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Actin cytoskeleton plays crucial roles in various cellular functions. Extracellular matrix (ECM)
can modulate cell morphology by remodeling the internal cytoskeleton. To define how geometry
of ECM regulates the organization of actin cytoskeleton, we plated individual NTH 3T3 cells on
micropatterned substrates with distinct shapes and sizes. It was found that the stress fibers could
form along the nonadhesive edges of T-shaped pattern, but were absent from the opening edge of
V-shaped pattern, indicating that the organization of actin cytoskeleton was dependent on the
mechanical environment. Furthermore, a secondary actin ring was observed on 50 um circular
pattern while did not appear on 30 um and 40 pm pattern, showing a size-dependent organization
of actin cytoskeleton. Finally, osteoblasts, MDCK and A549 cells exhibited distinct organization
of actin cytoskeleton on T-shaped pattern, suggesting a cell-type specificity in arrangement of
actin cytoskeleton. Together, our findings brought novel insight into the organization of actin
cytoskeleton on micropatterned environments.
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1. Introduction

Cytoskeleton plays a crucial role in various cellular
process, such as cell locomotion, cell division and
intercellular transport.'™ It is widely accepted
that there are three main types of cytoskeletons,
namely microtubules, actin filaments and inter-
media filaments.” " Actin cytoskeleton, also known
as F-actin, consists of G-actin that form two right-
handed steep helices.®” An F-actin has a barbed,
fast-growing ends pointing towards the direction
of membrane protrusion and a slow end towards
cytoplasma.'?'! As highly dynamic cytoskeleton
components, actin dictates the intracellular force
generation, cell adhesion, cell migration, etc.'? !4
At the tissue level, some supracellular actin
structures, e.g. purse-string structures, are essen-
tial for wound healing closure and embryonic de-
velopment.'”:'¢ Cells adapt to different mechanical
cues, such as spatial confinement and ununiform
substrates, to enable shape changes, adhesion and
movement through the rearrangement of actin
cytoskeleton.® Therefore, it is of great importance
to understand the organization of actin cytoskel-
eton in different patterns of extracellular matrix
(ECM).

A great deal of techniques has been developed
to manipulate single cells, such as optical twee-
zers,'” microfluidics'® and laser microdissection.'’
The emergence of micropatterning technique pro-
vided an opportunity to precisely control the
morphology of single cells in a high-throughput
and relatively easy-to-use manner. Micropattern-
ing allows standardization of the ECM and cell
shape, leading to an in-depth understanding of the
regulatory mechanisms of cell cytoskeleton, inter-
action between organelles and cell fate from the
perspective of cell morphology.?’ On the other
hand, micropatterning creates specific conditions
to induce the formation of subcellular structures,
such as stress fibers?' and podosomes,’?** provid-
ing convenience for associated studies.

In this study, we applied photolithographic
micropatterning to create different adhesive pat-
terns to investigate the influence of ECM geometry
on the organization of actin cytoskeleton. In addi-
tion, different cell types, including osteoblasts,
MDCK and A549 cells were also tested on micro-
patterned ECM.

2. Materials and Methods
2.1.

We chose photolithographic micropatterning that
was derived from semiconductor industry because it
allows a high-resolution and mass-produced micro-
patterning for the cells. The micropatterned sub-
strates were fabricated as previously described.?* In
brief, glass coverslips (¢ = 20mm) were cleaned
thoroughly in solution containing sulfuric acid and
potassium dichromate. Then, the coverslip was
placed inside a vacuum drier containing hexam-
ethyldiazosilane (HMDS, Sigma, USA) vapor to
enable deposition of HMDS for 30 min. For photo-
lithographic micropatterning, a positive photoresist
was span onto the coverslip evaporated with
HMDS. Then, the coverslip was mounted on a mask
aligner (Midas, Korea) and exposed by UV light
through a cadmium-based mask. Afterwards, ex-
posed part of the photoresist was washed by de-
veloping liquid so that underlying HMDS could be
removed by an oxygen plasma. Then, the remaining
photoresist was removed by acetone, isopropanol
and deionized water, respectively. For surface pas-
sivation, the coverslip was treated with a poly-L-
lysine grafted polyethylene glycol (pLL-PEG,
Susos, Switzerland) solution in phosphate-buffered
saline (PBS). For cell adhesion, the coverslip was
treated with a fibronectin (FN, Biotum, USA) so-
lution in PBS. To label the FN with fluorescent
probe, the FN solution was mixed with CF488A dye
(Biotum, USA). The corresponding schematic dia-
gram was shown in Fig. 1(a).

