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Abstract

Both substrate stiffness and surface topography regulate cell behavior through mechanotransduction signaling
pathways. Such intertwined effects suggest that engineered surface topographies might substitute or cancel the
effects of substrate stiffness in biomedical applications. However, the mechanisms by which cells recognize
topographical features are not fully understood. Here we demonstrate that the presence of hanotopography
drastically alters cell behavior such that neurons and stem cells cultured on rigid glass substrates behave as if they
were on soft hydrogels. We further show that rigid nanotopography resembles the effect of soft hydrogelsin
reducing cell stiffness and membrane tension as measured by atomic force microscopy. Finaly, we demonstrate
that nanotopography reduces focal adhesions and cell stiffness by enhancing the endocytosis and the subsequent
removal of integrin receptors. This mechanistic understanding will support the rational design of nanotopography
that directs cells on rigid materials to behave asif they were on soft ones.
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The stiffness of substrates has been shown to affect awide range of cell behaviors such as stem cell
differentiation," aging,” and cancer cell invasion.® In response to substrate stiffness, cells remodel their actin
cytoskeleton and adapt their own stiffness and membrane tension.® ” Underlying these changesis the
mechanotransduction machinery that exerts cellular traction forces onto extracellular materials through integrin
receptors, whose activities are force-dependent.® Rigid substrates can withstand high traction forces for enhanced
integrin activation, which resultsin increased signaling cascades in mechanotransduction. From the application
point of view, most human tissues exhibit low stiffness (e.g., Y oung’s modulus ~1 kPa for brain tissues’) while
many biomedical materials are high stiffness (~120 GPafor titanium implants). This stiffness disparity increases
foreign body responses'®*? and causes cell behaviors on rigid materials to differ from those in native soft
microenvironments.™ ** To meet this challenge, extensive efforts have been dedicated to devel oping soft
materials, such as hydrogels, for interfacing with cells and tissues.® However, soft materials do not meet all the
demands of biodevices, such asimplants that ought to provide mechanica support'® !’ and bioelectronic devices
that rely on noble metals.”®

Alongside stiffness, surface topography is another important physical property of extracellular materials. It has
been shown that nanoscale surface topography influences cell behaviors, such as adhesion,*® alignment,?*#
migration,” and differentiation.?**® Some studies revealed that nanoscal e surface topography reduces actin stress
fibers and focal adhesions,?”* which are key components of the mechanotransduction machinery. Other studies
reported that nanotopography affects the activity of yes-associated protein (Y AP), anuclear regulator involved in
mechanotransduction.®® *! The documented effects of stiffness and nanotopography on mechanotransduction
suggest that it may be possible to engineer surface topography to offset or reduce stiffness-induced effects on cells.
However, surface topography is defined by a high-dimensional space of features, such as domain size, shape,
height, steepness, and spacing. The molecular mechanisms underlying how cells recognize surface topography to
modulate mechanotransduction is not well understood. This hinders the rational design of surface topography.

In this work, we focus on the effect of nanotopography, and we compare, from behaviora to molecular levels, the
cellular responses separately induced by stiffness and nanotopography. We demonstrate that surface
nanotopography can substantially modulate cellular responsesto rigid glass substrates such that they are similar to
responses to soft hydrogels. Furthermore, we reveal that a key mechanism of topography-sensing involves the
endocytosis of integrin receptors, which is significantly enhanced by nanotopography-induced membrane
deformation.

RESULTS AND DISCUSSION

Rigid nanopillars acceler ate neurite outgrowth in ways similar to soft hydrogels. We first examined how
nanotopography and substrate stiffness differentially modulate the devel opment of embryonic neurons. Quartz has
a'Young's modulus around 72 GPa, whereas the polyacrylamide hydrogels used in comparison have a'Young's
modulus of 1.04 kPa (named 1 kPa hydrogel). Well-defined nanotopography composed of quartz nanopillars were
fabricated by electron beam lithography and reactive ion etching (Figure 1a, and Figure S1).%* Unlike vertical
posts made of elastic materials,? * these quartz nanopillars are rigid and not bendable.®* We began with
nanopillars similar to those used in earlier studies (200 nm diameter, 1 um pitch, and 3 um height). These
nanopillars induced membrane wrapping asillustrated by the CellMask fluorescence imaging (Figure S2). By
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comparing cells on nanopillar areas and cells on flat areas of the same culture, we excluded variabilities
associated with surface treatment and culture conditions.

