG)
(5000 Da) and folate-poly(ethylene glycol) (FA-PEG) (5000 Da) to
study the effects of their mechanical properties on nonspecific
and specific (receptor-mediated) NP-cell interactions, respectively.
After modification and purification, the FA-PEG-modified SNCs
(10 mol% FA-PEG with 90 mol% mPEG) remained monodisperse
(PDI around 0.1) (Table 1 and fig. S1), with their hydrodynamic sizes
rising by 15 nm as a result of PEGylation. The { potentials of SNCs
reduced from around +30 mV to near neutral (-3 mV). The PEG
density of the SNCs (fig. $4 and table S1) was around 0.9 molecules/nm*
(Table 1), which is sufficient for a “brush” conformation that allows
effective immune evasion (19). The surface FA density of FA-PEG-
modified SNCs was around 0.09 molecules/nm?.
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The impact of SNC elasticity on NP-cell interactions was first
demonstrated using the softest (560 kPa) and stiffest (1.18 GPa) SNCs.
Three types of NP-cell interactions, including NP-RAW264.7 mac-
rophage, nonspecific NP-SKOV3 cancer cell, and specific (receptor-
mediated) NP-SKOV3 cancer cell interactions, were investigated
(Fig. 2A). Folic acid modification has been shown to have no signif-
icant effect on the RAW264.7 cell uptake of SNCs, while the SKOV3
cells in our laboratory have been proven to have a high level of folate
receptor expression that allows a specific ligand-receptor-mediated
interaction with FA-PEG-modified SNCs (16). Consistent with our
previous study (fig. S5) (16), the stiff SNCs had much higher mac-
rophage uptake (three-time higher) than the soft ones (Fig. 2B). The
soft and the stiff PEG-modified SNCs displayed similar nonspecific
uptake by SKOV3 cells. In contrast, the stiff FA-PEG-modified SNCs
exhibited four-time higher SKOV3 uptake than their soft counter-
parts. These results raise a fundamental question: Which step in NP
uptake is elasticity dependent?

NP uptake starts with an initial NP binding onto cell membranes
either nonspecifically or through a ligand-receptor recognition, followed
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Table 1. Hydrodynamic size, PDI, { potential, Young’s modulus, and surface PEG density of FA-PEG-modified SNCs. Values are means (n = 3) for
hydrodynamic diameter, PDI, { potential, and Young’s modulus. Coating of FA-PEG-modified SNCs consists of 10% FA-PEG and 90% mPEG (in molar ratio).
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Fig. 2. Effects of SNC elasticity on cellular interactions. (A) Schematic illustration showing different types of cell-SNC interactions. (B) The uptake of the softest and the
stiffest SNCs by RAW264.7 and SKOV3 cells; inset is the magnified graph of the first two groups. (C) The cellular uptake and binding of SNCs were measured at 4° and 37°C,
respectively. (D) Four-hour cellular uptake and binding of FA-PEG-modified SNCs in RAW264.7 and (E) SKOV3 cells; values are compared to the SNCs having the highest
Young’s modulus. (F) Four-, 12-, and 24-hour cellular uptake of FA-PEG-modified SNCs in RAW264.7 and (G) SKOV3 cells; at every time point, values are compared to the
SNCs having the highest Young's modulus. All values are means + SD (n = 3, with *P < 0.05, **P < 0.01, and #P < 0.001; N.S., not significant).

by internalization and then trafficking to certain subcellular com-
partments (20). The cellular binding and uptake of SNCs were inves-
tigated by coincubating cells with the FA-PEG-modified SNCs having
six different Young’s moduli at 4° and 37°C (Fig. 2C), respectively (20).
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Figure 2 (D and E) shows that both the macrophage uptake and folate
receptor (FR)-mediated SKOV3 cell uptake of the SNCs increased
markedly with their Young’s moduli rising from 0.56 to 459 MPa,
but less pronouncedly from 459 to 1184 MPa, indicating reduced
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sensitivity of the cells to very stiff NPs. Similarly, the receptor-
mediated binding of the SNCs to SKOV?3 cells also increased with
their Young’s moduli, exhibiting a positive correlation with their cellular
uptake (Fig. 2E). In contrast, the cellular binding of the SNCs to
RAW264.7 macrophage cells appeared to be independent of their
elasticity (Fig. 2D). The nonspecific cellular binding of PEG-modified
SNCs to SKOV3 cells was also elasticity independent (fig. S5). The
binding and uptake behaviors suggest that the enhanced cellular bind-
ing facilitated receptor-mediated uptake of the stiff SNCs, while the
increased macrophage uptake of the stiff SNCs should involve other
mechanisms, such as different uptake kinetics or endocytic pathways.

