COMMUNICATION

ADVANCED
MATERIALS

Mechanotargeting

www.advmat.de
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Targeted delivery of nanoparticle (NP)-based diagnostic and therapeutic agents
to malignant cells and tissues has exclusively relied on chemotargeting, wherein
NPs are surface-coated with ligands that specifically bind to overexpressed
receptors on malignant cells. Here, it is demonstrated that cellular uptake of
NPs can also be biased to malignant cells based on the differential mechanical
states of cells, enabling mechanotargeting. Owing to mechanotransduction, cell
lines (HeLa and HCT-8) cultured on hydrogels of various stiffness are directed
into different stress states, measured by cellular force microscopies. In vitro NP
delivery reveals that increases in cell stress suppress cellular uptake, counter-
acting the enhanced uptake that occurs with increases in exposed surface area
of spread cells. Upon prolonged culture on stiff hydrogels, cohesive HCT-8 cell
colonies undergo metastatic phenotypic change and disperse into individual
malignant cells. The metastatic cells are of extremely low stress state and adopt
an unspread, 3D morphology, resulting in several-fold higher uptake than the

the ligand-receptor pair forms a mole-
cular “lock-and-key” system and provides
high adhesion energy that drives cellular
uptake,’! enabling targeting specificity and
selectivity. However, clinical application of
NPs in cancer imaging and therapy is still
hampered by a series of issues, including
insufficient uptake by tumors, low accessi-
bility to cancer cells, and high nonspecific
uptake by the liver and other organs.’®*!
Therefore, it remains an imperative chal-
lenge to develop NP-based targeted thera-
pies with improved targeting efficiency
and minimized toxicity.

Recent theoretical studies have revealed
that surface mechanics of cells, including
cell membrane bending and membrane

nonmetastatic counterparts. This study opens a new paradigm of harnessing
mechanics for the design of future strategies in nanomedicine.

Enormous efforts over the last several decades have been
undertaken toward developing multifunctional nanoparticles
(NPs) as the next-generation medicine that allows early-stage
cancer detection, and simultaneous diagnosis and treatment of
pathological conditions.'-3 To improve targeting efficiency and
reduce nonspecific delivery, cellular uptake of NPs must bias
toward malignant cells. Chemotargeting,[*®l the primary tar-
geting strategy to date, relies on specific binding of the ligands
coated on NP surface to the surface receptors overexpressed
on malignant cells. In contrast to the weak nonspecific inter-
actions such as van der Waals and electrostatic interactions,
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tension, also mediates cellular uptake of
NPs.'-B3] During endocytosis, cell mem-
brane invaginates the NP, and pinches it
off to deliver it into the cell. The invagi-
nation process involves membrane
deformation and costs elastic energy, which counteracts the
NP—cell adhesion energy, presenting resistance to endocytosis.
In the case that benign and malignant cells appreciably differ
in their surface mechanics,!'* targeting specificity and selec-
tivity could be further improved by biasing toward the surface
mechanics of malignant cells. Further, some measures such as
administering drugs or altering the local environment of cells
and tissues can be taken to tune the surface mechanics of cells,
thereby facilitating cellular uptake. The biased uptake based
on differential cell surface mechanics could formulate a new
targeting strategy, termed here mechanotargeting.

Herein, we carry out in vitro experiments to demonstrate
the working principle of mechanotargeting. Noting that surface
mechanics is a measure of the mechanical states of cells and
ties with cell stress,>7] we correlate cell stress with cellular
uptake in this study. As cells are able to sense and respond
to their surrounding mechanical cues by subcellular struc-
ture remodeling, we direct cells into different stress states by
seeding two cell lines, human cervical cancer (HeLa) cells and
human colon carcinoma (HCT-8) cells, on hydrogels of different
stiffness. Upon prolonged culture on relatively stiff hydrogels,
HCT-8 cells undergo in vitro metastasis and malignant trans-
formation, which offers a unique model for comparative study
of the targeting efficiency to benign and malignant counter-
parts of the same cell type. For nonmetastatic cells, stiff hydro-
gels induce high cell stress as well as exposed surface area, and
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Figure 1. Traction force and cell stress for cells cultured on PAA hydrogels of different stiffness. a,c) Individual Hela cells (n > 8 for each condition);
b,d) HCT-8 cell colonies (n > 5 for each condition). Scale bar: 50 um. Data are presented as mean + SEM. * p < 0.05; # p < 0.05; N.S. (no significant

difference) p > 0.05.

these two factors counteract each other in determining the cel-
lular uptake efficiency. Whereas metastatic HCT-8 cells exhibit
increased exposed surface area and reduced cell stress, both
favor cellular uptake and lead to fivefold increase in cellular
uptake as compared to their nonmetastatic counterparts. Our
finding underscores the importance of cell mechanical states
in the design of highly efficient NP-based therapeutic and diag-
nostic agents.

