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Over the past few decades, the critical role played by cellular contractility associated mechano-
transduction in the regulation of cell functions has been revealed. In this case, numerous biomaterials
have been chemically or structurally designed to manipulate cell behaviors through the regulation of
cellular contractility. In particular, adhesive proteins including fibronectin, poly-L-lysine and collagen type
| have been widely applied in various biomaterials to improve cell adhesion. Therefore, clarifying
the effects of adhesive proteins on cellular contractility has been valuable for the development of bio-
material design. In this study, reference-free traction force microscopy with a well-organized microdot
array was designed and prepared to investigate the relationship between adhesive proteins, cellular
contractility, and mechanotransduction. The results showed that fibronectin and collagen type | were
able to promote the assembly of focal adhesions and further enhance cellular contraction and YAP
activity. In contrast, although poly-L-lysine supported cell spreading and elongation, it was inefficient
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at inducing cell contractility and activating YAP. Additionally, compared with cellular morphogenesis,
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Introduction

In vivo, cells are simultaneously affected by various soluble
factors and biophysical stimuli from the extracellular matrix
(ECM) or adjacent cells." Over the past few decades, the critical
role played by these stimuli from the ECM in regulating cell
behaviors through mechanotransduction has been revealed by
numerous studies.® Within mechanotransduction, cytoskeletons
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cellular contraction was essential for YAP activation.

are remodeled and used for translating external stimuli
into biochemical signals by sensing local changes in the ECM
composition and mechanics.” The remodeled cytoskeleton
structures always result in changes in cellular contractility.’
Based on previous reports, cellular contractility is tightly
related to various cellular functions and biological processes,
including cellular alignments,® chromatin condensation,’
proliferation,® migration,” determination of stem cell fate,'
embryogenesis,'" and epithelial scattering.'” Therefore, cellular
contractility is considered the most important link between the
external environment and intracellular biological processes.
Thus, the chemical components and mechanical properties of
biomaterials are designed and optimized to manipulate various
cell behaviors through the regulation of cellular contractility
associated mechanotransduction.'**

As one of the fundamental elements in mechanotransduc-
tion, connections between cells and adhesive proteins in the
ECM are essential for the regulation of cell functions and tissue
development.® In particular, cells are initially anchored to
adhesive proteins in the ECM through cadherin, integrin, or
other transmembrane proteins.'®'” These cell adhesion anchors
are able to transfer extracellular stimuli to their integrated cyto-
skeleton and induce cytoskeleton remodeling.'® In addition, adhe-
sive proteins including fibronectin, poly-i-lysine, and collagen type
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I have been extensively applied to promote cell adhesion on
material surfaces.'® Therefore, in order to provide essential
information about the design of cell adhesive biomaterials, it is
desirable to clarify the effects of adhesive proteins on cellular
contractility. Unfortunately, even though external mechanical
stimuli®**' have been demonstrated to be efficient in manip-
ulating cellular contractility, the effects of adhesive proteins on
cell contraction remain unclear.

Additionally, since the determination of cellular contractility
is critical for deciphering the biological processes of cells
sensing local changes in the in situ microenvironment, the
detection of cellular contractility has always been the goal of
materials scientists and biologists. Initially, cellular contracti-
lity was visualized by observing the wrinkled deformation of the
thin silicone membrane caused by cell contraction.?” Recently,
techniques for the detection of cellular contractility have been
explosively developed. For instance, traction force microscopy
(TFM) with fluorescent particles and an elastic hydrogel has
been broadly used in the detection of contractile force.*
In traditional TFM, fluorescent particles were randomly dis-
tributed on the elastic hydrogel. After cell culture, cellular
contractility was detected through the calculation of particle
displacement.>® However, traditional TFM still faces some
limitations. Specifically, a reference image showing the original
distribution of fluorescent particles was indispensable for the
calculation of particle displacement.? In this case, cells must
be freshly cultured or removed for in situ observation. Because
of this additional procedure, traditional TFM was difficult to
detect the dynamic changes in cellular contractility. Subse-
quently, reference-free TFMs with well-organized patterns were
developed. Typically, regularly arranged fluorescent dots or
pillars formed the foundation for reference-free TFMs.*®™°
These reference-free TFMs provided an approachable technique
for sensing cellular contractility during cell growth. However, the
tedious preparation process and the request of precious instru-
ments including focused laser beam or electron-beam lithography
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limited their broad applications. Thus, it was necessary to develop
a reference-free TFM with a simple preparation process and
economical instruments.