The cellular uptake kinetics of SNCs was studied by incubating
SNCs with cells for different time spans (4, 12, and 24 hours) (Fig. 2,
F and G). Longer incubation times led to higher SNC uptake by both
RAW?264.7 and SKOV3 cells, and the differences between the cellular
uptake of stiff and soft SNCs became less significant as the incuba-
tion time increased. For RAW264.7 cells, the cellular uptake of the
softest SNCs was only 31% of that of the stiffest ones at a 4-hour
incubation time, but this ratio increased to 38 and 53% at 12 and
24 hours, respectively. Similarly, for SKOV3 cells, this ratio rose
from 23% at 4 hours to 32 and 73% at 12 and 24 hours, respectively.
Although the uptake of SNCs varies with time, the difference be-
tween the macrophage uptake of the softest and the stiffest SNCs at
all three time spans was still significant, suggesting that the higher
macrophage uptake of stiffer SNCs is not merely a result of the uptake
kinetics.

Endocytic pathway-dependent SNC deformation during
cellular uptake

Cellular endocytic pathways of the SNCs were investigated using en-
docytosis inhibitors, including cytochalasin D, nystatin, and chlor-
promazine to block their phagocytosis/macropinocytosis, caveolin/
lipid raft-mediated, and clathrin-mediated endocytosis, respectively.
The FR-mediated uptake of FA-PEG-modified SNCs by SKOV3 cells
was mainly through a clathrin-mediated endocytic pathway (Fig. 3A).
TEM images show that both the softest and stiffest SNCs adopted a
spherical shape when they were not attached to the cell membrane
(Fig. 3B and fig. S5). The stiff SNCs remained spherical during either
binding to the cell membrane or internalization, whereas the soft
SNCs displayed substantial deformations during both binding and
internalization (Fig. 3B and fig. S6). As schematically illustrated in
Fig. 3C, soft SNCs flattened when they adhered to the cell membrane.
Then, the flattened soft SNCs experienced a further morphological
change during internalization: from an oblate-like shape to an ellip-
soidal shape with its longer axis perpendicular to the cell membrane.
Further analysis of the TEM images of soft SNCs shows axis dimen-
sion ratios (long axis/short axis) of around 1.37 and 1.27 during cell
adhesion and internalization, respectively (fig. S7). Similar shape
transformation has been observed in theoretical modeling on the
membrane wrapping of fluidic vesicular NPs such as liposomes (21).
The deformation of soft SNCs during cellular binding and interna-
tionalization has two implications. First, a flattened SNC covers a
larger cell surface area and occupies more FRs than its nondeformable
stiff counterpart (Fig. 3D), thus leaving less binding sites for other
free soft SNCs. Second, the excessive deformation of soft SNCs may
increase the energy required for their full wrapping by cell membrane,
thus lowering their internalization rate (21-23). Jointly, the reduced
binding and internalization of the softer SNCs leads to less cellular
uptake as compared to the stiffer SNCs. The different cellular binding
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of stiff and soft SNCs might also be a result of their different surface
ligand orientations. However, the precise effect of NP elasticity on
surface ligand orientation and bioavailability remains elusive and
warrants further detailed investigations in the future.

Different from the SKOV3 cells, the RAW264.7 uptake of SNCs
mainly relied on phagocytosis/micropinocytosis (Fig. 3E). Unlike their
receptor-mediated interactions with SKOV?3 cells, the softest SNCs
did not flatten on the surface of RAW264.7 cells (Fig. 3F and fig. S8),
indicating that there was no apparent force applied on the SNCs.
This explains the elasticity-independent cellular binding of SNCs to
RAW?264.7. However, the softest SNCs did deform during cellular
internalization and the protruding pseudopodium structures further
proved the phagocytosis/micropinocytosis pathway. It is likely that
the deformation of soft SNCs slows their internalization rate, leading
to lower macrophage uptake (24). We conducted some theoretical
calculation to demonstrate the ability of cells to deform nanocapsules
in clathrin-mediated endocytosis and phagocytosis (fig. S9).

