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ARTICLE INFO ABSTRACT

Keywords: Frozen shoulder (FS) is a common musculoskeletal disorder characterized by fibrosis-induced restriction of
Cellular traction force shoulder movement. Nevertheless, the mechanisms underlying disrupted cellular mechanical homeostasis and
Frozen shoulder the development of effective antifibrotic treatments for FS remain unclear. Cellular traction force (CTF) reflects
Mechanopharmacology

the mechanical state of cells and is maintained through dynamic interactions between cells and the extracellular
matrix. Evaluating CTF is essential for clarifying the mechanisms that contribute to FS fibrosis. In this study, we
fabricated force-sensing polydimethylsiloxane micropillar arrays (PDMS-MA) to quantify CTF in synovial cells.
Our findings demonstrate that elevated CTF during FS fibrosis is associated with activation of the TGF-f1/
SMAD3 pathway, resulting in elevated a-smooth muscle actin (a-SMA) expression and the assembly of focal
adhesions (FAs). Using PDMS-MA for mechanopharmacological screening, we identified Pirfenidone and Keto-
tifen as the most effective compounds at suppressing a-SMA expression, FA assembly, and CTF in fibrotic sy-
novial cells. In vivo experiments further confirmed that Pirfenidone and Ketotifen effectively alleviate shoulder
movement restrictions and joint capsule fibrosis. These results suggest that PDMS-MA is a promising tool for
mechanopharmacological evaluation and antifibrotic drug screening for FS.

Micropillar arrays

1. Introduction individuals with systemic conditions such as diabetes[1-3]. FS pri-
marily impacts individuals aged 40-60 years and is 1.6 times more

Frozen shoulder (FS) is a common degenerative inflammatory dis- prevalent in women than in men, indicating a significant sex disparity[4,
order of the shoulder joint. Epidemiological studies indicate an overall 5]. The primary clinical manifestation of FS is persistent shoulder pain
incidence of 2%-5%, which rises significantly to nearly 60% in accompanied by a significant limitation in both active and passive range

* Corresponding authors.
** Corresponding author at: Vita Tech Innovation Center, Tsinghua Changgung Hospital, School of Clinical Medicine, Tsinghua Medicine, Tsinghua University,
Beijing 100084, China.

*** Corresponding author at: Department of Orthopedics, Xiangya Hospital, Central South University, Changsha 410008, China.
E-mail addresses: jsa01263@btch.edu.cn (S. Jin), liuzhuo@buaa.edu.cn (Z. Liu), li_zhou@tsinghua.edu.cn (Z. Li), liyusheng@csu.edu.cn (Y. Li).

https://doi.org/10.1016/j.nanoen.2026.112174

Received 10 May 2026; Received in revised form 20 June 2026; Accepted 30 June 2026

Available online 1 July 2026

2211-2855/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0009-0005-3766-2387
https://orcid.org/0009-0005-3766-2387
https://orcid.org/0000-0002-3404-0807
https://orcid.org/0000-0002-3404-0807
mailto:jsa01263@btch.edu.cn
mailto:liuzhuo@buaa.edu.cn
mailto:li_zhou@tsinghua.edu.cn
mailto:liyusheng@csu.edu.cn
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2026.112174
https://doi.org/10.1016/j.nanoen.2026.112174
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2026.112174&domain=pdf

J. Sun et al.

of motion (ROM) [6]. This pathology disrupts sleep quality and reduces
the capacity for daily activities, thereby negatively impacting patients'
physical and psychological health, along with their general social
well-being[7,8] . Despite the adverse effects of FS on quality of life, its
pathogenesis remains incompletely understood, hindering the develop-
ment of early diagnostic and effective therapeutic strategies.
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Fibrosis is a key pathological process underlying restricted shoulder
movement in FS [9]. Similar to fibrotic disorders in other tissues, FS is
characterized by abnormal fibroblast recruitment, proliferation, and
activation, which promote myofibroblast differentiation, excessive
collagen deposition, and progressive thickening and contracture of the
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joint capsule (Fig. 1a) [10]. Under physiological conditions, fibroblasts
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Fig. 1. Schematic overview of the study and characterization of the force-sensing PDMS-MA platform. a) Schematic illustration of the pathogenesis of FS. b) Intended
applications of the PDMS-MA. c) The process for synovial cell CTF evaluation. d) Schematic illustration of the mechanism of CTF increase induced by FS. e) Top view
of PDMS-MA (scale bar, 10 pm). f) High-magnification top view of PDMS-MA (scale bar, 2 pm). g) Side view of PDMS-MA (scale bar, 4 pm). h) Magnified view of
PDMS-MA (scale bar, 2 pm). i) Diameter distribution of the PDMS micropillars (n = 40). j) Height distribution of the PDMS micropillars (n = 40). k) Comparison of

normalized cell viability between leachate and control groups (n = 3).
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are non-hematopoietic structural cells vital for preserving tissue integ-
rity, supporting development, and promoting injury repair [11]. In the
pathological microenvironment of FS, however, persistently elevated
concentrations of local cytokines and growth factors compel fibroblasts
to synthesize and secrete excessive collagen into the extracellular space.
This process leads to substantial deposition of extracellular matrix
(ECM) components, increased tissue stiffness, and a subsequent aggra-
vation of joint stiffness and mobility loss [12].

The mechanical properties of tissues reflect a macroscopic expression
of cellular mechanical action. Cellular mechanical homeostasis is
maintained through dynamic interactions between cells and ECM, with
resident cells serving as essential components that provide mechanical
support for the tissue [13]. During these interactions, cells generate and
transmit mechanical forces to the adjacent ECM through specialized
mechanisms; these forces are defined as cellular traction forces (CTF).
The generation and transmission of CTF depend on the synchronized
activity of the cytoskeleton and focal adhesions (FAs). This enables CTF
to influence adjacent cells and the ECM, thereby regulating cellular
activities such as proliferation and differentiation, and modifying the
physical properties of the tissue microenvironment [14]. Moreover, the
composition and structure of the ECM are themselves transcriptionally
regulated by these dynamic cell-ECM interactions, thus enhancing the
stability of the mechanical microenvironment [15]. Although ECM
remodeling is an acknowledged pathogenic characteristic of FS [16], the
changes and regulatory mechanisms of cellular mechanical homeostasis
during FS progression remain unclear. Conventional fibrosis-related
indicators, such as a-SMA expression, collagen deposition, and histo-
logical staining, mainly reflect biochemical or structural changes but do
not directly quantify the force-generating capacity of fibrotic synovial
cells. In contrast, CTF provides a functional readout of actomyosin
contraction, focal adhesion-mediated force transmission, and cell-ECM
mechanical coupling. Consequently, evaluating CTF dynamics in FS is
crucial for understanding cellular mechanical imbalance during fibrosis
and for assessing whether candidate drugs can restore mechanical ho-
meostasis in addition to reducing fibrotic marker expression.

