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ABSTRACT

Tendon stem/progenitor cells (TSPCs) are crucial for intrinsic regeneration of injured tendons which consume a substantial amount of energy relying on the
tricarboxylic acid (TCA) cycle. Citric acid, the key substrate of the TCA cycle, emerges as a promising candidate for regulating energy metabolism. However, sus-
tainable methods in providing energy metabolic substrates across the whole regenerating process has been neglected. Herein, a metabotissugenic membrane con-
sisting of poly(octamethylene citrate) and L-lysine diisocyanate, POCL;(, was developed to consistently biodegrade and provide citrate substrates. Furthermore, the
POCL;o membrane exhibited self-sealing properties due to the introduction of strong hydrogen bonds and demonstrated anti-biofouling capacity in vitro. Intrigu-
ingly, POCL;( showed excellent regenerative capability by promptly upregulating TSPC proliferation, energy metabolism and differentiation. In vivo, POCL;¢ was
effortlessly wrapped around the injured Achilles tendon showcasing with anti-tissue adhesion and prominent collagen organization along with strengthened
biomechanical properties. Hence, the development of POCL expands the reservoir of available biodegradable citrate-based biomaterials and provides a unique
metabotissugenic biomaterial platform for tendon anti-biofouling and repair.

1. Introduction

Tendon injuries, particularly Achilles tendon ruptures, are among
the most prevalent musculoskeletal injuries, significantly impacting
patients’ mobility and quality of life [1-3]. Despite advancements in
surgical techniques and rehabilitation protocols, postoperative adhesion
formation (PAF) remains a major complication following tendon repair
surgeries, often leading to impaired tendon function and patient
dissatisfaction [4]. The formation of adhesions is a multifactorial pro-
cess, primarily driven by an imbalance between intrinsic and extrinsic
tendon healing mechanisms. Intrinsic healing involves the proliferation
and differentiation of tenocytes within the tendon, while extrinsic
healing is characterized by the infiltration of inflammatory cells and
fibroblasts from the surrounding tissues [5,6]. Exogenous healing leads
to impaired biomechanical functions which reduces the tendon’s role of
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weight bearing. Factors such as excessive inflammation, inappropriate
mechanical loading, and the upregulation of specific growth factors like
transforming growth factor-p (TGF-B) have been identified as key con-
tributors to adhesion formation [7-10].

To address this challenge, various strategies have been explored to
prevent or minimize postoperative adhesion formation. Studies have
demonstrated that the use of biomaterials to create physical barriers
combined with controlled drug release can inhibit the proliferation of
peritendinous tissue cells and block extrinsic healing [11-13]. For
example, foreign products such as SurgiWrap [14], Interceed TC7 [15],
and Seprafilm [16], as well as domestic products like the Stibikang™
polysaccharide bioadhesive, have all shown good anti-adhesion effects.
However, these anti-adhesion materials often need to be sutured in
place, which increases the difficulty of surgery, the risk of infection, and
the possibility of material displacement. Moreover, existing
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anti-adhesion materials have limitations: traditional degradable syn-
thetic polymers, such as polylactic acid (PLA), polyglycolic acid (PGA),
and polycaprolactone (PCL), lack regenerative properties, and their
degradation products may exacerbate inflammation [17-20]. Natural
biomaterials, such as hyaluronic acid (HA)-based hydrogels, degrade too
quickly, increasing the risk of anti-adhesion failure. Therefore, the
development of new anti-adhesion materials with good biocompati-
bility, self-sealing properties (sutureless closure), degradability, and the
ability to promote tissue regeneration is an urgent and important issue.

Yang et al. pioneered the development of a series of citrate-based
biomaterials for various regenerative engineering applications [21].
Notably, the recent US Food and Drug Administration (FDA) clearance
of the biodegradable poly(octamethylene citrate) (POC)/hydrox-
yapatite-based orthopedic fixation devices for use in humans represents
a translational research milestone in biomaterial science [22]. POC can
serve as a carrier material that releases citric acid through degradation.
Citric acid, as an intermediate of cellular metabolism, is transported to
the cytoplasm via the mitochondrial citrate carrier (CIC, SLC25A1),
where it is converted into acetyl-CoA and oxaloacetate. This process
regulates fatty acid and lipid synthesis as well as protein acetylation,
thereby enhancing protein stability and promoting cell division and
proliferation. In the nucleus, citric acid is converted into acetyl-CoA to
regulate histone acetylation, which in turn modulates epigenetic mod-
ifications and gene expression [23-27]. In previous studies, we have
proved that exogenous citric acid could promote intracellular ATP
generation, regulate the regenerative microenvironment, enhance
vascular and nerve regeneration, and promote stem cell metabonegenic
(metabolic + osteogenic) differentiation [28]. Drawing on the multi-
faceted roles that citrate plays in orchestrating intracellular metabolic
pathways to drive tissue regeneration by coordinating the functions of
various cell types integral to the regenerative process of tissues such as
blood vessels, nerves, skin, bone, and so on, we then extended the
concept of “metabonegenesis” to “metabotissugenesis” [22]. Under-
standing citrate’s metabotissugenic function will inform and inspire the
design of next-generation citrate-based biomaterials. However, the role
of citrate for tendon repair and regeneration has not previously been
studied yet.

Tendon stem cells predominantly rely on glycolysis under homeo-
static states which consume a minimal amount of energy [29]. However,
upon injury, a transition from a low to high energy producing state
occurs to meet the energy consuming standards of tissue healing
[30-32]. Tendon regeneration comprises three main processes: inflam-
mation, proliferation and remodeling. During the proliferative phase,
resident tendon stem/progenitor cells (TSPCs) proliferate, differentiate
and deposit extracellular matrix (ECM) to replace the impaired tissue
[33]. These processes require a higher energy-producing pathway,
which depends on the citric acid (tricarboxylic acid, TCA) cycle and
oxidative phosphorylation (OXPHOS). It was reported that TCA cycle is
substantial for tendon recovery [34]. Moreover, exogenous TSPC de-
livery to injured tissues also displayed a transcriptional enrichment in
citrate cycle and OXPHOS pathways, indicating the importance of high
energy-producing metabolic processes in tendon regeneration [35].
Enhanced TSPC development in vivo further facilitates tendon me-
chanical properties [36]. However, the application of a systemic inhib-
itor or the implantation of stem cells may lead to various side effects,
including off-target effects and unstable cell function [37-39]. As
exogenous citrate induces stem cell energy production and metab-
otissugenisis, development of a citrate-based polymer with high
biocompatibility for tendon injury implantation is highly desirable.