The PEG-modified softest SNCs displayed similar nonspecific
binding and uptake with their stiffest counterparts in SKOV3 cells
(fig. S5), and their endocytosis was not dependent on clathrin, caveolin,
or F-actin polymerization (Fig. 4A). Moreover, they did not flatten
on the cell membrane during binding and remained spherical during
and after internalization (Fig. 4B and fig. S8), confirming that there
was minimal deformation of the softest SNCs during the nonspecific
NP-cell interaction, thus a similar level of cellular uptake as the
stiffest SNCs.

The above findings demonstrate the important role of SNC mor-
phological change in modulating cellular uptake (Fig. 4C). In active
cell interactions such as clathrin-mediated endocytosis and phago-
cytosis, cell membrane and the associated proteins (e.g., clathrin and
cortical actin network) form a composite physical layer to interact
with NPs. In these cases, not only the lipid membrane but also the
clathrin and cross-linked actin network might matter in the endo-
cytosis. In clathrin-mediated endocytosis and phagocytosis, the softest
SNCs deformed owing to the combined force exerted by the cell
membrane, underlying protein coating and remodeling actin cyto-
skeleton. Because the phospholipid bilayer itself exhibits a very low
rigidity, it must be the associated membrane-bound proteins that
essentially contribute to the increased rigidity of the cell membrane
(25). As shown during the protrusion in blebbing cells, the myosin
motors exert contractile forces that lead to a compressive loading
on the cytoskeletal network (26). Depending on the magnitude of
the myosin-mediated contractions, the membrane—-cortex layer could
be under a smaller tensile or even a compressive tension, which would
facilitate the cell uptake especially in the early stage of receptor-
mediated endocytosis.

In RAW264.7 cells, the SNCs were internalized mainly through
phagocytosis/macropinocytosis that largely depend on the re-
organization of actin filaments (27). The recruitment of F-actin
increases the cortical rigidity of the microdomain where the particle
binds to, thus facilitating the formation of the actin-rich lamellar
pseudopods and phagocytosis cups for particle internalization (27).
These mechanically stiff structures might cause the deformation of
soft SNCs during membrane wrapping and influence their phago-
cytosis dynamics. In clathrin-mediated endocytosis, clathrin is the
main player that assembles at the binding sites of NPs to enforce the
curvature of cell membranes (28). F-actin polymerization is also in-
volved in clathrin-mediated endocytosis, especially in conditions of
high membrane tensions and/or when the internalized cargos have
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Fig. 3. Endocytic pathways and deformations of SNCs during cellular uptake. (A) Uptake ratios of the FA-PEG-modified SNCs in SKOV3 cells. (B) TEM micrographs
showing the morphological change of the stiffest (top) and softest (bottom) SNCs during receptor-mediated interactions with SKOV3 cells. (C) Schematic illustration
showing the deformation of the softest SNCs during receptor-mediated cellular uptake. (D) Considerable proportion of SKOV3 cell surface can be covered by a large
number of adhered SNCs. (E) Uptake ratios of the FA-PEG-modified SNCs in RAW264.7 cells. (F) TEM micrographs showing the morphological change of the softest SNCs
during interactions with RAW264.7 cells. The uptake ratio represents the uptake of SNCs by cells treated with endocytic inhibitors normalized by the uptake by nontreated
ones. Scale bars, 200 nm. All values are means + SD (n = 3, with *P < 0.05, **P < 0.01, and #P < 0.001; N.S., not significant).

larger dimensions than the clathrin-coated vesicles (29, 30). The
clathrin-coated curvature is known to have a bending rigidity 10 to
20 times higher than that of lipid membranes (28); hence, the soft
SNCs can be deformed during the membrane invagination. In con-
trast, the nonspecific uptake of the PEG-modified SNCs by SKOV3
cells mainly relied on a clathrin- and caveolin-independent pathway,
indicating minimal adaptor protein (e.g., F-actin and clathrin)
involvement at the microdomains where the membrane wrapping
of SNCs occurs. Therefore, the phospholipid bilayer alone is not able
to deform even the softest SNCs. In other words, cells cannot distin-
guish the elasticity difference between the soft and stiff SNCs during
their nonspecific interactions.

