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ABSTRACT: Local curvatures on the cell membrane serve as signaling hubs that promote curvature-dependent protein
interactions and modulate a variety of cellular processes including endocytosis, exocytosis, and the actin cytoskeleton. However,
precisely controlling the location and the degree of membrane curvature in live cells has not been possible until recently, where
studies show that nanofabricated vertical structures on a substrate can imprint their shapes on the cell membrane to induce well-
defined curvatures in adherent cells. Nevertheless, the intrinsic static nature of these engineered nanostructures prevents
dynamic modulation of membrane curvatures. In this work, we engineer light-responsive polymer structures whose shape can be
dynamically modulated by light and thus change the induced-membrane curvatures on-demand. Specifically, we fabricate three-
dimensional azobenzene-based polymer structures that change from a vertical pillar to an elongated vertical bar shape upon
green light illumination. We observe that U20S cells cultured on azopolymer nanostructures rapidly respond to the
topographical change of the substrate underneath. The dynamically induced high membrane curvatures at bar ends promote
local accumulation of actin fibers and actin nucleator Arp2/3 complex. The ability to dynamically manipulate the membrane
curvature and analyze protein response in real-time provides a new way to study curvature-dependent processes in live cells.
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D 1 any studies show that nanoscale 3D structures activate intracellular curvature-dependent proteins and underly
significantly affect cell adhlegion, migration, prolifer- 3D structure-induced regulation and tuning cell behavior.'
ation, and stem cell differentiation.”~ A few examples include For example, our recent study shows that 3D nanostructures

nanopillars enhancing osteogenic differentiation of mesenchsy
mal stem cells (MSCs)>* and inhibiting cell migration,

nanogratings and nanopores inducing cell alignment’™” and
differentiation of stem cells,'"”"* and nanoroughs modulating
macrophage activity.'”'> At the cellular level, the presence of
3D nanostructures locally changes the curvature of the plasma
membrane, which affects curvature-dependent intracellular
processes such as endocytosis'®'” and actin dynamics.'®™**

promote actin polymerization in a curvature-dependent
manner and are mediated by a curvature-sensing protein
FBP17.”

Previous studies of topographic effect on cell behavior use
prefabricated and static 3D structures.”***" Although these
structures were very useful in identifying curvature-dependent
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Figure 1. Light-induced reshaping of azopolymer 3D structures. (a) Schematics of azopolymer pillar fabrication and light induced shape
deformation; (I) silicon master fabricated by e-beam lithography, (II) replica of the PDMS mold, (III) soft imprinting of the PDMS mold on a thin
film of pDR1m azopolymer for making azopolymer pillars. Imprinted azopillar array (IV) can be reshaped into azobar array (V) after light
illumination. (b) Brightfield images of azopolymer pillars before and after a green laser-induced deformation. Scale bar S ym. Lower part, schematic
of single pillar-to-bar deformation by light illumination. (c) Bright-field images of polymer pillars at different exposure time. Pillar transit from pillar
(0 s), to slightly elongated (4 s), to bar-like structures (8—12 s). Scale bar 2 ym. (d) Aspect ratio value (AR= Am/AM) for pillars during laser
irradiation from 0 to 12 s. Minor axes (Am) are represented in black and major (AM) in red.

protein components and intracellular processes, their static
nature means that membrane curvatures induced by these
structures are also static. On the other hand, curvatures on the
cell membrane appear and disappear dynamically in response
to complex intracellular and extracellular cues. Smart materials
with the ability to change their 3D shapes upon light
stimulation would afford a new approach to manipulate
membrane curvatures on-demand.”” ™

In the last two decades, light-responsive materials such as
azobenzene-based polymeric compounds have attracted
significant interest as smart materials. The photoisomerization
of azobenzene induces conformational changes of the polymer
chains that in turn lead to modifications of the material
physical and mechanical properties.”” For example, a cyclic
trans—cis—trans isomerization of azobenzene upon light
exposure leads to a mass displacement of azopolymer either
at the microscopic or macroscopic level along the polarization
direction of the illumination beam.”*** The light-induced
deformation of azopolymer has been demonstrated to cause
significant shape changes when azobenzene-based polymers are
made into 3D structures.””***” This process, referred as
directional photofluidization lithography, has provided ad-
vances in the fabrication of complex micro and nano-
architectures otherwise not easily fabricated by conventional
methods.*® Furthermore, light-induced deformation of azopol-
ymer has shown to dynamically change material characteristics
such as melting temperature, robustness, and surface
wettability,>”%3739~*!