We fabricated a regularly structured silicon array mold using high-
resolution projection lithography and deep reactive ion etching
(DRIE). Using this silicon mold as a template, we subsequently produced
the force-sensing polydimethylsiloxane micropillar arrays (PDMS-MA)
with a 10:1 ratio of PDMS prepolymer (base to curing agent) (Fig. 1c).
The PDMS-MA exhibited excellent mechanical stability, facilitating
dependable and precise quantification of CTF in synovial cells [17]. We
found that abnormal CTF in synovial cells under FS fibrotic conditions is
associated with TGF-p1/SMAD3 pathway activation, which upregulates
a-smooth muscle actin (a-SMA) and vinculin expression. The increase
promotes cytoskeletal remodeling and FA assembly (Fig. 1d). Our
research provides new insights of the mechanotransduction mechanisms
involved in FS pathogenesis, indicating that disrupted cellular me-
chanical homeostasis contributes to joint fibrosis at the cellular level.
Moreover, the PDMS-MA platform shows potential as a tool for
mechanopharmacological screening of antifibrotic drugs for FS
(Fig. 1b).

2. Results
2.1. Fabrication and characterization of PDMS-MA

A key advantage of micropillar arrays for CTF measurement is that
each micropillar functions as an independent force sensor. The deflec-
tion of each pillar is exclusively caused by the local CTF applied to it,
without influence from adjacent pillars [18]. Silicon mold design is a
critical step in PDMS-MA fabrication. The diameter and spacing of the
micropillars are particularly important, since they influence the sensi-
tivity, spatial resolution, and cell compatibility of the CTF measure-
ments [17]. Specifically, to match the physiological traction force range
of synovial fibroblasts, we adjusted the pillar stiffness to achieve a

Nano Energy 156 (2026) 112174

compromise between measurement sensitivity and structural integrity.
Considering the standard dimensions of synovial cells and a PDMS
elastic modulus of 1.335 MPa, we targeted a pillar height of 6.5 pm
(Figure S1, Supporting Information). Although the bulk elastic modulus
of PDMS used in this study was higher than the stiffness range of many
native soft tissues, the PDMS-MA was designed as a calibrated
force-sensing platform rather than a direct mimic of the native
soft-tissue mechanical microenvironment. In micropillar-based traction
force assays, each pillar functions as an independent elastic cantilever,
and the effective force-sensing property is determined not only by the
bulk PDMS modulus but also by the pillar geometry, including pillar
diameter and height. This arrangement produces a spring constant ideal
for detecting force variations in the nano-Newton range while preser-
ving linear elasticity. Consequently, we finalized the micropillar array
parameters on the silicon mold as a spacing of 4 ym and a diameter of 2
pm [19-21]. A schematic of the PDMS-MA fabrication and functionali-
zation process is shown in Figure S2. Scanning electron microscopy
(SEM) characterization revealed that the micropillar holes on the silicon
mold were highly regular (Figure S3a, Supporting Information).
Higher-magnification images confirmed a center-to-center distance of 4
pm (Figure S3b, Supporting Information). The hole diameter was
measured at 1.90 &+ 0.04 pm (n = 40), conforming to a normal distri-
bution (Figure S3c, Supporting Information). The resulting PDMS
micropillars replicated these dimensions, with a diameter of 1.90 + 0.04
pm (n = 40, Fig. le, f, i) and a length of 6.50 + 0.09 pm (n = 40, Fig. 1g,
h, j).

Although PDMS is a commonly used biomedical material with
established biosafety and biocompatibility [22], we verified its suit-
ability for long-term culture of synovial cells (RSC—364 cells).
PDMS-MA was submerged in cell culture medium for 72 h to prepare a
leachate. Synovial cells were then cultured in this leachate for 24, 48,
and 72 h. Cell viability was quantitatively assessed using a CCK—8
assay, while live/dead status was examined with Calcein-AM/PI double
staining. The results demonstrated that cells treated with PDMS leach-
ates exhibited viability and survival levels comparable to the control
group, with no statistically significant differences (Fig. 1k, Figure S4,
Supporting Information). This confirms that PDMS-MA possesses
excellent biocompatibility and is a reliable platform for quantifying CTF
in synovial cells.

2.2. Assessment of CTF dynamics during FS fibrosis

Synovial hyperplasia and adhesion formation are core pathogenic
features of FS [2]. Transforming growth factor-pl (TGF-p1), a primary
mediator of joint fibrosis [23], is integral to the synovial fibrotic
microenvironment of FS [24]. Previous studies have validated the
RSC—364 rat synovial cell line as an appropriate in vitro model for
investigating the pathological mechanisms of shoulder capsule fibrosis
and testing therapeutic interventions [25]. To model this pathology, we
exposed synovial cells to TGF-f1 to simulate the fibrotic microenvi-
ronment and systematically evaluated the CTF response at various time
points. CTF was quantified using ImageJ and its related plugins (Fig. 2a).
Confocal microscopy revealed that synovial cells in both the control and
TGF-pl-induced groups caused deflection of the PDMS-MA micropillars.
The extent of pillar deflection was significantly greater in the TGF-f1
group compared to the control group, and this difference increased
progressively with longer induction times (Fig. 2b and Figure S5,
Supporting ~ Information).  Statistical analysis confirmed a
time-dependent increase in CTF following TGF-p1 stimulation. The
average CTF in the TGF-f1-treated group was 4.51 + 0.53 nN at 24 h,
slightly higher than that in the control group (3.75 £+ 0.43nN). By 48 h,
the mean CTF in the TGF-$1 group increased significantly to 6.28 + 0.69
nN, whereas the control group remained stable (3.83 + 0.60 nN),
resulting in a more pronounced intergroup difference. At 72 h, CTF in
the TGF-B1 group further rose to 6.95 + 0.91 nN, compared with 3.95
+ 0.65 nN in controls (Fig. 2¢, d).