Neurons are one of the softest cell typesin the human body, and substrate stiffness has been shown to affect
neuronal development.* ** We measured neurite outgrowth in response to three types of surfaces: rigid flat
quartz, rigid nanopillar quartz, and soft flat hydrogel surfaces. 20 hr after plating, embryonic E18 hippocampal
neurons on flat quartz surfaces were mostly round with short extensions, consistent with previous studies using
flat rigid substrates.® In contrast, asignificant fraction of neurons on nanopillar surfaces had long neuritesin the
same culture (Figure 1b, S3). Hippocampal neurons cultured on hydrogels also grew out long neurites after 20 hr,
agreeing with previous reports using soft substrates.***® Statistical analysis shows that the percentage of neurons
having at least one neurite longer than 35 um is significantly higher on nanopillars (24.7%) and 1 kPa hydrogels
(19.0%) than on flat quartz (0.8%) (Figure 1c). These results demonstrate that nanotopography accelerates neurite
outgrowth. We found that nanopillars of different dimensions also accel erated neurite outgrowth (Figure $S4). A
systematic study of how nanopillar dimensions affect cell behavior is presented in alater section.

Rigid nanopillar s bias stem cell differentiation in ways similar to soft hydr ogels. We then examined how
nanotopography and stiffness differentially modulate stem cell differentiation. Human mesenchymal stem cells
(hMSCs) can differentiate into osteoblasts or adipocytes. Previous studies have separately shown that
nanotopography and stiffness affect the differentiation efficiency of hMSCs into osteogenic or adipogenic
lineages." 3" |n particular, microscal e topographic regulation of stem cell differentiation has been well
established.* *° Here we compared hM SC differentiation in response to rigid flat quartz, rigid nanopillar quartz,
and soft flat hydrogel surfaces. We first differentiated hM SCs toward the osteogenic lineage. 14 days after
induction of differentiation, hM SCs were stained for alkaline phosphatase (ALP). As shown in Figure 1d, there
was much less ALP staining on nanopillar and soft hydrogel surfaces compared to flat quartz surfaces.
Quantitative analysis shows a dramatic reduction of ALP-positive cells from 67.3% on flat quartz to 40.5% on
nanopillar quartz surfaces, which is close to 33.9% on 1 kPa hydrogel surfaces (Figure 1€).

We also examined the differentiation of hM SCs toward the softer adipogenic lineage. Six days after the
differentiation induction, cells were stained with Oil Red O. We found that more cells were committed to the
adipogenic lineage (positively stained in red) on nanopillars and hydrogels than on flat quartz surfaces (Figure
1d). Quantitative analysis confirms that hM SCs were differentiated into adipocytes with higher efficiency on
nanopillars (23.7%) and hydrogels (26.3%) than on flat quartz surfaces (17.5%) (Figure 1€). These results
regarding neurite outgrowth and hM SC differentiation demonstrate the possibility of engineering surface
topography such that cells on rigid quartz substrates behave like those on soft hydrogels.

Rigid nanopillar s reduce cell stiffnessand membrane tension in ways similar to soft hydrogels. It is known
that mammalian cells adjust their own mechanics according to the stiffness of extracellular materials.® " * We
used AFM to examine how nanotopography and substrate stiffness differentially affected cell stiffness and
membrane tension. Contact-mode AFM shows that cells on flat quartz had visible cytoskeletal fibers surrounding
the nucleus, but cells on nanopillars exhibited adrastically smaller shape with no discernable stress fibers (Figure
2a). For cdll stiffness measurement, we used alarge spherical probe and applied small indentations (< 500 nm) to
ensure that a representative elasticity of the entire cell was obtained, where the elasticity of the cell cortex made
the major contribution.** Cell stiffness was extracted by fitting the Hertz indentation model to force-separation
curves obtained from each cell (Figures 2b, ¢, Figures Sba, b). We found that cells on quartz nanopillars were
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significantly softer than cells on flat quartz with a 46% reduction of Y oung’s modulus and were comparable in
stiffnessto cells on 1 kPa hydrogels (Figure 2d).

We next measured membrane tension by pulling tethers from the cell membrane using a sharp AFM prabe.
Membrane tethers are lipid nanotubes formed between the AFM probe and the cell surface, which can be
stretched up by the AFM probe to produce a constant force until rupture. The tether rupture force is proportional
to the square root of the membrane tension® and can be measured as the difference between the force plateaus
before and after the rupture (Figure 2e, Figures S5c—€). From our measurements, the average tether force for
cells on quartz nanopillars was 15% lower than on flat surfaces and is similar to that on 1 kPa hydrogel substrates
(Figure 2f). These AFM measurements clearly demonstrate that cells on nanopillar quartz and soft hydrogels are
much softer than cells on flat quartz surfaces.