Photolithographic micropatterning

2.2. Cell culture and adhesion

NIH 3T83, lifeact-RFP-expressing NIH 3T3, MDCK
and Ab549 cells were cultured in Dulbecco’s modified
Eagle’s medium (Gibco, USA) with 10% (v/v) fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin (Gibco, USA) under the condition of
37°C and 5% CO,. Before experiments, the cells
were detached with trypsin (Gibco, USA) and ad-
justed to the density of 6-8 x 10° mL~!. Then the
cell suspension was added onto the coverslip and
incubated in 37°C and 5% CO, for adhesion.
Afterwards, the coverslip was washed gently to
remove suspended cells for further experiments.
Adhered cells were incubated for ~4h to allow cell
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Fabrication of micropatterns. (a) Schematic diagram of substrate preparation based on photolithographic micropatterning.

(b) NIH 3T3 cells cultured on square, triangular and circle patterns. Left column are fluorescent images of patterned FN. Right
column are bright field images of corresponding cells. Scale bar, 20 pm.

spreading. The mouse osteoblasts were isolated and
cultured as previously described.?” Micropatterning
for osteoblasts, MDCK and A549 cells followed the
same steps. The shapes of the cells were controlled
precisely according to the pattern [Fig. 1(b)].

2.3. Immunofiuorescence

The sample was fixed by 4% (w/v) paraformalde-
hyde in PBS for 20min. Then the cells were per-
meabilized and blocked in a blocking buffer (3% w/v
BSA, 0.5% v/v Triton X-100 in PBS) for 20 min.
After that, the cells were incubated with ~0.4 uM
Alexa647-phalloidin  ((Invitrogen, USA) in the
blocking buffer for 1h at room temperature. After
washing in PBS for three times, the samples were
ready for imaging.

The images of cells labeled with Alexa647-
phalloidin were obtained by an invert microscopy
(Olympus, Japan) mounted with a CCD camera
(Regita R1, Qimaging, Canada). The cells were
excited by a mercury lamp using a 647 nm excita-
tion filter, and fluorescence emission was collected
by a 40x/1.30 oil objective. The obtained images
were aligned by imageJ equipped with StackReg
plugin. This plugin first designated a certain image
in the experimental data as a reference and auto-
matically extracted image features. Afterwards,
displacement transformation on other images was
carried out. Finally, a series of image data were
automatically aligned, so as to reveal the special
structural characteristics of the cytoskeleton under
the restriction of single cell pattern. The following

averaging of images was performed by a custom
MATLAB program.

2.4. Data analysis

Data are presented as mean =+ standard error of
mean (SEM). Comparison between the two groups
was performed using unpaired Student’s t test
(GraphPad Prism). Statistical significance was de-
fined as *P < 0.05, *P < 0.01, **P < 0.001, n.s.,
no significance.

3. Results and Discussions

3.1. Geometry of ECM pattern
regulated the arrangement of actin
cytoskeleton

To test how ECM geometry regulates the organiza-
tion of actin cytoskeleton, we designed several tri-
angular-derived patterns with a 50 ym side length,
including normal triangular pattern, V-shaped pat-
tern and T-shaped pattern [Fig. 2(a)]. Cells plated on
these patterns exhibited a similar triangular mor-
phology. Notably, cells formed curved outlines along
the nonadhesive upper edges in the V-like pattern
and along the nonadhesive bilateral edges in the T-
like pattern. The organization of actin cytoskeleton
was also distinctive among these patterns [Fig. 2(b)].
In detail, actin assembled as stress fibers along the
three sides of the triangular pattern with a relative
high fluorescence intensity compared to that of the
interior of the cell. However, in the V-shaped pattern,
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Fig. 2.

The organization of actin cytoskeleton in NIH 3T3 cells on triangular-derived patterns. (a) Fluorescent images of patterned

FN of triangular pattern, V-shaped pattern and T-shaped pattern. (b) Representative images of individual NIH 3T3 cells labeled by
Alexa647-phalloidin on three patterns. (¢) Averaged imaged of actin on three patterns. Data was derived from 16, 16 and 10 cells,
respectively. (d) 3D plot of images in C. (e) Schematic showing the mechanism of stress fiber formation on three patterns (yellow).
Briefly, cells form stress fibers along adhesive edges (blue) on triangular pattern. On V-shaped pattern, adhesive edges (dashed blue)
extend into the nonadhesive edge (red) from two directions, sharing the tension along this side. On T-shaped pattern, the tension
along the nonadhesive edge needs the stress fiber to maintain the morphology of the cell.

