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ARTICLE INFO ABSTRACT

Keywords: Adhesion after tendon injury, which can result in limb movement disorders, is a common clinical complication;
Hydrogel however, effective treatment methods are lacking. Hyaluronic acid hydrogels are a new biomedical material used
ZIF-8

to prevent tendon adhesion owing to their good biocompatibility. In addition, potential drugs that inhibit
adhesion formation have gradually been discovered. The anti-adhesion effects of a combination of loaded drugs
into hydrogels have become an emerging trend. However, current drug delivery systems usually lack specific
regulation of drug release, and the effectiveness of drugs for treating tendon adhesions is mostly flawed. In this
study, we identified a new drug, imatinib mesylate (IM), that prevents tendon adhesion and explored its related
molecular pathways. In addition, we designed a pH-responsive sustained-release hydrogel for delivery. Using the
metal-organic framework ZIF-8 as a drug carrier, we achieved controlled drug release to increase the effective
drug dose at the peak of adhesion formation to achieve better therapeutic effects. The results showed that IM
blocked the formation of peritendon adhesions by inhibiting the PDGFRB/ERK/STAT3/CLDN1 pathway.
Furthermore, the hydrogel with ZIF-8 exhibited better physical properties and drug release curves than the
hydrogel loaded only with drugs, showing better prevention and treatment effects on tendon adhesion.

Peritendinous adhesion
Imatinib mesylate
Claudin 1

1. Introduction material releases less drug during the peak period of adhesion tissue

synthesis, that is, the proliferative stage of tendon healing, which results

Adhesion formation after tendon injury is a clinically significant
tendon healing complication that can lead to functional disability [1,2].
It can be divided into three stages: inflammation, proliferation, and
remodeling [3]. The proliferative phase, in which the synthesis of type
III collagen reaches its peak, mainly comprises adhesion formation [4,
5]. A hydrogel is a physical barrier used to prevent or limit tendon
adhesion [6]. Loading drugs through the hydrogel to inhibit the growth
of adhesion tissue is a common strategy [7]. However, for some
currently constructed drug-loaded hydrogel materials, the rate of drug
release from the hydrogel is too fast, with a cumulative release of nearly
80 % within 7 days [8]. Therefore, the current drug-loaded hydrogel
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in this barrier being less effective in inhibiting tendon adhesion than
expected. To address this issue, novel drug-loaded hydrogels aim to
reduce the drug release rate and prolong the drug release time, thereby
increasing the effective amount of drug the hydrogel can release during
the proliferative phase of adhesion formation.

ZIFs are metal-organic frameworks (MOF) that have high thermal
and hydrothermal stability [9]. The ZIFs are used as carriers for metal
nanoparticles and drugs [10-12]. ZIF-8 is a non-toxic and biocompatible
ZIF composed of zinc ions and 2-methylimidazolate [13]. pH-sensitive
drug delivery systems can be constructed using ZIF-8, as it is stable
under physiological conditions and decomposes under acidic conditions
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[14-16]. Experiments have confirmed that local lactate synthesis in-
creases sharply 1 week after tendon injury [17], and increased lactate
production is also observed 4 weeks after injury [18]. Therefore, the use
of ZIF-8 as a drug carrier may extend the time of drugs released from
hydrogels. In addition, there is the possibility that the drug can be slowly
released in the acidic environment around the site of tendon injury to
achieve on-demand inhibition of adhesion formation around the
tendons.

Drugs currently used to treat tendon adhesion, such as corticoste-
roids [19], non-steroidal anti-inflammatory drugs [20], and core pro-
teoglycans [21], have either unsatisfactory anti-adhesion effects or side
effects, such as poor tendon healing [22-24]. Therefore, finding a po-
tential anti-adhesion drug that not only has a good inhibitory effect on
tendon adhesion but also has the smallest possible impact on the process
of tendon healing is crucial. Imatinib mesylate (IM) is a small-molecule
anti-cancer drug that specifically inhibits several protein tyrosine ki-
nases, including Abl, Arg, platelet-derived growth factor receptor
(PDGFR), and its carcinogenic form [25]. Studies have confirmed the
inhibitory effects of IM on pulmonary fibrosis [26], liver fibrosis [27],
and systemic sclerosis [28]. Adhesion during tendon regeneration re-
sults from interactions between inflammatory cells and local ischemia
[29]. Platelet-derived growth factor (PDGF) is a key cytokine in this
process, which not only stimulates the differentiation and proliferation
of myofibroblasts but also stimulates excessive deposition of collagen
protein [30]. IM can selectively inhibit PDGFR [28], which may also be
the mechanism by which IM inhibits tendon adhesion.

HA is a biodegradable, biocompatible, and non-toxic natural poly-
mer [31]. HA, which stimulates angiogenesis and reduces inflammation
[32], has been used to fabricate injectable hydrogels in biomedicine
[33]. HA hydrogels are classic anti-adhesion biomaterials. It is an
important source of nutrition and lubricant for tendon sliding.
Furthermore, owing to its negative charge, HA can inhibit the growth of
fibroblasts, cell proliferation, migration, and adhesion [3]. However, its
special three-dimensional structure enables it to slowly release the inner
material by regulating the decomposition rate of the degradable outer
hydrophobic groups [34]. Owing to this property, it can be used as a
drug carrier [35], in addition to a dressing for injured tendons; on the
one hand, it controls the release of drugs, and on the other hand, it in-
hibits the formation of adhesion tissue at the physical level.