J. Sun et al. Nano Energy 156 (2026) 112174

Pixel Size (nm): 119.043 Grid Angle (degree): 60.0

Pillar Spacing (Pixel): 31.854  Gaussian Sigma (Pixel): 4.175

Ax Grid Oblique (degree): 172.0 Pillar Diameter (Pixel):  15.927
¥ o o o o o oo oo o000 O©O0O0O0 LU R

: o o o o oo e 6000000 "o s e e
} o oo 6o o oo cooo o0 o R

Vi . ‘o o oo o g 00000 00 o0 0 o
I g o oo o 40 Mo ©0c o6 0 00 R R

i oo o ¢ 4 o o © 000 go o0 * o0 0 50 e
i oo o 4 g oo ol 60 0000 e % 0 e qt o

f=D—l o o 4 g oo ¥ 0 co0CO *® 0 e
3 D* ’ o o o g o e s s/lllc 60 00000 CRE R

F = (—nE —) Ax  E:elastic modules — . : . .
61 L3 Tracking Drift Analysis Grid Analysis

b " " e e T ® % L B B B R R R R B R R R L L R L L L L L L L

P R N R AT e R R ) oo e 00 0/0e o
0000.0%-0/00000 o-on-oooaoo.-c'OOOOC/oannnK\ooo
e e s s s s e/sce e s s e e s e e e e oensneaen ooooq/nraona\oo-
s e s s s s/ennssssa]lreee e/ onc\see e ® 0 08 0/0 s 0o e a\soe
s e s s s/scouionss gt o/ e e e enae ® 88 8/ce e cen)en
e o 0 0/Uun e e Cisle e e .Jenzuoooooosa\tgl...ecooc.lQOOO
oooo/cooooe«ooo.
® 8 8/c o8 8 e 0 \0 000
® 8 8 (et 88 s Vs s
ooooso.oo,:E-
0 0 (8 %8 08 G/e e
00.&‘0\‘...0000
s o008 oV /s 00900
S 0 0 0 00 0 0 08000
R R R )

CRE R R R R R R R R R
LR B B B R R R B R A
L R R I R R N N

s s s s e n/cerear s ‘ 2 et s & & 8w
e e e 00t et s / SOOI OO0 N I
e s 0 e /e e v s OC/enG'OO!GOQ%ﬁ\ )
s e s /i s uw kb an/en 'l\“'“‘"‘""'"")00(.<90~‘0¢
S e\ 2 e 0 R e T e 2 s G0 0 e LG

e 0\ e 0 c o anoe ooo']eaoooos

..o‘\fﬁeore. L Y
e 4

L R B B B L B N B B B B N
L R R R R R B

C
2.5+
g —_— = * ok K kKK
-] - - z -
& 2.01 T b 8 = 90
8 g £
g T s 5
5 15 5 & & 0
= S ® .
2 T T E 5 2
g 104 L & 4 &
[=% -
% a g 15
N & Q 104
5 0.5 s 2 < -
£
5 < 5+
b — = —
0.0-—1— — — 0 T T T 0-—— — —
(\\\o\ ((S;;\ (_\@ ((Q\ &@ Q’%\ 0 24 ' 48 72 Q\@ ((‘Q?\ (\\«(} ((g?\ &@ Q&\
oy &o P &o fou «o Time (hour) o <O & & O

Fig. 2. CTF dynamics and ACTAZ2 expression during TGF-p1-induced synovial cell fibrosis. a) Measurement process of CTF. b) Confocal images of normal and TGF-$1
induced synovial cells at different time intervals (scale bar, 5 pm). ¢) Quantitative analysis of the average pillar traction force (n = 10). d) Time-dependent analysis of
average pillar traction force. e) Relative mRNA expression levels of ACTA2 determined by qRT-PCR. Data are presented as mean + SD. Significance levels: *p < 0.05,
**p < 0.01, ****p < 0.0001. In the equation, E, D, L and Ax represent the elastic modulus of PDMS, micropillar diameter, micropillar height, and the lateral
deflection of the micropillar tip, respectively.
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ACTA2, encoding a-SMA, is an established marker of fibroblast-to-
myofibroblast transition and ECM synthesis [26]. We measured
ACTA2 expression by quantitative real-time PCR (qQRT-PCR) and found it
was significantly upregulated in TGF-f1-induced synovial cells relative
to the control group. This increase was time-dependent, with a signifi-
cant rise at 24 h, a more pronounced elevation at 48 and 72 h, and a
peak at 72 h (Fig. 2e). The continuous upregulation of ACTAZ indicates
a progressive transition of synovial cells to an activated myofibroblast
phenotype in response to TGF-f1 stimulation, a trend that correlates
with the observed increase in CTF.

To further corroborate the TGF-p1-induced fibrotic phenotype at the
ECM level, we examined collagen type I expression and matrix
remodeling-related markers. qRT-PCR analysis showed that TGF-f1
markedly upregulated COL1IA1, FN1, and LOX expression compared
with the control group (Figure S6, Supporting Information). COL1A1
encodes the al chain of collagen type I, a major fibrillar collagen asso-
ciated with collagen-rich fibrotic ECM accumulation and tissue me-
chanical integrity. FNI encodes fibronectin, which can serve as a
provisional ECM scaffold that facilitates subsequent collagen assembly
and deposition. LOX encodes lysyl oxidase, an enzyme involved in
collagen fiber cross-linking and matrix stiffening. Consistently, immu-
nofluorescence staining further confirmed a significant increase in
collagen I deposition after TGF-p1 stimulation (Figure S7, Supporting
Information). Together with the increased ACTA2 expression
described above, these results indicate that TGF-pl-induced synovial
fibrosis is accompanied by both myofibroblast activation and collagen I-
rich ECM remodeling. In addition, qRT-PCR analysis showed that TGF-
p1 significantly upregulated MYH9 expression, whereas MYH10 showed
no significant change (Figure S6, Supporting Information), suggesting
the involvement of non-muscle myosin IIA in TGF-pl-induced
actomyosin-associated contractile activation.