Given the pro-regenerative potential of metabotissugenic citrate-
based biomaterials, it is intriguing to explore the potential role in pro-
moting tendon regeneration. This area has not been extensively studied.
Herein, we have meticulously designed the molecular structure of a
POC-based membrane material. For the first time, we have developed a
novel anti-biofouling material based on citric acid that integrates mul-
tiple functions, including degradability, self-sealing, mechanical
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matching, and metabolic regulation, specifically tailored for anti-
biofouling and tendon repair. We achieved this by crosslinking POC
with L-Lysine Diisocyanate (LDI) to fabricate POCL membranes with a
thickness of approximately 100 pm (Fig. 1). As a bio-based isocyanate,
LDI offers several distinct advantages: (1) enhancing biocompatibility
and controlled degradation rate to create a conducive environment for
repair; (2) providing flexible crosslinking molecular chains that render a
membrane with thinner and mechanically matched modulus with tis-
sues in the implanted region, which reduces foreign body sensation and
minimizes inflammatory reactions; (3) introducing hydrogen-bonding
sites, imparting the membrane with self-sealing properties. We hy-
pothesize that the controlled release of citrate increases biocompati-
bility with TSPCs and the degradable POCL membrane provides a
physical anti-biofouling barrier against PAF. Moreover, cytosol influx of
citrate would induce a metabolic shift as OXPHOS regulated energy
metabolism promotes TSPC development and improve mechanical
properties in vivo. Overall, this work represents a new direction in
addressing the significant clinical challenges in tendon anti-biofouling
and repair.

2. Results and discussion
2.1. Synthesis and characterization of the citrate-based membrane

The POC prepolymer (pre-POC) was synthesized (Fig. S1) and
structurally characterized by 'H NMR and mass spectrometry (Fig. 52).
Subsequently, the pre-POC was chemically crosslinked using LDI, which
possesses flexible molecular chains. By varying the proportion of LDI, a
series of POCLy membranes (where x denotes different LDI ratios) were
prepared, with LDI contents of 0 %, 5 %, 10 %, 15 %, and 20 %,
respectively. POCLy membranes had a transparent feature and were
highly flexible when bent by forceps (Fig. 2A). The morphological im-
ages observed through scanning electron microscopy (SEM) showed that
all POCLy membranes presented with a dense texture and smooth sur-
face (Fig. 2B). The non-porous structure could inhibit the infiltration and
adhesion of cells [40]. The lateral view displayed that pure POC mem-
branes were approximately 136.78 + 4.63 pm thick. With the cross-
linking of LDI, the thickness of POCLs,1¢,15,20 membranes decreased to
102.59 + 1.13 pm, 100.66 + 1.27 pm, 100.07 £ 1.55 pm, and 99.75 +
1.00 pm, respectively. (Fig. 2C, D and Table S1). Crosslinking resulted in
a further increase in the membrane’s density, which could enhance its
barrier properties. The reduced thickness of biomaterials could also
decrease the foreign body sensation upon implantation [41]. Further-
more, the hydrophobicity of POCLy membranes were tested by water
contact angle (WCA) analysis. The POC membrane exhibited hydro-
phobicity due to the presence of the hydrophobic alkyl chains in 1,
8-octanediol (OD). Crosslinking increases the membrane’s density,
which typically resulted in an increased water contact angle, indicating
enhanced hydrophobicity. However, LDI is a bio-based isocyanate that
contains hydrophilic groups. As the amount of LDI incorporated into the
membrane increases, the water contact angle decreased slightly. Despite
this, the overall hydrophobic nature of the POCLy were maintained due
to the dominant presence of hydrophobic components (Fig. 2E). FTIR
spectrometer analysis (in the range of 400-4000 cm ') was addressed to
further examine the extent of POCLy crosslinking. The stretching vi-
bration peak of the ester bond (-COOH-) is the main feature of POC
synthesis observed at 1749 cm_l, while the amido bond (-CONH-) that
peaks at 1531 cm™! marked the characteristic of LDI crosslinking
(Fig. 2F). As highlighted in green, the peak corresponding to the amido
bond exhibited a corresponding increase with the increase in the amount
of LDI used. The FTIR spectra display signals at 3300-3500 cm ™!, which
is characteristic of the -OH group. As the amount of LDI increases, the
cross-linking density of the film also increases. This leads to a reduction
in the number of residual hydroxyl groups. Consequently, the peak in-
tensity at 3300-3500 cm ™! decreases accordingly. This trend was
consistently observed in the X-ray photoelectron spectroscopy (XPS)
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Fig. 1. Schematic diagram illustrating the metabotissugenic effect of the degradable citrate-based membrane for anti-biofouling and tendon regeneration.

analysis. Specifically, the N 1s peak and the C-N/C binding ratios
showed significant increases from 0 % to 5.62 %, 6.89 %, 13.64 %, and
18.83 %, respectively (Fig. 2G, H, Fig. S3 and Table S1). Therefore, we
could conclude that as the amount of LDI increases, the hydrogen
bonding interactions of POCLy also increase accordingly. The degrada-
tion behavior of the POCLy were assessed in both PBS and esterase so-
lutions (0.05 mg/mL). The results indicated that in pure PBS, POC
degraded at the fastest rate. As the amount of LDI incorporated in-
creases, the crosslinking density of the membrane material also
increased, leading to a corresponding decrease in the degradation rate
(Fig. 2I). In contrast, the introduction of LDI enhanced the ester bond
content within the membrane material. Therefore, in the
esterase-containing degradation solution, membranes with higher
crosslinking density degraded more rapidly (Fig. S4). Concentration of
CA released by POCLy membranes in PBS were also tested, as concen-
trations decreased with the increase of LDI crosslinking (Fig. 2J). This
observation demonstrated that the incorporation of LDI could modulate
the degradation rate of the material, thereby controlling the release rate
of citric acid and, consequently, the biocompatibility of the membrane
material.