Internalization rates of soft and stiff SNCs

To further elucidate the effect of NP elasticity on cell uptake dynamics,
the cellular internalization of the softest (0.56 MPa) and the stiffest
(1184 MPa) SNCs were observed using live-cell imaging and single-
particle tracking. The lysosome-labeled SKOV3 cells were coincubated
with FA-PEG-modified SNCs at 4°C to allow the cell adhesion of
SNCs, followed by increasing temperature to 37°C (time point 0) to

Hui et al., Sci. Adv. 2020; 6 : eaaz4316 17 April 2020

initiate SNC internalization. The softest SNCs showed no uptake until
40 min (Fig. 5A), while many stiffest SNCs had already been inter-
nalized at 20 min (Fig. 5B). At 60 min, the SKOV3 uptake of the
stiffest SNCs was significantly higher than that of the softest ones,
which is consistent with the flow cytometry data. Their lysosomal
transport was shown as the yellow spots indicating the colocalization
of SNCs and lysosomes. The stiffest SNCs displayed a faster lysosomal
accumulation as a result of their fast internalization rates. It is worth
noting that the internalization of both the soft and stiff SNCs was
much slower than their cell binding, suggesting that internalization
is the rate-determining step of the entire cell uptake process.

The internalization rate of SNCs during receptor-mediated cel-
lular uptake was further investigated using two-dimensional single-
particle tracking. The different motion types of SNCs are displayed
in the form of time-projection images generated from the time-lapse
videos (31). For either the softest (Fig. 5C) or stiffest (Fig. 5D) SNCs,
the movements of noninternalized SNCs were confined in a finite
area (arrows 2 and 3 in Fig. 5C and arrows 1, 2, and 4 in Fig. 5D),
suggesting that they were bound to the cell membrane. The inter-
nalized SNCs, in contrast, displayed longer trajectories as marked by
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arrow 1 in Fig. 5C and arrow 3 in Fig. 5D (see movies S1 and S2). A
two-stage movement pattern was exhibited by the SNCs (Fig. 5,
E and F): stage I with a low-velocity confined motion (bound to cell
membrane), and stage II with a high-speed transport (after being
internalized). A mean square displacement (MSD) analysis of the SNC
trajectories was conducted to determine their motion types. Particles
performing different types of motions (e.g., confined motion, free
diffusion, and active transport) exhibit distinct MSD-time curves.
Figure 5 (G and H) displays the MSD-time curves of the soft and stiff
SNCs, respectively. The red curves correspond to the low-velocity
confined motion in stage I, while the green curves exhibit a super-
linear MSD-time relationship, indicating directed motion along the
microtubules (32).

The time taken for the internalization of SNCs was determined
using both velocity and MSD results. The 15 softest SNCs were
tracked, and only 1 of them entered the cell at around 14 min, with
all the rest of the SNCs remaining on the cell membrane at the end
of 15 min (Fig. 5I). In comparison, 6 of the 16 analyzed stiff SNCs
entered the cells within 15 min, with three of them entering the cells
in the first 5 min. Despite the relatively small sample size, it is clear
that SNCs with higher Young’s moduli were internalized more quickly,
consistent with the higher cellular uptake of the stiff SNCs.

DISCUSSION

Recently, several theoretical and computational studies have also been
performed to investigate the membrane wrapping efficiency of elastic
NPs during endocytosis, which has been shown regulated synergis-
tically by NP size, shape, and elasticity (22, 23, 33). However, despite
the fact that the effects of NP elasticity on different endocytic uptake
mechanisms have been experimentally explored in this work, the
theoretical modeling of these uptake mechanisms remains challenging.
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More thorough and realistic modelings with explicit consideration
of the actin network and adaptor proteins underneath the cell mem-
brane are called for. Clathrin- and caveolin-independent endocytosis
can be modeled using a membrane wrapping based on the Helfrich-
Canham membrane theory (34), suggesting that stiff NPs are ener-
getically more prone to full wrapping than soft ones (21). This elasticity
effect on the simple membrane wrapping of an NP gradually becomes
less significant as the NP elasticity increases. For isotropic elastic
SNC:s of a bending rigidity ratio (the NP shell:cell membrane) larger
than 5, the stiffness effect can be ignored and the elastic NPs can be
approximated as rigid particles (21), which is consistent with our
experimental observation that both the softest and stiffest PEG-
modified SNCs in nonspecific uptake by SKOV3 cells maintained their
spherical shapes (Fig. 4C).