2.3. Mechanism regulating CTF changes during FS fibrosis

After confirming the elevation of CTF in synovial cells during FS
fibrosis, we sought to explore the underlying mechanism. CTF is
generated and dynamically regulated by the cytoskeletal remodeling
and the dynamic assembly of focal adhesions (FAs), enabling cells to
respond to microenvironmental signals [14]. Vinculin, an essential
structural component of FAs, serves as a principal indicator for evalu-
ating FA dynamics [27]. The canonical TGF-p1/SMAD3 pathway is a
principal regulator of fibrosis and promotes fibrotic progression by
inducing the expression of fibrotic genes, including collagen and a-SMA
[28]. However, it remains unclear whether this pathway is responsible
for the abnormal increase in CTF observed in FS fibrosis. We utilized
immunofluorescence staining and quantitative analysis to investigate
the function of SMAD3 in regulating «-SMA, vinculin, and F-actin or-
ganization, as well as its association with CTF dynamics (Fig. 3a).

Immunofluorescence analysis showed that TGF-f1 treatment signif-
icantly increased a-SMA fluorescence intensity in synovial cells and
promoted the formation of dense, well-aligned F-actin stress fibers.
Conversely, cells treated with the SMAD3 inhibitor SIS3 alone, or in
combination with TGF-f1, displayed a-SMA expression that was nearly
imperceptible (n = 15; Fig. 3b, d). There were no significant differences
in the total F-actin fluorescence intensity between the groups (Figure S8,
Supporting Information). The analysis of vinculin staining indicated that
TGF-p1 stimulation significantly increased both the number and mean
area of FAs. These effects were suppressed by SIS3 treatment, which
significantly reduced FA number and area (n = 15; Fig. 3c, e, f). At the
mechanical level, the average pillar traction force was significantly
elevated in the TGF-B1 group (6.38 + 0.77 nN) compared to the control
(4.32 + 0.44 nN), SIS3-alone (5.08 + 0.32 nN), and SIS3 + TGF-p1
(5.15 £ 0.47 nN) groups (Fig. 3g). Moreover, the variations in traction
force among treatment conditions correlated strongly with both a-SMA
expression levels and the characteristics of FA assembly. Notably, the
total fluorescence intensity of F-actin remained unaltered across all
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groups, despite a robust and time-dependent elevation of CTF in TGF-p1-
treated synovial cells.

To further validate the mechanobiological mechanisms observed in
the RSC—364 cell line and eliminate potential cell line-specific effects,
we isolated primary rat synovial cells and evaluated their fibrotic and
mechanical phenotypes under TGF-p1 induction. Consistent with our
previous findings, immunofluorescence analysis revealed that a-SMA
expression was significantly upregulated in primary synovial cells after
TGF-p1l treatment (Figure S9a, b, Supporting Information). Further-
more, TGF-p1 stimulation promoted robust assembly of FAs, as evi-
denced by a marked increase in the number of vinculin-positive FAs and
an expanded mean area of FAs (Figure S9a, ¢, d, Supporting
Information). Subsequently, we leveraged the PDMS-MA platform to
quantify the mechanical dynamics of these primary cells. The results
showed a progressive, time-dependent elevation in CTF at 24 h, 48 h,
and 72 h post-induction, which was consistent with the mechanical
response observed in the cell line (Figure S9e, f, Supporting
Information). These primary cell data strongly validate our in vitro
model and confirm that TGF-p1 disrupts the mechanical homeostasis of
synovial cells and exacerbates their fibrotic phenotype.

2.4. Application of PDMS-MA in mechanopharmacological drug
screening for FS fibrosis

Current treatments for FS primarily involve anti-inflammatory drugs,
with very few options directly targeting fibrosis. To address this, we
selected a panel of five representative drugs with distinct pharmaco-
logical mechanisms and documented antifibrotic potential to validate
our PDMS-MA-based screening platform: Dexamethasone, the clinical
standard-of-care glucocorticoid for FS [29]; Pirfenidone, an
FDA-approved antifibrotic agent for idiopathic pulmonary fibrosis [30];
Ketotifen, a clinically widely used antihistamine and mast cell stabilizer
with emerging preclinical evidence of antifibrotic activity in multiple
organ fibrosis models [31,32]; Metformin, a first-line anti-diabetic drug
with well-characterized antifibrotic effects in articular diseases [33,34];
and Salvianolic acid B, a natural bioactive compound with reported
antifibrotic activity in fibrotic disorders [35].

This study systematically assessed the mechanopharmacological ef-
fects of five drugs (Pirfenidone, Ketotifen, Dexamethasone, Salvianolic
acid B, Metformin) using the PDMS-MA platform to identify potential
antifibrotic drugs for FS. Immunofluorescence and quantitative analysis
revealed that Pirfenidone, Ketotifen, and Dexamethasone significantly
suppressed the TGF-pl-induced fibrotic phenotype in RSC—364 cells.
These drugs significantly diminished a-SMA fluorescence intensity
(Fig. 4a, b) and ACTA2 gene expression (Fig. 4f, h), decreased FA
number and area (Fig. 4¢, d), and lowered CTF (Fig. 4g, i) compared to
the TGF-B1-only group. In contrast, Salvianolic acid B and Metformin
failed to reduce o-SMA fluorescence intensity (Fig. 4b). Moreover,
neither compound significantly affected FA parameters, ACTA2 gene
expression, or CTF compared to the TGF-f1 group (Fig. 4c, d, f-i). There
were no significant differences in the immunofluorescence intensity of
F-actin among all groups (Fig. 4e and Figure S10, Supporting
Information). Notably, the regulatory effects of all five drugs on
a-SMA expression, FA assembly, and CTF were highly correlated. Among
the three effective drugs, Dexamethasone also reduced the TGF-p1-
induced fibrotic and mechanical phenotypes, but Pirfenidone and
Ketotifen showed a more balanced inhibitory profile across multiple
indicators, including a-SMA expression, FA number and area, ACTA2
expression, and CTF reduction. These findings suggest that Pirfenidone
and Ketotifen may provide broader mechanophenotypic correction than
Dexamethasone in this in vitro FS fibrosis model. In summary, the PDMS-
MA-based screening platform directly quantifies drug-induced changes
in cellular mechanical phenotypes, offering a novel strategy for devel-
oping and translating mechano-targeted antifibrotic therapies for FS.