2.2. Mechanical properties and self-sealing capacity of POCL, membranes

. Modulus matching of materials with tissue reduces immunological
rejection [42]. The implanted membrane materials should possess good
flexibility to match the mechanical properties of the tissues. This ensures
that the materials can conform to the tissue’s mechanical strength
without causing excessive stress or damage. Therefore, the modulus of
the native tendon, full-length hind limb skin and muscle surrounding the
tendon was primarily tested. Results show that the modulus of the tis-
sues were around 340.05 + 107.17 MPa, 72.87 + 20.26 MPa and 0.26
+ 0.10 MPa, respectively (Fig. S5). Furthermore, the membranes were
examined showing the tensile strength (approximately 0-120 KPa)
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lower than the modulus of tissues which allowed membranes to be easily
bended and maintain a soft contact with muscular tissues (Fig. 3A and
Table S1). The selected crosslinking agent LDI possesses flexible mo-
lecular chains, which allow the membrane material to maintain good
flexibility while increasing its density. This dual benefit is crucial for
reducing foreign body inflammatory responses. Flexible molecular
chains can enhance the material’s adaptability to biological tissues,
minimizing the mechanical mismatch that often leads to inflammation.
Currently, the anti-biofouling membranes used in clinical practice
require additional suturing during application, which significantly in-
creases the complexity of the procedure and the risk of infection.
Therefore, membranes with self-sealing properties are more suitable for
clinical use. To more intuitively demonstrate the self-adhesive proper-
ties of the membrane material, we wrapped it around a finger and
performed continuous bending. The results showed that the membrane
material can be securely fixed to the finger through its self-adhesive
properties and does not fall off even after continuous bending
(Fig. S6). The self-sealing strength of membranes was tested by adhering
two pieces of POCLy membranes at one end with the other end being
pulled till the connection between membranes completely disassembled
(Fig. 3B and Fig. S7). POCL1¢,15,20 membranes presented with signifi-
cantly increased self-sealing strengths of 0.20 + 0.02 MPa, 0.21 + 0.01
MPa, and 0.25 + 0.01 MPa, respectively, compared with POC (0.15 +
0.01 MPa) (Fig. 3C). To adapt to the procedure of tendon injury im-
plantation, POCLy membranes could be manually curved to form a
tubular-shape which could maintain a self-sealed structure with an
overlapped area (Fig. 3D and E). Despite the tubular form could be stable
in dry atmospheric conditions, the environment of injured tendons is
inevitably accompanied by watery conditions caused by transudate
fluids. The strong hydrogen bonds introduced by LDI can induce the
POCLx membrane to acquire strong and rapid self-sealing properties. To
evaluate this property, the curved POCLy membranes were placed in
sterile tubes and immersed in PBS to mimic the internal conditions of an
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Fig. 2. Characterization of the citrate-based membranes. A) Gross view and flexibility of POCLx membranes. SEM images of the B) surface (scale bar is 50 pm) and C)
lateral view of POCLx membranes (scale bar is 200 pm). White arrows demonstrate the thickness of the POCLx membranes. D) Lateral thickness of the POCLx
membranes based on SEM images. E) Water contact angle of POCLx membranes. F) FTIR spectra analysis of POCLx membranes. G,H) XPS analysis and C-N/C ratio of
POCLx membranes. I) Degradation rate of POCLx membranes in a duration of 21 days in degradation medium and J) concentration of CA in POCLx membrane-
immersed medium. Results are presented as means + SD. Statistical significance was calculated by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001,
wxxp < 0,0001.

injured environment (Fig. S8). 4 days following immersion, the over- could be maintained up to 30 days within a wet environment (37 °C,
lapped area of pure POC membranes had loosened and the tubular Fig. §9). Collectively, the data above corroborated that self-sealing
structure was disorganized. However, with the support of strong properties of POCLy membranes would simplify the handling of surgi-
hydrogen bonds, POCLs,1¢,15/20 membranes could consistently main- cal implantation with non-suture fixation and structure maintenance.

tain the tubular structure (Fig. 3F). Intriguingly, the tubular structure
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Results are presented as means + SD. Statistical significance was calculated by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns, non-significant.

2.3. Anti-biofouling and biocompatibility of citrate-based membranes

Anti-biofouling consists of the ability to prevent the adhesion of cells
and proteins onto the surface of materials. Considering application on
tendons, the anti-biofouling capacity can further extend to prevention of
PAF (Fig. 4A). Anti-biofouling analysis was carried out by incubating
BSA and fibroblasts onto POCL membranes, and rinse off excessive non-
adhered particles before observation (Fig. 4B-E). POCLg/5,10/15 mem-
branes exhibited with a minimum amount of BSA protein attachment.
Conversely, POCLyo membranes had significantly increased adhesion of
BSA proteins (Fig. 4B and D). There was a resemblance in these results as
fibroblasts were highly adhered to POCLy, membranes, and approxi-
mately unattached to POCLy,s5,10 membranes (Fig. 4C and E). This
phenomenon could be attributed to the unique characteristics of LDI as a
bio-based isocyanate. The POC membrane without LDI crosslinking has
the fastest degradation rate in PBS and releases a larger amount of citric
acid. This creates a slightly acidic environment, which affects cell
viability and inhibits cell adhesion to the surface. The introduction of
LDI can regulate the release rate of citric acid and enhance the
biocompatibility of the membrane. Additionally, the introduction of LDI
increases the hydrogen bond content of the membrane material, thereby
improving its hydrophilicity. As a result, with the increase of LDI con-
tent, the anti-adhesive property of the membrane material decreasesd.
This highlights the need to carefully balance the incorporation of LDI to
optimize both biocompatibility and anti-fouling performance for prac-
tical applications. The biocompatibility of POCLx membrane extractive
fluids were further assessed on fibroblasts. Results showed that POC and
POCLs membranes had a cell viability of roughly 50 %, while the rest
along with blank controls had a cell viability of over 70 % (Fig. 4F). This
verifies that POCLy membranes reduce the adherence of cells via anti-
biofouling capacities rather than direct cytocidal effects. However,
low crosslinking ratio of LDI does have lower biocompatibility to fi-
broblasts which accords with former degradation results. These results
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can be further confirmed via cell live/dead staining, showing a signifi-
cantly increased percentage of dead cells in POC groups compared with
POCLs,10/15,20 incubation (Fig. 4G and Fig. S10). The low biocompati-
bility of POC could be mainly due to the intracellular concentration of
CA. The results indicate that the POC and POCLs5 groups exhibited higher
cytotoxicity due to the elevated release of citric acid from degradation.
This led to cellular damage, which in turn caused a decrease in intra-
cellular CA levels. However, as the degree of crosslinking increased, the
biocompatibility of the membrane materials was enhanced. Conse-
quently, the intracellular CA levels gradually rose and eventually
showed no significant difference compared to the control group
(Fig. S11). Moreover, cytoskeletal staining revealed a significantly
decreased cell area when treated with POC and POCLs extracted fluids
(Fig. 4H and Fig. S12). The acidic milieu formed by POC could disrupt
the functions of cell cycle and cell spreading. Conclusively, low ratios of
LDI crosslinking prevented biofouling, but also induced cell death.
Meanwhile, higher ratios of LDI crosslinking improved the biocompat-
ibility of cells and also increased biofouling. POCL;( membranes, as the
middle ratio, exhibited with both excellent anti-biofouling potential and
good biocompatibility which were suitable for anti-adhesive
implantation.