In this study, we screened IM, an effective drug that inhibits myofi-
broblasts proliferation and collagen secretion, and designed a MOF-
based hydrogel loaded with a drug to prevent tendon adhesion. The
main steps were as follows: Based on the results of the drug chip, we
screened and verified possible drugs that inhibit fibroblasts. We selected
IM, which had the best effect and synthesized IM@ZIF-8, N-carbox-
yethyl chitosan (CEC), and oxidized hyaluronic acid (OHA). The
required amount of IM@ZIF-8 was pre-dissolved in the OHA solution,
and the OHA solution and biocompatible polymer CEC solutions were
mixed. Schiff base bonds formed under physiological conditions to
prepare drug-loaded hydrogels [36]. We speculate that IM can inhibit
the formation of adhesion tissue by inhibiting the proliferation and
collagen secretion of myofibroblasts, while ZIF-8 can slow down the
release of the drug into the tendon microenvironment, thus allowing
more drug in the adhesion tissue. The peak of formation takes effect,
while the hydrogel acts as a physical barrier that prevents adhesion
tissue from invading the tendon.

2. Result
2.1. Preparation and characterization of IM@ZIF-8

In this study, ZIF-8 was synthesized using Zn(CH3COO)»-2H50 and 2-
methylimidazole, while ZIF-8 loaded with IM was synthesized employ-
ing a one-pot method. Zinc coordinated with IM to generate a coordi-
nation polymer, and MOFs were formed through the addition of organic
ligands and metal ions. During this process, IM was encapsulated to form
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the IM@ZIF-8 MOF (Fig. 1a). The representative surface morphology
shows that they have the same cubic structure, and IM@ZIF-8, due to
drug loading, has a larger volume than that of ZIF-8 alone (Fig. 1b).

2.2. Preparation and characterization of hydrogel

OHA and CEC solutions were mixed under physiological conditions
to produce hydrogels. The molecular formulas of OHA and CEC are
shown in Fig. S1. They were crosslinked by the formation of a Schiff base
bond between the amino group of CEC and the residual aldehyde group
of OHA (Fig. 1c). The purified OHA, CEC, and gel products were
confirmed by Fourier-transform infrared spectroscopy (FTIR). FITR gel
exhibited a strong peak at 1678 cm™*, corresponding to the Schiff base
formed between OHA and CEC (Fig. 1d). Finally, the synthesis of
IM@ZIF-8@Gel was achieved by combining IM@ZIF-8 with the CEC
solution and mixing it with OHA. We detected the representative surface
morphologies of these two types of gels using scanning electron micro-
scopy (SEM), and the results showed that IM@ZIF-8@Gel had the same
morphology and pore size as the pure gels, but the difference was the
addition of IM@ZIF-8 attached to the gel (Fig. 1f). We also conducted
biomechanical testing, and it was found that the maximum load and
elastic modulus of the gel were higher than Gel alone when IM@ZIF-8
was added (Fig. le), indicating that the presence of MOFs increased
the biomechanical strength of the gel. By measuring the storage modulus
(G and loss modulus (G") of the hydrogel at a fixed frequency (1 rad
s71), we explored the rheological properties of the IM@ZIF-8@Gel
hydrogel. Pure gels had the highest storage modulus of all the hydro-
gels. With the addition of ZIF-8, the G’ of the gel decreased (Fig. 1g). The
drug release rate indicates that in the IM@ZIF-8@Gel, compared to
IM@Gel, the release of drugs is slower. On day 8, nearly 80 % of the
medication was released by the IM@Gel, compared to the IM@ZIF-
8@Gel, which released <50 %. Therefore, during the peak period of
collagen formation, which is 7-21 days, drug release with the IM@ZIF-
8@Gel was significantly higher than with the IM@Gel (Fig. 1h).

2.3. Drug screening and mechanism detection

2.3.1. Potential drug screening

By consulting papers related to fibrosis, we screened 12 potential
anti-tendon adhesion drugs, including IM, that could inhibit fibroblast
proliferation. We further screened these 12 drugs by detecting their ef-
fects on the proliferation of 208f rat fibroblasts and TDSC rat tendon
stem cells using the cell counting kit 8 (CCK-8). We co-cultured 12 drugs
with two types of cells, and after 3 days, we conducted a statistical
analysis using the CCK8 assay. It was found that IM significantly
inhibited fibroblast proliferation, whereas its inhibitory effect on tendon
stem cells was relatively weak (Fig. 2a). Therefore, IM was chosen as a
potentially effective drug for the treatment of tendon adhesions in
subsequent experiments.