Nanotopography has been shown to reduce actin stress fibers.?” * To confirm the importance of actin fibersin
modulating cell mechanics, we continuously monitored the cell stiffness by AFM indentation while the cell was
being treated by blebbistatin that disrupts actin stress fibers without affecting cell shape (Figure 2g). In situ AFM
measurement of cells on flat quartz surfaces shows that blebbistatin treatment reduced the cell stiffnessin 5 min
(Figure 2h).

Nanotopography inhibits YAP activity when cell area and shape ar e controlled. We found that the presence
of nanopillars on quartz substrates drastically decreased cell areas and Y AP activity (measured by YAP
nucleus/cytosol ratios) (Figures 3a, b, Figures S6, S7), agreeing with previous nanotopography studies.?® ** For
these measurements, cells were cultured at alow density to reduce cell—cell contact which is known to affect cell
sizeand Y AP activity.* Previous studies have demonstrated that reducing cell size was sufficient to inhibit YAP
activity.***® To determine whether nanotopography can affect the Y AP activity independently of its effect on cell
size, we employed a bioprinting method to precisely control cell size and shape. The bioprinting method uses
ultraviolet light-induced cleavage to specify areas that are later coated with cell adhesion molecules such as
gelatin.*’ Unexposed areas are covered with polyethylene glycol to prevent cell adhesion. Hydrogel is not
compatible with bioprinting and not included here.

We printed square-shaped areas of 2000 um? on both flat quartz surfaces and nanopillar quartz surfaces. Co-
staining of Y AP, the nucleus, and the cell membrane shows that Y AP was generally more cytosolic on nanopillars
than that on flat quartz surfaces when cell size and shape were the same (Figures 3c, d). We note that, when the
two-dimensional spreading area was controlled to be the same, cells on nanopillars had alarger total membrane
contact area than those on flat surfaces because the plasma membrane wrapped around vertical nanopillars. On
flat surfaces, the membrane contact areais positively correlated with Y AP activity*'. The observation that cells on
nanopillars had alower Y AP activity despite having larger membrane contact areas further indicates that
nanopillars can inhibit Y AP activity through mechanisms independent of cell area.

Nanotopography reduces focal adhesions by enhancing the endocytosis of integrin receptors. To understand
the topographic effect at the molecular level, we first confirmed that nanctopography modulates actin stress fibers
and focal adhesions as previously reported,””?® by immunostaining key protein componentsincluding F-actin,
integrin 1, vinculin, paxillin, and phosphorylated focal adhesion kinase (pFAK) (Figures4a, b, Figure S8).
Actin fibers and focal adhesions are large protein complexes that are primarily responsible for generating and
sensing mechanical tension. On flat quartz surfaces, thick and bundled actin fibers were anchored on large focal
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adhesion patches, identified as elongated patches of integrin 31, vinculin, paxillin, or pFAK. In contrast, on quartz
nanopillar surfaces, focal adhesion proteins were either diffusive or appear as small puncta. Actin filaments were
much thinner with drastically fewer focal adhesion patches anchored at their ends. The observed reduction is not
due to the limited imaging depth when cells are cultured on tall nanopillars, because confocal microscope images
projected in z-direction confirmed the same observation (Figure S9). We quantified the number of large focal
adhesions (>1 um? in U20S cells®) that are primarily responsible for force generation and substrate stiffness
sensing. U20S cells had about 20 large focal adhesions per cell when cultured on flat quartz surfaces but they lost
nearly al large focal adhesions on d200p1h3 quartz (Figure 4c, Figure S8). This dramatic reduction of focal
adhesions and stress fibers on nanopillars likely explains the reduction of cell stiffness on these surfaces.

Integrin receptors play akey role in sensing the substrate stiffness. Clathrin-dependent endocytosis (CME) has
been shown to be the primary pathway for removing integrin receptors from cell surface,”® which also causes the
disassembly of focal adhesions.>® For nanotopography, we recently showed that nanotopography enhances
clathrin-mediated endocytosis (CME) by locally curving the cell membrane.™ Based on these studies, we
hypothesize that nanotopography-enhanced endocytosis may be responsible for the reduction of focal adhesions
on nanotopography.