In this research, a reference-free TFM was developed by
using approachable photolithography and commercially avail-
able materials. The well-organized microdots of fluorescent
photoresist were designed and prepared on an elastic polyacry-
lamide (PAA) gel. The displacement of the microdots was
measured to calculate cell contractility. In addition, fibronec-
tin, poly-L-lysine, and collagen type I were modified on the
reference-free TFM to explore the effects of these adhesive
proteins on cellular contractility.

Materials and methods

Preparation and characterization of reference-free traction
force microscopy

In our reference-free TFM, the well-arranged microdot array
was designed to detect cellular contractility through the
measurement of microdot displacement (Fig. 1a). A photomask
containing microdots with 3 pm in diameter and 3 pm spacing
was designed and applied for photolithography (Fig. 1b). The
reference-free TFM was prepared through photolithography
using photoresist SU-8 and elastic polyacrylamide (PAA) gel.
Specifically, acrylamide (Shanghai Aladdin Biochemical Tech-
nology Co., Ltd, Shanghai, China, 10% w/w) and N,N-methylene-
bis-acrylamide (BIS, Shanghai Aladdin Biochemical Technology
Co., Ltd, Shanghai, China, 0.03% w/w) were firstly dissolved in
Milli-Q water and further degassed. Then, N,N,N,N-tetramethyl
ethylenediamine (TEMED, Shanghai Aladdin Biochemical Tech-
nology Co., Ltd, Shanghai, China, 0.05% v/v) and ammonium
persulfate (Shanghai Aladdin Biochemical Technology Co., Ltd,
Shanghai, China, 0.05% v/v) were added to the above solution.
Subsequently, as shown in Fig. 1c, 200 pL of the prepared solution
was coated on a 10 mm x 10 mm quartz glass and further
flattened by covering it with a cover slip. After polymerization for
30 min at room temperature, the samples were dried for another
24 h. After the preparation of elastic PAA gel on quartz slides,
a mixture of photoresist (SU-8 2000.5, Microchem Laboratory,
Newton, MA, USA) and rhodamine B (Shanghai Aladdin Biochem-
ical Technology Co., Ltd, Shanghai, China, 1:500 mixed in SU-8)
was spin coated on the dried samples (1500 rpm, 30 s). After
baking (95 °C, 3 min), the samples were exposed to UV irradiation
through the designed photomask. Fluorescent SU-8 microdots on
the dried PAA gel were obtained after the development process
and observed using a SEM (JIB-PS500i, JEOL, Tokyo, Japan).
Finally, the samples were rehydrated in PBS solution for another
24 h before subsequent experiments and observed by a fluores-
cent microscope (MF52-N, Guangzhou Micro-shot Technology
Co., Ltd, Guangzhou, China).

The area (S), perimeter (J), Feret’s diameter (dgjameter); SPa-
cing distance (dspacing) and thickness (dnickness) of SU-8 micro-
dots on PAA gel were measured from SEM and fluorescent
images using Image] software to characterize the topography
of photolithographic microdots. The circularity (y) of each

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Design and preparation of reference-free traction force microscopy. (a) Well-arranged microdots were designed and prepared to measure
cellular contractility through detection of microdots’ displacement. (b) Parameter of the designed microdot array. (c) Preparation scheme of reference-
free traction force microscopy. (d) Calculation mechanism of traction force through displacement of microdots.

microdot was calculated from the following eqn (1):

4 x S
V:l—2 1)

The Young’s modulus of the samples in the PAA gel region
was characterized through nanoindentation experiments
using an AFM (MFP-3D, Oxford Instruments Ple. Abingdon,
Oxfordshire, UK) according to previous research.>® The nano-
indentation experiments were performed using a silicon nitride
cantilever (Novascan, Ames) with a silica sphere (d = 600 nm,
k=0.06 N m ") and the exact spring constant of each cantilever
was verified before measurements. The position of the reference-
free TFM and cantilever was observed using a phase-contrast
microscope. The rehydrated reference-free TFM was characterized
in nanoindentation experiment. During nanoindentation, a 2 nN
trigger force and a 4 pm s~ indentation rate were set. The Poisson
ratio was set as 0.5. Young’s modulus (E) of reference-free TFM
was calculated by fitting the obtained force-distance curves
to a Hertz contact model. For each sample, 20 force-distance
curves from each position were measured and analyzed. The
average Young’s modulus (E) from 3 samples was calculated.

This journal is © The Royal Society of Chemistry 2024

Photoluminescence (PL) spectroscopy of the photoresist mix-
ture was measured using an imaging spectrometer (iHR 320,
HORIBA Ltd, Kyoto, Japan) at a 365 nm excitation wavelength.