2.3.2. Mechanism of IM inhibition of fibrosis

To further investigate the specific mechanisms involved in the in-
hibition of fibroblast proliferation by IM, we conducted RNA-Seq on
fibroblasts co-cultured with IM for 3 days (the control group had the
same volume of solvent without IM). We found that there was a signif-
icant decrease in adhesion pathway expression in both GO and KEGG
analyses (Fig. 2b and c). Through the analysis of sequencing results, we
conducted differential gene screening, analyzed the top 50 genes
(Fig. 2d), identified the genes closely related to fibrosis, and ultimately
located CLDN1. From the sequencing results compared to the control
group, the expression of CLDN1 in fibroblasts co-cultured with IM was
significantly decreased. Therefore, we speculate that IM inhibits fibrosis
by reducing the expression of CLDN1.

2.3.3. Relationship between CLDN1 and peritendinous adhesion
To elucidate the association between CLDN1 and tendon adhesion,
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Fig. 1. Characterization of different ZIF-8 and gels. a) Schematic diagram of IM@ZIF-8 synthesis. b) Scanning electron microscope (SEM) macrographs of ZIF-8 and
IM@ZIF-8. ¢) Molecular formula of OHA/CEC hydrogel synthesis. d) FT-IR spectra of the CEC polymer, OHA polymer, and OHA/CEC gel. ) Maximum compressive
stress and compression modulus of the Gel and IM@ZIF-8@Gel (mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, n = 3). f) SEM macrographs of the Gel and
IM@ZIF-8@Gel. g) Rheological properties of the Gel, ZIF-8@Gel, and IM@ZIF-8@Gel. h) Drug release curve of IM@Gel and IM@ZIF-8@Gel at pH 6.

we used Kessler sutures to simulate tendon repair in the experimental
group of mice with severed flexor digitorum profundus tendons,
whereas the control group did not undergo surgical treatment. Tissue
samples were harvested on the 14th postoperative day, and immuno-
histochemical staining was used to analyze the density and location of
CLDNL1 in the peritendinous tissue (Fig. 3a). The results showed that,
compared to normal peritendinous tissue, the expression of CLDN1 was
significantly increased in the adhesive tissue formed after injury
(Fig. 3b).

2.3.4. Expression of PDGFR in human adhesive tissues

Samples of normal peritendinous tissue and peritendinous adhesive
tissue were obtained from patients undergoing tendon repair surgery,
followed by single-cell sequencing to analyze the two subtypes, PDGFRa
and PDGFR. The distribution and strength of PDGFRa and PDGFRS in
adhesive tissue were observed. They are mainly expressed in fibroblasts;
However, PDGFR} is distributed in almost all fibroblasts, while PDGFRa
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is only expressed in some fibroblasts. Compared to the normal group, the
expression of PDGFRp increased significantly in the peritendinous tissue
10 days after injury, while PDGFRa showed no significant increase
(Fig. 3c and d). These results indicate that PDGFRB may be more closely
related to the formation of adhesive tissue.

2.3.5. PDGFRp regulating the expression of CLDN1

To investigate the mechanism of IM inhibition of CLDN1, we inves-
tigated the effects of SU16f (a selective PDGFRJ inhibitor). Western
blotting was used to validate the expression of PDGFRf in myofibro-
blasts co-cultured with the inhibitor and control solvent groups for 3
days (Fig. 3e). The expression of ERK1/2, p-ERK1/2, STAT3, p-STATS3,
and CLDN1 were assessed (Fig. 3f-i). The results indicate that SU16f can
inhibit PDGFRP phosphorylation, which resulted in a significant
reduction in the phosphorylation of ERK1/2 and STAT3, while the
expression of CLDN1 decreased.
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2.4. In vitro experiment of drug-loaded hydrogel

2.4.1. Screening of loaded drug concentrations

Based on preliminary calculations, we constructed three drug-loaded
gel concentrations. To determine the optimal concentration, we
collected the aqueous extracts of the three concentrations of drug-loaded
hydrogel and the hydrogel containing only nanoparticles for 7-14 days,
co-cultured them with myofibroblasts and tendon stem cells, and
counted them using CCK8 assay 3 days later. The results showed that the
0.26 mg/mL drug-loaded gel had a more significant inhibitory effect on
myofibroblast proliferation than the other two hydrogel concentrations,
whereas the inhibitory effect on tendon stem cells was not significantly
increased (Fig. 4b and c). Therefore, we chose the 0.26 mg/mL con-
centration of drug-loaded hydrogel for further experiments.

—_

2.4.2. Drug-loaded hydrogel inhibits the proliferation and adhesion of
myofibroblasts

Cells with IM@ZIF-8@Gels and the pure drug-carrying hydrogel
IM@Gel were assessed using live/dead staining, ghost pen staining, and
the CCK8 counting kit. The effect of anti-adhesion and cytotoxicity on
myofibroblasts was different, and ZIF@Gel group A served as the control
group. The CCK8 assay showed that the pure hydrogel and the nano-
particles themselves have no effect on the proliferation of myofibro-
blasts. The IM@ZIF-8@Gel group showed stronger inhibitory effects on
myofibroblasts after co-culturing with myofibroblasts for 1, 3, and 5
days compared to the IM@Gel group (Fig. 4d, e, f). Staining and sta-
tistical analysis of dead/living cells revealed a significant difference in
myofibroblasts cytotoxicity on day 3, where the IM@ZIF-8@Gel group
showed stronger cytotoxicity (Fig. 4h and i). In addition to the
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Fig. 3. Protein expression in vivo. a. b) Immunohistochemical staining and evaluation of CLDN1 expression in tendons of normal mice and injured mouse after 14
days of modeling (mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, n = 6). c. d) Expression and distribution of PDGFRa and PDGFRp in single-cell sequencing of
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expression. i) CLDN1 expression normalized to p-actin expression (mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, n = 3).