Wefirst demonstrate that cells on nanopillar quartz surfaces had enhanced total endocytosis than cells on flat
quartz surfaces. To measure endocytosis, cells were incubated with a membrane impermeable FM 1-43 dyefor 15
min before the dye was washed out. Asit isdifficult to discern individua endocytic vesiclesin small cellsfor
endocytosis measurements, we used d200p2.5h1 (200 nm diameter, 2.5 um pitch, and 1 um height) nanopillars
that do not reduce cell size as much as d200p1h3 nanopillars do. Z-stacks of confocal fluorescence images
revealed that cells on nanopillar areas had alot more fluorescence puncta than those on flat quartz surfaces
(Figure4d). Quantitative analysis confirms that cells on nanopillars have substantially more endocytosed vesicles
labeled with FM 1-43 than those on flat quartz surfaces (Figure 4e).

U20S cells primarily express integrin f1 and 5 isoforms. In this study, substrates were coated with gelatin,
which isabinding ligand for integrin 31, but not integrin 5. Therefore, integrin f1 is the primary force receptor
for the formation of focal adhesions on the substrates in this study. We followed an established protocol for a
pulse-chase experiment to demonstrate that the activation of CME processes causes the removal of integrin 1
from the cell surface and subsequently the disassembly of focal adhesions.™ Briefly, cells were maintained at 4 °C
to inhibit endocytosis and then stained with an antibody that recognizes the extracellular domain of integrin. Cells
were then brought to 37 °C to recover endocytosis for 20 min or 90 min, while control cells were maintained on
ice during the same time periods to inhibit endocytosis. We found that cells maintained on ice for 20 or 90 min
retained asimilar number of focal adhesions as 0 min, whereas cells maintained at 37 °C for 90 min had much
fewer large integrin patches with the concurrent appearance of endosome-like spotsin the intracellular domain
(Figures 4f, g). Therefore, the activation of integrin endocytosis results in the disassembly of focal adhesions.

Finally, we demonstrated that blocking CME results in recovery of stress fibers and focal adhesions on nanopillar
surfaces. We chose monodansylcadaverine (MDC) as a CME inhibitor. MDC is more specific than other
endocytic inhibitors such as PitStop and does not cause observable cell morphology changes.” Cells were treated
with either 20 uM MDC or DM SO control for 30 min before they were fixed and stained for actin and paxillin.
On flat quartz surfaces, MDC-treated cells and control cells had similar amounts of stress fibers and large focal
adhesions (Figur e 4h). On nanopillars, MDC-treated cells had much more stress fibers and large focal adhesions
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than the control cells (Figure 4i). Quantification of focal adhesions shows that MDC treatment of cells on
nanopillars significantly recovered focal adhesions (Figure 4j). These results indicate that the enhanced removal
of integrin receptors by endocytosis is a key mechanism underlying the reduction of focal adhesions on nanopillar
substrates. We noted that MDC treatment only partial recovered focal adhesions, which either indicates that there
are additional topography-sensing mechanisms or that our MDC treatment did not sufficiently block integrin
endocytosis induced by nanopillars, as MDC concentration is limited by its cytotoxicity.>

Nanotopographical geometry fine-tunes cellular mechanotransduction. To further support the hypothesis that
nanotopography modul ates mechanotransduction through curvature-mediated endocytosis (Figur e 5a), we
systematically varied the dimensions of nanopillar arrays. In this study, the nanopillar pitch was varied from 1 to
5 um, height from 1 to 3 um, and diameter from 200 to 1000 nm (Figure 5b, Table S1). As references to different
substrate stiffness, we made a series of polyacrylamide hydrogels ranging from 1 to 14 kPa (T able S2).

Wefirst varied the curved membrane area by changing the pitch and the height while keeping the nanopillar
diameter constant. As shown in Figur e 5c, the cell areas of hMSCs on flat quartz surfaces were substantially
larger than those on hydrogels and quartz nanopillars. For the hydrogel group, cell areas decreased when the
hydrogel stiffness was reduced, illustrating the stiffness effect.® ** ** For nanopillars of the same height (either 1
or 3 um), averaged cell areas decreased as the curved membrane area per substrate area was increased by reducing
the pitch from 5 to 1 um (Figure 5c). For nanopillars of the same spacing, averaged cell areas decreased as the
height of nanopillarsincreases from 1 to 3 um to increase curved membrane areas. Furthermore, the Y AP
nucleus/cytoplasm ratio decreased as the curved membrane area was increased by either reducing the pitch or
increasing the height (Figure 5d).

