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Motion lubrication suppressed mechanical activation
via hydrated fibrous gene patch for tendon healing
Lei Xiang†, Jing Liang†, Zhen Wang, Feng Lin, Yaping Zhuang, Qimanguli Saiding, Fei Wang,
Lianfu Deng, Wenguo Cui*

Mechanical activation of fibroblasts, caused by friction and transforming growth factor–β1 recognition, is one of
the main causes of tissue adhesions. In this study, we developed a lubricated gene-hydrogel patch, which pro-
vides both a motion lubrication microenvironment and gene therapy. The patch’s outer layer is composed of
polyethylene glycol polyester hydrogel. The hydrogel forms hydrogen bonds with water molecules to create the
motion lubrication layer, and it also serves as a gene delivery library for long-term gene silencing. Under the
motion lubricated microenvironment, extracellular signal–regulated kinase–small interfering RNA can silence
fibroblasts and enhance the blocking effect against fibroblast activation. In vitro, the proposed patch effectively
inhibits fibroblast activation and reduces the coefficient of friction. In vivo, this patch reduces the expression of
vimentin and α–smooth muscle actin in fibroblasts. Therefore, the lubricated gene-hydrogel patch can inhibit
the mechanical activation of fibroblasts to promote tendon healing.
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INTRODUCTION
Motion and lubrication are not only essential for organs to perform
physiological functions but also directly affect cell signal transmis-
sion and disease progression (1, 2). For instance, microdamage and
envelope formation caused by direct friction between the injured
area and the surrounding tissue or implants often lead to subopti-
mal tissue healing and exacerbate tissue adhesions (3, 4). Annually,
the cost of medical care for ligament and joint entrapment caused
by tissue adhesions exceeds $10 billion (5, 6). In the early stages of
soft tissue injury, fibroblast activation caused by mechanical stimu-
lation and inflammatory factors initiates the process of tissue adhe-
sion and fibrosis (7, 8). These activated cells attach to the injured
area by recognizing exposed calmodulin, integrins, and hydropho-
bic binding thresholds, resulting in the loss of mobility (9–11). In
addition, soft tissue injuries are often accompanied by damage to
the surrounding mucosa and synovial structures. The loss of lubri-
cation protection around the injury area causes difficulty in move-
ment and aseptic inflammation, and it also accelerates the process of
fibroblast mechanical activation, giving rise to a vicious cycle of “ad-
hesion-release and re-adhesion” during soft tissue repair (12).
Therefore, it is essential to restore the lubricating environment
around the soft tissue while inhibiting the mechanical activation
of fibroblasts to prevent tissue adhesions.

When exposed to mechanical stimulation such as friction, fibro-
blasts mechanically activate transforming growth factor–β1 (TGF-
β1) that is latent in the extracellular matrix, leading to tissue adhe-
sion and fibrosis (13). Now, drugs such as nonsteroidal anti-inflam-
matory drugs (NSAIDs), rapamycin, and quercetin are often
delivered to the body by systemic or topical administration to
address the biological mechanisms of tissue adhesion (14, 15). Al-
though these drugs can alleviate tissue adhesions by reducing

inflammation levels, inducing apoptosis, and inhibiting oxidative
stress, they cannot effectively inhibit fibroblast mechanical activa-
tion caused by the loss of lubrication protection. In situ gene silenc-
ing technology, which achieves mRNA sequence-specific
degradation by delivering small interfering RNA (siRNA) to
target cells, has been proven to be an effective advanced therapy
(16–18). Previous studies have demonstrated that the TGF-β1–ex-
tracellular signal–regulated kinase 2 (ERK2) signaling axis plays a
vital role in fibroblast proliferation. Silencing ERK2 and its down-
stream gene expression is a potential therapeutic method to prevent
fibroblast activation and proliferation (19, 20). Therefore, targeted
silencing of the ERK2 gene in fibroblasts by constructing suitable
gene vectors is the key to addressing the biological factors of adhe-
sion. However, gene silencing alone cannot reduce the mechanical
stimulation of fibroblasts, so it allows for suboptimal wound healing
and recurrence of adhesions. Now, antiadhesive films such as Inter-
gel and Oxiplex are commonly used in clinical practice. However,
their nonlubricated surface and the potential Arg-Gly-Asp se-
quence enhance the mechanical stimulation of fibroblasts and
lead to secondary adhesions (21–26). Therefore, it is urgent to
develop a treatment to inhibit fibroblast activation and tissue adhe-
sion by rebuilding a motion lubrication environment and silencing
key gene expression.

Tendon adhesions are a common sports medicine condition
caused by fibroblast mechanical activation under an unlubricated
environment (27–29). The lack of a motion lubricated protection
layer increases the coefficient of friction during tendon movement,
which leads to difficulties in tendon movement and enhances fibro-
blast mechanical activation (30). In the absence of motor lubrica-
tion, the mechanical activation of fibroblasts around the tendon
directly leads to increased levels of fibrosis and vascularization, re-
sulting in the loss of the original physiological structure of the
tendon. It has been demonstrated that a stable motion lubrication
layer secreted by the tendon sheath and other tendon accessory
tissues is a vital factor in maintaining the integrity of the tendon
during frequent friction (31–34). Under physiological conditions,
the presence of a hydrated lubricating layer on the tendon surface
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can effectively prevent the mutual recognition of integrin protein
and hydrophobic structural domains between the cell and the extra-
cellular matrix, thus blocking the process of mechanical activation
and improving tendon healing from the vicious cycle of adhesion–
release–re-adhesion to a virtuous cycle of lubrication-antiadhesion-
lubrication (35). Inspired by this, targeting the key biological and
physical factors influencing the mechanical activation of fibroblasts,
the construction of a hydrated lubricating bionic tendon sheath
combined with gene silencing therapy has the potential to break
the vicious cycle of tendon healing.

Combining motion lubrication with gene silencing to synergisti-
cally block the mechanical activation process from upstream and
downstream is the key to promoting adhesion-free tendon
healing. In this study, we constructed a lubricated gene-hydrogel
patch, which can reshape tendon lubrication protection and synerg-
istically block fibroblast mechanical activation to prevent tendon
adhesions in terms of both molecular biological mechanisms and
the physical friction microenvironment (Fig. 1). On the basis of
the therapeutic idea of silencing the causative gene and shielding
the adhesion site, a lubricated gene-hydrogel patch with a two-
layer structure was constructed by combining polyethylene glycol

(PEG)–based polyester hydrogel with electrostatic spinning tech-
nology. The ether bonds of PEG polyester hydrogel can form hydro-
gen bonds with water molecules to establish a stable motion
lubrication and anti-cell adhesion domain, thereby reducing the co-
efficient of friction and avoiding the mechanical activation of fibro-
blasts. In addition, the hydrophobic poly(lactic-co-glycolic acid)
(PLGA) fiber membrane on the inner side can effectively prevent
hydrophilic ERK2-siRNA from being released to the injured site
of the tendon. The temperature sensitivity of the PEG-based poly-
ester hydrogel can effectively protect the biological activity of the
loaded ERK2-siRNA and efficiently silence the intracellular ERK2
gene at the early stage of inflammation. In vitro, the lubricated gene-
hydrogel patch specifically silences ERK2 gene expression, thus re-
ducing the motion coefficient of friction and preventing cell me-
chanical activation. In vivo, under motion lubrication, the
lubricated gene-hydrogel patch effectively reduces the level of
tissue adhesion, fibrosis, and vascularization caused by the mechan-
ical activation of fibroblasts (Fig. 2).