2.4. POCL;jg promotes TSPC proliferation and cell cycle processes

Resident TSPCs are responsive upon injury that proliferate and
replace impaired tenocytes. To further explicit the impact of POCLy
membranes on the biocompatibility of stem cells, TSPCs were incubated
in POCLy extracted medium. Live/dead staining of TSPCs showed that
POC medium-treated stem cells had an increased rate in cell death
compared with non-treated control. In contrast, POCLs and POCL;q
medium-treated cells had significantly decreased death rates compared
with control and POC. POCL; 5 and POCLy( had no significant difference
compared with control (Fig. 5A and E). Cell viability analysis with CCK8



C. Han et al. Bioactive Materials 51 (2025) 598-612

A B
Anti-biofouling analysis

(@)

(=2
o

% % %
* kK

w
o
1

* %%k

H
o
1

\_/ s,

-
o
L
N
o
1

Anti-biofouling capacity Prevention of peritendinous adhesion

o

Mean Fluorescence Intensity
N
(=]
L
—
Relative cell adhesion area (%)
L

o

POCLx Fibroblast {# Protein Tendon &

D POCL,

F G 40 H 6
%k k 8
*% = e ] © .
& gon. - .
é ol * # ¢ of® ° 30 g
> A = 5 47 * % % %
Soul----B il g 2
° (] 20 n
© > <] Hiti # o3e
S 50+ I . = . £ _—
% g O 2gs88 888 & oTo
S Ll Y 2 3 iy &
- [ ]
o 1 oon 5 ;&;
0 I 1 1 I 1 1 0 I 1 1 I I I &’ 0 1 1 1 1 1 1
) N o\ VP o 0 \
QO S 00\,\00\/\00\/‘:‘@ QO & 00\« 00\« o\ﬂ g\é L &L OOV\OC’V o\r”’ <°
PP L LLL LS

Fig. 4. Anti-biofouling evaluation and biocompatibility of POCLx membranes. A) Schematic diagram of the anti-biofouling analysis of POCLx membranes against
cells and proteins that analogy to tendon application for anti-peritendinous adhesion. B) The mean fluorescence intensity and D) image of BSA-FITC adhesion on
POCLx membranes. Scale bar is 200 pm. C) Relative cell adhesion area and E) image of fibroblasts cultured on POCLx membranes stained by phalloidin. Scale bar is
500 pm. F) CCK-8 analysis, Dead/live staining ratio and H) cytoskeletal area analysis of fibroblasts treated by POCLx immersed medium. Results are presented as
means + SD. Statistical significance was calculated by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. “*”, “#7, “&” represents the
comparison between groups against CT, POC and POCL10, respectively.

confirmed these results. It further showed that proliferation rates treated significantly increased in POCL; treated TSPCs (Fig. 5C and F). As TSPC

by POCL;( extracted medium were significantly increased compared biocompatibility and proliferation was closely related with the con-
with the other groups (Fig. 5B). The cytoskeleton area displayed that centration of CA extracted from POCLy membranes, we evaluated
POC treated cells had a significantly smaller cell area, while it was whether the incubation of TSPCs with different CA solutions, in
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TSPCs treated by POCLx immersed medium. Results are presented as means + SD. Statistical significance was calculated by one-way ANOVA. *p < 0.05, **p < 0.01,
**¥*p < 0.001, ****p < 0.0001. “*7, “#”, “&” represents the comparison between groups against CT, POC and POCL10, respectively.

accordance with Fig. 2J, could promote the same outcome. The mean
concentrations were selected as sodium citrate was resolved in cell
culture medium to form 0.9 pM, 0.65 pM, 0.45 pM, 0.34 pM and 0.25 pM
CA solutions, while normal culture medium (0 pM CA) was used as
control. Results indicated that 0.9 pM CA treated TSPCs had a signifi-
cantly lower cell viability and higher dead/live ratio compared with
other concentrations. In line with extracted medium cultured results,
0.45 pM CA treatment could promote the cell viability of TSPCs which
reflected the concentration of POCL;y membranes (Fig. S13 and S14).
These results have suggested that POCL( treatment had an enhanced
influence on stem cell proliferation induced by citrate. Thus, EAU
staining was carried out to directly assess the facilitation of POCL;o on
cell cycle processes. Results demonstrated that EdU expression of
POCL,( treatment was significantly upregulated compared with the
other groups (Fig. 5D and G). Overall, POCL;( membranes had great
biocompatibility on TSPCs as well and could directly promote stem cell
proliferation via exogenous citrate. In union with former anti-biofouling
and mechanical results, POCL;( was chosen for further pro-regenerative
mechanistic assessments and in vivo studies.
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2.5. Mechanistic investigation of the metabotissugenic potential of
POCL;19 on TSPCs

To further verify the underlying mechanism of how the POCLjq
membrane regulates the biological processes of TSPCs, we carried out a
bulk RNA sequencing (RNAseq) analysis on TSPCs which were treated
with PBS, POC and POCL;y, respectively (Fig. S15). The correlation of
samples was analyzed through principal component analysis (PCA) and
Pearson correlation analysis. POCL;( treated TSPCs exhibited with a
transcriptional differentiation compared with Control and POC groups
(Fig. S16). Separately compared, 45 differentially expressed genes
(DEGs) were detected in POC vs Control, 2380 DEGs in POCLq vs
Control, and 2273 DEGs in POCL;o vs POC (Fig. 6A and Fig. S17 and
$18). GO enrichment analysis revealed a series of pathways, such as the
developmental process, anatomical structure development, extracellular
matrix, cell junction, cell population proliferation, cell differentiation,
etc upregulated by POCL;( treatment compared with both control and
POC (Fig. 6B and Fig. S19A). Contrarily, GO enrichment of POC vs
Control showed an increase in neutrophil, granulocyte and leukocyte
chemotaxis (Fig. S19B). Gene set enrichment analysis (GSEA) showed
that in POC vs Control, cells were transferred into an inflammatory
responsive state with upregulated cell chemotaxis and downregulated
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mitotic cell cycle process (Fig. S20). Meanwhile, POCL;¢-induced TSPC
GSEA demonstrated with the upregulation of extracellular matrix
structural constituent, oxidative phosphorylation, Notch signaling
pathway, lysine degradation and NADH dehydrogenase activity path-
ways, while glycolysis/gluconeogenesis, inflammatory response and
interleukin-6 production pathways were significantly downregulated
(Fig. 6C, D and Fig. S21). Compared with POC, GSEA analysis further
displayed that collagen fibril organization and SNARE complex path-
ways were highly upregulated under POCL;( induction (Fig. S22). These
results verified that POCL1( had a better biocompatibility to TSPCs in
accordance with former results, emerging with significantly increased
OXPHOS function, cellular development and ECM formation.

As POCL treatment induced the metabolic shift as OXPHOS path-
ways upregulated and glycolysis downregulated, the iPath metabolism
analysis of POCLyy upregulated genes was further evaluated. Results
indicated that a majority of metabolism-related genes in glycan
biosynthesis, energy metabolism (TCA cycle, oxidative phosphoryla-
tion), carbohydrate metabolism, lipid metabolism (fatty acid elonga-
tion), and amino acid metabolism (urea cycle) were upregulated
(Fig. 6E). Pure POC treatment had few metabolic pathways upregulated
compared with POCL;q (Fig. S23). Energy metabolism-related genes and
tendon development-related genes were compared within the three
groups. Energy metabolism genes (Fabp3, Prkag2, Mafa, Gata2, Atf3,
Pparg etc.) and TSPC development related genes (Scx, Collal, Colllal,
Itga7, etc.) were significantly upregulated by POCLj( treatment
(Fig. 6F). Additionally, genes correlated with the homeostasis of tendon
stem cells (Pdgfra, Bmp4, etc.) were downregulated under POCL;¢ in-
duction (Fig. S24). This indicated that POCL treatment not only induced
the metabolic shift of TSPCs from glycolysis to OXPHOS, but also
induced stem cell development by changing its state from homeostasis to
differentiation. Protein-protein interaction (PPI) network analysis
further revealed that oxidative phosphorylation, cellular response to
insulin stimulation, and AMPK signaling pathways are closely correlated
with tendon development (Fig. S25).