Next, we varied nanopillar diameters. We varied the pitch along with the diameter to keep a constant
diameter/pitch ratio for efficient membrane wrapping. We found that 200-nm-diameter nanopillars induced a
stronger reduction of cell areaand Y AP activity than 500-nm-diameter and 1000-nm-diamter nanopillars with the
same height (Figures 5e, f). This observation agrees with our hypothesis based on nanotopography-enhanced
CME, since CME is more enhanced by 200-nm-diameter nanopillars than thicker nanopillars™. Measurements
using U20S cells revealed similar results as hMSCs (Figur e S10).

CONCLUSIONS

In this work, we show that hanotopography can drastically modulate cell mechanics such that cells respond to
rigid nanopillar substrates (72 GPa) in ways similar to their responses to soft hydrogels (1~14 kPa). We revea

that nanotopography-induced membrane curvatures enhance the endocytosis of integrin receptors, which leads to
fewer integrins on the cell surface and subsequently the disassembly of focal adhesions and stress fibers. Previous
studies indicate that soft substrates do not provide sufficient resistance to traction forces generated by stress fibers,
leading to alower percentage of activated integrins on the cell surface. Interestingly, although nanotopography
initially acts by inducing membrane curvatures and stiffnessinitially acts through its resistance to the probing
force of cells, the two physical cues converge on modulating integrin receptors. These findings will support the
rational design of surface topography for such purposes as making cells on arigid implant behave asif the

implant had a stiffness similar to native tissues.
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Figure 1. Quartz nanotopography induces similar cell behavior as soft hydrogels do. (a) Scanning electron
microscopy (SEM) images of quartz nanopillars. The upper image shows an array of d200p1h3 nanopillars, and
the lower image shows a single nanopillar. (b) Bright field and corresponding anti-MAP2 fluorescence images of
E18 rat hippocampal neurons after 20 hr of culture on flat quartz (flat), nanopillar quartz (nanopillar), and 1 kPa
hydrogel (hydrogel) surfaces. Upper images show neurons on a quartz substrate that contains both flat areas and
nanopillar areas. White dash lines indicate the border between the flat and nanopillar areas. Lower images show
neurons cultured on three different surfaces. (c) Quantified percentages of hippocampal neurons with at least one
neurite longer than 35 um (n = 193, 297, and 178 cellsin flat, nanopillar, and hydrogel groups, respectively; mean
+ s.em.). (d) Representative images of ALP staining and Oil Red O staining of hMSCs for osteogenic
differentiation and adipogenic differentiation, respectively, on three different surfaces. (€) Percentage of hMSCs
with positive ALP staining and positive Oil Red O staining, respectively (for ALP staining, n = 3856, 953, and
1353 cellsin flat, nanopillar, and hydrogel groups, respectively; for Oil Red O staining, n = 5152, 5069, and 3819
cellsin flat, nanopillar, and hydrogel groups, respectively; mean + s.e.m.). P value in comparison to flat surface
was determined by unpaired two-tailed t test. Scale bars, 2 um (a, upper), 1 um (a, lower), 20 um (b), 50 um (d).
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Figure 2. Quartz nanotopography reduces cell stiffness and membrane tension in a manner similar to soft
hydrogels. (a) Contact-mode AFM deflection images of U20S cells show different cell shapes on flat quartz
(upper) and d200p1h3 nanopillar quartz (lower) surfaces. (b) Optical image (upper) and AFM-obtained
topography map (lower) of a U20S cell on d200p1h3 nanopillar surface. (c) A representative AFM force-
separation curve obtained by AFM indentation. The blue dashed line indicates the Hertz fit used to calculate