Fig. 1. The graphic abstract of lubricated gene patch for tendon healing. To prevent the tissue adhesion caused by the mechanical activation of fibroblasts, the
lubricated gene-hydrogel patch was designed. On the basis of the affinity of PEG for H2O, the lubricated layer can efficiently reduce frictional stress to inhibit the me-
chanical activation of fibroblasts. Combined with unidirectional gene silencing, the patch can efficiently prevent the activation and proliferation of fibroblasts to improve
tendon healing.
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RESULTS
Construction of PEI-PBA gene nanocomplexes
Overexpression of the ERK2 gene is not only the key to fibroblast
overproliferation but also the key gene mediating TGF-β1 mechan-
ical activation signaling in fibroblasts, which leads to peritendinous
adhesions. Therefore, achieving efficient and stable silencing of
ERK2 gene expression in fibroblasts is essential to blocking the me-
chanical activation of fibroblasts (19, 20). Although a lentivirus-
based siRNA delivery system can effectively regulate the gene ex-
pression of cells, its potentially poor biosafety restricts its further
utilization in vivo (36–38). Gene delivery vectors represented by
polycations are used for intracellular gene delivery through charge
interactions (39, 40). Although cationic gene delivery vectors repre-
sented by polyethyleneimine (PEI) have extremely high transfection
efficiency, their cytotoxicity limits their further application in or-
ganisms (41, 42). As shown in Fig. 3A, to obtain efficient and safe

gene carriers, we solved the cytotoxicity problem caused by the high
positively charged PEI by grafting the negatively charged phenyl-
boronic acid (PBA) group onto the PEI branched chain through a
simple synthetic method. In addition, PBA can target the recogni-
tion of glycoproteins and glycols on the cell membrane, which can
effectively improve transfection efficiency (43).

We determined the specific structure of the synthesized PEI-
PBA based on its 1H nuclear magnetic resonance (NMR) spectrum.
Peaks in the range of 6.75 to 7.75 parts per million (ppm) were the
characteristic peaks on the benzene ring of PBA, and peaks in the
range of 3.5 to 2.5 ppm were attributed to the characteristic peaks of
methylene on PEI-25000, proving that our synthetic method can
prepare PEI-PBA easily and efficiently (Fig. 3B). The surface poten-
tial and particle size of the cationic carriers directly affect the gene
transfection efficiency, and we further characterized the PEI-PBA
polycationic carriers. We found that the mass ratio M

Fig. 2. Overview of the proposed lubricated gene-hydrogel patch. (A) Schematic representation of the synthesis of PEI-PBA gene nanocomplexes, temperature-
sensitive PEG polyesters, and the preparation of PLGA electrospun membrane. (B) Schematic representation of the fabrication of the lubricated gene-hydrogel patch
and its functional area division. (C) Lubricated gene-hydrogel patch can wrap and protect the injured tendon in situ. (D) PEG polyester hydrogel outer layer forms a stable
lubricating layer around the tendon for reconstructing the lubrication microenvironment. (E) Double-layer structure enables the unidirectional release of gene nanopar-
ticles loaded in the hydrogel layer to achieve targeted ERK2 and downstream gene silencing. bFGF, basic fibroblast growth factor.
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[M = M(PEI-PBA)/M(siRNA)] directly affects the particle size and
surface potential of the formed gene nanoparticles. As shown in
Fig. 3 (C and D), the surface potential of gene nanoparticles in-
creased from 5.95 ± 0.62 mV to 17.62 ± 1.88 mV (P < 0.05) when
the mass ratio of the gene nanoparticles increased (M = 1, 2, 3, and
4). Compared to M = 3, the particle size of gene nanoparticles at
M = 4 decreased from 190.74 ± 4.27 nm to 166.42 ± 8.54 nm
(P < 0.05), which may have been due to the increase of positive
charge compressing the negatively charged siRNA and making
the nanoparticles more compact. We further investigated the
binding ability of PEI-PBA with siRNA by agarose gel electropho-
resis experiments. As shown in Fig. 3E, the binding ability of PEI-

PBA with siRNA was proportional to the mass of PEI-PBA. When
M ≥ 1, PEI-PBA could effectively bind to siRNA and prevent the
escape of siRNA during electrophoresis, proving that the excellent
binding ability of PEI-PBA to siRNA can ensure the structural
stability of gene nanoparticles in the transfection process.

Construction of temperature-sensitive PEG polyesters
Tissue adhesion is a process in which cells interact with nearby cells
through specialized molecules. The mechanical activation of fibro-
blasts requires mutual recognition between cells and TGF-β1 latent
in the extracellular matrix, which can be inhibited if the mutual rec-
ognition between cells and the extracellular matrix is blocked (44).

Fig. 3. Characterization of PEI-PBA gene nanocomplex and PEG polyesters. (A) Synthesis and gene delivery mechanism of PEI-PBA gene nanocomplexes. (B) 1H NMR
spectra of PEI-PBA. (C) Zeta potential of PEI-PBA gene nanocomplexes. (D) Particle size of PEI-PBA gene nanocomplexes. (E) Characterization of PEI-PBA gene nano-
complexes using 3% agarose gel electrophoresis. Lanes 1 and 10 represent maker. Lanes 2 to 9 represent M = 0.0625, M = 0.125, M = 0.25, M = 0.5, M = 1, M = 2,
M = 3, and M = 4 PEI-PBA@ERK2-siRNA in that order. (F) Chemical structure of PEG polyesters and their self-assembly processes. (G) 1H NMR spectra of PEG polyesters.
(H) Gel permeation chromatogram traces of PEG polyester. (I) Storage modulus (G′) and loss modulus (G″) of PEG polyesters. Heating rates: 0.5°C/min and oscillatory
frequency: 10 rad/s. The polymer concentration was 25 wt %. (J) Phase diagram of the PEG polyester aqueous solutions was determined by the test tube inverting
method. (K) Biocompatibility of PEG was determined by the CCK-8 kit (n = 5). Mn, number-average molecular weight; Mw, weight-average molecular weight; Mz, z-
average molecular weight.
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Therefore, we envisioned PEG as a potential lubricant and anti-cell
adhesion material (45). Accordingly, we obtained PEG polyesters
through ring-opening polymerization of glycolide (GA) and D,L-
lactide (LA) monomers using PEG-1500 as the initiator and stan-
nous octanoate [Sn(Oct)2] as the catalyst. The synthesis of PEG
polyesters is illustrated in Materials and Methods. As shown in
Fig. 3F, the PEG polyesters can self-assemble into nanoparticles
with PLGA as the hydrophobic core and PEG as the hydrophilic
outer layer at 36° to 37°C. Figure 3G shows the chemical structural
formula of PEG polyester and its 1H NMR spectrum. Figure 3H
shows the gel permeation chromatogram (GPC) data of PEG poly-
ester, and table S1 summarizes the molecular parameters of PEG
polyester, indicating that we successfully synthesized the desired
polymer. As shown in fig. S1, 25 weight % (wt %) aqueous solutions
of PEG polyester can flow freely at/or below room temperature, and
the sol-gel phase transition occurs with increasing temperature. We
investigated the phase transition behavior of polymer solutions with
increasing temperature by strain-controlled rheometry. Usually, the
intersection temperature of the modulus of elasticity (G′) and the
modulus of loss (G″) is defined as the sol-gel transition temperature.
WhenG′ is higher thanG′, the system has transformed into a gel. As
shown in Fig. 3I, the phase transition temperature of PEG polyester
is around 36°C. Figure S2 shows that the viscosity of the polymer
solution increases abruptly with the increase in temperature, reflect-
ing the transformation of the polymer solution from sol to gel.