Figure 1 shows that the two cell lines are directed into dif-
ferent stress states by culturing them on polyacrylamide (PAA)
hydrogels of varying stiffness. The surface of the PAA gels
is coated with fibronectin. The density of fibronectin is inde-
pendent of gel stiffness,'*2% which eliminates possible bias
in cellular uptake of NPs due to different gel surface chemis-
tries. Stiffness sensing of the cells activates a cascade of bio-
chemical signals that regulate cytoskeletal remodeling, focal
adhesion formation, and morphogenesis.?'~?* These intracel-
lular and extracellular activities alter the stress state of cells.?’]
Consistent with previous observations,?%l the spreading area of
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individual HelLa cells increases with increasing substrate stift-
ness. Within several hours of culture, HCT-8 cells aggregate to
form multicellular cohesive colonies, while Hela cells remain
separated and individuals in isolation. On soft hydrogels
(<4 kPa), the HCT-8 cell colonies tend to form double layers, par-
ticularly at the boundary (Figure S1a, Supporting Information).
As gel stiffness increases, the cell colonies exhibit monolayer
morphology (Figure S1b,c, Supporting Information).

Adherent cells pull the substrate through focal adhesion
points, generating traction (force per unit area) on the gel
surface. The traction force reacts back to the cells, generating
cell stress. We measure cell traction force by traction force
microscopy? 8] (TFM) and cell stress by monolayer stress
microscopy?’! (MSM, see the Supporting Information). TFM
involves embedding fluorescent beads into the hydrogels to
track the displacement caused by the traction. The measured
displacement field along with the materials properties of the
hydrogels furnishes an inverse mechanics problem to calcu-
late the traction force. Imposing force balance on the cell or
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the cell sheet gives rise to the cell stress. Figure 1a shows that
traction force is concentrated at the outer boundary of HeLa
cells, consistent with the previously reported traction land-
scapes for single cells.['3% The measured cell stress is nearly
uniform at the interior of the cells. Similar traction force and
cell stress landscapes are observed for cohesive HCT-8 cell
colonies (Figure 1b) despite the fact that each colony con-
sists of hundreds of cells. Immunostaining of focal adhe-
sion kinase (FAK) shows that the traction force is colocalized
with focal adhesion points at the boundaries of the cell colo-
nies (Figure S2, Supporting Information). For Hela cells, we
average the traction force and cell stress over the whole cell
spreading area. For HCT-8 cell colonies, we average the trac-
tion force over the boundary layer (=50 pm), and the cell stress
over the interior regions of nearly uniform stress. We take the
different averaging schemes for HelLa cells and HCT-8 cell
colonies for better correlation of cell stress with the cellular
uptake of NPs, described later. In general, the average traction
force and cell stress increase with hydrogel stiffness for both
cell types (Figure 1c,d). For HelLa cells, traction force and cell
stress reach a plateau beyond a gel stiffness of 10 kPa.
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Cell morphologies and stress fiber assemblies are indica-
tive of the stress states of cells.?13% Figure 2a shows that Hela
cells on 1 kPa gels round up and exhibit discrete F-actin, with
very few stress fibers formed. With increasing hydrogel stiff-
ness, particularly for stiffness greater than 10 kPa, cells spread
and assemble F-actin filaments into thick, aligned stress fibers.
These observations agree well with previous studies.['®321 As
gel stiffness increases, the F-actin filaments of HCT-8 colonies
are also much thicker at the boundary, more aligned at basal
surface and enriched at cell-cell junctions at apical surface
(Figure 2b). Beyond a gel stiffness of 10 kPa, both cell lines
exhibit insignificant morphological changes. We measured the
exposed surface area of cells (see detailed method in the Sup-
porting Information), defined as the portion of the accessible
cell surface to NPs. The portion of cell surface that adheres
to the gels or to the neighboring cells is inaccessible to NPs,
and thus is not counted as part of the exposed surface area. As
HelLa cells adopt different shapes on gels of different stiffness,
we measure the exposed surface area by reconstructing the cell
surface profile from 3D confocal scans (Figure 2c, insets). For
cohesive HCT-8 cell colonies, the projected spreading area of
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Figure 2. a,b) Cell morphology and stress fiber assembly on PAA hydrogels of different stiffness. Scale bar: first row (20 um); second row (50 um);
third row (10 um). Statistical analysis of the effect of gel stiffness on the exposed area of ceIIs to NPs: c) Hela cells (n > 20); d) HCT-8 cells (n > 10).