Y oung's modulus. (d) Quantitative analysis of the Y oung’s modulus of cells obtained by AFM indentation on flat
quartz, d200p1h3 nanopillars, and 1 kPa hydrogel (n = 20, 20, and 21 cdllsin flat, nanopillar and hydrogel groups,
respectively; mean + s.e.m). (e) Representative AFM retraction curve for pulling membrane tethers (right) and
zoom-in view of atether rupture event (left) in the retraction curve. The difference in the force before and after
the rupture (indicated by green lines) is used to calculate the tether force. (f) Quantitative analysis of tether force
obtained from cells on flat quartz, nanopillar quartz, and 1 kPa hydrogel surfaces (n = 21, 21, 22 cellsin flat,
nanopillar, and hydrogel groups, respectively; mean + s.e.m.). (g) FHuorescence images of stress fibers
(transfected with LifeAct-RFP) in aU20S cell before and after 20 min of blebbistatin treatment. (h) Young's
modulus of a U20S cell measured by AFM indentation over the 20 min blebbistatin treatment. P value in
comparison to flat surfaces was determined by unpaired two-tailed t test (d, f). Scale bars, 10 um (a, b), 20 um (g).
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Figure 3. Nanotopgraphy inhibits Y AP activity when cell areais controlled. (a) Quantitative analysis of cell area
on flat quartz, nanopillar quartz, and 1 kPa hydrogel surfaces. (n=291, 51, 63 cellsin flat, nanopillar, and
hydrogel groups, respectively; mean + s.em.). (b) Quantitative analysis of Y AP nucleus/cytosol ratio on flat
guartz, nanopillar quartz, and 1 kPa hydrogel surfaces. (n=291, 51, 63 cellsin flat, nanopillar, and hydrogel
groups, respectively; mean + s.e.m.). (¢) Fluorescence images of hM SCs cultured on flat and d200p1h3 nanopillar
surfaces in 2000 um? square areas confined by bioprinting. CellMask staining (red) reveals the cell shape and

Y AP locdlization is indicated with anti-Y AP immunostaining (green) and Hoechst staining (blue for nuclei). Dash
lines indicate the bioprinting areas. (d) Quantitative analysis of Y AP nucleus/cytosol ratio for cells confined to
2000 pm? square areas (n = 14 and 26 cellsin flat and nanopillar groups, respectively: mean + sem.). P valuein
comparison to flat surface was determined by unpaired two-tailed t test. Scale bars: 10 um (c).
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Figure 4. Nanotopography reduces focal adhesions by enhancing the endocytosis of integrin. (a) Fluorescence
images of integrin B1 and F-actin in U20S cells on flat surfaces. (b) Fluorescence images of integrin f1 and actin
in U20S cells on nanopillar surfaces. (c) Quantification of large focal adhesion patches (>1 um?) in U20S cells
based on the immunostaining of integrin B1. (d) Fluorescence images of endocytosed FM 1-43 dyein U20S cells
on flat and nanopillar surfaces. The images were obtained by summing the intensity of each pixel of the confocal
images over a 12-um depth with a 500-nm incremental step. (e) Quantitative analysis of endocytic vesiclesin
U20S cells on flat quartz and nanopillar quartz surfaces (n = 48 and 30 cellsin flat and nanopillar groups,
respectively; mean + s.e.m.). (f) Fluorescence images of integrin B1 affected by temperature-mediated endocytosis.
Integrin B1 in U20S cells was labeled with immunaostaining (red). (g) Quantitative analysis of focal adhesion
patches (larger than 1 um?) as aresult of temperature-mediated endocytosis (n = 10 cells for all groups; mean +
s.em.). (h, i) Fluorescence images of paxillin (green) and actin (red) with and without an endocytosis inhibitor
MDC treatment, on flat areas (h) and nanopillar areas (i), respectively. (j) Quantitative analysis of focal adhesion
patches on flat and nanopillar surfaces before and after MDC treatment (n = 20, 34, 27, and 28 cellsin flat
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(contral), flat (MDC), nanopillar (control), nanopillar (MDC) groups, respectively; mean £ s.em.). Nanopillars
for these experiments had a d200p2.5h1 configuration. P valuesin comparison to flat surface (€), starting point
group (g), or control groups (j) were determined by unpaired two-tailed t test. Scale bars, 20 um (a, b, h, i), 10 um
(d, f), 4 um (insetsini).
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Figure 5. Components of cellular mechanotransduction can be fine-tuned in awide range by varying nanopillar
dimensions. (a) Schematic illustration of focal adhesions and stressfibersin cells cultured on flat and nanopillar
areas. (b) Schematic illustration indicating the diameter, pitch, and height of nanopillars. (c, d) Quantitative
analyses of cell area(c) and Y AP nucleus/cytosol ratio (d) of hMSCs on 200-nm-diameter nanopillars with varied
pitches and heights. (n=151t0 291 cells, Table S3; mean £ s.em.). (e, f) Quantitative analyses of cell area (e) and
Y AP nucleus/cytosol ratio (f) of hMSCs on nanopillars with varied diameters and heights but a constant
diameter/pitch ratio. (n= 15 to 291 cells, Table S3; mean + s.e.m.). P value in comparison to flat surface was
determined by unpaired two-tailed t test (c-f).
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