According to previous studies on the mechanism of gel forma-
tion, it is known that PEG polyesters can self-assemble in aqueous
solutions to form micelles; with increasing temperature, hydropho-
bic interactions cause the micelles to aggregate and form a perme-
able gel network (46, 47). This gel formation process of PEG
polyesters does not require additional chemical cross-linking
agents or ultraviolet (UV) light triggering, which can maximize
the protection of the biological activity of siRNA. Moreover, our
previous studies have shown that PEG polyesters are nonswelling
and can be retained in vivo for more than 30 days, meaning they
provide a good material basis for constructing antiadhesive
patches that can be stably maintained in vivo (48). To clarify the
effect of PEG polyester’s concentration on its phase transition tem-
perature, we configured polymer solutions with a concentration
gradient of 15 to 25 wt % and used the inverted tube method to
obtain the phase diagram of the PEG polyester solution. As
shown in Fig. 3J, the aqueous polymer solution underwent sol-gel
phase transition with increasing temperature, and the phase transi-
tion temperature decreased with increasing polymer concentration.
In addition, the biocompatibility of PEG polyester was determined
by a Cell Counting Kit-8 (CCK-8) kit, as shown in Fig. 3K. Even
when the concentration of PEG polyester was increased to 500
μg/ml, the proliferation viability of the cells did not show any stat-
istical difference compared to the control group, which indicates the
excellent biosafety of PEG polyesters.

Construction of lubricated gene-hydrogel patch
The lubricated gene-hydrogel patch was prepared as shown in
Fig. 4A. PLGA electrospun membrane was prepared by the electro-
spinning technique, and then, PEI-PBA@ERK2-siRNA nanoparti-
cles were loaded into an aqueous solution of PEG polyester and
coated on the surface of the PLGA membrane. As shown in fig.
S3A, the PLGA electrospun membrane can provide good mechan-
ical support for the PEG polyester hydrogel, which allows the patch

to be freely curled into a cylindrical structure with a composite
tendon shape. From the stress-strain curves and tensile strength
tests, we found that the mechanical properties of the lubricated
gel patch were enhanced compared to the PLGA patch (fig. S3, B
and C). In addition, the unique temperature-sensitive property of
PEG polyester enables it to self-assemble into a hydrogel at body
temperature, which can ensure the maximum biological activity
of the loaded siRNA compared to the methods of triggering by
UV light or adding additional chemical cross-linking agents. The
patch morphology was further observed using a scanning electron
microscope (SEM), as shown in Fig. 4B. The electrospunmembrane
side of the lubricated gene-hydrogel patch still exhibited an inter-
laced fibrous mesh structure. The gel layer showed that the PEG
polyester hydrogel could be uniformly distributed on the surface
of PLGA, and the gene nanoparticles were widely distributed in
the gel layer of the patch.

As the water contact angle results of Fig. 4C and fig. S4 show, the
PLGA electrospun fiber membrane was hydrophobic
(129.52° ± 1.31°), the addition of the PEG polyester gel layer
made the PLGA electrospun fiber film transition from hydrophobic
to hydrophilic (21.12° ± 1.05°, P < 0.05), and the addition of gene
nanoparticles did not change the hydrophilic properties of the PEG
polyester layer. As shown in Fig. 4D, the lubricity of the patch was
measured by a microdynamic wear tester. The coefficient of friction
of the lubricated gene-hydrogel patch group was stable at
0.3897 ± 0.1719 during the 1500-s test, and the coefficient of friction
of the nonlubricated layer control group was 1.3212 ± 0.1063, which
proved that the proposed patch could form stable motion lubrica-
tion protection on the outer surface and effectively reduce the coef-
ficient of friction by 70% (Fig. 4E).

Unidirectional release and anti-cell adhesion properties of
lubricated gene-hydrogel patch
Given the double-layer structure of the patch and the hydrophobic
property of PLGA, we believe that the proposed patch has unidirec-
tional drug release capability. As shown in Fig. 5A, the unidirection-
al release of the lubricated gene-hydrogel patch was tested in
Transwell plates, and the release experiments demonstrated that
the presence of hydrophobic PLGA electrospun membrane could
effectively prevent the release of the gene transfection complex to
the fiber side. The enhanced fluorescence around the nuclei of
the cocultured 208F cells on the gel side was observed on the
third and fifth days under fluorescence microscopy, indicating
that the 5-Carboxyfluorescein-labeled ERK2-siRNA was released
from the gel side and taken up by the cells. However, the cells on
the fiber side did not show any change in fluorescence intensity.
The release curve in Fig. 5B further demonstrated the unidirectional
release ability of the lubricated gene-hydrogel patch. The patch
could release approximately 70% of the gene nanoparticles from
the gel side within 12 days, suggesting that the lubricated gene-hy-
drogel patch can effectively mediate ERK2 gene silencing to inhibit
fibroblast proliferation in the early stages of inflammation without
influencing the healing area.

As shown in Fig. 5D, the porous structure of traditional electro-
spun patches allows for cell adhesion. In contrast, the lubricated
gene-hydrogel patch exhibits excellent anti-cell adhesion perfor-
mance, which is mainly because the ether bond on the surface of
the hydrogel can form a stable lubrication layer and effectively
prevent the adsorption of cell adhesion molecules. At the same
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time, the gene nanoparticles carried in the PEG polyester hydrogel
can play a synergistic role in reducing the production of adhesion
tissue by inhibiting the signaling pathway of cell proliferation. As
shown in Fig. 5 (C to E), we seeded 208F cells on different
patches and stained the cytoskeletons and nuclei with ghost cyclo-
peptide (red) and 4′,6-diamidino-2-phenylindole (DAPI) (blue), re-
spectively. Observing their growth status after 2 days of coculture,
we found that, compared with the control and PLGA groups, the
cell spreading area of the lubricated hydrogel patch group was
reduced (P < 0.0001) and the cells of the lubricated gene-hydrogel

patch group were changed from shuttle shape to round with the syn-
ergistic effect of gene nanoparticles, which proved that the presence
of the PEG polyester lubrication layer could inhibit cell adhesion
and mechanical activation, and gene silencing further enhanced
this effect.

Optimization of gene silencing efficiency for preventing
tendon adhesions
The biological factors leading to tendon adhesions are mainly at-
tributed to the unique healing mechanism of tendons, which can

Fig. 4. Construction of lubricated gene-hydrogel patch and its characterization. (A) Fabrication of tendon sheath–like patch. (B) SEM micrographs of the lubricated
gene-hydrogel patch from a different side. (C) Water contact angle of the lubricated gene-hydrogel patch from a different side. (D) Photograph and schematic of the
lubricated gene-hydrogel patch. (E) Coefficient of friction-time curve for the lubricated patch (blue) and nonlubricated control group (red).
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be divided into endogenous healing mediated by migration of the
defective tendon cells and exogenous healing mediated by prolifer-
ation and invasion of external fibroblasts. The activation of the
TGF-β1–ERK2–SMAD3 axis leads to fibroblast proliferation and
increased secretion of collagen type III (COL III), which ultimately
leads to tendon scar healing and adhesions. For this reason, target-
ing the silencing of ERK2 expression in fibroblasts is a powerful way
to block the factors that trigger tendon adhesions.