J. Sun et al.

Nano Energy 156 (2026) 112174

a @ TGF-p1
_ommean TGFR1{H T6FR2 TGFB1
MO0QOT P
| : [Smadz'f” Smad2 (P Y
. (@smMab. e e TGFR -
fuis F--"g i
P & \ Inhibit Smad2/Smad3/Smad4 M‘
’ Zgg ¥ 'Q,* v
I s
£ Gel s
R COnOrIOn i Decimuse N : a-SMA/Vinculint
U U0 T FA sIs3
b ranrararal v
Fibrosis
DAPI/F-actin/a-SMA
b Control SIS3 d
20 * % ok ok
> % %k %k %k
2 * ok ok Xk
gz
ol
2 < T
835 104
29
5 ° T
25 T
& 57
[}
=
0 T T T
Control TGF-p1 SIS3  SIS3+TGF-B1
SIS3+TGF-B1 e -
100 7 KKK
kkkk ——
80
" T
= 604
3 |
(3]
& 40+ -
. - -
204 °® “_h‘
0 T T T T
Control  TGF-B1  SIS3  SIS3+TGF-B1
DAPI/F-actin/Vinculin
C [EH SIS3 .
f o
* %k kK
kkkk —
10 T
€ 4.
E :
. . k
Q -
c 6 2
3 |
g -
< 4 .. 4
w it
2 _:E sls
0 T T T T
Control  TGF-B1 SIS3  SIS3+TGF-B1
SIS3+TGF-B1
g,,10— ¢k ok ok
2 *ok Kk
g o * Kok ok
S
c T
£ 67
3 T
il
& 4
a
&
@ 27
[
>
=3
G T T T
— Control TGF-g1 SIS3 SIS3+TGF-B1

Fig. 3. The TGF-p1/SMAD3 pathway regulates CTF elevation during FS fibrosis by promoting F-actin organization, a-SMA expression, and vinculin assembly. a)
Schematic illustration of the TGF-1/SMAD3 pathway regulating CTF elevation in FS fibrosis. b) Merged confocal images of DAPI, F-actin, and a-SMA in synovial
cells. ¢) Merged confocal images of DAPI, F-actin, and vinculin in synovial cells. d) Mean fluorescence intensity of a-SMA (n = 12). e) Quantification of FA counts

(n = 12). f) Statistical analysis of the mean area of FA (n = 12). g) Statistical quantification of the average pillar traction
SD. ****p < 0.0001.

force (n = 10). Data are presented as mean +
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Fig. 4. Drug screening based on CTF in FS fibrotic synovial cells. a) Merged confocal images of DAPI, a-SMA and vinculin in synovial cells (scale bar, 20 pm). b)
Quantification of a-SMA mean fluorescence intensity (n = 12). ¢) Quantification of FA counts (n = 12). d) Statistical analysis of the mean area of FA (n = 12). e)
Mean fluorescence intensity of F-actin (n = 12). f) Time-dependent analysis of ACTAZ2 gene expression (n = 3). g) Time-dependent analysis of CTF (n = 10). h) ACTA2
gene expression level assessed by qRT-PCR (n = 3). i) Statistical analysis of the average pillar traction force (n = 10). Data are presented as mean =+ SD. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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2.5. Biomechanical and antifibrotic efficacy of PDMS-MA-screened drugs
in FS rat models

To verify the therapeutic potential of candidate drugs screened via
the PDMS-MA platform in vivo, we established a rat model of FS using
plaster immobilization. Immobilization-based rodent shoulder contrac-
ture models have been widely used to reproduce key pathological fea-
tures of FS [36,37]. Therefore, passive shoulder ROM, capsule thickness,
H&E staining, Masson staining, and a-SMA expression were selected as
functional, histological, and fibrotic outcome measures, consistent with
previous FS and shoulder contracture studies. Compared with the
normal control group, the PBS-treated model group exhibited typical FS
pathological features, including significantly reduced passive shoulder
ROM (Fig. 5b) and markedly increased joint capsule thickness (Fig. 5a,
c). H&E staining revealed synovial hyperplasia and inflammatory cell
infiltration, while Masson staining confirmed excessive collagen fiber
deposition in the joint capsule. Immunohistochemistry further demon-
strated increased a-SMA expression in the joint capsule tissue.

In contrast, interventions with Pirfenidone, Ketotifen, and Dexa-
methasone all alleviated the above pathological changes. These treat-
ments reduced joint capsule thickening and collagen deposition,
attenuated synovial hyperplasia and inflammatory infiltration, and
significantly improved passive shoulder ROM in model rats. Dexa-
methasone was included as a clinically used anti-inflammatory treat-
ment for FS, whereas Ketotifen and Pirfenidone were selected based on
their antifibrotic potential identified by our PDMS-MA platform and
supported by previous studies in arthrofibrosis and experimental FS
models [29,32,38]. Furthermore, quantitative analysis confirmed that
these pharmacological treatments significantly reduced the positive area
of a-SMA expression compared to the PBS group (Fig. 5d). Notably, the
in vivo reduction of a-SMA expression following drug treatment closely
correlated with the decrease in CTF observed in our in vitro PDMS-MA
screening (Fig. 5e).