proliferative activity of myofibroblasts, we tested the effect of the drug-
loaded hydrogel on the adhesion ability of myofibroblasts, which were
then co-cultured with the extract of each group of hydrogels for 3 days,
and the cytoskeleton was stained with ghost pen cyclic peptide (Fig. 5a).
The results showed that ZIF-8@Gel myofibroblasts have good skeletal
arrangement and ductility, whereas in the IM@Gel and IM@ZIF-8@Gel
groups, the cell area of the gels that make up fibrous cells was signifi-
cantly reduced, and relative to the IM@Gel group, the cell area was
smaller in the IM@ZIF-8@Gel group (Fig. 5b). In summary, IM released
from the drug-loaded gel can inhibit the proliferation and adhesion of
myofibroblasts. The ZIF-8 framework can reduce the speed of IM release
from the hydrogel. The gel and ZIF-8 had no effect on cell proliferation
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and activity.

2.4.3. Protein expression

In order to determine the effect of IM on myofibroblasts protein
expression, we measured the expression of Col IIl, ERK1/2, p-ERK1/2,
STATS3, p-STAT3, and CLDN1 in myofibroblasts. Protein blotting was
performed on myofibroblasts co-cultured with the aforementioned gels
for 3 days (Fig. 5c). In comparison with the other three groups, the
expression of Col III, p-ERK1/2, p-STAT3, and CLDN1 was significantly
decreased in the IM@Gel and IM@ZIF-8@Gel groups (Fig. 5d-g).
Therefore, IM reduced the secretion of Col III, inhibited ERK1/2 and
STAT3 phosphorylation, and downregulated downstream CLDN1.
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2.5. In vivo experiment of drug-loaded hydrogel

2.5.1. General observations and grading In vivo

We divided the rats into five groups: control group, Gel group, ZIF-
8@Gel group, IM@Gel group, and IM@ZIF-8@Gel group; the control
group was established as the rat Achilles tendon adhesion model without
any hydrogel or medication. The surgical procedure for the tendon
adhesion model is shown in Fig. 6a. After 21 days, all rats were eutha-
nized, the area where the tendon was repaired was uncovered, and the
attachment around the tendon was clearly visible. The number of ad-
hesive tissues formed around the tendon and whether ion stripping
could be used to separate the adhesive sites were scored. The results
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showed that in the control group, the collagen fibers were tightly
wrapped around the tendon, and it was difficult to separate the adhesive
sites using ion stripping. The adhesive tissue in the Gel and ZIF-8 groups
was slightly reduced, and after using the ion stripping force, the adhe-
sive site could be slightly penetrated, whereas in the control group,
IM@Gel group, and IM@ZIF-8@Gel group, the adhesive sites could be
easily separated using stripping ions. Furthermore, compared to the
IM@Gel group, there was less adhesive tissue on the surface of the
tendon in the IM@ZIF-8@Gel group (Fig. 6b). The adhesion score in the
IM@ZIF-8@Gel group was significantly lower than that of the other four
groups (Fig. 6e).
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cells co cultured for 3 days.d) Col III expression normalized to p-actin expression. e€) p-STAT3 expression normalized to STAT3 expression.f) p-ERK1/2 expression
normalized to ERK1/2 expression.g) CLDN1 expression normalized to B-actin expression (mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, n = 3).

2.5.2. In vivo histological evaluation

For the histological analysis of adhesion formation, all animal model
specimens were stained with hematoxylin, eosin, and Masson’s tri-
chrome (Fig. 6¢c and d). An adhesion scoring system was used to evaluate
the level of adhesion around the tendons, with higher scores indicating
greater adhesive tissue formation around the tendons. The score in the
IM@ZIF-8@Gel group was significantly lower than that in the other four
groups (Fig. 6f and g). Besides, the basic structures of the major organs
were normal. No indications of inflammatory cell infiltration or cell
death or injury were detected, suggesting good systemic biocompati-
bility of IM@ZIF-8@Gel (Fig. S18).
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2.5.3. Evaluation of tendon healing

We used a healing scoring system and biomechanical analysis to
evaluate the effect of the drug-loaded hydrogel on tendon healing. The
higher the healing score and maximum tensile strength of the tendon,
the better the tendon healing. Regarding the Gel group, ZIF-8@Gel
group, IM@Gel group, and the IM@ZIF-8@Gel, the healing score and
maximum tensile strength of the tendon in the Gel group were no sta-
tistical difference with the control group (Fig. 6h and i), indicating that
IM and ZIF-8 had no adverse effect on tendon healing.