Adhesive protein modification of reference-free traction force
microscopy

The PAA gel surface of the reference-free TFM was modified by
fibronectin, poly-i-lysine, and collagen type I according to a
previous report.®" Briefly, the rehydrated reference-free TFM
was coated with 200 pL Sulfo-SANPAH (Shanghai Aladdin
Biochemical Technology Co., Ltd, Shanghai, China) and further
activated by UV irradiation. After rinsing with HEPES solution
twice, 20 mg L™ " fibronectin (FN, Beijing Solarbio Science &
Technology Co., Ltd, Beijing, China), poly-L-lysine (PLL, Shang-
hai Aladdin Biochemical Technology Co., Ltd, Shanghai, China)
and collagen type I (COL(I), Shanghai Macklin Biochemical
Technology Co., Ltd, Shanghai, China) were respectively incu-
bated with the activated reference-free TFM for 24 h at 4 °C.
Then, the samples were rinsed with PBS solution twice and
placed into 12-well plates before cell culture.

J. Mater. Chem. B, 2024, 12, 3249-3261 | 3251
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Cell culture

In this study, human osteosarcoma cells (MG-63, Procell Life
Science & Technology Co., Ltd, Wuhan, China) were selected to
investigate the influence of adhesive proteins on cellular con-
tractility. The MG-63 cells were subcultured in DMEM medium
(Mishu (Xi’an) Biotechnology Co., Ltd) supplied with 10% FBS
(Biological Industries Israel Beit Haemek Ltd) and 1% penicillin-
streptomycin (Mishu (Xi’an) Biotechnology Co., Ltd). A 2 mL cell
suspension (5000 cells per mL) was added into each well of the
TFM and placed in a 12-well plate. After cell culture for 24 h in a
humidified CO, incubator, samples were directly observed by a
fluorescent microscope (MF52-N, Guangzhou Micro-shot Techno-
logy Co., Ltd, Guangzhou, China).

Quantification of cellular contractility

Contractile force was calculated through measurements of the
microdot displacement. After cell culture on the reference-free
TFM for 24 h, samples were fixed and stained by Actin-Tracker
Green-488 (Beyotime Biotechnology Inc., Shanghai, China) and
DAPI (Beyotime Biotechnology Inc., Shanghai, China) to obtain
the accurate position of adhered cells. Fluorescent images of
microdots at the cell adhered region were observed and
recorded by a fluorescent microscope (MF52-N, Guangzhou
Micro-shot Technology Co., Ltd, Guangzhou, China). The dis-
placement of microdots was analyzed using the MBI-Pillar
Tracker plugin in Image] software through fast Fourier trans-
form traction (FTT) according to previous report.>” In the
prepared reference-free TFM, thin SU-8 microdots were fabri-
cated on the surface of the PAA gel. In this case, the displace-
ment of microdots was related to the deformation of the PAA
gel. As shown in Fig. 1d, the PAA gel surface was divided into
numerous micro-squares with 6 um in length. The displace-
ment of each microdot was regarded as the deformation of this
micro-squared PAA gel. Additionally, the mechanical property
of PAA gel was characterized by nanoindentation as previously
described. The result showed a linear relationship between
force and indentation depth (Fig. S1, ESIt). Therefore, the
cellular contractile force was calculated using eqn (2):

Ad

dspacing

F=ExSx 2

where F represents contractile force, E represents the Young’s
modulus of the reference-free TFM, S represents the area of
micro-squared PAA gel’s surface, Ad represents the displace-
ment of microdots, and dgpacing Tepresents the original spacing
of microdots before deformation.

Additionally, in order to characterize the traction state of
each cell, the resultant force and total force were calculated,
respectively. As shown in Fig. 3c, the resultant force was
defined as the vectorial sum of all the traction forces in the
direction of the long axis in each cell. While the total force was
defined as the summation of the absolute values of traction
forces. The distance correlations of scatter plots containing
contractile force and cellular morphology were analyzed in this
study to determine the relationship between contractile force
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and cell morphology. The distance correlation coefficient R was
calculated by Matlab software according previous report.*?
R = 0.5 was considered as the threshold for a good correlation.
More than 30 cells from 3 independent experiments were
analyzed.