the stress fiber was absent from the opening nonad-
hesive edge of the pattern. On the contrary, cells on
the T-shaped pattern formed enriched stress fiber
along both nonadhesive edges of the pattern. The
averaged result obtained from more than 10 cells and
their 3D plots confirmed that the actin did not as-
semble on the opening of V-shaped pattern while
formed stress fiber along the nonadhesive edge of T-
shaped pattern [Figs. 2(c) and 2(d)]. Actin stress
fibers could provide contractile forces that main-
tained cell morphology in different mechanical
environments.?%>” In T-shaped patterns, stress fibers
were formed along the nonadhesive edges to maintain
the triangular-like shape. But in the V-shaped pat-
tern, two adhesive edges extended into the nonad-
hesive edges from both sides [Fig. 2(e)], which may
share tension of the cell edge. In this case, stress fibers
were no longer needed to provide the tension.

We then quantitatively compared the relative
fluorescence intensity of the stress fiber between dif-
ferent patterns, which was shown by the ratios of the
average fluorescence intensity along the edge divided
by the average intensity inside the cell (Fig. 3). The
results showed that the ratio of the three edges in the
triangular pattern was approximately the same
(1.654+0.10, 1.59 £0.13 and 1.74 £0.13 for left,

right and upper edge, Fig. 3(a)). On the contrary, in
the V-like pattern, the ratio of the upper opening edge
(1.17 £ 0.02) was smaller than those of the adhesive
edge (left edge, 1.33 £ 0.04, right edge, 1.32 £+ 0.02)
[Fig. 3(b)]. In T-shaped pattern, the ratios along the
three edges showed no significance (1.39 + 0.11, 1.27
+0.06 and 1.46 + 0.10 for left, right and upper edges)
[Fig. 3(c)]. These results indicated that the cells need
to form stress fibers to maintain the morphology
rather than spreading lamellipodia. The contractile
mechanical environment will lead to curved edges
along the nonadhesive sides.

Furthermore, we designed a triadius pattern and a
slender V-like pattern (Fig. S1). The opening angle of
the upper edge in the triadius pattern was larger than
that in the slender V pattern. It was found that the
stress fiber formed along the upper opening edge in
both patterns [Figs. SI(A) and S1(B)] while the in-
tensity of the stress fiber in the triadius pattern
(ratio=1.67+0.08) was higher than that in the
slender V pattern (ratio=1.33+0.06), suggesting
that cells need more intensive stress fiber to maintain
the morphology along edges with larger opening
angles. T'ogether, these results demonstrated that the
organization of actin cytoskeleton depended on the
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Fig. 3. The statistical data of the ratio in the triangular pattern (a), V-like pattern (b) and the T-like pattern (c). The ratios were
obtained from the averaged intensity along the edges (red edges) divided by the average intensity in the circular region in the cell
(dashed black circles). Student’s ¢ test, ***, P < 0.001. N.s., no significance.

mechanical environment, rather than the envelopes
of ECM geometry.

3.2. Size of ECM pattern regulated the

organization of actin cytoskeleton

To determine the effect of pattern size on the or-
ganization of actin cytoskeleton, we used circular

Actin

Substrate

30pum

50pum

(a) (b)

patterns with different diameters of 30, 40 and
50 pm, respectively [Fig. 4(a)]. Cells on 30 um and
40 pm pattern formed stress fiber along the cir-
cumference. Interestingly, on the 50 um pattern, a
secondary actin ring was observed inside the circle
[Figs. 4(b) and 4(c)]. Further 3D plots clearly
showed the secondary ring of actin [Fig. 4(d)].

(¢) (d)

Fig. 4. The organization of actin cytoskeleton in NIH 3T3 cells on circular patterns with different diameters. (a) FN micropatterns
of circular patterns with diameter of 30, 40 and 50 um. (b) Representative images of individual NIH 3T3 cells labeled with Alexa647-
phalloidin on three circular patterns. A secondary ring of actin was observed on 50 um pattern (white arrow). (c) Averaged images
of actin on three patterns. Data was derived from 14, 17 and 14 cells, respectively. The secondary ring of actin was indicated by the
white arrow. (d) 3D plot of images in C. A clear secondary ring of actin was shown on 50 um pattern (white arrow).
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These results demonstrated that the organization of
actin cytoskeleton was dependent on the size of the
pattern. For all patterns, cells needed stress fibers
along the circumference to keep spreading and
maintain the cell shape. We also designed the
square pattern and the shuriken-like pattern to
confine the NIH 3T3 cells. Interestingly, the second
ring exhibited a square appearance in the square
pattern, while a circular ring in the shuriken-like
pattern [Fig. S2(A)]. Although cells displayed a
square-like morphology in both patterns, the shape
of secondary actin ring was distinct, illustrating
that the underlying mechanical environments could
modulate the organization of cytoskeleton.