3. Discussion

Our data indicate that TGF-p1 stimulation is sufficient to induce CTF
elevation and fibrotic activation in synovial cells, and that SMAD3 ac-
tivity is required for this response. Specifically, TGF-p1 increased a-SMA
expression, FA assembly, and CTF, whereas SMAD3 inhibition attenu-
ated these effects. Mechanobiologically, the generation and effective
transmission of CTF requires two key structural components [13]. The
first is the assembly of highly ordered, mechanically competent stress
fibers from actin filaments. The well-established myofibroblast con-
tractile marker a-SMA is the primary protein conferring contractility to
these stress fibers [39,40]. Our study demonstrated that TGF-B1 stimu-
lation, via SMAD3 activation, significantly upregulated a-SMA expres-
sion. This upregulation facilitates the integration of a-SMA into the
F-actin cytoskeleton, driving the spatial rearrangement of nascent actin
filaments into dense, aligned, and contractile stress fiber bundles,
thereby directly augmenting the intrinsic contractile capacity of syno-
vial cells. Interestingly, the total fluorescence intensity of F-actin did not
differ significantly among groups, suggesting that CTF elevation was not
driven by a global increase in actin polymerization. Instead, the
increased a-SMA expression, FA maturation, and CTF indicate that
qualitative remodeling of the actin cytoskeleton, including o-SMA
incorporation into stress fibers and enhanced cytoskeleton-FA me-
chanical coupling, is more important for force generation than the total
amount of F-actin. The second critical component is the maturation of
FAs, which anchor the cytoskeleton to the ECM. Only mature FAs can
establish stable mechanical coupling between the cytoskeleton and the
ECM, ensuring the effective transmission of intracellular contractile
forces to the surrounding matrix [27]. The ECM-related data further
extend this mechanobiological interpretation. In the canonical TGF-f
signaling pathway, TGF-p receptor activation promotes downstream
SMADZ2/3 signaling and induces fibrotic gene expression, including
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a-SMA and collagen type I. Consistent with this mechanism, TGF-f1
stimulation increased both ACTA2 and COL1A1 expression in synovial
cells. Since collagen type I is one of the main structural components of
collagen-rich fibrotic ECM, its increased expression indicates enhanced
matrix deposition and provides additional evidence that TGF-B1-in-
duced synovial cell activation involves both myofibroblast differentia-
tion and extracellular matrix remodeling [12,41]. Therefore,
TGF-B1-induced FS fibrosis involves a coupled cellular and extracellular
mechanical remodeling process: activated synovial cells generate
increased CTF through a-SMA, FA, and actomyosin-associated mecha-
nisms, while simultaneously promoting collagen I-rich ECM deposition
and matrix stiffness-related remodeling. This functional transmission is
quantitatively captured by the elevated CTF detected via our PDMS-MA
platform, and our CTF measurements are consistent with those reported
in previous studies, supporting the reliability of the experimental data
[42,43]. Taken together, these results demonstrate that the
TGF-B1/SMAD3 axis drives aberrant CTF elevation in FS fibrosis through
functional remodeling of the cytoskeleton and FA system. This process
can be effectively reversed by the SMAD3 inhibitor SIS3, further clari-
fying the core mechanotransduction mechanism of mechanical homeo-
stasis disruption in FS, and laying a theoretical foundation for
subsequent mechano-targeted drug screening.

Furthermore, our study highlights the advantages of mechano-
pharmacology over traditional drug screening. Conventional antifibrotic
drug screening primarily depends on tissue-level functional assays or
indirect biochemical assessments [44-46]. These methods cannot
directly elucidate the dynamic interaction between pharmacological
effects and cellular mechanical states, resulting in a disjunction between
biochemical processes and mechanical consequences. This may explain
why some compounds with promising in vitro efficacy exhibit limited
therapeutic effects in clinical settings, as they cannot respond appro-
priately to the in vivo mechanical microenvironment or restore cellular
mechanical homeostasis [47]. Mechanopharmacology fills this gap by
focusing on the bidirectional regulation between cellular mechanics and
drug effects [48]. In our study, the in vivo reduction of a-SMA expression
following drug treatment closely correlated with the decrease in CTF
observed in our in vitro PDMS-MA screening. This strong correlation
bridges macroscopic tissue fibrosis with cellular mechanical states,
underscoring the validity of our mechanopharmacological approach.
Consequently, integrating mechanopharmacological assessment can
enhance the accuracy of drug screening and increase the probability of
clinical translation. Nevertheless, CTF should be interpreted as a func-
tional mechanophenotypic indicator rather than as the sole determinant
of antifibrotic efficacy. Simply lowering CTF may not be sufficient to
reverse established FS fibrosis, because cellular contractility and profi-
brotic biochemical signaling are mutually reinforcing during fibrosis
progression. Therefore, effective FS treatment likely requires both
normalization of abnormal cellular mechanics and inhibition of key
fibrotic pathways, such as TGF-p1/SMAD3, integrin/FA signaling,
Rho/ROCK-mediated actomyosin contractility, and YAP/TAZ mecha-
notransduction. In our study, Pirfenidone and Ketotifen reduced CTF
while also suppressing a-SMA expression, FA assembly, collagen depo-
sition, and joint capsule fibrosis, suggesting that CTF reduction is most
meaningful when accompanied by broader inhibition of fibrotic
biochemical and structural markers. Among the screened compounds,
Ketotifen is particularly attractive from a translational perspective
because it is a clinically used antihistamine and mast cell stabilizer with
established safety and tolerability in allergic diseases. Recent studies
have further shown that Ketotifen can directly attenuate TGF-B1-in-
duced fibrotic responses in human fibroblasts and reduce arthrofibrosis
in a rabbit model [31,32]. These features suggest that Ketotifen may
have potential value for FS treatment through either local intra-articular
administration or systemic administration, although its optimal dosage,
intra-articular pharmacokinetics, and long-term safety require further
investigation.