2.5.4. Col III sedimentary analysis
The density and location of Col III in adherent tissues were analyzed
using immunohistochemical staining (Fig. 7a). The Col III fibers were
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Fig. 6. Evaluation of the effect of different groups of hydrogels on the formation of peritendon adhesion. a) Schematic diagram of animal experiments. b) Gross
observation of peritendinous adhesions. ¢) Comparison of gross scores of adhesion. d,e) Hematoxylin-eosin staining and Masson trichrome staining of different groups
of Gel. Yellow liness indicate adhesion areas, and green lines indicate areas without adhesion. f) Comparison of histological scores for peritendinous adhesions. g)
Comparison of histological scores for tendon healing. h) The maximum tensile strength of the repaired tendon. i) Repair the stiffness of the tendon (mean =+ SD, *P <

0.05, **P < 0.01, ***P < 0.001, n = 6).

tinted in a shade of brown-yellow. The expression of Col III in the ad-
hesive tissue of the IM@Gel group and IM@ZIF-8@Gel group was lower
than that of the other three groups (Fig. 7b).

2.5.5. Protein expression in peritendinous tissue

Consistent with the results of the cytological analysis, protein blot-
ting was used to confirm the expression of Col III, ERK1/2, p-ERK1/2,
STAT3, p-STAT3, and CLDNI1 in the adhesive tissues (Fig. 7c). The
expression of Col I1I, p-ERK1/2, p-STAT3, and CLDN1 in the IM@Gel and
IM@ZIF-8@Gel group was significantly lower than that in the other
three groups (Fig. 7d-g, Fig. S17), indicating that IM reduced the
secretion of Col III in vivo, inhibited the phosphorylation of ERK1/2 and
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STATS3, and downregulated downstream CLDN1.
3. Discussion

The formation of peripheral adhesion during the repair of tendon
injuries can seriously damage limb function [37]. In recent years,
drug-loaded hydrogels have become a popular material for treating
adhesion around tendons after injury [38]. We developed a
sustained-release IM hydrogel delivery system with a pH-sensitive
function. With the increase in lactic acid in the microcirculation after
tendon injury, IM can be slowly released from ZIF-8 under acidic con-
ditions. In addition, IM inhibited myofibroblasts proliferation and
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Fig. 7. Protein expression in vivo. a,b) Immunohistochemical staining and evaluation of Col III expression in adhesion area (mean + SD, *P < 0.05, **P < 0.01, n =
6). ¢) Protein expressions in adhesion tissue were detected by Western Blot. d) Col III expression normalized to f-actin expression. e) p-STAT3 expression normalized
to STAT3 expression. f) p-ERK1/2 expression normalized to ERK1/2 expression. g) CLDN1 expression normalized to p-actin expression. h) aSMA expression
normalized to p-actin expression. (mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, n = 3).

collagen secretion in vitro. When the hydrogel was applied to the
damaged tendon, IM played an anti-adhesion role by blocking the
PDGFRp/ERK/STAT3/CLDN1 pathway without significantly preventing
tendon healing.

Recent research has concentrated on the characteristics of hydrogels
when it comes to drug release. Drug release is usually influenced by drug
molecular weight, drug solubility, fiber material degradation rate, and
other controlled-release strategies. There are both thermosensitive and
small-molecule-responsive hydrogels [39]. However, the relevant
hydrogels contain drugs or effective molecules that are directly loaded
into the hydrogel and released naturally. Most drugs are released in the
early stages of injury repair. The formation of adhesive tissue occurs
largely during the second stage of injury repair, which lasts from a few
days to several weeks after the injury. This results in a relatively low
drug content around the tendon during the peak period of adhesive
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tissue formation, which is not conducive to the inhibition of fibrosis by
the drug. In this study, by combining IM with a MOF, a ZIF-8 drug de-
livery system was utilized to slow the release time of IM and increase the
content of IM in the peritendinous tissue during the peak period of
collagen synthesis. This improves the efficacy of anti-adhesion drugs.
Interestingly, by loading the ZIF-8 into the hydrogel, we found that its
biomechanical strength was stronger than that of the pure hydrogel, and
it has self-healing property, thus reducing the side effects caused by
crushing the gel during the treatment process (Fig. S3). This can be
explained by the mechanisms that hydrogels attached to the tendon are
often crushed into a broken barrier under the pressure of the sur-
rounding tissues and the drag force of tendon activity [40].