To further optimize the transfection efficiency of PEI-PBA gene
nanocomplex, we prepared four gene nanocomplex groups based
on agarose gel electrophoresis data to investigate the effect of
mass ratio on gene transfection (M = 1, 2, 3, and 4). The fluores-
cence intensity of intracellular siRNA increased with the increase
ofM (Fig. 6A). We further quantified the gene transfection efficien-
cy by flow cytometry, as shown in Fig. 6B and fig. S5. The transfec-
tion efficiency of PEI-PBA@ERK2-siRNA gradually increased from

Fig. 5. Unidirectional release and anti-cell adhesion properties of lubricated gene-hydrogel patch. (A) Using Transwell plates to analyze the release and cell uptake
of gene nanocomplex from a different side. (B) Cumulative release curve of gel and fiber side of lubricated gene-hydrogel patch for 12 days. (C) Average cell area of 208F
cells seeded on different surfaces (mean ± SD, ****P < 0.0001, n = 6). (D) Schematic representation of cell morphology on different surfaces. (E) Fluorescence image of
208F cells seeded on different surfaces for 2 days. Red: cytoskeletons stained by phalloidin; blue: nuclei stained by 4′,6-diamidino-2-phenylindole (DAPI).
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Fig. 6. The validation of molecular mechanism for prevention of tendon adhesions. (A) Fluorescence image of PEI-PBA@ERK2-siRNA with different M ratio–trans-
fected 208F cells. Green: FAM-labeled siRNA. (B) Transfection efficiency of PEI-PBA@ERK2-siRNAwith differentM ratios (mean ± SD, ****P < 0.0001; n = 3). (C) Inhibition of
cell proliferation efficiency of PEI-PBA@ERK2-siRNAwith different M ratios (mean ± SD, ****P < 0.0001; n = 5). (D) Gene silencing efficiency of PEI-PBA@ERK2-siRNAwith
differentM ratios (mean ± SD, **P < 0.01 and ****P < 0.0001; n = 3). NC, Negative Control. (E) Long-lasting gene silencing efficiency assessment of different patches for 5
days (mean ± SD, **P < 0.01 and ****P < 0.0001; n = 3). ns, not significant. (F) Long-lasting inhibition of cell proliferation efficiency of Control, Negative Control, and
differentM ratio patches for 5 days (mean ± SD, **P < 0.01 and ****P < 0.0001; n = 3). (G) Schematic diagram of ERK2-mediated tissue adhesion signaling pathway. (H toM)
Western blotting analysis of expressions of ERK2, p-ERK2, SMAD-3, p-SMAD3, and COL III in 208F cells with different patches (mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001; n = 3). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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20.07 ± 0.46% to 88.00 ± 0.28% (P < 0.001) asM gradually increased.
The intracellular gene silencing efficiency of PEI-PBA@ERK2-
siRNA was determined by quantitative reverse transcription poly-
merase chain reaction (qRT-PCR). As shown in Fig. 6D, the gene
silencing efficiency was up to 79.81 ± 3.98% (P < 0.001) when
M = 4, which indicated that PEI-PBA@ERK2-siRNA could effec-
tively deliver ERK2-siRNA targeting to silence ERK2 gene expres-
sion intracellularly. Previous studies have shown that the strong
cytotoxicity of PEI cationic carriers limits their application in the

biomedical field. To verify the biocompatibility of PEI-PBA, we pre-
pared complete media containing different concentrations of PEI-
PBA and cocultured the media with 208F cells. The cell viability
assay results are shown in Fig. 6C. When the concentration of
PEI-PBA is less than 2 μg/ml, there is no substantial difference in
cell viability compared with the control group, which indicates that
the introduction of PBA moiety can notably reduce the cytotoxicity
problem caused by the high orthoelectricity of PEI.

Fig. 7. Evaluation of lubricated gene-hydrogel patch in vivo. (A) Application of lubricated gene-hydrogel patch for peritendinous antiadhesion. (B to E) Gross ob-
servation of peritendinous adhesion of injured tendon at 2 and 4 weeks. (F) Gross scores of peritendinous adhesion (mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001; n = 5). (G to J) H&E staining images of different patches. AS, adhesion areas; TD, repaired tendon site. (K) Histologic scores of peritendinous adhesion
(mean ± SD, **P < 0.01 and ***P < 0.001, and ****P < 0.0001; n = 5). (L to P) Immunohistochemical staining and evaluation of Col III expression in peritendinous tissue at 2
and 4 weeks (mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; n = 5).
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To further verify the sustained gene silencing and cell prolifera-
tion inhibition efficiency of the lubricated gene-hydrogel patch, we
cocultured 208F cells with lubricated gene-hydrogel patches for 1, 3,
and 5 days before performing qRT-PCR and CCK-8 assay (Fig. 6, E
and F). The results showed that PEI-PBA@ERK2-siRNA was re-
leased from the PEG polyester hydrogel during coculture and con-
tinued silencing the gene expression of cultured cells. We observed
that the gene expression level of ERK2 did not change on the first
day, and no decrease in cell proliferation was observed, which may
have been caused by the fact that the siRNA had not yet exerted its
physiological activity after being taken up by the cells. The expres-
sion level of ERK2 in the cells in the lubricated gene-hydrogel patch
group decreased from the third day, followed by a slowdown in the
cell proliferation rate, indicating that the PEI-PBA@ERK2-siRNA
carried in the patch could effectively mediate intracellular gene si-
lencing and inhibit fibroblast proliferation. In addition, the efficien-
cy of gene silencing and proliferation inhibition was enhanced by
the increasing number of gene nanoparticles released. The gene si-
lencing efficiency of the lubricated gene-hydrogel patch could reach
68.26 ± 5.90% (P < 0.001), and the cell proliferation inhibition effi-
ciency could reach 53.05 ± 2.67% (P < 0.001) after 5 days of
coculture.

We further explored the protein expression of the TGF-
β1–ERK2–SMAD3 axis by Western blotting (Fig. 6, G and H),
and the results showed that 208F cells cocultured with the lubricated
gene-hydrogel patch for 5 days had reduced expression of ERK2 and
Phospho-ERK (p-ERK2) compared to the other three groups
(Fig. 6, I and J). The patch with the motion lubrication layer effec-
tively reduced the expression of SMAD3, which proved that the PEG
polyester hydrogel can block the upstream signal of fibroblast me-
chanical activation. In addition, the reduced phosphorylation level
of ERK2 directly blocked the phosphorylation transduction process
of SMAD3 (Fig. 6, K and L), which, in turn, reduced the expression
level of COL III (Fig. 6M). These results suggest that the lubricated
gene-hydrogel patch can effectively silence intracellular ERK2 gene
expression, thereby regulating the signaling of the TGF-
β1–ERK2–SMAD3 axis and inhibiting fibroblast activation and
proliferation and COL III deposition. To further verify the biocom-
patibility of the prepared patches, we cocultured the patch leachate
with 208F cells and performed LIVE-DEAD staining. As shown in
fig. S6, no cell death was observed in any group after 5 days of co-
culture, which demonstrated the excellent biocompatibility of the
lubricated gene-hydrogel patch.

In vivo evaluation of the effect of lubricated gene-
hydrogel patch
As shown in Fig. 7A, we sutured the ruptured tendon and subse-
quently wrapped it with a lubricated gene-hydrogel patch to
prevent tendon adhesions. Adhesions were assessed by observing
the surgical site of the Achilles tendon. The rat Achilles tendon
model was divided into four groups: untreated control group,
PLGA group, lubricated hydrogel patch group, and lubricated
gene-hydrogel patch group. No infectious ulceration or necrosis oc-
curred around the incision in any of the groups. At 2 weeks, the
control group developed a large amount of adherent tissue in the
surrounding area of the repair site, requiring sharp separation to
expose the tendon, and the tendon injury area healed poorly with
jelly-like deposits of adherent tissue. At 4 weeks, the adhesions of
the peritendinous tissues were slightly improved, and the jelly-like