Insets in (c): 3D confocal scans of Hela cell shapes. Data are presented as mean + SEM. *
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* p < 0.05; N.S. (no significant difference) p > 0.05.
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the cells at the colony interior approximates the exposed sur-
face area since cell-cell adhesions block the side surface of
the cells. For both cell types, the measured exposed surface
area first increases and then levels off beyond a gel stiffness of
10 kPa (Figure 2¢,d).

To correlate cell stress states to the cellular uptake of
NPs, monodispersed carboxylate-modified polystyrene NPs
(PS-COOH NPs) with diameter of 100 nm are used to target the
two cell lines. The NPs encapsulate minimal photobleaching
fluorescent dyes and the fluorescence intensity is positively cor-
related with the concentration of NPs. In the absence of surface
ligands on the NPs, the adhesion energy driving endocytosis
primarily arises from nonspecific interactions.” '] No obvious
changes in either cell morphology or cell stress state were
observed in the presence of NPs (Figure S3, Supporting Infor-
mation). To remove the NPs in solution and adhered to cell
surfaces, we thoroughly rinsed the cells three times with DPBS
before extracting the cellular uptake of NPs. 3D confocal scans
confirm that the fluorescence intensity of NPs is exclusively
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from the internalized NPs (Figure S4, Supporting Informa-
tion). In particular, the fluorescent signals of NPs in the 3D
scans are found to fall within the cell boundary, traced by the
immunostaining of F-actins. For HCT-8 cell colonies, fluores-
cence intensity is nearly uniform at the interior region, which
is lower than that at the boundary layer (Figure 3b). This fluo-
rescence intensity profile is consistent with the cell stress map
shown in Figure 1, suggesting the strong negative correlation
between cell stress and NP uptake density. For individual HeLa
cells, the majority of internalized NPs agglomerates around
cell nuclei rather than cell periphery (Figure 3a), despite the
fact that the measured cell stress is higher at the cell interior.
This is likely due to the intracellular trafficking of internalized
NPs.33 Though PS-COOH NPs may enter cells through both
clathrin/caveolin-mediated and clathrin/caveolin-independent
endocytosis pathways,3*3°] cellular uptake of NPs still involves
cell membrane wrapping of nanoparitcles (see details of the
energetic of NP—cell interaction in the Supporting Informa-
tion). As such, cell stress state remains a key regulating factor
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Figure 3. Correlation of cellular uptake and cell stress. Cells were cultured on PAA hydrogels of different stiffness for 24 h, followed by NPs loading
and continuous culture for 8 h. a) Hela, scale bar: 25 pm; b) HCT-8, scale bar: 50 um. Correlation of cell stress and cellular uptake on a per-cell-area
and a per-cell basis: c) Hela cells; d) HCT-8 cells. Data are presented as mean £ SEM.
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on the cellular uptake by afffecting the deformation energy of
membrane wrapping.

Previous theoretical analysis revealed that cellular uptake lin-
early scales with the exposed surface area of the cells.l'>!3 To
separate the effects of cell stress state and the exposed surface
area, we quantify the cellular uptake on a per-cell basis (N) and
per-cell-area basis (i.e., areal density of uptake, N/A, where A is
the exposed surface area of the cell) following a unified method
(see details of the NP uptake assay in the Supporting Informa-
tion). For HCT-8 cell colonies, we only measure the uptake of
the interior cells so as to correlate the uptake with the nearly
uniform stress therein. Figure 3c,d shows that with increasing
average cell stress, cellular uptake on a per-cell-area basis
decreases and then saturates, demonstrating that cell stress
suppresses cellular uptake. This result is consistent with the
biophysical analysis.['¥l However, cellular uptake on a per-cell
basis generally increases with increasing average stress for both
cell lines. For HCT-8 cells, cellular uptake saturates beyond a
monolayer stress of 200 Pa. This does not mean that cell stress
promotes cellular uptake. Instead, with increasing cell stress,
cells are more spread, giving rise to increased exposed surface
area that is accessible to NPs (Figure S5, Supporting Informa-
tion). Since the exposed surface area promotes cellular uptake

(a)
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and the areal effect is dominant over the inhibiting effect of cell
stress, this leads to high cellular uptake on a per-cell basis.