To confirm the transcriptional results, western blotting of peroxi-
some proliferator-activated receptor Gamma, coactivator 1 alpha
(PGCla) and transcription factor A, mitochondrial (TFAM) were pro-
cessed, which are key energy metabolism-related proteins that function
in mitochondrial biogenesis and oxidative metabolism [43]. The
expression of both proteins significantly decreased under POC treat-
ment, while POCL;y had no significant difference with control
(Fig. 6G-I). However, ATP concentration analysis revealed that POCL;q
treated TSPCs had increased ATP production compared to control. With
decreased protein levels of PCGla and TFAM, POC significantly reduced
ATP production (Fig. 6J). Mitochondrial superoxide assay (MitoSox) and
mitochondrial membrane potential assay (TMRE) were conducted to
further evaluate the mitochondrial functions of treated TSPCs [44].
Although POCL;y had no signicifant difference with control, POC
treatment exhibited with highly increased superoxidates and impaired
mitochondrial membrane potential (Fig. 6K, L, N and O). Furthermore,
immunofluorescence of the TSPC marker, Scleraxis (SCX), revealed that
POCL; extracted medium remarkably induced its expression (Fig. 6M
and P). These results indicated that disturbed mitochondrial function
and overexpressed superoxidates led to POC-induced TSPC cell death.
Meanwhile, POCL;( treated TSPCs maintained regular mitochondrial
functions with enhanced OXPHOS-mediated production of ATP for stem
cell development. Collectively, POCL1o could highly reprogram the
metabolic processes within TSPCs, which further promotes the cellular
processes of stem cell differentiation and verifies the metabotissugenic
influence of POCL membranes.

2.6. POCL; prevents adhesion formation in vivo
Considering that the POCL;( membrane has a good resistance against

cell and protein adhesion in vitro, and also promotes the differentiation
of TSPCs, POC and POCL;y membranes were further applied to a rat
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Achilles tendon injury model to assess its effect on PAF prevention and
tendon regeneration. No treatment and commercial membrane im-
plantation were respectively used as a negative and positive control for
anti-biofouling comparison. On postoperative day 21, rats were eutha-
nized and the healed tendon was grossly assessed. No infectious ulcers or
necrosis were found. The blank control group presented with significant
adhesion formation surrounding the tendon, making it difficult to
separate the tendon from adjacent tissue with the detacher. In contrast,
the POCL;( group along with POC and the commercial Seprafilm group
both showed significantly reduced PAF and the detacher passed between
the tendon and adjacent tissue with low resistance (Fig. 7A). According
to the gross assessment standards (Fig. S26), POC, POCL; and Seprafilm
scores were significantly lower than control, and there was no signifi-
cance between the two anti-adhesive membranes (Fig. 7D). This indi-
cated that the POC and POCL,( membranes could achieve the same anti-
biofouling potential as the commercial membrane. All anti-adhesive
membranes were still wrapped around the tendon surface by day 21,
providing a physical barrier against the invasion of adhesive tissues.
However, the POC and POCL;( membranes exhibited with a fairly more
intact feature than the commercial membrane, indicating its stable
degradation capacity in vivo.

Moreover, hematoxylin-eosin (HE) and Masson’s staining was
applied to histologically analyze the extent of peritendinous adhesion
and tendon healing. Results showed that a dense and adequate amount
of fibrous tissue around the repaired tendon was observed in the control
group. Via the application of the anti-adhesive membranes, PAF was
significantly reduced and an interspace was retained around the Achilles
tendon with POC and POCL, treatment (Fig. 7B). Histological scoring of
peritendinous adhesion (Fig. S27) revealed that POC and POCL; scored
significantly lower than that in control and Seprafilm (Fig. 7E). This
provided evidence that POC and POCL;o application can markedly
restrain the formation of PAF tissue in accordance with previous anti-
biofouling analysis.

2.7. POCLjo promotes achilles tendon regeneration and biomechanical
function

As TSPC related genes were significantly upregulated in vitro, we
hypothesized that POCL10 could improve intrinsic regeneration of
tendon in vivo. To verify our hypothesis, histological scoring of tendon
healing was addressed. Scoring standards included the assessment of
collagen fiber organization, cell alignment, cell nucleus morphology,
degenerative changes, vascularization and inflammation (Table S2). HE
and Masson’s staining of the normal tendon were used as a reference
which scored 18 according to the grading system (Fig. S28). Tendon
healing of the control group displayed with disorganized collagen
deposition, randomized cell alignment, increased angiogenesis of large
vessels and increased leukocyte infiltration. Conversely, with the
implant of POCL;¢p membrane, ECM was linearly organized and cells
were orderly aligned, along with the regeneration of evenly distributed
small vessels and inhibition of inflammation. The commercial anti-
biofouling membrane and the POC membrane exhibited a similar
tendon healing degree with blank controls accompanied with inflam-
mation, nonlinear ECM formation and large vessel angiogenisis
(Fig. 7C). Histological grading further supported the observed diversity
(Fig. 7F). Via POCL;( treatment, there was an improved tendon regen-
eration compared with non-treatment or application of commercial anti-
adhesive membranes.

The biomechanical strength of the tendon is a major aspect that
composes its biological function. It is associated with the outcome of
better weight bearing which is the main function of tendons [45].
Thereby, the recovery of mechanical strength is a critical aspect when
estimating tendon healing. Healed tendons were collected on post-
operative day (POD) 21 for biomechanical analysis (Fig. S29). Important
parameters as maximum load, stiffness and maximum strain were
recorded and analyzed. Results detected that maximum strength and
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Fig. 7. Evaluation of intrinsic tendon regenerating efficacy of POCL10 membranes on tendon injury. A,D) Gross analysis of anti-peritendinous adhesion efficacy of
implanted membranes and non-treated tendons. Scale bar is 3 mm. B,E) Histological PAF assessment of membranes. Scale bar is 1 mm. T, tendon; P, peritendinous
adhesion; S, suture; D, dermis; M, membrane. C,F) Histological tendon healing assessment of regenerated tendons. Scale bar is 200 pm and 100 pm for original and
enlarged images, respectively. T, tendon; V, vessels; I, inflammation. G-I) Biomechanical examination of regenerated Achilles tendons including, G) maximum load,
H) stiffness and I) maximum strain. Results are presented as means + SD. Statistical significance was calculated by one-way ANOVA. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, ns, non-significant. “*”, “#”, “&” represents the comparison between groups against Control, Seprafilm and POCL10, respectively.

stiffness of POCL;¢ membrane treated tendons were approximately 2.3
folds higher than non-treatment and 1.5 folds higher than Seprafilm
interference, respectively. POC treated tendons had no significant dif-
ference in mechanical strength compared with control (Fig. 7G and H).
The maximum strain of regenerated tendons had no significant differ-
ence between different groups (Fig. 7I). These results indicated that
POCL;¢p membranes could significantly promote the toughness of re-
generated tendons. Collectively, with the application of a metabolic
regulating membrane could not only form a suitable anti-biofouling
barrier, but also promote tendon regeneration to a greater extent and
highly recover its crucial biophysiological functions.