collagen was more densely deposited on the tendon surface with a
relatively smooth surface (Fig. 7B). The PLGA group still had un-
healed severed ends in the injury area at 2 weeks, with an uneven
surface that required sharp separation of the tendon from the peri-
tendinous adherent tissue. At 4 weeks, the inflammation was
reduced, and the tendon was completely healed, with a smoother
surface than at 2 weeks but still with dense jelly-like adhesions
(Fig. 7C). The lubricated hydrogel patch and lubricated gene-hydro-
gel patch groups had less adherent tissue on the tendon surface than
the control and PLGA patch groups at 2 and 4 weeks due to the anti-
cellular adhesion and lubrication effect of PEG polyester hydrogel
(Fig. 7, D and E). Notably, compared with the lubricated hydrogel
patch group, the lubricated gene-hydrogel patch group showed
fewer surrounding adhesions, fewer tendon fibrosis, and better
healing, suggesting that the in situ gene silencing effect of PEI-
PBA@ERK2-siRNA inhibited the proliferation of fibroblasts and
reduced the production of adhesions and the degree of peritendi-
nous fibrosis. Subsequent gross evaluation of tendon adhesions re-
vealed that the adhesions in the control and PLGA groups were
mainly distributed between grades 4 and 5, with no statistical differ-
ence. The adhesions in the lubricated hydrogel patch group were
mostly at grade 3, and this improvement was due to the hydrated
antiadhesive layer. The lubricated gene-hydrogel patch group had
the mildest adhesions due to the combined effect of in situ gene si-
lencing and the hydrated antiadhesive layer, and its adhesion scores
were lower than the other three groups, mainly distributed among
grades 1 and 2 (Fig. 7F). Now, clinical drugs such as NSAIDs, rapa-
mycin, and quercetin are widely used to reduce peritendinous ad-
hesions by reducing inflammation, inducing apoptosis, and
inhibiting oxidative stress. However, these drugs are not effective
in blocking fibroblast overproliferation, which is a critical short-
coming because fibroblast overproliferation directly leads to tissue
fibrosis. In this study, we developed an antiadhesion patch by apply-
ing targeted gene silencing technology to silence ERK2 to block the
fibroblast proliferation process from the genetic level. Moreover, the
hydrated lubricating layer composed of PEG polyester hydrogel has
a notable effect on protecting the healing process of the injured area
by shielding the adhesion sites and reconstructing the lubrication
microenvironment. Therefore, the combination of ERK2 gene si-
lencing with a lubricating antiadhesive layer reduced the extent of
peritendinous adhesions.

Histological analysis was performed to further characterize the
cause and extent of tendon adhesions. To analyze the effect of his-
topathological changes in the injured Achilles tendon, histological
sections of the repaired area were stained with hematoxylin and
eosin (H&E). As shown in Fig. 7, G to J, sections from the
control group showed large numbers of adhesions on the tendon
surface and invasion into the repaired area. However, the hydrated
lubrication layer formed by the PEG polyester hydrogel reduced the
adhesion on the tendon surface, and the treatment effect was further
enhanced by the combination of ERK2-siRNA treatment, resulting
in a smoother tendon surface. As shown in Fig. 7K, histological
evaluation of the four groups showed that the lubricated gene-hy-
drogel patch group had a lower adhesion score than the other
three groups.

Figure 7 (L to O) shows that COL III deposition was severe in the
control, PLGA, and lubricated patch groups, which was due to the
lack of effective targeting of bioactive substances to block COL III
secretion in these three groups. In contrast, PEI-PBA@ERK2-
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siRNA carried in the lubricated gene-hydrogel patch could be re-
leased continuously in the early inflammatory stage, regulating
the signaling of the TGF-β1–ERK2–SMAD3 axis by knocking
down ERK2 gene expression and reducing COL III deposition at
the defect site (P < 0.05) (Fig. 7P). These results suggest that al-
though the PEG polyester layer can reduce the adhesion of periten-
dinous tissues to some extent, it lacks a mechanistic treatment for
blocking disease progression. However, by combining it with gene
silencing therapy, it can block the disease progression mechanism
and play a synergistic role in preventing tendon adhesions.

In vivo assessment of tendon healing status
We used double-label immunofluorescence staining to assess fibro-
blast proliferation, where α–smooth muscle actin (α-SMA) excites
green fluorescence and vimentin excites red fluorescence. Vimentin
is an important type III intermediate filament protein that is ex-
pressed only in fibroblasts, and increased red fluorescence indicates
severe tissue fibroproliferation. Myofibroblast activation is charac-
terized by the admixture of large amounts of α-SMA into stress
fibers, and enhanced green fluorescence represents increased capil-
lary angiogenesis (49).

As shown in Fig. 8 (A to D), a large number of vimentin-positive
cells and α-SMA–positive cells were observed in the control, PLGA,
and lubricated hydrogel patch groups 2 weeks after surgery, repre-
senting the appearance of neovascular tissue and the initiation of
the fibrosis process in the tendon injury. The control and PLGA
patch groups showed much more vimentin-positive cells than the
lubricated hydrogel patch group, whereas no notable vimentin-pos-
itive or α-SMA–positive cells were observed in the lubricated gene-
hydrogel patch group. As shown in the optical density semiquanti-
tative results of Fig. 8 (I and J), the fibrosis and vascularization levels
in the lubricated gene-hydrogel patch group were significantly
lower than those in the other three groups (P < 0.001).

As shown in Fig. 8 (E and H), the vimentin-positive cells and α-
SMA–positive cells in the control, PLGA, and lubricated hydrogel
patch groups remained at higher levels at 4 weeks postoperatively,
suggesting a shift in tendon healing toward fibrotic scar healing.
Small numbers of vimentin-positive cells and α-SMA–positive
cells were also observed in the lubricated gene-hydrogel patch
group, which may have been due to the fact that PEI-
PBA@ERK2-siRNA in PEG polyesters had been completely re-
leased, and the gene silencing effect on adherent cells was
reduced. As shown in Fig. 8 (J and L), the optical density semiquan-
titative results showed that the fibrosis and vascularization levels in
the lubricated gene-hydrogel patch group were still lower than that
in the other three groups. At the same time, we found that the fibro-
sis and vascularization levels in the lubricated hydrogel patch group
were lower than those in the control and PLGA patch groups, which
proved that the motion lubrication layer can effectively block the
mechanical activation of fibroblasts and reduce the fibrosis and vas-
cularization levels.

Immunofluorescence staining demonstrated that inhibiting fi-
broblast activation and proliferation at the early stage of inflamma-
tion and constructing an anti-cell adhesion hydrogel layer could
effectively block the ERK2-mediated TGF-β1–ERK2–SMAD3
axis-induced fibrosis and vascularization in tendons by acting syn-
ergistically from both biological and physical aspects.

The assessment of tendon motion and biomechanical
function
After 4 weeks postoperatively, we assessed the Achilles tendon
motion function in the control group, PLGA group, lubricated
patch group, and lubricated gene patch group by gait analysis. As
shown in Fig. 9, the Achilles functional index (AFI) in all four ex-
perimental groups decreased with different degrees, and the AFI
scores of lubricated patch and lubricated gene patch were higher
than the control group, suggesting that the patch with lubricating
properties could effectively improve the motor function of the
Achilles tendon, and in addition, ERK2-siRNA effectively inhibited
the deposition of peritendinous adhesion tissue and tendon fibrosis.

As shown in Fig. 10A, to further evaluate the tendon healing
strength and whether ERK2-siRNA in the lubricated gene patch in-
terferes with the normal tendon healing process, we systematically
tested the elastic modulus, stiffness, maximum tensile stress, and
maximum tensile load of the tendon at 2 weeks postoperatively.
In the results shown in Fig. 10 (B to E), the biomechanical proper-
ties of control group, PLGA group, lubricated patch group, and lu-
bricated gene patch did not show notable differences, and the
biomechanical properties of lubricated gene patch group showed
a slight improvement compared with other groups but not statisti-
cally different. This demonstrates that reducing tendon adhesions
by inhibiting the exogenous healing process does not lead to a de-
crease in tendon strength of the tendon itself. Maximizing protec-
tion of the endogenous healing process of the tendon is a potential
way to achieve adhesion-free healing of the tendon.