With respect to the secondary actin ring, we
reasoned that on the pattern of 50 ym diameter, the
formation of secondary actin ring may be associated
with the retrograde flow of actin. Actin polymeri-
zation at the leading edge drives the membrane
protrusion, while retrograde flow governs the
movement of actin network away from the leading

Osteoblast

50um

MDCK

50um

Fig. 5.

edge.?®?” The balance of actin polymerization and
retrograde flow dictates the cell motion and cell
shapes.®’ In the circular pattern, the actin poly-
merized and formed stress fibers along the circum-
ference while actin retrograde flow balanced the
spreading of the cell. On the other hand, it was easy
to imagine that when the cell spreads to a larger
area (e.g. 50 um pattern), the nucleus and other
cellular components would be squashed on the
substrates, resulting in a barrier that blocked actin
retrograde flow at the position of rings. To verify
the hypothesis, we used NIH 3T3 cells transfected
with lifeact-RFP to observe the retrograde flow of
actin cytoskeleton. The time-lapse imaging exhib-
ited a retrograde flow along the periphery that
was cut off around the interior of the circular pat-
tern (Figs. S2(B) and S2(C), Movie S1). Further-
more, the DIC image showed that the ring is located
around the nucleus and other cellular components
[Fig. S2(D)]. These secondary actin rings in turn
may provide a mechanical support for the nucleus.?!

¥
v

Organization of actin cytoskeleton in osteoblast (a), MDCK (b) and A549 cells (c) on T-shaped patterns. Stress fibers

formed along the nonadhesive edges in osteoblasts and MDCK cells (white arrow), but was absent in A549 cells (blue arrow). First
column, representative images of cells labeled with F-actin. Second column, averaged image of actin in three types of cells. Third
column, 3D plots of images in the second column. Fourth column, schematic showing the stress fiber formation (red) of three types

of cells.
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3.3. Different cell types exhibited
distinct organization of actin
cytoskeleton

To test whether different cell types display distinct
organization of actin cytoskeleton, we plated mouse
osteoblasts, A549 cells (a nonsmall cell lung cancer
cells) and MDCK cells (Madin—Daby canine kidney
cells) on T-shaped patterns with side length of
50 um. As shown in Fig. 5(a), osteoblasts and
MDCK cells formed stress fibers along the nonad-
hesive edges of the T-shaped pattern. The averaged
images and 3D construction confirmed that along
both edges of the T-like shape, stress fibers could be
observed in osteoblasts and MDCK cells, but were
lack in A549 cells [Figs. 5(b) and 5(c)]. Thus, we
reasoned that there were distinct cellular mechanics
among different cell types, leading to a different
organization of actin skeleton in the same micro-
pattern. Osteoblasts assemble enriched actin stress
fibers and other structures in response to complex
mechanical environments.*?** Similarly, MDCK
cells, a model cell for cell migration research, are
epithelioid cells that have enriched stress fibers.?*
By contrast, A549 cell showed relatively low abun-
dance in stress fiber before the epithelial-mesen-
chymal transition.?>*® Therefore, few stress fibers
were needed along the nonadhesive edges for A549
cells. Besides, there were no significant differences in
the sizes of the three cell types (Fig. S3). Thus, it
could be ruled out that the difference of actin or-
ganization in three types of cells is a result of dif-
ferent sizes of the cell. Together, our results
demonstrated that different cell types can exhibit
distinct organization of actin cytoskeleton in the
same mechanical environments.

4. Conclusions

In this work, we mainly applied photolithographic
micropatterning to regulate the actin cytoskeleton
in NIH 3T3 fibroblasts. The stress fibers were as-
sembled along the nonadhesive edges. When adhe-
sive edges extended into nonadhesive edges, the
stress fibers along on nonadhesive part disappeared,
suggesting that the actin organization was regulat-
ed by the mechanical environments. A size-depen-
dent phenomenon of actin organization that a
secondary actin ring formed on large circular pat-
tern was also found. Finally, osteoblasts and MDCK

cells exhibited stress fibers along nonadhesive edges
of T-shaped pattern while stress fibers were absent
for Ab549 cells, indicating a cell type-dependent
organization of actin cytoskeleton. Our study pro-
vided further understanding of the mechanism of
how ECM regulated actin cytoskeleton.
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