Characterization of cell morphology, focal adhesions and actin
fibers

The nuclei, actin, and vinculin were stained to characterize the
morphological cues and focal adhesion structure of cells on
each chemically modified surface. After cells were seeded on
chemically modified PAA gels and further incubated under 5%
CO, and 37 °C for 24 h, the cytoskeleton structures were
fluorescently stained according to a previous report.** Briefly,
the samples were firstly fixed and permeabilized. Then, an
aqueous solution of rabbit anti-vinculin antibody (Abcam plc.,
Cambridge, UK) at a dilution ratio of 1:100 in 2% BSA
(Shanghai Aladdin Biochemical Technology Co., Ltd, Shanghai,
China) was incubated with the samples at 37 °C for 1 h and
further incubated with an aqueous solution of Alexa Fluor-488
labelled goat anti-rabbit IgG antibody (Abcam plc., Cambridge,
UK) at a dilution ratio of 1:1000 under 37 °C for another 1 h.
At last, actin filaments were stained by incubating the samples
with Alexa Fluor-594 phalloidin (Beijing Solarbio Science &
Technology Co., Ltd, Beijing, China) at a dilution ratio of 1:40
in PBS at room temperature for 20 min. Nuclei were stained with
10 mg mL™' of DAPI (Beyotime Biotechnology Inc., Shanghai,
China) at room temperature in the dark for 1 h. Finally, the
fluorescently stained cytoskeleton structures were observed and
recorded by a fluorescent microscope (MF52-N, Guangzhou
Micro-shot Technology Co., Ltd, Guangzhou, China).

Cellular morphogenesis, including spreading and elongation,
was characterized through the analysis of actin and nuclei stained
fluorescent images using Image] software. The fluorescently
stained vinculin was analyzed to characterize the structure of
focal adhesions (FAs). The total area and average size of FAs
were calculated according to a previous report.>> More than
50 cells from 3 independent experiments were analyzed to
obtain quantitative data. The orientation and thickness of
stress fibers were measured from actin stained fluorescent
images by Image] software. For orientation analysis, the orien-
tation of cell’s long axis was set as 0 degree. More than 10 cells
from each group were analyzed.

Characterization of YAP localization

After osteosarcoma cells were cultured on protein modified
surfaces for 24 h, YAP and nuclei were stained to characterize
YAP localization according to a previous report.>® Firstly,
the samples were fixed with 4% cold paraformaldehyde and
permeabilized with 1% Triton X-100. Then, the samples
were incubated with a 1:100 diluted rabbit anti-YAP antibody
(Proteintech Group, Inc., Planegg-Martinsried, Germany) for
1 h at 37 °C and subsequently incubated with Alexa Fluor-488
labeled donkey anti-rabbit IgG antibody (Abcam plc., Cambridge,
UK) at a dilution ratio of 1:1000 for another 1 h at room
temperature. Finally, the nuclei were stained with DAPI

This journal is © The Royal Society of Chemistry 2024
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(Beyotime Biotechnology Inc., Shanghai, China). The fluorescent
microscope images were recorded using a laser confocal scanning
microscope (LSM800, Carl Zeiss AG, Oberkochen, Germany). The
fluorescence intensity of YAP stained cells at the nuclear region
was measured from fluorescent images using Image] software.
More than 30 cells from 3 independent experiments were analyzed
to obtain quantitative data. To explore the relationship between
YAP activity and cell morphology, scatterplots between fluores-
cence intensity and cell spreading area or aspect ratio were also
analysed by distance correlation, and the coefficient R was also
calculated. Similar to the analysis procedure for contractile force,
R = 0.5 was also set as the threshold for a good correlation.

Statistical analysis

Statistical analysis was performed using one-way analysis of vari-
ance (ANOVA) with Tukey’s post hoc test for multiple comparisons
to confirm significant differences among samples. The data are
presented as means =+ standard deviations (SDs). It was considered
to be a statistically significant difference when p < 0.05.

Results

Measurement of traction force using the prepared
reference-free TFM

As shown in Fig. 1a, fluorescent SU-8 microdots were designed
and fabricated to characterize cellular contractility through the
detection of microdot displacement. The microdots were
designed as 3 um in diameter and 3 pm in spacing (Fig. 1b).
Initially, a well-organized array of these microdots was prepared
on the surface of elastic PAA gel. Subsequently, the PAA gel
surfaces were chemically modified with adhesive proteins,
including fibronectin (FN), poly-i-lysine (PLL), and collagen
type I (COL(I)). Following cell adhesion, the contraction-
induced displacement of SU-8 microdots led to the deformation
of the PAA gel, allowing measurement of cellular contractility
by characterizing of microdot displacement.