New anti-adhesion mechanisms and related anti-fibrotic drugs have
also become a recent research hotspot [41]. Previously, the majority of
anti-adhesion research had concentrated on transforming growth factor
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B1 and the suppression of extracellular regulatory protein kinases and
their downstream effectors [42]. Research on antifibrotic drugs is mostly
limited to the effects of drugs on fibroblasts and myofibroblasts while
neglecting the crucial impact on tendon stem cells during tendon heal-
ing. Therefore, in this study, we screened potential anti-fibrotic drugs
and compared their inhibition levels on fibroblasts and tendon stem cells
to select IM with relatively specific inhibition of fibroblast proliferation
and a lower impact on tendon stem cells. To explore the mechanism by
which IM inhibits fibrosis, we used second-generation sequencing to
more accurately identify changes in various related molecules in fibro-
blasts after co-incubation with IM. Final localization significantly
reduced the fibrosis-related factor CLDN1. At present, studies have
found that CLDN1 regulated by the ERK/STAT3 pathway plays a crucial
role in tumor pathology, with immune escape characteristics and
fibrotic diseases that span multiple organs [43]. In this study, we
confirmed that CLDN1 is closely related to the formation of adhesions.
At the same time, the results of single-cell sequencing in human adhesive
tissue showed that the expression of PDGFRp was significantly increased
in adhesive tissue and widely expressed in almost all fibroblasts. And
after PDGFRp was inhibited, the expression of CLDN1 was significantly
reduced, as did the phosphorylation of ERK and STAT3. These results
confirmed that CLDN1 plays a downstream role in PDGFRf signaling.
More specifically, in keloid fibrosis, IM inhibits the
PDGFRpB/ERK/STAT3/CLDN1 signal transduction pathway and exerts
an inhibitory effect on the formation of peritendinous adhesions. These
findings shed light on the molecular processes that underlie peri-
tendinous adhesion, novel targets, and associated anti-adhesion
medications.

The discovery of novel medications offers insight into possible new
ways to prevent and treat tendon adhesions. The combination of the
drug-loaded MOF ZIF-8 and the hydrogel to form a better anti-adhesion
sustained release hydrogel also brings some insights into traditional
anti-adhesion materials.

Nevertheless, this study is subject to several limitations. Firstly, due
to the limited amount of tissue fluid around the tendon, we were unable
to detect specific pH changes in the tendon microenvironment at various
time points during the repair process of normal tendon injuries.
Consequently, we did not conduct detailed testing of the specific change
curve of IM@ZIF-8@Gel release in the body. Secondly, in animal ex-
periments, whether the specific amount of hydrogel wrapped around the
tendon had a more optimal volume and the corresponding concentration
of drug loading requires further research in the future. Thirdly, in this
study, we chose the fibrosis-related molecule CLDN1 as our research
focus on identifying new pathways for anti-tendon adhesion. However,
whether other pathways play a role in the drug action process was not
examined in this study. Further studies are required to comprehensively
elucidate the mechanism by which IM inhibits cell adhesion.

4. Conclusions

IM was loaded through the ZIF-8 and mixed into the hydrogel.
Subsequently, the study focused on investigating its inhibitory effects on
proliferation, adhesion, and associated molecular pathways. The
hydrogel loaded with ZIF-8 exhibited a sustained release of IM and high
mechanical strength. In vitro, drug-loaded gels inhibited the prolifera-
tion, adhesion, and collagen secretion of myofibroblasts. In vivo, wrap-
ping the hydrogel around the repaired tendon could prevent adhesion
around the tendon through inhibition of the PDGFRB/ERK/STAT3/
CLDN1 pathway.

5. Experimental section
5.1. Synthesis of IM@ZIF-8

To synthesize IM@ZIF-8, 2.5 mL of iminib mesylate (IM) solution (2,
2.5, or 8 mg/mL) was stirred in 100 mL of Zn (CH3COO)2-2H50 solution
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(43.9 mg/mL) for 15 min. Then, 10 mL of 2-methylimidazole (0.12 g/
mL) was added and stirred at 30 °C for 4 h to observe an opaque mixture.
After centralization and washing with ethanol and H,O sequentially,
followed by free-drying, the precision was collected as IM@ZIF-8 with
varying amounts of dry loading. Accordingly, ZIF-8 could also be pre-
pared without drug addiction.

5.2. Synthesis of hydrogel

CEC polymer and OHA were dissolved separately in deionized water
at a concentration of 2 % (wt/vol) each. The CEC solution and OHA
solutions were blended at 37 °C to make the hydrogels and the molar
ratio of CEC: OHA was set as 1:1.

5.3. Synthesis of IM@ZIF-8@Gel

The drug-loaded OHA/CEC hydrogels were prepared using a similar
method to that employed for the synthesis of OHA/CEC hydrogels.
Specifically, The 2 % (wt/vol) OHA solution was used to resolve the
desired amounts of synthesized nanoparticles ahead. After that, the OHA
solution with nanoparticle contents was mixed with 2 % (wt/vol) CEC
solution at 37 °C (Fig. S2).

5.4. Research on material characteristics

The morphology of ZIF-8 and Gel was examined using scanning
electron microscopy (SEM) under vacuum-dried conditions. The Nicolet-
760 FITR spectrometer’s attenuated total reflection mode was utilized to
examine the chemical structure within the wavelength range of 4000 to
400 cm ™! (Fig. S5). The specimens were placed on a uniaxial testing
apparatus (Instron 5567, Norwood, MA) equipped with a 50 N load cell,
and subjected to a reduction in size at a rate of 10 mm per minute until
Gel fracture occurred (Fig. S4). This methodology was employed for the
analysis of elastic modulus.