Clathrin-mediated endocytosis not only involves substantial mem-
brane invagination but also entails the protein-induced spontaneous
curvature and actin-mediated force on bud formation. Recent theo-
retical models for clathrin-mediated endocytosis (35-38) are valid
for NPs with a radius smaller than that of the self-assembled clathrin
scaffold. For relatively large NPs, the compressive mechanical interplay
between the engulfed NP and clathrin scaffold that either squeezes
the soft NPs and cause substantial NP deformation or expands the
relatively small clathrin scaffold needs to be taken into account. In
contrast to passive nonspecific endocytosis and less active clathrin
endocytosis in which NPs appear to sink into cells, phagocytosis in-
volves the outward actin-mediated membrane protrusion that hugs
the phagocytic targets such as NPs, accompanying which cells un-
dergo rapid morphological change with dramatic membrane area
variation and active cytoskeletal flow (39, 40). Existing theoretical
studies on phagocytosis have only focused on rigid particles. There-
fore, future theoretical efforts are needed to provide mechanistic
insight into the effects of particle elasticity on phagocytosis of NPs.
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(A) Fluorescence live-cell images showing the internalization of the softest and (B) stiffest FA-PEG-modified SNCs by SKOV3 cells and their transport to lysosomes over 60 min;
scale bars, 20 um. Representative time projection images showing the movement of the (C) softest and (D) stiffest SNCs during cellular uptake; tracks of the SNCs are
shown in the magnified images of boxed regions. Yellow solid lines indicate the plasma membranes; scale bars, 10 um. Instantaneous velocity of the (E) softest and
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could lead to fluorescence quenching and focal plane shifting.

In conclusion, we demonstrate that the effect of NP elasticity on
cellular uptake is dependent on the type of cell-NP interaction. For
macrophage phagocytosis and receptor-mediated endocytosis, the
elasticity of NPs significantly affects their cellular uptake, while cancer
cells can lose their stiffness sensitivity in nonspecific clathrin- and
caveolin-independent endocytosis. The specific ligand-receptor in-
teraction exerts forces on SNCs that deforms the soft SNCs and makes
them flattened. The soft SNCs were also deformed during cell mem-
brane wrapping, which is dependent on their endocytic pathway and
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the associated adaptor proteins. The recruitment of clathrin and
F-actin in the clathrin-mediated endocytosis and phagocytosis/
macropinocytosis increases the apparent membrane rigidity of the
binding sites of SNCs, thus deforming the soft SNCs. In contrast, no
adaptor proteins are involved in the clathrin- and caveolin-independent
endocytosis; thus, the lipid bilayer alone is not stiff enough to deform
even the softest SNCs. Together, the stiff and soft SNCs display dif-
ferent deformation states upon the forces originating from ligand-
receptor interactions and cell membrane wrapping, which, in turn,
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modulates their cellular binding and internalization rates, hence their
overall cellular uptake profiles. This study offers fundamental insights
into how NPs’ mechanical properties regulate their interactions with
cells and highlights the role played by ligand-receptor interac-
tions, which provides guidance for the future design of mechanically
engineered NPs for enhanced drug delivery.

MATERIALS AND METHODS

Materials

Peptide SurSi was custom-synthesized by GenScript Corporation
(Piscataway, NJ, USA) with a purity >95%. Miglyol 812 oil was pur-
chased from Caesar & Loretz GmbH (Hilden, Germany) and passed
through heat-activated silica gel (Sigma-Aldrich, Castle Hill, Australia)
before use. Water having resistivity >18.2 megohms-cm was obtained
from a Milli-Q system (Millipore, Australia) equipped with a 0.22-pm
filter. Methoxy-poly(ethylene glycol) succinimidyl carbonate ester
(mPEG-NHS, MW 5000) and folate-poly(ethylene glycol) succinimidyl
carbonate ester (FA-PEG-NHS, MW 5000) were obtained from Nanocs
(New York, NY, USA). Dil and LysoTracker Deep Red stains were
purchased from Thermo Fisher Scientific (Scoresby, Australia). Other
reagents and chemicals were of analytical grade purchased from Sigma-
Aldrich and used as received unless otherwise stated.