The prepared reference-free TFM showed a well-organized
microdot array in both phase-contrast and fluorescent micro-
scope images (Fig. 2a). The distinct yellow fluorescent points in
Fig. 2a confirmed the suitability of the array for detecting
the microdot displacement. SEM images further revealed the
regular structures of the microdots’ array on the surface of PAA
gel (Fig. 2b). According to the results, the area, perimeter,
Feret’s diameter, spacing and circularity of the microdots were
8.09 + 0.39 pm?, 10.41 £ 0.27 pm, 3.39 £ 0.09 pm, 3.04 =+
0.04 pm, and 0.96 £ 0.01, respectively (Fig. 2d). In addition,
the Young’s modulus of the PAA gel measured from nano-
indentation experiments was 2.77 + 0.13 kPa. These results
confirmed successful preparation of the designed microdot
array on PAA gel surface. Furthermore, the thickness of SU-8
microdots was less than 1 pm (0.84 £+ 0.06 pm), ensuring
minimal impact on the elasticity of the PAA gel.

Cellular contractility was measured through the detection
of microdot displacement once the cells were cultured on the
TFM. As shown in Fig. 3a, actin and nuclei were firstly stained

This journal is © The Royal Society of Chemistry 2024
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to confirm the cell adhered region, and the fluorescent images
of microdots were observed and recorded to analyze cell
contractility. As shown in the right row of Fig. 3a, microdots
obviously moved in regions where cells adhered, indicating
contractile cell adhesion. These displaced microdots were
directly observed and recorded by a traditional fluorescent
microscope. Compared with the reference image without cell
adhesion (Fig. 3b), the displacement of microdots can be easily
analyzed to calculate cellular contractility according to eqn (2).
It was worth noting that, benefitted from the ability of noise
decreasing and nonlinear elasticity correction, numerous math-
ematical solutions including finite elements analysis (FEA),””
Fourier transform traction cytometry (FTTC),** regularized
Fourier transform traction cytometry (reg-FTTC)*” and integral
Boussinesq solution®® were suggested to be more accurate in
calculation of traction force. These mathematical methods may
also be suitable for the analysis of microdots’ displacement
images from designed reference-free TFM. Given that the
resultant force and total force of contractility have been demon-
strated to be related to cellular morphogenesis and migration,*
both the resultant force and total force of contractile cells were
calculated, and their relationship with cellular morphology was
analyzed (Fig. 3c).

Effects of adhesive proteins on cellular contractility

The PAA gel surfaces in the reference-free TFM were chemically
modified by FN, PLL and COL(I) to investigate the effects of
adhesive proteins on cellular contractility. In the results, cells
successfully adhered on each chemically modified reference-
free TFM surfaces, displaying a well-spread morphology
(Fig. 4a). After calculation of the resultant force and total force
of contractile cells, the effects of ECM components on cellular
contractility were characterized. The resultant force of cells
adhered on PLL-modified surfaces was significantly lower than
that of cells adhered on FN- or COL(I)-modified surfaces
(Fig. 4b). Additionally, the total force of cells adhered on PLL-
modified surfaces was lower than that of cells adhered on
FN-modified surfaces. These results indicated the weak effect
of PLL on the induction of cellular contractility.

In addition, the relationship between cellular contractility
and cell morphology was further analyzed. As shown in Fig. S2
(ESIY), both the resultant force and total force were indepen-
dent of cell spreading and elongation (R < 0.5). Otherwise,
cellular morphology was tightly related to cell contractility®®
and cells adhered on TFM surfaces showed a variety of mor-
phologies. In this case, only the cells with a similar spreading
area or aspect ratio were analyzed to obtain more reasonable
results. In particular, cells with 500 to 1000 um? in spreading
area were selected to analyze the relationship between cell
elongation and cellular contractility. Simultaneously, cells with
an aspect ratio from 1.5 to 2 were selected to analyze the
correlation of cell spreading and cellular contractility. As shown
in Fig. 4d, on FN- or COL(I)-modified surfaces, both the
resultant force and total force of contractile cells were obviously
positively related to the cell spreading area (R > 0.5). On the
other hand, when cells adhered on PLL-modified surfaces, both
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https://doi.org/10.1039/d4tb00065j

Published on 28 February 2024. Downloaded on 4/11/2026 8:04:22 PM.