There were some limitations in our study. First, although the TGF-p1-
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Fig. 5. In vivo antifibrotic efficacy of PDMS-MA-screened drugs in rat FS models. a) H&E staining, Masson's trichrome staining, and a-SMA immunohistochemical
staining of the shoulder joint capsule in rats from each group (scale bar: low-magnification field 200 pm, high-magnification field 40 pm). b) Quantitative analysis of
the joint capsule thickness in each group (n = 3). ¢) Quantitative statistics of the passive shoulder range of motion (ROM) in rats of each group (n = 3). d) Quan-
titative analysis of the a-SMA positive staining area in the joint capsule tissue from each group (n = 3); e) Correlation analysis between in vivo a-SMA expression level
and in vitro average CTF in each group. Data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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induced in vitro FS fibrosis model was validated in both the rat synovial
cell line RSC—364 and primary rat synovial cells, and the therapeutic
efficacy was further confirmed in an in vivo rat FS model, the phenotypes
of these rodent models may still differ from those of primary human FS
synovial cells. Therefore, further validation using human clinical sam-
ples is warranted. Second, the mechanistic investigation of the TGF-f1/
SMAD3-regulated contractile phenotype requires further refinement.
Although SIS3 inhibition demonstrated that SMAD3 activity is required
for TGF-pl-induced CTF elevation and fibrotic activation, the sufficiency
of isolated SMAD3 activation remains to be determined in future studies.
In addition, collagen gel contraction assay was not performed in the
present study. Since this assay reflects collective matrix-level contrac-
tion, future studies combining PDMS-MA-based CTF measurement with
collagen gel contraction assays may further clarify the relationship be-
tween single-cell traction force and tissue-level collagen matrix
contraction during FS fibrosis. Third, the drug screening in this study
was limited to five candidate compounds, and formal intra-articular
pharmacokinetic and long-term safety evaluations were not included.
Expanding future screens to include compounds with diverse structures
and mechanisms of action, together with systematic evaluation of local
drug retention, clearance, tissue distribution, and safety, will better
assess the general applicability and translational potential of the PDMS-
MA platform.

4. Conclusion

This study developed a force-sensing PDMS-MA with excellent
biocompatibility for the accurate quantification of CTF. We demon-
strated that CTF elevation in FS fibrosis is mediated by activation of the
TGF-p1/SMAD3 pathway, which promotes a-SMA expression, F-actin
organization, and FA assembly. Mechanopharmacological screening
using this platform revealed that Pirfenidone and Ketotifen were the
most effective among five candidate drugs at reversing the aberrant
mechanical phenotypes of FS fibrotic synovial cells. Crucially, the
therapeutic potential of these candidates was further validated in an in
vivo rat model of FS, where they successfully alleviated joint capsule
fibrosis and improved shoulder mobility, confirming the predictive
value of our in vitro platform.

5. Experimental section
5.1. Materials and animals

Recombinant murine TGF-f1 Protein (A279-S390), Pirfenidone
(53179-13-8), Ketotifen (34580-13-7), Dexamethasone (50—02-2),
Metformin (657—-24-9), SIS3 (521984-48-5), and Salvianolic acid B
(1221-90-2) were purchased from MedChemExpress LLC (China). Fetal
bovine serum (FBS, 10100147) and Collagenase Type II (17101015)
were sourced from Gibco (Shanghai, China). Dulbecco's Modified Eagle
Medium (DMEM) high glucose (11995), Penicillin-Streptomycin solu-
tion (P1400), Trypsin-EDTA solution (T1300), Cell Counting Kit—8
(CCK-8, CA1210), Calcein-AM/PI Double Staining Kit (CA1630), DAPI
staining solution (C0060), phosphate buffered saline (PBS, P1020), and
normal goat serum (SL038) were obtained from Beijing Solarbio Tech-
nology Co., Ltd. (Beijing, China). Antibodies and related reagents,
including Anti-Vinculin (ab129002), Alexa Fluor® 488-conjugated Goat
Anti-Rabbit IgG H&L (ab150077), and Phalloidin-iFluor 594 Reagent
(ab176757), were supplied by Abcam (MA, USA). Alpha Smooth Muscle
Actin Polyclonal Antibody (14395-1-AP) was purchased from Pro-
teintech (China). Triton X—100 (ST795), dimethyl sulfoxide (DMSO,
ST038), Dil (C1036), and Pluronic F—127 (ST501) were purchased from
Beyotime Biotechnology (Shanghai, China). The SYLGARD™ 184 Sili-
cone Elastomer Kit was purchased from Dow Corning (China). Sprague-
Dawley rats (female, 7 weeks old) were purchased from Speifu (Beijing)
Biotechnology Co., Ltd. All animal experiments were conducted in
accordance with the ARRIVE guidelines and the Guide for the Care and
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Use of Laboratory Animals published by the National Research Council.
All experimental procedures were reviewed and approved by the Animal
Ethics Committee of the Beijing Institute of Nanoenergy and Nano-
systems (2025001LZ).

5.2. Fabrication of PDMS-MA

Silicon array molds were fabricated by high-resolution projection
lithography and DRIE [19,49]. The molds were then silanized with tri-
methylchlorosilane under vacuum for 30 min to facilitate demolding.
PDMS prepolymer mixture (base to curing agent ratio of 10:1 by weight)
was cast onto the silanized molds, degassed under vacuum, and cured
first at 60 °C for 12 h and then at 110 °C for 6 h. Under these curing
conditions, the PDMS exhibited an elastic modulus of 1.335 MPa.
Finally, the solidified PDMS-MA were carefully peeled off from the sil-
icon molds.

5.3. Cell isolation and culture

The RSC—364 rat synovial cell line was purchased from Shanghai
Guandao Bioengineering Co., Ltd. (Shanghai, China). Primary rat sy-
novial cells were isolated from the shoulder joint capsules of Sprague-
Dawley rats. Following euthanasia, the synovial tissues of the shoulder
joints were carefully harvested under aseptic conditions, washed with
PBS, and finely minced. Subsequently, the tissue fragments were
digested with a 0.2% type II collagenase solution at 37 °C for 3 h. After
digestion, the suspension was filtered through a 70 pm cell strainer and
centrifuged to collect the primary cell pellet. For cell culture, DMEM
medium was supplemented with 10% FBS and 1% penicillin-
streptomycin cocktail, and the cells were incubated at 37 °C in a hu-
midified atmosphere containing 5% CO2.

