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Background: Adhesion formation after tendon surgery is a major obstacle to repair of tendon ruptures, and there is still no effective
clinical anti-adhesion method. Myofibroblasts expressing a-smooth muscle actin (a-SMA) play a crucial role in adhered fibrous tissue.
Heat shock protein (Hsp) 72 can selectively prevent the activation of c-Jun N-terminal kinase (JNK), which mediates the conversion
from fibroblasts to myofibroblasts. The purpose of this study was to investigate for the first time whether polydopamine nanoparticles
(PDA NPs)-based photothermal effect would attenuate adhesion formation in a rat model of Achilles tendon laceration repair.
Materials and Methods: Forty-five adult male Sprague-Dawley rats were randomly assigned to the photothermal group, the control
group and the PDA NPs group (n = 15 per group). The primary outcome measure was the adhesion scores at two weeks after surgery
according to the grading of Tang et al. The secondary outcomes included the expressions of Hsp 72, JNK, phosphorylated JNK and o-
SMA, which were measured by immunohistochemistry or Western blot.

Results: The average adhesion score was significantly lower in the photothermal group (4.25 + 0.21) than that in the control group
(5.29 £ 0.12) (p = 0.005) and the PDA NPs group (5.29 £ 0.20) (p = 0.005). Relative to the control group and PDA NPs group, Hsp 72
in the photothermal group was significantly increased whereas a-SMA and p-JNK was significantly decreased, but JNK was not found
to be different across the three groups.

Conclusion: The photothermal effect produced by PDA NPs could reduce tendon adhesion formation in rats by inhibiting myocyte
fibrosis, which may have potential in developing endogenous heating for postsurgical tissue adhesions.
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Introduction
Tendon is a dense connective tissue with a mechanical function: translating muscular contractions into articular move-
ment by transmitting forces from muscle to bone." Tendon injury is one of the most common injuries in daily living, but
its therapeutic outcomes are not satisfactory.” A predominant factor affecting outcomes after tendon surgery is adhesion
formation, which limits joint motion by disrupting the gliding function of the tendons and frequently results in secondary
joint contracture and stiffness. In clinical settings, a major approach to prevent adhesion formation after tendon surgery is
early passive or active mobilization, but adhesion formation still occurs in 30% of patients.>> Although a number of
preventive strategies including physical barriers, pharmacologic agents and gene therapies etc. have been proposed to
attenuate adhesion formation after tendon repair, their beneficial effects have not yet been established in clinical
settings.*'®> Up to now, adhesion formation after tendon injury remains a great challenge for the hand surgeons.
Adhesion formation after tendon injury is a fibrosis between the injured tendons and the surrounding tissues.'® Injury
initiates inflammatory response and inflammatory cells infiltrate into the subcutaneous tissue and the tendon. These

inflammatory cells release pro-fibrotic cytokines such as transforming growth factor beta 1 (TGF-B1) and platelet-derived
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growth factor, etc.'®'® Among these, TGF-B1 activates and differentiates resident fibroblasts into metabolically active
myofibroblasts with o-smooth muscle actin (a-SMA).'*"'® Relative to fibroblasts, myofibroblasts produce more collage-
nous extracellular matrix and are considered to be a key effector in various fibrotic responses,'® inhibition of myofibro-
blasts might be a potential approach for attenuating adhesion formation after tendon injury.

Reich et al have demonstrated that the activation of fibroblasts by TGF-B1 was mediated by intracellular c-Jun
N-terminal Kinase (JNK), and selective inhibition of INK by CC-930 could attenuate skin fibrosis in systemic sclerosis."”’
Likewise, Wang et al have demonstrated that inhibition of JNK/STAT-3 signaling by aspirin could inhibit scarring after
tendon injury.?’ Therefore, JNK might be a potential molecular target for inhibiting the proliferation of fibroblasts after
tendon injury. It is well known that heat shock protein (Hsp) 72 can prevent the activation of intracellular JNK.*'
Intracellular Hsp 72 can be induced by mild heat shock (41 °C). Thus, mild heat shock might be a potential approach for
preventing adhesion formation after tendon injury. Mulhall et al demonstrated that thermal preconditioning before tendon
injury could reduce adhesion formation after tendon injury by reducing inflammation via Hsp 72.>* However, the roles of
Hsp 72 induced by postoperative mild heat shock and its potential therapeutic effects have not yet been evaluated.

In the present study, the photothermal properties of PDA NPs was used to reduce tendon in a rat model of the Achilles
tendon laceration repair. In vivo experiments results showed that PDA NPs converted the absorbed light into heat when
the repair sites were irradiated with near-infrared (NIR) laser postoperatively. We hypothesized that mild heat shock
(41°C) would induce the expression of Hsp 72 around the repaired tendons, which in turn inhibit the proliferation of
fibroblasts by preventing phosphorylation of JNK. Our primary outcome measure was the adhesion scores at two weeks
after surgery according to the grading of Tang et al.>> The secondary outcomes included changes in the expressions of
Hsp 72, JNK, phosphorylated JNK and a-SMA (marker for myofibroblasts).