We have shown that for nonmetastatic adherent cells the
exposed surface area counteracts with the stress state of cells
in determining the cellular uptake of NPs. Next, we perform
a comparative study of the cellular uptake of metastatic and
nonmetastatic cells. HCT-8 cell colonies upon prolonged cul-
ture on stiff substrates (>20 kPa) progressively gain metastatic
potential, and eventually disperse to individual malignant cells,
featuring an in vitro metastatic-like phenotypic change.*®! The
dispersion starts from the periphery of the cell colonies at =day 6
of culture (Figure 4d) and gradually propagates to the center.
Upon 10 d of culture the cell colonies are all dispersed into indi-
vidual, highly mobile and invasive cells (Figure 4a). The malig-
nant phenotype is manifested by the irregularly shaped nuclei
and reduced E-cadherin expression at cell-cell junctions,?*®
both are hallmarks of invasive phenotype. The metastatic phe-
notypic change provides a comparative model for NP-targeting
efficiency for cells with different states of malignancy. The dis-
persion was mediated by the spatiotemporal evolution of trac-
tion force and cell stress. In the predispersed stage, HCT-8 cell
colonies feature a stress pattern depicted in Figure 4a (also
shown in Figure 1b). Upon dispersion, traction force of the
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Figure 4. Cellular uptake of the HCT-8 cells before and after dispersion. a) Traction force and cell stress evolution of HCT-8 cell colonies grown on
20 kPa PAA gels at day 2 (predispersed) and day 10 (dispersed) of culture. b) Statistical analysis of the shape factor of dispersed cells. c) The exposed
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cell colonies diminishes, as does colony stress (Figure 4a). The
dispersed cells are much softer than the predispersed ones,
manifested by a much lower bending modulus and membrane
tension,”] consistent with the lower cell stress measured here.
3D confocal scans show that the dispersed individual cells
exhibit heterogeneous shapes, characterized by h/R defined
in the inset in Figure 4b. Different from Hela cells for which
the exposed surface area scales with cell stress, the dispersed
cells, though with diminishing cell stress, have an exposed sur-
face area of nearly threefold larger than the predispersed cells,
as seen in Figure 4c. This difference arises because once the
HCT-8 cells undergo metastatic phenotypic change, they no
longer spread onto the 2D surface, but take a 3D morphology.
Figure 4d,e shows the cellular uptake of the predispersed (non-
metastatic) and dispersed (metastatic) cells. Cellular uptake of
the dispersed cells is =2 times higher than that of the predis-
persed cells on a per-cell-area basis, and =5 times higher on
a per-cell basis. The significantly biased uptake is due to both
reduced cell stress and increased exposed area of the dispersed
cells compared to the predispersed cells.

We conclude by noting that cellular uptake can be biased
toward the cell stress states, enabling mechanotargeting, in dis-
tinct contrast to the conventional chemotargeting that relies
on enhanced NP—cell adhesion specificity. To demonstrate the
working principle of mechanotargeting, we direct the cells into
different stress states and morphologies by seeding the cell lines
on hydrogels of various stiffness. For nonmetastatic cells, cell
stress and exposed surface area are both positively correlated
with gel stiffness, and cell stress counteracts the exposed surface
area in regulating cellular uptake. As the areal effect is more pre-
dominant, cellular uptake decreases on a per-cell-area basis but
increases on a per-cell basis with increasing gel stiffness. Upon
malignant transformation, dispersed, metastatic HCT-8 cells
become much less stressed, and have a much larger exposed
surface area than the nonmetastatic counterparts, both favoring
cellular uptake. As a result, cellular uptake of the dispersed,
malignant cells is fivefold higher than the predispersed cells.

Numerous studies have shown that normal and diseased
cells markedly differ in their mechanical properties,?** sug-
gesting broader applications of mechanotargeting. For example,
metastatic cells have been found to be substantially softer than
benign cells;383% cells grown under atherogenic conditions
are substantially softer than cells grown under atheroprotec-
tive conditions;*% malaria parasite-infected erythrocytes are
significantly stiffer than healthy ones.*!l Here, we show that
using the same NPs, cellular uptake is strongly biased to the
metastatic, malignant cells because of their low cell stress and
large exposed surface area as compared to their nonmetastatic,
benign counterparts. To activate mechanotargeting in stiff high-
stressed malignant cells, one may first chemically reduce the
stress state, for example, by adding myosin contraction inhib-
itor,3>#2 or by altering the local environment of the cells,*>*4
as demonstrated here. Additionally, one may optimize NP
sizel®*] or change the stiffness of NPsl*/* to improve mech-
anotargeting, as it modulates the deformation energy of the
cell membrane.3] Nevertheless, our study exemplifies how
mechanics can be harnessed to transform the future of nano-
medicine, which may find broader applications in targeting a
variety of mechanotransduction pathways of cells.
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Experimental Section