Synthesis of SNCs having tunable Young’s moduli

The SNCs were synthesized on the basis of a nanoemulsion- and
biosilicification-templated technology developed in our group (18).
First, a nanoemulsion template was prepared using peptide SurSi as
the surfactant. To do this, a solution of peptide SurSi (400 uM) and
ZnCl, (800 uM) in Hepes buffer (25 mM, pH 7) was prepared. Then,
2940 pl of the peptide solution was mixed with 60 pl of Miglyol 812
0il (2% v/v) and sonicated using a Sonifier 450 ultrasonicator (Branson
Ultrasonics, Danbury, CT) to form a nanoemulsion. The nanoemulsion
was dialyzed in Hepes buffer (25 mM, pH 7.5) using a dialysis mem-
brane having a cutoff molecular weight of 10 kDa (Thermo Fisher
Scientific) for 20 hours at 4°C to remove the excess peptide molecules
in the bulk solution. To synthesize oil-core SNCs having tunable
Young’s modulus, the dialyzed nanoemulsion was diluted by a factor
of 2, and 3 ml of the diluted nanoemulsion was mixed with 80 mM
silica precursor, which is a mixture of TEOS and TEV'S with the mo-
lar percentage of TEOS being 0, 5, 10, 20, 40, and 100. The reaction
was conducted under magnetic stirring at room temperature for
30 hours. The prepared nanocapsule suspension was then dialyzed
in Hepes buffer (25 mM, pH 7.5) at 4°C for 20 hours to stop the re-
action and remove any excess chemicals. To prepare Dil-labeled SNCs,
Dil was dissolved in Miglyol 812 oil at a concentration of 500 ug/ml.
Then, the SNCs were synthesized following the standard procedure
described above.

Surface modification of SNCs with FA-PEG and PEG

Surface of the SNCs was modified with FA-PEG and PEG for spe-
cific and nonspecific cellular uptake studies, respectively. Briefly,
3-aminopropyltriethoxysilane (4 mM) was added into the as-prepared
nanocapsule suspension and react for 4 hours at room temperature
to allow the amination of nanocapsule surfaces. To make FA-PEG-
modified SNCs, 7.2 mM mPEG-NHS and 0.8 mM FA-PEG-NHS
were added into the suspension, which was then stirred for 16 hours
at 4°C. When making PEG-modified SNCs, only 8 mM mPEG-NHS
was added into the suspension. The modified nanocapsules were
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collected by centrifugation twice (21,885¢ for 5 min) and resuspending
in phosphate-buffered saline (PBS).

Characterization of SNCs

Dynamic light scattering

The hydrodynamic sizes and { potentials of SNCs were measured by
dynamic light scattering using a Malvern Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) at 25°C with a scattering angle of 173°.
Transmission electron microscopy

The morphologies of SNCs were observed by TEM using a JEOL 1010
transmission electron microscope (JEOL, Tokyo, Japan) operated at
100 kV. To prepare samples, 2 pul of SNC suspension was placed on
Formvar-coated copper grids (ProSciTech, Townsville, Australia) and
air-dried. The deformation of SNCs during cellular uptake was also
observed by TEM at 80 kV. To do this, SKOV3 cells were seeded in
cell culture petri dish (Nunclon Delta surface, Thermo Fisher Scien-
tific, Australia) at a concentration of 1 x 10° cells/ml and cultured at
37°C for 24 hours. The cells were then coincubated with SNCs (~5 x
10" nanocapsules/ml) for 12 hours at 37°C to allow the uptake of
SNCs. The cells were then washed with PBS and further coincubated
with SNCs (~1 x 10%° nanocapsules/ml) for 2 hours at 4°C to allow
the binding of SNCs onto cell surface. After this, the cells were incu-
bated at 37°C for 10 min to allow the commencement of internaliza-
tion of SNCs. The cells were then fixed with glutaraldehyde and
OsOy, stained, and dehydrated in a graded acetone series, infiltrated
with Durcupan resin and incubated in 60°C for 48 hours. The cell-
embedded resin was then sliced into ~50-nm sections for TEM
observation.