Paper

View Article Online

Journal of Materials Chemistry B

OO EER T s

0 Q10
0/0/0/0/0/0/0)
066000
00/0/0000/000/0000! 5
0/0/0/0/0/00.0/0/00/0/00) >
(o) 0/0/0/0/0/0/0/0/0 £
(o) @@ @'o@fu)} X T Xr )
000 0000000000 eevcssee £
0/0/0/0/0/0/0.0/0/0,00/0/0/0/0.0) =
0/0/0/0/0/0/0/0/0/0/0/0.0/0.0/0.0) E
0/0/9/0/0/0/0,0/0/0/0/0/0/0/0/0/0 ¢
0/0/0/0I00/0/0/0/0.0.0.0.0.0/0/0) 2
10/0/0/0/0/00/0/0/00.0/0/0/0/0.0/¢ TLITTLLTLIINIY ¢
0/00000000000000) sescccccccccccces N
0/0/0/0/0.00000000,
‘(0)( )@”O)@@O(o)"’)\0)@@'0
0 5 10 15 20 2 30
(b) (c) Distance (um)
591 nm
5
4
:E.
g
E
500 600 700 800 900 1000
Warvelength (nm)
( ) 20 $§=8.09 £ 0.39 pm* 200 [=10.41%0.27 pm 20 7=0.96 +0.01
130 150, 150
5 z g
"g 100 -g 100 é 100
= = =
7 4 7.
0 50 *
0 o 04— "
7 g 9 11 08 QS0 e 1.0 105
Area (um’) Perimeter (m) Circularity
sor Agiomerer=3.39 £ 0.09 pm Aypacing =3.04 £ 0.04 pm o hickness = 0.84 £ 0.06 pm
400
2
200 . 300
x z E=
g E 200 g
710 4 z®
100 10
04 04 04
28 30 a3 34 36 38 27 28 29 30 31 32 33 34 o5 06 07 08 08 10

Feret Diameter (um)

Spacing Distance (um)

Thickness (um)

Fig. 2 Characterization of reference-free traction force microscopy. (a) Phase-contrast microscope image (left), fluorescent microscope image (middle)
and fluorescence intensity curve (right) of reference-free traction force microscopy; (b) SEM images of SU-8 microdots on PDMS film. (c) PL spectrum of
rhodamine mixed photoresist SU-8; (d) topographic cues of SU-8 microdots (n > 500 for area, perimeter circularity, Feret diameter and spacing distance

of SU-8 microdots and n > 50 for thickness).

resultant force and total force were revealed to be independent
of cell spreading (R < 0.5). These results indicated that both FN
and COL(I) in ECM were able to break the steady state of force
and improve cell contractility with cell spreading but PLL was
inefficient at regulating of cellular contractility. Additionally,
the relationship between cellular contractility and cell elonga-
tion was also analyzed. In the results, the efficacy of cellular
elongation in regulation of contractile force was weaker than
cell spreading (R < 0.5). In addition, for the cells cultured on
FN- or COL(I)-modified surfaces, cell elongation was more
efficient at regulating of resultant force (R = 0.4586 and

3254 | J Mater. Chem. B, 2024, 12, 3249-3261

0.4143) than total force (R = 0.2870 and 0.3677). Nevertheless,
the tighter correlation between cell elongation and contractile
force for cells adhered on FN- and COL(I)-modified surfaces
also revealed the potential effects of this morphogenesis on
cellular contractility was stronger than the cells adhered on
PLL-modified surfaces.

Effects of adhesive proteins on cellular morphogenesis, FA
structures and stress fibers

The effects of adhesive proteins on contractile cell morphogen-
esis and FA structures were characterized. As shown in Fig. 5a,

This journal is © The Royal Society of Chemistry 2024
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the nuclei, actin, and vinculin of contractile cells cultured on
each chemically modified surface were stained. In the results,
adhesive proteins were inefficient in the regulation of cell
spreading and elongation (Fig. 5b). Moreover, adhesive pro-
teins showed a significant influence on the size of FAs. Speci-
fically, both the total amount and size of FAs assembled in cells
adhered on PLL-modified surfaces were significantly lower than
in cells adhered on FN- or COL(I)}-modified surfaces. These
results indicated that compared with FN or COL(I), even though
PLL was able to provide a suitable environment for cell spread-
ing and elongation, it was inefficient in the promotion of
FA assembly. Additionally, orientation and thickness of stress
fibers were also analyzed. In the results, most of the stress fibers
were orientated along the long axis of the cell. In particular, more
unified orientation was observed in cells adhered on FN-modified

This journal is © The Royal Society of Chemistry 2024

surfaces (Fig. 5c). Simultaneously, the thickness of stress fibers
showed no significant difference between each adhesive protein
modified surfaces (Fig. 5d).