Preparation of PAA Hydrogel Substrates: PAA hydrogel substrates
with controlled stiffness were fabricated following previously published
protocols.’% Briefly, 35 uL prepolymerized solution with initiators (0.8 uL
TEMED and 2.5 uL 10% (w/v) ammonium persulfate) and following
relative concentrations of acrylamide and bis-acrylamide: 5%/0.03%
(1.0 0.3 kPa), 5%/0.1% (4.0 + 0.8 kPa), 8%/0.13% (10.0 % 1.6 kPa),
8%/0.27% (20.0 + 1.2 kPa), and 89%/0.48% (40.4 + 2.4 kPa), was
sandwiched between an amino-activated coverslip (diameter 25 mm,
VWR International) and a Rain-X treated hydrophobic glass slide. After
polymerization, PAA gel bound to the activated coverslip was detached
from the glass slide and sequentially activated with 0.5 mg mL™" Sulfo-
SANPAH (Pierce Chemical) under 365 nm UV light, functionalized
with fibronectin (Sigma Aldrich) at a concentration of 0.05 mg mL™" for
overnight and sterilized in a biological cabinet before cell seeding.

Cell Culture: Hela cells and HCT-8 cells (ATCC) were seeded onto
PAA gel substrates at a density of 10 000 cells cm=2 and cultured for
48 h in DMEM medium supplemented with 10% fetal bovine serum and
RPMI-1640 medium supplemented with 10% nonheat inactivated horse
serum, respectively, at 37 °C in 5% CO, atmosphere. In the metastatic-
like dispersion experiment, HCT-8 colonies were cultured on 20 kPa gel
substrates for at least 6 d with cell medium changed every other day.

Traction Force Microscopy: To measure cell traction force, fluorescent
beads (200 nm in diameter, Life Technologies) were placed on
a single plane beneath PAA gel surface following a previously published
protocol,% being a tracer of the gel deformation. A phase contrast
image of a selected Hela cell or HCT-8 colony and a pair of fluorescent
images of beads taken before and after cells were detached from the
gel were collected. The lateral movement of beads extracted from
the paired images gave rise to the in-plane displacement field of the gel.
The corresponding traction force profile was obtained by solving the
inverse elasticity problem furnished by the displacement field along with
the boundary conditions based on Boussinesq solution.

Mornolayer Stress Microscopy: To analyze the cell stress of both cell
lines, MSMI?l was implemented. Briefly, the cell geometries from the
phase contrast images were meshed. The traction force profiles derived
from TFM were converted into the body force and used as a boundary
condition. Treating cells as a linear elastic material, solving the 2D
boundary value problem in elasticity with the finite element package
(ABAQUS) gave rise to the cell stress.

NPs Uptake Assay: Carboxylate-modified fluorescent polystyrene NPs
(100 nm in diameter, Ex/Em: 580/605 nm) were sonicated for 15 min to
avoid possible aggregations, then diluted in fresh cell medium to reach
a final concentration of 0.02 mg mL™" and incubated with cells. After
8 h incubation, cells were thoroughly rinsed three times with DPBS, fixed
with 4% paraformaldehyde solution, stained with AlexFluor488 phalloidin
for F-actin filaments and DAPI for nuclei. All materials were purchased
from Life Technologies. In single HeLa cell experiments, z-stacked images
were taken using a confocal fluorescence microscope (Olympus FV10i,
Japan) with a 60x water-immersion lens (NA = 1.2, Olympus, Japan).
In HCT-8 cell colonies experiments, images were taken with a 20x lens
(NA = 0.4, Olympus, Japan). All images were collected with the same
exposure parameters (e.g., laser intensity, exposure time, sensitivity of
CCD). Detailed method describing the analysis of cell exposed surface
area and NPs uptake is provided in the Supporting Information.

Statistics: Statistical analysis was performed in OriginPro 8.0 using
Student’s two-tailed t-test between any two data sets. Data are presented
as mean £ standard error of the mean (SEM). Significance level is set
as p < 0.05, where p > 0.05 is considered as no statistically significant
difference. Sample size is shown in each figure and data are from at
least three parallel experiments.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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