2.8. POCL; induces TSPC proliferation and collagen deposition

The proliferation and differentiation of TSPCs happen days upon
tendon injury to replace defected tenocytes and heal the impaired tissue.
According to RNAseq results, the controlled release of citrate has a
significant effect on promoting energy metabolism and differentiation of
TSPCs. Therefore, immunofluorescence staining of key tendon differ-
entiation markers, SCX and collagen type 1 (COL1), were conducted on
regenerated tendon in vivo. There was a low expression level of SCX and
COL1 in non-treatment, POC and Seprafilm groups POD 21, indicating a
consecutive healing process was undergoing in the repairing site.
However, application of POCL;, membrane significantly prompted SCX
and COL1 expression, showing highly activated intrinsic regeneration
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properties compared with control, POC and commercial treatment
(Fig. 8A, C and D). RNAseq results implied that inflammatory pathways
were also reduced in POCL; treated groups. Thus, CD68 expression was
observed and results indicated that infiltrated macrophages were
significantly reduced after POCL;( treatment (Fig. 8B and E). These re-
sults demonstrated that POCL10 strongly facilitates intrinsic tendon
regeneration via stimulation and activation of TSPC, while inflamma-
tion was reduced.

CA supplied by the POCL; o membrane provided an energy metabolic
substrate source that can be transmitted into stem cells and induce
OXPHOS to produce an adequate amount of ATP for tissue repairment.
During the early stage of tendon healing, inflammatory infiltration as-
sists with the clearance of defected cells and tissue, but leads to an
excessive expense of energy as well [30]. Therefore, ATP levels during
POD 7 were significantly low in all anti-biofouling membrane implanted
groups, indicating a large consumption of energy compared with control
(Fig. S30). Conversely, ATP concentration on POD 21 was significantly
upregulated by POCL;( treatment in contrast to control, POC and
Seprafilm (Fig. 8F). Considering that POCL;( were modulus matched to
contacting tissues and had a reprogrammed transcription to inhibit in-
flammatory responses, the consumption of energy in the POCL;( group
could be due to the induced proliferation and differentiation of TSPCs
during the early inflammatory phase. Furthermore, with sustained
degradation, stable in vivo structure, and significantly increased ATP
production during the proliferative and remodeling stages,
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Fig. 8. Evaluation of TSPC expression, inflammation and energy metabolism in vivo. A) Immunofluorescence staining of SCX and COL1 on regenerated tendons.
Scale bar is 50 pm. B) Immunofluorescence staining of CD68. Scale bar is 50 pm. C-E) Relative expression of SCX, COL1 and CD68. F) Relative ATP concentration of
tendons among regenerating tendons on day 21 post-surgery. Results are presented as means + SD. Statistical significance was calculated by one-way ANOVA. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. “*”, “#”, “&” represents the comparison between groups against POCL10 and Seprafilm, respectively.

POCLjp-supplied CA could consistently facilitate the regeneration of
tendon injury. Overall, POCL;( demonstrated with a high potential to
facilitate tendon regeneration via metabotendinogenesis.

2.9. Reliable biosafety and degradative properties of POCLj¢

POCL membrane degradation and citrate release could enter the

608

bloodstream and flow through the body. Therefore, we collected visceral
organs of rats 21 days after surgery. HE staining displayed that the heart,
liver, spleen, lung and kidney remained intact and no pathological
damage was caused by the deposition of POCL membranes (Fig. S31).
Moreover, complete degradability of implanted materials is crucial for
biosafety. Thus, the degradation duration of the POCL;(, membranes in
vivo was further assessed. POCL;o membranes were still found to be
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intact 6 weeks post-operation with a thinner morphology consistent
with the sustained degradation capacity in vitro. As in contrast, Sepra-
film had been fully degraded (Fig. S32). By week 9, POCL;(, membranes
completely degraded in vivo verifying its good biocompatibility and
sustainable degrading capacity (Fig. S33).

3. Conclusion

In conclusion, we introduce a metabotendinogenic membrane,
POCL;y with sustainable degradation, anti-biofouling capacity and
favorable plasticity. POCL;y membranes could be synthesized by a
simple polycondensation method that consistently releases citrate and
could be highly stable during surgical application. In accordance with
anti-biofouling property against fibroblasts and proteins in vitro,
POCL¢ successfully prevented PAF through in vivo implantation.
Additionally, with the modified releasing rate of energy metabolic
substrates, excellent biocompatibility to TSPCs was achieved exhibiting
induced proliferation and cell cycle of stem cells. Mechanistically, cit-
rate accumulation within TSPCs caused a metabolic shift from glycolysis
to OXPHOS to provide an adequate amount of energy for stem cell
development, ECM production and organization. Futhermore, in rat
tendon injury models, POCL;o induced long-term effects on tendons
which obtained outstanding performance on ECM organization and
enhanced mechanical functions to approximately 2.3 and 1.5 times
greater than non-treatment and commercial treatment, respectively.
Overall, this work establishes a metabotissugenic anti-biofouling plat-
form to effectively achieve anti-peritendinous adhesion and stem cell
development, providing a promising approach for intrinsic tendon
regeneration upon injury and a novel approach for clinical treatment.

4. Experimental section
4.1. Synthesis and characterization of citrate-based membrane

Citric acid and 1,8-octanediol were added to a 50 mL round-bottom
flask at a molar ratio of 1:1.1. The mixture was first dissolved at 160 °C
for 20 min, followed by polymerization at 140 °C under 600 rpm stirring
for 2 h. The resulting product was washed with deionized water 3-5
times and freeze-dried to obtain POC prepolymer. The Pre-POC was
dissolved in anhydrous dioxane to form a 30 % (w/w) solution. Subse-
quently, 1 g of the solution was cross-linked with L-lysine diisocyanate
(LDI) at mass ratios of 0 %, 5 %, 10 %, 15 % and 20 % to prepare
membranes.

4.2. Characterization

The molecular structure of Pre-POC was observed by nuclear mag-
netic resonance spectroscopy (*H NMR, AVANCE NEO, Bruker BioSpin,
Switzerland). The morphologies and thickness of POCLs were observed
by scanning electron microscopy (SEM, JSM-7500F, JEOL, Japan). The
surface chemical compositions were investigated by X-ray photoelectron
spectroscopy (XPS, Kratos AXIS-His, Shimadzu, Japan) equipped with Al
Ka X-ray source and attenuated total refraction Fourier transform
infrared (ATR-FTIR) spectroscopy. The hydrophobicity of samples was
measured by static water contact angle (WCA, OCA 25, Dataphysics,
Germany).