In this work, we utilize light-driven reshaping of azopolymer
to dynamically manipulate the geometry of 3D vertical
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nanostructures. The cell membrane is highly fluid and dynamic
so that it easily adapts to mechanical perturbations. Previous
work has shown that the cell membrane readily deforms when
pushed or pulled by atomic force microscopy or optical
tweezers."”"’ Therefore, the cell membrane will change shape
together with the azopolymer nanostructures upon green light
illumination. Here, we show that light-driven reshaping of
azopolymer nanopillars to nanobars in the presence of living
cells dynamically imparts curvatures at the plasma membrane
(PM). The induced membrane curvatures promote the
formation of actin fibers at the locations of high curvature
and accumulation of the actin nucleator Arp2/3 complex.””**
The ability to manipulate the membrane curvature on-demand
and analyze cell response in real-time provides a new way to
study how surface topography modulates cell behavior and
intracellular processes.

Results. Light-Induced Reshaping of Vertical Azopolymer
Pillars. Our substrates consist of well-ordered arrays of vertical
micropillars made of pDR1m azopolymer, fabricated on glass
coverslips by soft lithography (through a PDMS mold, which is
replicated against a silicon master wafer) as shown in Figure
la. The fabrication process of the silicon master by e-beam
lithography allows for precise control over the pillar
dimensions as well as the center-to-center distance (pitch)
between pillars. The silicon master was inversely replicated
into PDMS molds that were subsequently used as stamps for
imprinting the azopolymer pillars. Under polarized light
irradiation, the azopolymer of the same polarization absorbs
photons, and the trans—cis isomerization induces an athermal
transition of the glassy azopolymer into a fluid state. This
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Figure 2. AFM characterization of light-reshaped individual azostructures. (a) AFM topographic images show the transformation of circular pillar
(500 nm radius) arrays to elliptical bar arrays (3000 nm length in major axis) under a confocal microscope. (b) Three-dimensional AFM
measurements and section profiles of azopillars and light-reshaped azobars. (c) Plot of height (triangle) and major axes length (circle) of elongated
pillars over time (0—3 min). (d) Brightfield images of a single azopillar selectively reshaped by a 514 nm laser under a confocal microscope. A
region of interest (ROI) is defined around the selected azopillar. Scale bar 10 ym.

induces a distinct mass migration along the direction of the
light polarization and a shape transition from pillars to
ellipsoidal bars."’

We first used a 532 nm CW linearly polarized solid state
laser to illuminate a relatively large area of the substrate. The
degree of deformation depends on the irradiation conditions
such as wavelength, intensity, and exposure time.* Figure 1b
shows the brightfield images of an azopolymer nanopillar array
before and after 5 s of illumination by the 532 nm laser at 1.5
mW; the light exposure allows for the transition from circular
nanopillars into elongated nanobars of the whole array. The
deformation magnitude increases with the exposure time
providing a shape progression from pillar to slight elongation,
to a bar-like structure in 0, 4, 8, and 12 s, respectively (Figure
1c). In terms of effective nanostructures dimensions, here, the
nominal initial nanopillars radius was 500 nm, and the
interpillar distance was 1.5 ym. However, the newly shaped
nanostructures have been characterized by the mean roundness
defined as the aspect ratio (AR) between the minor (Am) and
the major axis (AM) of the elongated bars. Here, we found that
this ratio decreases almost linearly with the exposure time
(Figure 1d). For our purpose, we chose a S s illumination,
which gave the best results in terms of elongation and
separation of azobars with an AR = 0.5.