The assessment of gene and protein expression
To further determine the effect of different types of patches on col-
lagen production at the tendon healing site, we performed qPCR
and Western blot assays on the tendon injury site at 2 weeks post-
operatively. qPCR results are shown in fig. S7. The collagen deposi-
tion in the lubricated patch and lubricated gene patch groups was
less than that in the control, and this may be due to the presence of
lubricated layer, which effectively blocked the invasion of exoge-
nous fibroblasts to the injury site. In addition, there was a slight de-
crease in ERK2 expression in the lubricated gene patch group
compared with the control and PLGA groups, which may be due
to the infiltration of a very small amount of ERK2-siRNA into the
tendon injury.

The results of Western blot were shown in fig. S8, which were
consistent with the results of qPCR. The lubricated patch group
and lubricated gene patch group showed different degrees of de-
creased collagen expression, while the expression level of ERK2
did not differ between groups, which proved that our designed lu-
bricated gene patch could effectively reduce the release of ERK2-
siRNA to the inner layer of the fiber membrane and ensure the en-
dogenous healing process of tendon to the maximum extent. As
shown in fig. S9, we further evaluated the ratio of COL I to COL
III at the tendon injury, and we found that the ratio of COL I/
COL III in the lubricated gene patch group was higher compared
to the control group, indicating that the tendon healing was no
longer a scar-type healing with predominantly adherent tissue.

DISCUSSION
Several drugs and delivery systems have been developed to address
the problems of adhesion and fibrosis in the tissue healing process
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(20, 50–54). These therapeutic approaches can block disease signal-
ing by inhibiting molecular mechanisms, but they often do not
address the problem of abnormal intracellular gene or protein ex-
pression because of the physical environment. The mechanical ac-
tivation of fibroblasts involves the following steps. First, fibroblasts
adhere to the extracellular matrix, allowing cell resolution sensing.
Second, fibroblasts bind to TGF-β1 latent in the extracellular
matrix. Last, high levels of TGF-β1 signaling and mechanical
stimuli such as friction led to activation. The use of a global
anti–TGF-β1 strategy has off-target effects and exacerbates the

inflammatory response (55, 56). Combining accurate gene therapy
and local motor lubrication environment reconstruction to block
TGF-β1 signaling and reduce mechanical stimulation may be a
promising therapeutic approach to avoid mechanical activation of
fibroblasts (2).

Surface modification of fiber membranes by hydrogels is a
proven method to change the surface characteristics of membranes.
In a previous study, we successfully fabricated anti-cell adhesion
electrospun fiber membranes by using peptide-modified method
(57). In addition, we found that the porosity of the fiber membrane

Fig. 8. Fibrosis and vascularization assessment of healing tendons. (A to D) Immunofluorescence double staining of α-SMA (green) and vimentin (red) at 2 weeks. (E
to H) Immunofluorescence double staining of α-SMA (green) and vimentin (red) at 4 weeks. (I and J) Semiquantitative analysis on optical density of α-SMA and vimentin
(mean ± SD, ***P < 0.001 and ****P < 0.0001; n = 5). (K and L) Semiquantitative analysis on optical density of α-SMA and vimentin (mean ± SD, **P < 0.01 and
***P < 0.001, n = 5).
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surface affects cell adhesion and proliferation behavior (58). There-
fore, we wanted to further investigate the surface properties of the
material on the alteration of cell behavior and conducted a system-
atic study of fibroblast behavior in a lubricated environment. We
were surprised to find that the activation of fibroblasts and the ad-
hesion and fibrosis of tendons could be reduced by constructing lu-
bricated materials, and we believe that this idea can be extended to

most of the applications such as anti-adhesion and inhibition of
implant material envelope formation.

In this study, we constructed a lubricated gene-hydrogel patch by
integrating upstream and downstream signals that lead to mechan-
ical activation of fibroblasts. The outer PEG polyester hydrated lu-
brication layer could effectively mimic the motion lubricating
function of the tendon sheath and serve as a gene delivery library

Fig. 9. Assessment of Achilles tendonmotor function. Assessment of AFI in control, PLGA, lubricated patch, and lubricated gene patch groups after 4 weeks of Achilles
tendon injury (*P < 0.05, **P < 0.01 and ***P < 0.001).

Fig. 10. Biomechanical testing of the rat Achilles tendon. (A) Photograph of Achilles tendon mechanics test. (B) Comparison of elasticity modulus between exper-
imental groups. (C) Comparison of stiffness between experimental groups. (D) Comparison of maximum tensile stress between experimental groups. (E) Comparison of
maximum tensile load between experimental groups.
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for up to 12 days of gene silencing in vivo. In the 1500-s friction test,
the motion lubrication layer reduced motion friction by 70% and
did not show performance degradation throughout the test
period, which proved that it can rebuild a stable motion lubrication
environment. In addition, the unidirectional release of PEI-
PBA@ERK2-siRNA nanoparticles can efficiently target intracellular
ERK2-mRNA, knocking down 79.81 ± 3.98% of ERK2 gene expres-
sion, inhibiting 53.05 ± 2.67% of fibroblast proliferation, and reduc-
ing COL III deposition in tissues by more than 30%. Therefore, this
lubricated gene-hydrogel patch combining reconstruction of
motion lubrication environment to reduce mechanical stimulation
of fibroblasts and gene therapy to silence the key gene expression of
mechanical activation has great clinical value as an anti-adhesive
patch. However, our study leaves something to be desired, such as
our use of ERK2-siRNA to inhibit the production of peritendinous
adhesion tissue, but lacks the ability to provide specific biosignal
stimulation to the tendon defect site to further accelerate healing.
How to find out the signaling pathways targeting tendon cell regen-
eration by single-cell sequencing and multiomics combination will
be our future research and investigation.

MATERIALS AND METHODS
Materials
PEG [molecular weight (MW) = 1500], gelatin from porcine skin,
and branched polyethylenimine with an MW of 25,000 were pur-
chased from Sigma-Aldrich. 1,1,1,3,3,3-Hexaffuoro-2-propanol
(HFIP) was purchased from Aladdin Industrial Co. Ltd. (Shanghai,
China). LA and GA were purchased from Hangzhou Medzone
Biotech Ltd. (Zhejiang, China). PLGA was purchased from Jinan
Daigang Biomaterial Co. Ltd. (Jinan, China). 4-(Bromomethyl)
phenylboronic acid (≥98%) was purchased from Macklin. ERK2-
siRNA sequences were designed and synthesized by Genomeditech
(Shanghai, China). Sequences of siRNAs (5′-3′) were 5′-GATCCG-
CACCTCAGCAATGATCATATTCCTGTCAGAATGAT-
CATTGCTGAGGTGCTTTTTG-3′. Dulbecco’s modified Eagle’s
medium (DMEM), trypsin, fetal bovine serum (FBS), and antibiot-
ics were purchased from Invitrogen (CA, USA).

Synthesis and characterization of PEG polyester
The detailed preparation method has been reported in a previous
study (48). Briefly, 15 g of PEG (0.01 mol) was weighed into a dry
flask and evacuated under an oil bath at 150°C for 3 hours to remove
the water from the PEG. After the temperature of the three-necked
flask was cooled to 120°C, under argon protection, a certain amount
of LA and GA was added. Subsequently, the reaction system was
evacuated and passed through argon gas at 80°C and repeated
three times to eliminate the residual water in the monomers.
After all monomers were melted, Sn(Oct)2 (0.2 wt % monomer)
was added, and the reaction system was mechanically stirred at
150°C under argon protection for 12 hours. After the reaction,
the reaction products were washed three times by pouring into
water at 80°C to remove unreacted monomers and low MW prod-
ucts. Residual water was removed by freeze drying, and the product
was collected and stored at −20°C. Then, 1H NMR (Bruker, 400
MHz, AVANCE III HD) was used to characterize the average
MW (Mn) of the polymer and the composition ratio of the mono-
mers. All 1H NMR solvents were deuterated chloroform (CDCl3),
and tetramethyl silane was used as an internal standard at 25°C.