4.3. In vitro degradation study

The POCL membranes were fabricated into small circular discs with a
diameter of 6 mm. After weighing, the discs were placed in a phosphate-
buffered saline (PBS, pH = 7.4) solution or esterase solutions (0.05 mg/
mL), and subjected to oscillation in a shaking incubator at 37 °C. The
discs were retrieved at 3, 5, 7, 14, 21 days, dried, and weighed again to
record the changes in weight.
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4.4. CA concentration measurement

CA concentration was tested with a Citric Acid Content Assay Kit
(BC2150, Solarbio) according to the manufacturer’s protocol. The me-
dium of POCLy immersed solution was retrieved. A working solution was
prepared and mixed with the solution above. They were then incubated
for 30 min before undergoing absorbance value analysis with a spec-
trophotometer at 545 nm. Intracellular CA concentration was estimated
by primarily gathering incubated cell and ultrasound breaking cells
walls before being mixed with the working solution.

4.5. Mechanical property testing

4.5.1. Tensile strength measurement

The POCL membranes were cut into a dumbbell shape with a length
of 35 mm and a width of 2 mm in the middle using a mold. The ends
were clamped and fixed with a length of 6 mm each. The sample was
then stretched at a rate of 60 mm/min, and the relevant parameters,
including tensile strength and elongation at break, were recorded.

4.5.2. Self-sealing strength measurement

The membrane material was fabricated into a rectangular shape with
a width of 1.5 cm and a length of 4 cm. Two membranes were over-
lapped in a T-shape with an overlap length of 2 cm. The ends of the
membranes were fixed in a tensile testing machine to measure the force
required to completely separate the two membranes.

4.5.3. Self-sealing function analysis

The membrane was fabricated into a rectangular shape as above and
curved to be attached by an overlapping area. Then membranes were
placed into centrifuge tubes containing PBS and images of the mem-
branes were taken on day O and until membranes were detached. To
further evaluate the self-sealing potential of membranes around cylinder
objects, membranes were wrapped around injecting syringes and placed
in PBS, which was then incubated in a shaking incubator at 37 °C. Im-
ages of membranes were taken 30 days after immersion.

4.6. Anti-biofouling analysis against protein and cells

The POCL membranes were fabricated into small circular discs with a
diameter of 8 mm. After thorough washing and sterilization, the discs
were placed in a 48-well plate. FITC-BSA was prepared at a concentra-
tion of 2 mg/mL, and 200 pL was added to each well. The samples were
then co-incubated in a 37 °C incubator for 2 h. After incubation, the discs
were removed, washed with PBS, and subsequently observed under a
fluorescence microscope. Similarly, 10* cells were seeded onto the sur-
face of each membrane disc, followed by co-incubation for 24 h. After
incubation, the discs were washed, stained, and observed. Immunoflu-
orescence staining procedures are described below.

4.7. TSPC isolation and cell culture

All experiments were approved by the Institutional Animal Care and
Use Committee (IACUC) of Shanghai Jiao Tong University. 4-6-week-old
male Sprague-Dawley (SD) rats, weighing 200-250 g were used. The
isolation of rat TSPCs was established as in previous studies [46]. In
brief, the Achilles tendons were excised from healthy rats overdosed
with 1 % sodium phenobarbital. Tissues were minced with sterile scis-
sors and digested in 0.25 % trypsin (Gibco, USA) containing type I
collagenase (3 mg/ml; Sigma-Aldrich) and passed through a 70 pm cell
strainer (Becton Dickinson) to yield single-cell suspension. Digestion
was terminated with Dulbecco’s modified Eagle medium/F12
(DMEM/F12), consisting of 10 % fetal bovine serum (FBS, Gibco, USA),
100 U ml~! penicillin(Gibco, USA), 100 mg/ml streptomycin (Gibco,
USA) and 2 mM L-glutamine (complete culture medium) (Gibco, USA).
The isolated cells were plated at low density (500 cells/cm2) and
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cultured at 37 °C in a humidified incubator with 5 % CO5 to form col-
onies. Culture medium was changed every 3 days. At day 14, TSPCs were
trypsinized and mixed together as passage 0 (P0). TPSCs were cultured
till they reached 80-90 % confluence. P4-6 TSPCs were used for all
experiments. The NIH3T3 cells were cultured in DMEM containing 10 %
of FBS, 100 mg/mL of streptomycin and 100 U mL™! of penicillin at
37 °C with 5 % CO, humidified atmosphere. When growing to 80 %, the
cells were diluted to 1 x 10° cell mL™L.

4.8. Cell biocompatibility assessment

Fibroblasts (NIH3T3) and TSPCs were selected to evaluate the
biocompatibility. The sterilized membranes (POC, POCL5, POCL,
POCL;5, POCLyj) were placed into 48 well plates with 1 mL culture
medium, and incubated in the incubator for 24 h. In a 96-well plate, 100
L of the cell suspension was added to each well. After co-incubation for
24 h, the medium was replaced with an equal volume of the material
extract solution, and the incubation was continued for an additional 24
h. The cell viability was tested by CCK8 assay (Solarbio, China). 1 mL
CCK8 was dissolved in 10 mL DMEM mixed solution. The original so-
lution was replaced with the same volume of CCK8 solution, and then
incubated in the incubator for 1 h in the dark. The absorbance value at
450 nm was determined after the whole plate was shaken evenly. Cal-
cein/PI staining was supported by Calcein/PI Cell Viability/Cytotoxicity
Assay Kit (Beyotime, China) and were used according to the manufac-
turer’s protocol 24 h after incubation. Cell adhesion of cells was eval-
uated by staining Phalloidin/DAPI (Servicebio, China) 24 h after
incubation.

4.9. RNA sequencing

TPSCs were treated with POC or POCL10 extracted medium for 24h.
Non-treatment wells were used as control. Cell samples were collected
and sent to the Shanghai Majorbio Institute for sequencing. The data
were analyzed on the online platform of Majorbio Cloud Platform and
the difference between the two groups was analyzed by DESeq. DEGs
were screened with a threshold of [log2 fold change >1| and p < 0.05.

4.10. Cellular immunofluorescence staining

TSPCs were seeded in 24-well plates and incubated with POCLy
extracted medium or vehicle control for 24 h as mentioned above.
Subsequently, cells were fixed with 4 % paraformaldehyde for 10 min,
permeabilized with 0.1 % Triton X 100 in TBS, blocked with 10 %
normal goat serum (NGS, Jackson ImmunoResearch, USA) and then
incubated with anti-SCX (1:500, ab58655, Abcam, UK) antibody at 4 °C
overnight. Cell nucleus was stained with DAPI. Cell proliferation of
TSPCs was evaluated with a BeyoClick EdU Cell Proliferation Kit
(Beyotime, China) following the manufacturer’s protocol. Briefly, EAU
working solution was added to the culture medium and incubated for 2
h. Cells then underwent a same fixation and permeabilizing procedure as
above. Subsequently, a click additive solution was added to the wells
and incubated for 30 min. Cell nucleus was stained with Hoechst. The
images were captured using fluorescence confocal microscopy (Leica
DM6, Germany).