Light-induced deformation of azopillars can also be achieved
using green light from a confocal microscope. Atomic force
microscopy (AFM) was used to characterize the morphology
of azostructures before and after confocal light illumination
(Figure 2a). AFM measurements show the transformation of a
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cylindrical pillar (500 nm in radius) array to an elliptical bar
array (3000 nm length in major axis) after 3 min illumination
under a confocal microscope. The resulting profiles show that
the ends of the elliptical bars are much narrower than the
middle, with the width about 460 + 50 nm. By changing the
pillar section from circular to elliptical, we also induce a
gradual change of the radius of curvature at the ends of
azobars. As we show later, these ends are locations where the
cell membrane has the highest curvature. AFM measurements
of the 3D profiles reveal that these azopillars have vertical walls
before light illumination (Figure 2b). The light illumination
not only induced nanostructure elongation but also simulta-
neously induced a decrease in height and softening of the
sidewalls (Figure 2c). Next, we demonstrated that it is possible
to selectively control and tune the reshaping on individual
azopolymer pillars by using a confocal microscope light at 514
nm. By scanning inside a region-of interest centered around a
single azopillar, we selectively deformed the azopillar to the bar
shape within an array of pillars (Figure 2d). This method can
be used to modify locally a tension of a plasma membrane in a
particular region of a single cell. Nevertheless, in this work, we
focus on the reshaping of a large area of pillars to remodel the
cell membrane’s architecture of cell population.
Curvature-Dependent Actin Polymerization Can Be
Induced by Light-Driven Reshaping of Azopolymer Struc-
tures. We first confirmed that azopillars and the reshaped
azobars are compatible with live cell culture (Figure S1 in the
Supporting Information), in agreement with previous reports
on azopolymer biocompatibility.””*® To confirm that light-
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Figure 3. Azobars induce curvature-dependent actin polymerization. (a) Brightfield and fluorescence images of U20S cells transfected with Lifeact-
RFP on static SiO, structures. Lifeact-RFP appears as a ring around nanopillars and preferentially accumulates to the ends of SiO, bars. Scale bar 10
um. (b) Brightfield and fluorescence images of U20S cells transfected with Lifeact-RFP on azostructures. Similar to SiO, nanostructures, Lifeact-
RFP appears as a ring around azopillars and appears as two spots at the ends of azobars. Scale bar 10 ym. (c) Quantification of nanobar end-to-side
ratios for Lifeact-RFP on SiO, bars and azobars (n = 10 cells for each condition). Error bars represent s.e.m. (d) Fluorescence images of U20S cells
expressing Arp3-GFP show strong preference of Arp3-GFP to the ends of SiO, nanobars as well as azobars. Scale bar 10 pm.

driven reshaping of azopolymer structures is able to induce
curvature-dependent intracellular responses, we probe the
distribution of cellular fibrous actin (F-actin) in response to
the presence of different 3D structures. Our recent studies
show that static SiO, nanobar induces high membrane
curvatures at its ends while relatively flat membrane along its
side walls. F-Actin preferentially accumulates at the ends in
correspondence of high membrane curvatures.'®"” Here, cells
were transfected with LifeAct-RFP for live-cell fluorescence
imaging of F-actin. Static SiO, pillars (500 nm in diameter and
1 pm in height) and bars (200 nm in width, 2000 nm in length,
1 ym in height) nanostructures are used as positive controls.
Live-cell imaging shows that F-actin forms a ring-structure
around SiO, nanopillars but exhibits strong fluorescence signal
at the ends of nanobars with much low signal along the
sidewalls of nanobars (Figure 3a). The strong accumulation of
F-actin at the end of SiO, nanobars confirms our recent
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observations that high membrane curvatures at the ends of
nanobars induce local polymerization of F-actin.'®
Furthermore, we observed that F-actin forms a ring-structure
also around azopillars as shown in Figure 3b, while it shows
strong accumulation at the two ends of light-reshaped azobars,
a phenomenon similar to the accumulation of F-actin at the
ends of SiO,. This result demonstrates that light-reshaped
azobars are indeed able to induce curvature-dependent F-actin
formation similar to static SiO, nanobars. Quantification of the
F-actin end-to-side ratios on bar structures shows that the
preferential accumulation on the ends of azobars (1.21 + 0.04)
is less than that on SiO, nanobars (2.1 + 0.1) (Figure 3c).
This is due to the fact that the size of azobar ends (~400 nm)
is much larger than that of SiO, nanobars (200 nm), which
results in a lower curvature and less F-actin accumulation.
Furthermore, it is worthy to note that the pillar height is
reduced depending on the elongation state of the pillars, which
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Figure 4. Monitoring curvature-dependent F-actin polymerization in live cells by light-driven reshaping of azostructures. (a) Fluorescence images
of U20S cells expressing Lifeact-GFP before and after ~10 min from azopillar reshaping. The accumulation of F-actin is observed around pillar and
at the ends of bars with the high magnification image (dashed circle). (b) High-magnification images of the same azobar at different times show the
reorganization of F-actin in response to azostructure reshaping. (c) Intensity profiles of LifeAct-GFP along reshaped pillar, before illumination at 0
min (black line) and 10 min after stimulation (dashed line). The intensity distribution is measured in the same selected ROI and calculated over

time with Image].

can further explain the decrease of fluorescence intensity of F-
Actin on azobars respect to SiO, bars.