GPC (Agilent 1260) characterization provided information on the
MW and MW Distribution of the polymers. Narrowly distributed
polystyrene was used as the standard sample, and tetrahydrofuran
was used as themobile phase. DMEM containing 10% FBS and PEG
polyester (5, 25, 50, 250, and 500 μg/ml) was prepared and cocul-
tured with 208F cells. After 1, 3, and 5 days, the CCK-8 kit (Beyo-
time Biotechnology, China) was used to determine the proliferation
rate of 208F cells in each group to assess the biocompatibility of PEG
polyester.

Characterization of PEG polyester hydrogels
The sol-gel phase transition of PEG polyester solutions was studied
by the inverted tube method. A PBS solution of polymer (pH 7.4)
with a concentration gradient of 15 to 25 wt %was prepared, and 0.5
ml was added to a sample bottle with an inner diameter of 8 mm
after complete dissolution of PEG polyester in PBS by vortex
shaking. The PEG polyester solution was in a flowable sol at room
temperature, and the sample bottle was placed in a circulating water
bath at an initial temperature of 30°C, kept at a constant tempera-
ture for 10 min, and then inverted in the water bath for 30 s to
observe the state of the solution. If flowable, then the polymer sol-
ution at this temperature was a sol; if not flowable, then it was a gel.
The above operation was repeated for every 1°C increase. A strain-
controlled rheometer (Kinexus PRO, Malvern) equipped with a
Peltier cone plate (cone: 1°, diameter: 60 mm, gap: 0.03 mm) was
used to study the sol-gel phase transition behavior of a PBS solution
of 25 wt % polymer PEG polyester. The variation of viscosity (η),
energy storage modulus (G′), and loss modulus (G″) of the
polymer/water system with temperature was investigated at an
angular oscillation frequency of 10 rad/s, strain in the linear visco-
elastic range (0.5%), and a ramping rate of 0.5°C/min.

Synthesis and characterization of PEI-PBA
One hundred milligrams of PEI was added to a dry round-bottom
flask, and 2ml of anhydrous dimethyl sulfoxide (DMSO) was added
to dissolve it completely. Next, 250 mg of PBAwas dissolved in 2 ml
of anhydrous DMSO. The PBA was slowly added dropwise to the
PEI solution under an oil bath at 60°C for 24 hours. After the reac-
tion, the product was dialyzed in PBS for 3 days. The chemical struc-
ture and composition of PEI-PBA were confirmed by dissolving it
in D2O by 600-MHz 1H NMR spectroscopy (Bruker, AVANCE III
HD). DMEM medium with 10% FBS containing PEI-PBA (2, 4, 6,
and 8 μg/ml) was prepared and cocultured with 208F cells, and
CCK-8 assay was performed on days 1, 3, and 5 to show the prolif-
eration rate of each group of 208F cells (American Type Culture
Collection, USA) to test the biocompatibility of PEI-PBA.

Fabrication of PEI-PBA/siRNA complexes
PEI-PBA and ERK2-siRNA dissolved in diethyl pyrocarbonate–
treated water were mixed at different mass ratios [M = M(PEI-PBA)/
M(ERK2-siRNA)] and incubated for 30 min at room temperature to
form gene transfection complexes. The binding ability of PEI-
PBA to ERK2-siRNA was verified by agarose gel electrophoresis
(Beyotime Biotechnology, China). Samples were run on a 3% (w/
v) agarose gel at 70 V for 30 min. The resulting gel red–stained
gels were photographed with bands by the UVI Pro Gel Documen-
tation System (Tanon 2500, China). The particle size and zeta po-
tential of PEI-PBA@ERK2-siRNA complexes were determined by
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dynamic light scattering at 25°C using a Malvern Zetasizer Nano
ZS90 (Malvern, UK).

Transfection efficiency, gene silencing efficiency, and
proliferation inhibition of PEI-PBA@ERK2-siRNA
208F cells were inoculated in 24-well plates (Corning, USA) at a
density of 4 × 105 to 5 × 105 per well. PEI-PBA was incubated
with siRNA dissolved in diethyl pyrocarbonate water at room tem-
perature for 30min at different mass ratios, and the transfection sol-
ution was prepared with DMEM containing 10% FBS at a final
concentration (siRNA) of 50 nM. After the cells completely
adhered to the wall, 500 μl of the prepared transfection solution
was added to each well and coincubated for 6 hours. The nuclei
were stained with DAPI (Beyotime Biotechnology, China). For
flow cytometry, cells were digested from the plates with trypsin
and collected into polystyrene flow cytometry tubes to quantify
FAM-siRNA cell uptake. Western blotting was performed to
study the expression of ERK2 (p-ERK2), SMAD3 (p-Smad3), and
COL III, with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as an internal control. Briefly, groups of repaired periten-
dinous tissues were separated in 100 μl of radioimmunoprecipita-
tion assay (Beyotime Biotechnology, China) and homogenized for
30 min. Total protein concentration was measured using the dicin-
choninic acid assay (Solarbio, China), and equal amounts of protein
samples (10 μg per lane) were separated and transferred to polyvi-
nylidene difluoride membranes. The following primary antibodies
were used: GAPDH (ab181602), β-actin (ab8227), anti-ERK2
(ab32081), anti–p-ERK (ab201015) (1:1000; Abcam, UK), anti-
SAMD3 (9523), anti–p-SMAD3 (9520), anti–COL III (98908),
and anti–COL I (72026) (1:1000; Cell Signaling Technology,
USA). After primary antibody incubation, membranes were incu-
bated in goat anti-rabbit immunoglobulin G (Heavy and Light
chain) horseradish peroxidase coupling (1:2000; Proteintech) for
2 hours at room temperature. Proteins were visualized, and
images were captured using the LI-COR Odyssey Imager (LI-
COR Biosciences, Lincoln, NE). Results were expressed as ERK2,
p-ERK, SAMD3, p-SMAD3, COL III, and COL I levels and normal-
ized to GAPDH or β-actin bands by optical densitometry in ImageJ.
208F cells containing FAM-labeled siRNA complexes were cocul-
tured with PEI-PBA (giving rise to PEI-PBA@siRNA) in 24-well
plates for 1, 3, and 5 days. The proliferation rate of each group of
208F cells was displayed by CCK-8 assay according to the manufac-
turer’s protocol. The results were expressed using the proliferation
rate by normalizing the mean absorbance values at each corre-
sponding time point to the control group. Each sample was tested
five times.

Preparation of PLGA electrospun membrane
The spinning solution of PLGA was prepared by dissolving 1 g of
PLGA in 10 ml of HFIP. The spinning solution was transferred into
a 10-ml syringe (needle size, 22 gauge). The voltage was set to 18 kV,
the distance of the nozzle from the collection device was 20 cm, and
the flow rate of the spinning solution was 1 ml/hour. The obtained
electrospun silk film was placed in a vacuum-drying oven overnight.

Preparation, contact angle, and drug release evaluation of
lubricated gene-hydrogel patch
The PEI-PBA@FAM-siRNAwas comixed with PEG polyesters and
preheated at 30°C for 10 min to reduce its liquidity. Then, the

mixture hydrogel was transferred to a horizontally placed PLGA
membrane, while the membrane was placed in a 37°C thermostat
for 2 min to prepare lubricated gene-hydrogel patches. The pre-
pared patches were used to evaluate the release of siRNA. First,
the patches were placed in the upper chamber of the Transwell
cell culture plate, and the release level was assessed by adding an
appropriate amount of 1× PBS to the lower chamber. A constant
temperature of 37°C was maintained throughout, the PBS in the
lower chamber was changed every 24 hours, and the fluorescence
intensity in the solution was measured by a fluorescent enzyme
marker. The concentration was calculated bymeasuring the fluores-
cence intensity of known concentrations of PEI-PBA@FAM-siRNA
to draw a standard curve. The contact angles of the prepared patches
were determined by a contact angle meter (Biolin Scientific). The
patch surface morphology was observed using a SEM (Sirion 200).