4.11. Western blotting

TSPCs were incubated with former POC and POCL;( extracted me-
dium for 24 h before being homogenized with RIPA lysis buffer con-
taining protease inhibitor cocktail (Sigma-Aldrich, USA) to obtain
proteins. Equal amounts of protein were separated by SDS-PAGE elec-
trophoresis, transferred to PVDF membranes and blocked with 5 % milk
before being incubated with PGCla, TFAM and f-actin (Beyotime,
China) antibodies 4 °C overnight. Secondary antibody were subse-
quently incubated and blots were detected by chemiluminescence
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system and their optical density was detected by ImageJ software.
4.12. Intracellular and tissue ATP concentration analysis

Intracellular and tissue ATP levels were determined in TSPCs and
regenerated tendons by an Enhanced ATP Assay Kit (Beyotime, China)
following manufacturer’s protocol. The value in experimental group was
normalized to that in vehicle control. TSPCs were treated with POCL;o
extracted medium prepared as above or vehicle control for 24 h, washed
and harvested after mixing with nucleotide releasing buffer and incu-
bated for 5 min at room temperature with gentle shaking. Tendon tissue
samples were collected on day 7 and 21 post-operation and further lysed
and homogenized before undergoing analysis. Sample were analyzed
with a luminometer (BioTek Synergy HTX, USA).

4.13. Mitochondrial function analysis

TSPCs were incubated with former POC and POCL; extracted me-
dium for 24 h before undergoing mitochondrial superoxide assay
(MitoSox) and mitochondrial membrane potential assay (TMRE)
(Beyotime, China) according to the manufacturer’s protocol. Briefly,
culture medium was removed and washed with PBS before adding the
working medium of each assay kit. Cells were incubated for 30 min in a
37 °C incubator and working medium was washed. Hoechst was added
to mark the cell nucleus. The images were captured using fluorescence
confocal microscopy (Leica DM6, Germany).

4.14. Tendon injury (TI) model

All Sprague-Dawley (SD) rats were housed in isolated ventilated
cages barrier facility at Shanghai Jiao Tong University Laboratory Ani-
mal Center. The mice were maintained on a 12/12-h light/dark cycle,
20-26 °C with sterile pellet food and water ad libitum. SD rats were
randomly separated into four groups, which are control, POC, POCL;¢
and Seprafilm, respectively. Following a previously reported protocol, a
tenotomy model was created as the TI model [47]. Briefly, SD rats were
anesthetized with pentobarbital sodium (30 mg kg~ 'body weight). The
hind limbs were disinfected before the posterior middle skin went
through a 2 cm longitudinal incision to exposed the Achilles tendon. The
tendon was cut in a transverse manner and was mended by a modified
Kessler tendon suture. A 10 mm width and 20 mm length POC, POCL;¢
membrane or Seprafilm (Baxter, USA) was wrapped around the injured
tendons but nothing was applied in the control group. After the opera-
tion, rats were returned to the cage and kept warm under a baking lamp
until awakening. Rats were euthanized at 4 time points (1 week, 3
weeks, 6 weeks and 9 weeks after surgery). Tissues collected at 1 week
were used for examining in vivo ATP concentration of tendon tissue (n
= 3 for each group). Tissues collected at 3 weeks were used for esti-
mating the anti-biofouling and pro-regenerative capacity of membranes,
along with biomechanical analysis and in vivo ATP concentration (n =9
for each group), as injured tendons have repaired and formed peri-
tendinous adhesions by this period. This time point is optimal for
grading healing and anti-biofouling rates. Tissues collected at 6 and 9
weeks were used for estimating the anti-biofouling and in vivo degen-
eration capacity of membranes (n = 3 for each group). All grading
procedures were assessed using the grading scales described below by
individuals blinded to treatment allocation.

4.15. Histological staining

The collected tissues were fixed in a general tissue fixative overnight
and hind limds underwent decalcification until tibia bones were easily
penetrable with needles. Tissue paraffin blocks were prepared, and 4
pm-thick sections were obtained. HE staining followed the standard
protocol for assessing PA severity and healing. Masson staining was used
for collagen deposition and ECM fiber organization evaluation.
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4.16. Assessment of adhesion by gross observations and histological
evaluation

Gross observations were graded according to the following classifi-
cation criteria (Fig. S26, Supporting Information). Grade 1: no adhesion;
grade 2: blunt dissection; grade 3: less than 50 % area requiring sharp
dissection; grade 4: 50-97.5 % area requiring sharp dissection; grade 5:
over 97.5 % area requiring sharp dissection, respectively. Histological
severity of PA was assessed using an adhesion scoring system (Fig. S27,
Supporting Information). Grade 1: no adhesion; Grades 2-5: <25 %,
25-50 %, 50-75 %, and >75 % adhesion areas in the gap between the
tendon and peritendinous tissues, respectively.

4.17. Assessment of tendon healing

Histological tendon healing was scored according to a previous study
and is described in Table S2, supporting information. Tendons were
valued by assessing collagen/ECM organization, cell alignment, cell
nucleus morphology, degenerative change/tissue metaplasia, vascular-
ization and inflammation. A normal Achilles tendon scored 18 points
using this scale.

4.18. Biomechanical evaluation

The biomechanical parameters of the healed tendons including the
stiffness (N/mm), maximum load (N), and maximum strain (mm/mm)
were recorded with a rheometer (Instron 5569, USA). Proximal and
distal ends of each tendon was fixed with nonslip clamps attached to the
rheometer. At a speed of 20 mm/min, tendons were pulled until terminal
rupture.

4.19. Immunofluorescence staining

Immunofluorescence of SCX antibody (1:500, ab58655, Abcam,
USA), Coll antibody (1:200, AF6524, Beyotime, China), and CD68
antibody (1:500, AG1516, Beyotime, China) were performed on 4-mm
formalin-fixed, paraffin-embedded tissue sections. Primary antibody
was visualized by using tyramide signal amplification linked to a specific
fluorochrome including fluorescein isothiocyanate, Cy3 or Cy5 for each
primary antibody (all from Invetrogen, USA). For co-staining, a strip-
ping procedure with microwave heating was performed between uniflex
immunofluorescence staining. The images were captured using fluo-
rescence confocal microscopy (Leica DM6, Germany).

4.20. Statistical analysis

Each experiment contained at least three duplicates and presented as
mean =+ standard deviation (mean + SD). Origin (version 2019b, MA,
USA) and GraphPad Prism (version 8.0.2, CA, USA) were used to pro-
cess, analyze and graph the collected data. To determine statistical
significance between two groups, a t-test was utilized, while for multiple
groups, one-way ANOVA was employed. The levels of significance were
marked as follows: “*” for p < 0.05, “**” for p < 0.01, “***” for p < 0.001
and “****” for p < 0.0001.
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