5.4. Biocompatibility evaluation

The biocompatibility of PDMS-MA was evaluated through a condi-
tioned medium assay followed by Calcein-AM/PI live/dead staining and
a CCK—8 assay. To prepare the conditioned medium, PDMS-MA was
immersed in cell culture medium for 72 h. RSC—364 cells were seeded
into 96-well plates (for CCK—8 assay) and 24-well plates (for fluores-
cence staining) during the logarithmic growth phase. After 24 h of
adhesion under standard culture conditions, the medium was replaced
with either PDMS-conditioned medium (experimental group) or fresh
medium (control group). After incubation periods of 24, 48, and 72 h,
the CCK—8 assay and Calcein-AM/PI staining were performed according
to the manufacturer’s instructions.

5.5. Induction of FS fibrotic cell model

Unless otherwise stated, RSC—364 cells were used for the main
mechanistic and drug-screening experiments, whereas primary rat sy-
novial cells were used only for independent validation experiments. To
establish an in vitro fibrosis model, synovial cells were cultured in me-
dium supplemented with 10 ng/mL recombinant murine TGF-p1. The
SMAD3 inhibitor SIS3 was used at 10 pM to block the TGF-p1/SMAD3
signaling pathway. To evaluate antifibrotic effects, cells were treated
with Pirfenidone (250 pM), Ketotifen (25 uM), Dexamethasone
(100 nM), Metformin (1 mM), or Salvianolic acid B (50 pg/mL) [25,31,
35,50,51].

5.6. Measurement of cellular traction force

The PDMS-MA substrates were functionalized with fibronectin (FN)
via microcontact printing to promote cell adhesion [18]. Before seeding
cells, the FN-coated substrates were first labeled with 5 pg/mL Dil dye
for 1 h at room temperature to enable fluorescence visualization. Sub-
sequently, they were incubated with 0.2% Pluronic F—127 solution for
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1 h to prevent nonspecific protein adsorption on the micropillar side-
walls. RSC—364 cells were then seeded in growth medium and allowed
to spread overnight. CTF was measured by imaging the samples with a
confocal microscope and evaluating PDMS micropillar deflections using
PillarTracker 1.1.6 software (Mechanobiology Institute, Singapore). The
CTF was calculated based on Euler-Bernoulli beam theory, where pillar
deflection was multiplied by the calibrated bending stiffness [42].

5.7. Immunofluorescence staining

RSC—364 cells were seeded on glass-bottomed dishes (35 mm) for
immunofluorescence staining. Following fixation with 4% para-
formaldehyde and permeabilization using 0.25% Triton X—100 (10 min
each at room temperature), nonspecific binding sites were blocked with
10% normal goat serum for 30 min. Samples were then probed over-
night at 4 °C using primary antibodies against vinculin (1:250),
a-smooth muscle actin (a-SMA, 1:800), and collagen I (1:1000). After
washing, an Alexa Fluor 488-conjugated secondary antibody (1:1000)
was applied for 1 h in the dark. Cytoskeletal F-actin and cell nuclei were
counterstained with Phalloidin-iFluor 594 (30 min) and DAPI (5 min),
respectively. Images were captured using a Leica SP8 confocal micro-
scope, and data were analyzed using ImageJ [52].

5.8. Quantitative real-time polymerase chain reaction (qRT-PCR)
analysis

Total RNA was isolated from treated cells using TRIzol reagent ac-
cording to the manufacturer’s protocol. RNA concentration and purity
were assessed via NanoDrop spectrophotometry. The purified total RNA
was reverse-transcribed into complementary DNA (cDNA) using a
reverse transcription master mix, and the resulting cDNA was diluted
with RNase-free water. qRT-PCR was performed using a SYBR Green
master mix on a real-time PCR system. Standard thermocycling condi-
tions consisting of initial denaturation followed by multiple cycles of
denaturation and annealing/extension were applied. Amplification
specificity was confirmed through melting curve analysis, and relative
mRNA expression levels were calculated applying the 222 method.
The primer sequences used in this study are listed in Table S1
(Supporting Information).

5.9. Establishment of animal model

Under anesthesia, the left shoulder joint of each rat was fixed in full
adduction and internal rotation, with the elbow joint maintained in
flexion and varus position. A plaster bandage was then applied around
the left forelimb to immobilize the shoulder joint for 3 consecutive
weeks, as previously described in immobilization-based rodent shoulder
contracture models [53]. After immobilization, the animals were
allowed to resume normal activities. The fixation status of the plaster
bandage was examined daily to prevent complications. After 3 weeks of
immobilization, the plaster bandage was removed, and the modeled rats
were randomly assigned to the PBS, Pirfenidone, Ketotifen, and Dexa-
methasone groups. Drugs or PBS were administered by a single
intra-articular injection into the affected shoulder joint, with the injec-
tion volume standardized to 0.1 mL per joint. After injection, the rats
were housed under standard conditions for another 1 week. At the end of
the study, the rats were euthanized, and passive shoulder ROM was
measured according to the method described by Oki et al. [50]. Shoulder
joint tissues were then harvested for H&E staining, Masson staining, and
immunohistochemical analysis.

5.10. Histological staining
Harvested shoulder tissues were fixed in 4% paraformaldehyde, then

subjected to gradient ethanol dehydration and paraffin embedding in
sequence, followed by the preparation of serial sections at a thickness of
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5 pm. The sections were separately stained with hematoxylin and eosin
(H&E), Masson's trichrome, and immunohistochemistry to assess tissue
morphological features and target protein expression. The stained sec-
tions were observed under a light microscope and images were captured,
with subsequent quantitative analysis of relevant indicators conducted
using ImageJ.

5.11. Statistical analysis

Data were derived from a minimum of three independent experi-
mental replicates and are expressed as mean =+ standard deviation (SD).
Statistical analyses were performed utilizing GraphPad Prism software
(version 10.1.2). Differences between paired groups were analyzed
using two-tailed Student’s t-tests, while comparisons involving three or
more groups utilized one-way ANOVA followed by Tukey’s multiple
comparison test. All quantitative data were obtained from at least three
independent biological replicates. Significance was established at
p < 0.05, and p-values are indicated as: ns (not significant), * (p <0.05),
% (p <0.01), *** (p <0.001), and **** (p <0.0001).
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