Effects of adhesive proteins on YAP activation

As the most critical mechanosensitive transcription factor, the
localization of YAP has always been considered as the bench-
mark to indicate YAP activity.*' Therefore, the fluorescence
intensity of stained YAP at the nuclei region was measured
(Fig. 6a). In the results, cells adhered on PLL-modified surfaces
showed significantly lower fluorescence intensity at the nuclear
region than cells cultured on FN- or COL(I)-modified surfaces.
In addition, the relationship between YAP localization and cell
morphology was analyzed. Similar to the results of the relation-
ship between cellular contractility and cell morphology, YAP
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Fig. 4 Effects of adhesive proteins on cellular contractility. (a) Representative images of cells adhered on each protein modified TFM surface and
displacement of microdots. (b) Influence of adhesive proteins on resultant force of cells (n > 50, *p < 0.05). (c) Influence of adhesive proteins on the
total force of cells (n > 50, *p < 0.05, **p < 0.01). (d) Relationship between cellular contractility and morphological cues of osteosarcoma cells (n > 30).

activity showed independence with cell elongation and spread-
ing (R < 0.5, Fig. S3, ESI{). Therefore, the cells with similar
spreading area or aspect ratio were also selected and analyzed.
As shown in Fig. 6¢c and d, when cells were cultured on FN- or
COL(I)- modified surfaces, YAP activity was positively related to
cell spreading and elongation (R < 0.5) Compared with the
tight relationship between cell morphology and YAP activity on
FN-modified surfaces (R = 0.7013 and 0.5070), the correlation
was weaker when cells adhered on COL(I)-modified surfaces
(R = 0.5159 and 0.5487). It may be caused by the activation of
YAP by COL(I).** It may also be the reason for the highest
YAP activity on COL(I)-modified surfaces. Different from cells
cultured on FN or COL(I), YAP activity was independent of
cell spreading (R = 0.3831) and elongation (R = 0.3890) on PLL-
modified surfaces. These results revealed that cell spreading
and elongation can activate YAP when cells adhered to FN- or
COL(I)-modified surfaces. In contrast, cell spreading and

3256 | J Mater. Chem. B, 2024,12, 3249-3261

elongation were independent of YAP activity when cells were
cultured on PLL-modified surfaces.

Discussion

In the present research, a reference-free TFM was simply pre-
pared through photolithography using approachable reagents.
In traditional TFM with randomly distributed fluorescent dots,
in situ observation of attached cell exfoliation was necessary
and made it laborious toin observe numerous samples. In these
researches, a typical image with the distribution of contractile
force was commonly shown but difficult to obtain statistical
results.”® Benefited from the well-organized SU-8 array struc-
tures, a reference image was unnecessary in the detection of
microdot displacement and more than 50 cells from each group
were analyzed to sufficient samples. In addition, the designed

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Effects of adhesive proteins on morphology, focal adhesion and stress fiber structure of cells. (a) Representative fluorescent images of nuclei,
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of cells (n > 50, *p < 0.05, **p < 0.01, **p < 0.001). (c) Distribution of stress fibers’ orientation in cells adhered on each surface (n > 300).

(d) Thickness of stress fibers in cells adhered on each surface (n > 300).

SU-8 array could be observed through a traditional fluorescent
microscope. With these advantages, the prepared reference-free
TFM provides a high-throughput method for the measurement
of cellular contractility. By using the prepared reference-free
TFM, the influence of adhesive proteins in the ECM on cellular
contractility, cell morphology, and mechanotransduction was
investigated.

In summary, an obviously higher contractility was observed
when cells adhered on FN-/COL(I)- modified surfaces (Fig. 4b
and c). Interestingly, there was another research showed
the increased density of COL(I) was able to enhance cellular
contractility.** Even the excessed COL(I) was able to limits the
contraction, but it was only caused by the adhesive substrate.*’
These results revealed the critical role of COL(I) in regulation of
cellular contractility. Additionally, fibronectin was also demon-
strated to be essential in the regulation of cellular contractility
through fibronectin polymerization.’® Based on previous reports,
cellular contractility originates from the motion of the molecular
motor myosin II on actin filaments.*” These contractile filaments
are linked with integrins and further adhere to adhesive proteins