Scanning electron microscopy

The morphologies (deformation) of SNCs were observed by scanning
electron microscopy (SEM) using a JEOL JSM-7001F field emission
scanning electron microscope (JEOL, Tokyo, Japan) with a hot (Schottky)
electron gun. SNC suspension (20 pl) was placed on a clean coverglass
and air-dried. The coverglass was then mounted onto a SEM stub
and coated with a thin layer (~10 nm) of iridium using a Quorum
Q150T metal coater (Quorum Technologies, Lewes, UK), followed
by plasma cleaning using an Evactron 25 plasma cleaner (XEI Scientific,
Redwood City, CA, USA).

Atomic force microscopy

The mechanical properties of SNCs were measured by liquid phase
AFM using a Cypher atomic force microscope (Asylum Research,
Santa Barbara, CA, USA). The SNCs were first dialyzed in Milli-Q
water at 4°C for 20 hours to remove salts. Then, 20 ul of SNC sus-
pension was placed onto a freshly cleaved mica surface and air-dried.
Before measurements, 100 pl of Milli-Q water was placed on the mica
substrate to submerge the SNCs. Because of the electrostatic attrac-
tion between the negatively charged mica and the positively charged
SNCs, the latter were immobilized during measurements. Cantilevers
having a monocrystal silicon tip and a nominal spring constant (kx)
of 3.5 N/m (Etalon, NT-MDT, Russia) were used to image all SNCs.
The same cantilever was used to conduct force mapping (with a load
of 15 nN) to obtain force-indentation curves of the SNCs made by
precursors containing 5, 10, 20, 40, and 100% of TEOS. For SNCs
made by the precursor containing 0% of TEOS, force mapping (with
a load of 3 nN) was conducted using cantilevers having a pyramid
tip and a nominal ky of 0.06 N/m (SiNi, BudgetSensors, Bulgaria).
For every sample, 15 different SNCs were analyzed. The Young’s
modulus maps of the SNCs were obtained by fitting the force-
indentation maps using the Hertzian contact model. Before every
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measurement and imaging, the cantilevers were calibrated on a clean
glass slide to ensure that the deviation of ky was within +10%. AFM
data were processed using IGOR Pro software (v. 6.37).
Fluorescence microscopy

Alllive cell imaging in this study was performed on a Leica TCS SP8
confocal platform (Leica Camera, Wetzlar, Germany) equipped with
a 63x, 1.4 numerical aperture oil immersion objective and an Okolab
GS35-M stage top incubator (Okolab, Ottaviano, Italy). FluoroBrite
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) was used in
the imaging as cell culture medium to reduce the interference of
background fluorescence.

Cellular uptake, binding, and endocytic pathway of SNCs
Cell cultures

RAW?264.7 (murine macrophage cells) and SKOV3 (human ovarian
adenocarcinoma cells) cells were obtained from the American Type
Culture Collection and cultured in high-glucose DMEM (Gibco) sup-
plemented with 10% fetal bovine serum (Gibco), penicillin (100 U/ml),
and streptomycin (100 ug/ml) (Gibco) at 37°C in a humidified atmo-
sphere with 5% CO..

Cellular binding of SNCs

The cellular binding of FA-PEG-modified SNCs to RAW264.7 and
SKOV3 cells was studied on the basis of the method described pre-
viously (20). Briefly, RAW264.7 or SKOV?3 cells were seeded in 24-well
plates (1 x 10° cells per well) and cultured at 37°C for 24 hours. The
cells were then cooled in an ice bath and coincubated with Dil-loaded
SNCs (at a concentration of around 1.25 x 10" capsules/ml, see the
Supplementary Materials for more details) in an ice bath in a 4°C
cold room for 1 hours. The cells were then washed three times with
precooled PBS to remove any unbound SNCs. The cells were then
resupplied with medium and cultured at 37°C for 3 hours to allow
the internalization of bound SNCs. After this, the cells were tryp-
sinized, washed three times, and resuspended in PBS before their
fluorescence intensities were measured by flow cytometry using an
Accuri C6 flow cytometer (BD Biosciences, North Ryde, Australia).
Cells that were not cocultured with SNCs were regarded as blank groups.
Cellular uptake of SNCs