Furthermore, we probe the spatial distribution of actin
nucleation factor Arp2/3 on azobars and SiO, nanobars. Our
previous study showed that branched actin was nucleated by
the Arp2/3 complex,'®'®'*” rather than linear actin,
accumulated on nanostructures in a curvature-dependent
manner. If branched, actin accumulates at high curvature
locations; thus, we expect its nucleation factor also accumulates
at the same locations. For this study, U20S cells were
transfected to express Arp3-GFP, a subunit of the Arp2/3
complex. Indeed, we observed an accumulation of Arp3-GFP
at the ends of both static SiO, nanobars and light-reshaped
azobars as shown in Figure 3d. Overall, these results
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demonstrate that azobars obtained by light-induced reshaping
of azopillars are able to induce curvature-dependent recruit-
ment of Apr2/3 and the subsequent polymerization of F-actin
similar to static SiO, nanobars.

Light-Driven Reshaping of Azostructures Enables Kinetic
Measurements of Curvature-Dependent F-Actin Polymer-
ization in Live Cells. The dynamic nature of the light-induced
reshaping of azopolymer structures allows kinetic measure-
ments of curvature-dependent F-actin polymerization. For this
measurement, we cultured cells for 24 h and observed the
accumulation of F-actin on azopillars (Figure 4a). Then the
532 nm laser (1.5 mW) was used to induce the azopolymer
nanostructure array, reshaping in the presence of live cells.
Here, we set a 5 s exposure time as we observed ~100% cell
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viability. Longer exposure time results in the ends of
neighboring azobars too close to each other, in which case
the cell membrane could not fully wrap around individual
azobars. Also, phototoxicity clearly increased with exposure
time 15 s or longer (Figure S1 in the Supporting Information).

By taking a time series of Lifeact-GFP snapshots of the
selected cell, we measure the dynamics of F-actin reorganiza-
tion after green-light induced azopolymer reshaping. For
fluorescence imaging, we used a weak blue light (0.1 mW)
that does not cause azopolymer reshaping. Figure 4b shows
fluorescence images of LifeAct-GFP around a single azobar at
different times after the reshaping. These images clearly
demonstrate F-actin transitioning from a ring-like conforma-
tion after 5 min to a definitely distributed and preferential
accumulation to the bar ends after 15 min. Figure 4c shows the
fluorescence intensity plot where Lifeact-GFP along the
sidewall and a concurrent increase toward the ends of reshaped
pillars around 10 min from topographic reshaping. On average,
the F-actin reorganization happens around 10 + 2 min after
the laser-induced deformation. Therefore, dynamic reshaping
of azopolymer topography allows us to monitor kinetics of
curvature-sensitive actin polymerization in real-time.

In response to abrupt external perturbations, cells exhibit
both elastic and viscous behavior influenced by a combination
of membrane, actin cortex, and cytoplasm. The membrane
response is highly nonlinear, and the time scale ranges from
milliseconds to tens of seconds depending on the time scale
and the amplitude of the perturbation.” The subsequent
cytoskeleton reorganization takes longer time. The time scale
we observed for actin cytoskeleton remodeling is consistent
with previous studies of cellular processes that rely on
cytoskeletal remodeling.**~>*

Conclusion. In this work, we demonstrate the possibility to
use light-responsive azopolymer nanostructures to dynamically
change membrane curvatures and intracellular curvature-
dependent processes in live cells. We note that dynamically
modulating membrane curvatures has been previously achieved
by pushing or pulling the cell membrane using optical tweezers
and atomic force microscopy.’”"> Compared with optical
tweezers or AFM, the azopolymer deformation approach is
fundamentally different and has unique advantages. It affords
high throughput, easy access, and does not require
sophisticated skills or instruments. Using polarized laser
beam, we are able to switch pillar to bar shape along the
polarization direction, which dynamically modulates the
membrane curvature of U20S cells to activate intracellular
curvature-sensing processes. We demonstrate that curvature-
dependent F-actin reorganization takes about 10 min after the
light-induced azopolyer reshaping. In this work, the photo-
responsive property of azopolymer provides unique advantages
for dynamically modulating cellular activities.
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