This journal is © The Royal Society of Chemistry 2024

in the ECM."® In addition, as an integrin-containing multi protein
structure,*® focal adhesions are always considered as a mechanical
link between the ECM and cytoskeleton,” further influencing on
various cell behaviors through mechanotransduction.>® Among
adhesive proteins, FN is able to connect with integrin receptors
on the cell membrane and further bind with the actin
cytoskeleton.”® Similar to FN, cells adhered on COL(I) are also
associated with integrin.”® As shown in Fig. 5b, more and larger
FAs assembled in cells cultured on FN- or COL(I)-modified
surfaces with integrin associated adhesion. Consequently, as
shown in Fig. 7 the asymmetric contractile force and promoted
contractility on FN- or COL(I)-modified surfaces (Fig. 4b and c)
were considered to be the results of denser integrin associated
cell adhesion. Moreover, previous reports indicated that contrac-
tile force was able to induce cellular morphogenesis.>* Simulta-
neously, some other research studies also demonstrated that cell
morphology was able to regulate the state of cell contractility
by using morphology confined cells.>>”° All of these researches
revealed the tight relationship between cellular contractility and
morphogenesis. With a comprehensive analysis of the results
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Fig. 6 Effects of adhesive proteins on YAP activity. (a) Representative fluorescence images of nuclei and YAP stained cells on different protein modified
surfaces. (b) Effects of adhesive proteins on the fluorescence intensity of stained YAP in the nuclei region (n > 30, ***p < 0.001). (c) Relationship

between YAP activity and spreading area of cells on different protein modified
cells on different protein modified surfaces (n > 30).

shown in Fig. 4d, this tight relationship only occurred with
integrin associated adhesion. There was another interesting
phenomenon that the total force of cells adhered on COL(I)-
modified surfaces was significantly lower than the cells adhered
on FN-modified surfaces (Fig. 4c). Since the total force was
tightly related to vinculin associated cell adhesions, the lower
total force of COL(I)- may be caused by the slight smaller FAs and
less unified orientation of stress fibers (Fig. 5b and c). Further-
more, the resultant force was correlated to both cell spreading
and elongation but the total force was only related to cell
spreading in cells adhered on FN- or COL(I)-modified surfaces
(Fig. 4d). Based on previous report, the resultant force was always

3258 | J Mater. Chem. B, 2024, 12, 3249-3261

surfaces (n > 30). (d) Relationship between YAP activity and aspect ratio of

related to asymmetric morphogenesis.”” Additionally, cell spread-
ing and elongation was tightly related to mitosis and migration
which were always accompanied with asymmetric morpho-
genesis.’>*®* This was considered as the reason of spreading
and elongation related resultant force. Furthermore, the total
contractile force was demonstrated to be related to adhesion
strength®® and the detachment process of metastasis in vinculin
associated cell adhesion.®" These biological processes were always
associated with cell spreding.®>
only related to cell spreading.

In addition, with integrin associated cell adhesion, YAP acti-
vity was related to cell morphology (Fig. 6¢c and d). These results

In this case, the total force was

This journal is © The Royal Society of Chemistry 2024
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were consistent with previous reports that cell morphogenesis
was able to regulate YAP activity.** On the other hand, some
research studies demonstrated cellular contractility was also
able to regulate YAP activity.®® Since cellular morphogenesis
always processed with changing of cellular contractility when
cells were integrin associated adhesion, the different roles of
them in the regulation of YAP activity remains unclear. Never-
theless, as shown in Fig. 7, cell morphology and contractility
were considered to be effective regulators of YAP activity in cells
cultured on FN or COL(I) with integrin associated adhesions.

Compared with FN or COL(I), PLL is a kind of cationic
biopolymer that is considered as a nonspecific attachment
macromolecule for cell adhesion. Typically, the cationic PLL
is able to interact with polyanionic plasma membrane and has
been widely applied to promote cell adhesion.®® In the results,
even though PLL was able to support cell spreading and
elongation, it was insufficient for the promotion of FA assembly
(Fig. 5b) and cellular contractility (Fig. 4b and c). Furthermore,
cellular contractility and YAP activity were independent of
cellular morphogenesis when cells were cultured on PLL modi-
fied surfaces (Fig. 4d and 6c). These results illustrated that
without integrin associated adhesion, both cellular contractility
and YAP were unable to be activated. Additionally, it is worth
noting that by using PLL modified surfaces, cellular contrac-
tility was blocked without affecting cellular morphogenesis.
Based on the results of decreased YAP activity, the predominant
role of cellular contractility in the regulation of mechanotrans-
duction was revealed.

This journal is © The Royal Society of Chemistry 2024

Conclusions

In summary, a reference-free TFM was prepared to detect
cellular contractility, and the effects of adhesive proteins on
cellular contractility were investigated using the prepared TFM
in this study. The results, showed that both fibronectin and
collagen(I) were able to promote cellular contractility and YAP
activity through integrin associated adhesion. In contrast, even
poly-1-lysine was able to support cellular spreading and elonga-
tion but was inefficient for the activation of cellular contractility
and mechanotransduction. In addition, compared with cell
morphology, YAP activity was predominantly regulated by
cellular contractility.
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