RAW?264.7 or SKOV3 cells were seeded in 24-well plates (1 x 10° cells
per well) and cultured at 37°C for 24 hours to allow attachment. The
cells were then coincubated with Dil-loaded SNCs (at a concentra-
tion of around 1.25 x 10'° nanocapsules/ml) at 37°C for 4, 12, or
24 hours. The cells were then trypsinized, washed three times, and
resuspended in PBS before their fluorescence intensities were measured
by flow cytometry. Cells that were not cocultured with SNCs were
regarded as blank groups. To determine the endocytic pathway of SNCs,
the cells were cultured in medium containing endocytosis inhibitors:
chlorpromazine hydrochloride (20 pg/ml), nystatin (100 U/ml), or
cytochalasin D (1 pg/ml) for 2 hours before they were coincubated
with Dil-loaded SNCs for another 4 hours (the inhibitors were
maintained during the coincubation). Then, the cells were trypsinized,
washed three times, and resuspended in PBS, with their fluorescence
intensities measured by flow cytometry. Cells that were not cocultured
with SNCs were regarded as blank groups.

Observation of SNC lysosomal transportation using live-cell
confocal microscopy

SKOV3 cells were seeded in cell imaging dishes equipped with a
170-um-thick coverglass bottom (Eppendorf, Hamburg, Germany)
at a concentration of 4 x 10* cells/ml and were cultured at 37°C for
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24 hours. The cells were then cooled down in an ice bath to avoid
endocytosis, with the medium removed, leaving a thin fluid film on
the cell monolayer. Then, 50 ul of Dil-loaded SNCs (~5 x 10"
nanocapsules/ml) was added to allow a fast binding to the cell surface.
One minute after the SNC addition, the cells were washed twice with
precooled PBS to remove any unbound SNCs and resupplied with
medium. To provide a defined starting point of SNC incubation,
2 min after the cells were mounted to the stage top incubator (at
37°C) was regarded as the time point of zero. Confocal micrographs
were acquired every 10 min. To stain lysosomes, the cells were cultured
in medium containing 50 nM LysoTracker Deep Red stain 30 min
before the addition of SNCs (the stain was maintained during the
observation). For dual color detection of SNCs and lysosomes,
the cells were excited with alternating 549-nm (Dil) and 647-nm
(LysoTracker Deep Red) laser light. Images were analyzed using
Leica Application Suite X software (v. 3.0).

Single-particle tracking

SKOV3 cells were seeded in cell imaging dishes equipped with a
170-um-thick coverglass bottom at a concentration of 4 x 10* cells/
ml and were cultured at 37°C for 24 hours. The cells were then cooled
down in an ice bath and cultured in medium containing Dil-loaded
SNCs (~5 x 10% nanocapsules/ml) for 10 min to allow the binding of
SNCs to cell surface. Then, the cells were washed twice with precooled
PBS to remove any unbound SNCs and resupplied with medium.
To provide a defined starting point of SNC incubation, time point
zero was set as 1 min after the cells were mounted to the stage top
incubator (at 37°C). Micrograph sequences were acquired by high-
speed resonant scanning, with the cells excited at 549-nm laser light
for 500 ms per frame. An autofocus system was used to fix the z
position of samples during imaging. The overlay images of the green
and bright-field channels as well as time projections of the recorded
movies were built using Image] Fiji software (v. 1.51n). Particle
tracking was performed by the TrackMate plugin (31) of Image] Fiji,
and the tracks were analyzed by MATLAB (R2017b).

Statistical analysis

Statistics were computed using Microsoft Excel 2013. Standard un-
paired one-tailed Student’s t test was used to test for statistical sig-
nificance between groups, with P > 0.05, P < 0.05, P < 0.01, and
P <0.001 denoted as N.S., *, **, and #, respectively. Values for #, P,
and the specific statistical test performed for each experiment are
included in the appropriate figure legend or in the main text.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/16/eaaz4316/DC1
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