5.5. Screening drugs

For our study, we utilized 208 F rat fibroblast cell lines (208 F s) and
tendon-derived stem cells (TDSCs) as cellular models. A seeding density
of 2 x 103 cells per well was established on a 64-well plate for both cell
types. The TDSCs extraction was achieved by collecting only the mid
substance of rat Achilles tendons, chopping the tissue, breaking it down
into single cells with type I collagenase, and culturing it with a complete
medium. The cells were cultured in DMEM supplemented with 10 %
fetal bovine serum and 1 % antibiotics and were then incubated at 37 °C
with a 5 % CO2 concentration. After one day, the cells were treated with
ten drugs, including 10 uM of IM, for 24, 72, and 120 h, respectively.
Subsequently, the samples were analyzed using Cell Counting Kit-8 as
per the guidelines provided by the manufacturer. In short, Add the CCK8
culture medium mixture mixed in a 1:10 ratio to each sample in a 64-
well plate and incubate for another 4 h. Next, proliferation determina-
tion was conducted by measuring the absorbance at 490 nm using a
spectrophotometer (Synergy 2; BioTek, Winooski, VT). The result is
expressed as the average absorbance value of each hole.

5.6. Investigate the mechanism of IM inhibition of fibroblasts

208 F cells were inoculated into a culture dish and placed in DMEM
supplemented with 10 % fetal bovine serum and 1 % antibiotics, fol-
lowed by incubation at 37 °C with a 5 % CO2 concentration. One day
later, IM was added to a concentration of 10 pM, while the control group
received an equal amount of PBS for Rna seq (Fig. S8).

5.7. Screening for optimal concentration

208 F and TDSC were inoculated into a culture dish and placed in
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DMEM supplemented with 10 % fetal bovine serum and 1 % antibiotics,
followed by incubation at 37 °C and 5 % CO» concentration. Before co-
culturing with the release medium, TGF-f1 (10 ng/mL) was added to the
208 F culture medium and incubated for 24 h to fully activate it. Then,
three concentrations of hydrogel and the extract of hydrogel containing
only nanoparticles were collected for 7-14 days. These were co-cultured
with fibroblasts and TDSC, and cell viability was assessed through CCK8
three days later.

5.8. Determination of IM release curve and hydrogel degradation curve

To assess the release behavior of IM from IM@ZIF-8@Gel and
IM@Gel, the two groups of hydrogels were immersed in PBS adjusted to
pH 7.4 and 6 to simulate release under neutral and acid conditions. They
were then shaken at 37 °C. At each predetermined time point, the
released solution was collected, and fresh PBS was added. The release
rate (RR%) of IM was calculated by RR=(Wi/WTotal) * 100 %, where Wi
is the amount of IM in the released solution and Wtotal is the total
amount of IM. The release experiment was repeated in triplicate
(Figs. S6 and S7a).

The initial weights of Gel and IM@ZIF-8@Gel were weighed and
described as WO. Then, 1 mL hydrogels were immersed in 4 mL PBS with
a pH of 6, placed in a shaker at 37 °C, and shaken at a speed of 60 rpm/
min. At pre-set time intervals, hydrogels were taken out from PBS, and
the water on the hydrogel surface was wiped off. Subsequently, the
hydrogels were weighed to record their mass change over time. The
weight of the hydrogel at pre-set time intervals was described as Wt. The
mass change was calculated according to the following equation
(Fig. S7b):

Mass change = Wt/W0
5.9. Single-cell RNA-Seq

The scRNA-Seq libraries were generated using the 10X Genomics
Chromium Controller Instrument and Chromium Single Cell 3’ V3.1
Reagent Kits (10X Genomics, Pleasanton, CA). Cells were concentrated
to approximately 1000 cells/ul. Single-cell Gel Bead-In-Emulsions
(GEMs) were generated by loading the cells into each channel. GEMs
were subsequently ruptured by an RT step, followed by purification and
amplification of the barcoded-cDNA. The amplified barcoded cDNA was
fragmented, A-tailed, ligated with adaptors, and index PCR amplified.
The final libraries were quantified using the Qubit High Sensitivity DNA
assay (Thermo Fisher Scientific) and the size distribution of the libraries
was determined using a High Sensitivity DNA chip on a Bioanalyzer
2200 (Agilent). Lastly, all libraries were sequenced on an Illumina
sequencer (Illumina, San Diego, CA) using a 150 bp paired-end run
(Fig. S9).

5.10. Cell experiments

Immerse IM@ZIF-8@Gel, IM@Gel, ZIF-8@Gel, and Gel into PBS
respectively, adjusting the pH to 6, and shaking them at 37 °C. Collect
solutions released in 7-14 days. Following the filtration of bacteria, the
hydrogel extracts from the four groups were diluted in a certain pro-
portion with the complete culture medium and then co-cultured with the
cultured cells. The control group is supplemented with an equal volume
of solvent.