In vitro evaluation of the lubricity, anti-cell adhesion, gene
silencing efficiency, and cell proliferation inhibition of
lubricated gene-hydrogel patch
The lubricity properties of the lubricated gene-hydrogel patches
were characterized by a high-temperature microdynamic wear
tester (Optimal Instruments, USA). The prepared patches were
placed on a sample table at a controlled temperature of 37°C, a fric-
tion frequency of 1 Hz, an amplitude of 4 mm, a load of 1 N and run
for 1500 s, and the experimental data were recorded. Then, the
patches were spread on the bottom of 24-well plates and inoculated
with 208F cells, which were cocultured with the patches for 48
hours. The cytoskeletons and nuclei were stained using actin stain-
ing and DAPI staining, respectively, and the cell-spreading area was
assessed. Then, 208F cells were inoculated in the lower chamber of a
24-well Transwell cell culture plate (Corning, USA), and the upper
chamber was loaded with lubricated gene-hydrogel patches to co-
culture the cells and patches. The nuclei were stained with DAPI
on days 1, 3, and 5 to detect siRNA release. Gene silencing efficiency
was detected using qRT-PCR. The proliferation rate of each group
of 208F cells was measured by CCK-8 assay according to the man-
ufacturer’s protocol. The results were expressed using the prolifer-
ation rate by normalizing the mean absorbance value for each
corresponding time point to the control.

Rat Achilles tendon adhesion model
The animal experiment was approved by the Animal Research
Committee of Shanghai Jiaotong University School of Medicine
(SYXK 2018-0027). Animal models were established according to
the previously reported procedures (59). Sprague-Dawley rats
weighing 200 to 250 g were used as animal models for peritendinous
adhesions. The hindlimbs of male rats were sterilized, and periten-
dinous adhesions were modeled by repairing the damaged Achilles
tendon using a modified Kessler technique and 6-0 nonabsorbable
sutures (Ethicon Ltd., Edinburgh, UK). The animals were randomly
divided into four groups (n = 10 per group), and the animals were
taken at 2 and 4 weeks. The control group did not receive any treat-
ment, whereas the three experimental groups—the PLGA patch
group, the lubricated hydrogel patch group, and the lubricated
gene-hydrogel patch group—had the Achilles tendon suture
wrapped with 1 cm by 2 cm of different formulations of the patch.
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Gross evaluation
At 14 and 28 days after surgery, the rats were observed for signs of
wound infection in the extremities. The hindlimb was incised lon-
gitudinally to expose the repaired Achilles tendon. On the basis of
the surgical findings, grades 1 to 5 were quantified to assess the
degree of peritendinous adhesions as follows (20): grade 1, no
obvious adhesions on the tendon surface; grade 2, a small percent-
age of adhesions could be easily separated from the tendon by blunt
dissection; grade 3, less than 50% of the adhesions could be separat-
ed with a blunt instrument; grade 4, 51 to 97.5% of the adhesions
could be separated with a scalpel; and grade 5, more than 97.5% of
the adhesions could be separated with a scalpel (all tendon status
assessments were carried out during the sampling phase by three
experimentalists for each animal model, and the final conclusions
were reached after assessment and discussion).

Histologic evaluation
The tendon-bone ends and the muscle ends of the Achilles tendon
were cut to separate the Achilles tendon tissue, which was fixed in
paraformaldehyde for 1 day. Afterward, the samples were cut into 5-
μm-thick sagittal sections. Sections were stained with H&E and im-
munohistochemical staining of type III collagen. The stained sec-
tions were observed under a light microscope (Leica DM6000).
The adhesion histological scoring system was used to classify the
repair site into grades 1 to 5 as follows (20): grade 1, no adhesions
in the peritendinous area of the repair site; grade 2, less than 25%
adhesions in the peritendinous area of the repair site; grade 3, 25 to
50% adhesions in the peritendinous area of the repair site; grade 4,
50 to 75% adhesions in the peritendinous area of the repair site; and
grade 5, more than 75% adhesions in the area of the repair site.

Immunofluorescence
Paraffin sections were dewaxed to water, and antigenic repair was
performed using citric acid, while bovine serum albumin was
used for closure afterward. Next, α-SMA + vimentin primary anti-
body (Servicebio China) was added dropwise to the area to be tested
and incubated overnight at 4°C. The area to be tested was incubated
with Alexa Fluor 488 goat anti-mouse (α-SMA) + CY3-goat anti-
rabbit (vimentin) secondary antibody for 50 min, followed by ob-
servation under a fluorescence microscope.

Gait analysis
Animals were tested in a restricted corridor with dark masking at
the end. An 8 cm–by–42 cm sheet of photocopy paper (dipped in
acetone solution containing 0.5% anhydrous bromophenol blue)
was laid on the corridor floor. The rats were grasped by the
thorax, their hind paws were dipped into a tray with a water-
soaked sponge, and they were allowed to walk down the corridor,
leaving blue footprints on the paper. The paper was coded with
the animal number and stored in a dark room for subsequent mea-
surements. The distance relative to the foot (TOF), the footprint
length (PL), the distance between the first and fifth toes or toe ex-
tension (TS), and the distance between the second and fourth toes
or intermediate toes (IT) were measured and recorded the longest
measurement for each parameter on both sides (where the left side
is undamaged and is the normal control, and the right side for the
group to be measured). We recorded the measurements of all foot-
prints on each strip of paper (printed range of four to eight foot-
prints per sheet) and calculated the mean value for each

parameter. The coefficient of variance of the AFI measured using
the mean was less than the coefficient of variance of the longest
measurement. A factor was generated for each of the following mea-
surements

Distance to opposite foot factor ðTOFFÞ

¼ ðETOF � NTOFÞNTOF

Print length factor ðPLFÞ for de Medinaceli

¼ ðNPL � EPLÞ=EPL

Total toe width factor ðTSFÞ ¼ ðETS � NTSÞ=NTS

Distance between intermediate toes factor ðITFÞ

¼ ðEIT � NITÞ=NIT

TS is the total toe width, PL is the print length, IT is the distance
between the middle toes, TOF is the distance to the opposite foot, N
is the normal uninjured side, and E is the experimental side.

AFI ¼ 74 PLFþ 16 TSFþ 48 ITF � 5

Biomechanical evaluation
Biomechanical evaluation was performed at 2 weeks after surgery.
Rats were executed by intraperitoneal injection of 2% sodium pen-
tobarbital (100 mg/kg), the left and right hindlimbs were incised
from the distal and proximal ends, about 1 cm of peritendinous
tissue above and below the surgical site of the Achilles tendon
was excised, and the maximum tensile force for Achilles tendon
rupture (Fig. 10A) was tested by biomechanical experiments using
a tensile tester at proximal end. The biological strength of the re-
paired tendon was evaluated with a longitudinal load. The device
was pulled at a constant speed of 1 mm/min, the tensile load (N)
was gradually increased until the tendon ruptured from the
suture, and the results were entered into TRAPEZIUM X 13.0 me-
chanical analysis software.

Statistics analysis
All data were recorded as mean ± SD. Comparisons between the two
groups were measured by the Student’s t test, comparisons for more
than two groups were measured by one-way analysis of variance
(ANOVA), and P < 0.05 was considered to indicate statistical
significance.

Supplementary Materials
This PDF file includes:
Table S1
Figs. S1 to S9

View/request a protocol for this paper from Bio-protocol.
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