5.11. Invitro cell adhesion experiment

The cell adhesion test was determined by observing the arrangement
of the cytoskeleton through actin staining on the 3rd day after incuba-
tion. 208 F cells were seeded onto a 24-well plate and cultured in the
aforementioned medium. Following a 3-day incubation period, cells
were fixed with a 4 % paraformaldehyde solution for 10 min.
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Subsequently, they were submerged in a 10-min bath of 0.1 % Triton X-
100 (Sigma Aldrich), followed by repeated rinsing with PBS at room
temperature. Following the manufacturer’s protocol, cells were stained
with Perform Abcam staining solution at a concentration of 20 pg/mL.
After a 5-min DAPI staining with a concentration of 1 pg/mL, the
specimens were examined using confocal laser scanning microscopy
(Leica TCS SP2; Leica Microsystems, Heidelberg, Germany) and
analyzed using NIH image J imaging software. The results are repre-
sented as the average diffusion area of myofibroblasts on each surface.

5.12. In vitro proliferation inhibition experiment

208 F was cultured on a 64-well plate using the aforementioned
culture medium until reaching the 1st, 3rd, and 5th days, followed by
analysis using Cell Counting Kit-8 8 according to the manufacturer’s
instructions. In short, a mixture of CCK-8 and culture medium in a 1:10
ratio was added to each sample in a 64-well plate and incubated for
another 4 h. The absorbance at 490 nm was then measured using a
spectrophotometer to determine proliferation (Synergy 2; BioTek,
Winooski, VT). The result is expressed as the average absorbance value
of each well.

5.13. Determination of cell activity

208 F was cultured on a 64-well plate with the aforementioned
medium until the 3rd day, followed by cell activity assessment using a
staining kit. The results were detected using a fluorescence microscope.
The results are presented as the proportion of deceased cells relative to
viable cells per well.

5.14. Invitro cell protein expression\

Western blot was performed as described previously [44,45]. The
expression of Col III, ERK1/2, p-ERK1/2, STAT3, p-STAT3, and CLDN1
was assessed through Western blotting, with p-actin serving as an in-
ternal control. The following primary antibodies were used: anti-Col III
(1:1000), anti-ERK1/2 (1:500), anti-p-ERK1/2 (1:1000), anti-STAT3
(1:1000), anti-p-STAT3 (1:1000), and CLDN1 (1:500). p-Actin (1:10,
000) was used as an internal control. Protein visualization and image
capture were performed using an automated chemiluminescence imag-
ing analysis system. Protein expression levels were quantified using
ImageJ software (Fig. S10).

5.15. Animal experiments

Sprague Dawley rats weighing between 200 and 250 g were chosen
as the animal model. All animal research protocols were conducted in
compliance with the policies of the School of Medicine of Shanghai Jiao
Tong University. Specifically, the rats in the experiment were given an
intravenous injection of pentobarbital sodium to help them anesthetize
(30 mg/kg body weight), followed by disinfection of their hind limbs to
establish a model of tendon sheath adhesion. The Achilles tendon was
then cut through the posterior middle skin incision in a transverse
manner. Subsequently, the tendon was mended with an improved
Kessler tendon suture. The rats were randomly divided into five groups
(n = 12 per group): 1 mL IM@ZIF-8@Gel, IM@Gel, ZIF-8@Gel, and Gel
were wrapped around the repair site of the Achilles tendon, and the rats
not wrapped with hydrogel around the tendon were used as controls
(Fig. S12).

5.16. Macro evaluation

Three weeks post-surgery, the hind limbs were examined for signs of
inflammation or ulcers. Subsequently, the repair site was opened to
evaluate tendon sheath adhesion by direct observation of the Achilles
tendon surgical site. Specifically, levels 1-5 are classified according to
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the adhesion scoring system: Level 1, the tendon does not have any
adhesive tissue on its surface; Level 2, The tendon may not have as much
adhesive tissue on its surface; then, it is relatively easy to detach it from
the tendon with a blunt touch; Level 3, <50 % of areas with adhesive
tissue can be divided by blunt instead of sharp tools; Level 4, 51-97.5 %
of the area is attached with adhesive tissue that can be quickly released
and separated; At level 5, 97.5 % of the areas have adhesive tissue that
can be quickly released and separated (Fig. S13).

5.17. Organizational evaluation

Three weeks post-surgery, the extracted tendons were labeled with
hematoxylin-eosin (H&E) and Masson trichrome staining. The levels of
adhesion at the surgical sites was assessed on a scale of 1-5 (Fig. S14).
The levels of healing at the surgical sites were evaluated on a scale of 1-4
(Fig. S15).

5.18. Tendon mechanics testing

To investigate whether the drug-loaded gel hindered the tendon
healing process, the maximum tensile strength of the repaired tendon
was recorded (Fig. S11).

5.19. Protein expression in peritendinous tissue

Immunohistochemical staining of Col III, Col I and CLDN1 were
performed on five groups of samples to evaluate their expression in the
peritendon area (Fig. S17). Additionally, the expression of related genes
was further confirmed through Western blot analysis (Fig. S16).

5.20. Statistical analysis

All values are presented as the mean + standard deviation (SD).
Statistical analysis was conducted using Student’s t-test to compare the
two groups. For multiple comparisons, one-way analysis of variance and
Fisher’s exact tests were utilized. In this study, a p-value <0.05 was
considered indicative of a significant difference.
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