Materials and Methods

Synthesis of Polydopamine Nanoparticles

To synthesize polydopamine nanoparticles (PDA NPs) with photothermal properties, 0.6 g of dopamine hydrochloride
(99.9%; Sigma, Cat# H8502-25G, St. Louis, America) was added to a mixed solution composed of 85 mL of Tris buffer
(10 mM, pH 8.50; Macklin, Cat# T819511-25G, Shanghai, China) and 15 mL of absolute ethyl alcohol (99.7%;
Sinopharm Chemical Reagent co., Ltd., Cat# 10009297, Beijing, China). After stirred for 24 h at room temperature,
the mixture was centrifuged at 8800 r/min for 10 min. Then the precipitate was collected and washed 3 times with
deionized water. After drying, 10 mg of PDA solid powder were weighed and phosphate-buffered saline (PBS) (0.01M,
pH 7.2-7.4; Hyclone, Cat# SH30256.01, Logan, America) was added to a volume of 1 mL. The mixture was
homogenized by ultrasonication (KQ3200DB, Shumei, China) for 30 minutes to obtain 10 mg/mL PDA NPs working
solution.

Characterization of Polydopamine Nanoparticles

The morphology and size of the prepared PDA NPs were obtained by transmission electron microscope (TEM) (JEM-
2100F, Jeol, Japan). The ultraviolet-visible (UV-vis) absorption spectra was recorded on spectrophotometer (UV-2600,
Shimadzu, Japan). A thermocouple thermometer (LE-LS-808-10000TFC, Leoptics, China) was used to measure the
relationship between the concentration of PDA NPs solution and the power density of near infrared (NIR) laser. The
photothermal conversion efficiency was calculated by measuring the temperature change in 2 mL of PDA NPs solution
(100 pg/mL) under NIR laser irradiation (3 W/ecm?).>* A thermal imager (Ti27, Fluke, America) was used to record the
temperature change in PDA NPs solution (10 mg/mL) every 30 seconds under NIR laser irradiation (0.48 W/cm?).

Study Design

Forty-five male Sprague-Dawley (SD) rats (8 weeks of age; 300 g average body weight) were used in the study. They
were randomly assigned to the photothermal group, the control group (PBS) and the PDA NPs group (n = 15 per group).
The rats were housed individually at room temperature (23-25 °C) with a relative humidity of 45% - 55%, and allowed
free access to water and standard food pellets. All experiments including surgery and NIR irradiation were conducted
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under general anesthesia via 2.5% isoflurane. The experimental protocol was approved by the Institutional Review Board
of the First Hospital of Jilin University (Approval No. 20210064), and all animals care and use followed the Guide for
the Care and Use of Laboratory Animals published by the National Institutes of Health (USA).

Surgical Procedure and Photothermal Therapy

After the fur of the hindlimbs was removed, the surgery was performed with the rat in a prone position. Under sterile
conditions, a 1.5 c¢cm incision was made longitudinally along the Achilles tendon (Figure 1A). After excising the
accessory tendon, the Achilles tendon was transected completely at 5 mm proximal to its insertion into the calcaneus
of the foot (Figure 1B). The tendon was sutured immediately using the Kessler technique with 60 suture (Round needle
3/8, 2.5 x 8, Yuankang Medical, China) (Figure 1C). A second transection was made in the tendon 3 mm proximal to the
suturing site to reduce tensile forces across the repair site to create adhesion formation around the repair site (Figure 1D).

Before the skin was closed, 50 pL of the PDA NPs solution (10 mg/mL) was administrated around the suturing site in
the photothermal group and the PDA NPs group, whereas 50 pL of PBS was used in the control group (Figure 1E). The
skin was then closed interruptedly using 6—0 resorbable suture (Triangular needle 3/8, 3 x 8, Jinhuan Medical, China)
(Figure 1F). The rats were allowed to walk freely in cages after surgery.

On 3, 6, 9 and 12 days postoperatively, the repaired sites in the photothermal group were irradiated for 15 minutes
per day by NIR laser (808 nm, 0.48 W/cm?), respectively. The laser device was placed at 15 cm away from the repaired
sites. The temperature of the repair sites was kept at 41 + 0.5 °C, and was monitored with FLIR T650sc camera (detector
resolution: 640x480 pixels, wavelength range: 7.5-14 um, FLIR Systems, Inc., Wilsonville, Ore.).

Biomechanical Testing

The endpoint of the photothermal therapy was two weeks. In addition to evaluating the mechanical strength of the healed
Achilles tendon at two weeks, long-term healing was also evaluated at six weeks (n = 3 per group at each time). The
Achilles tendon attached to the distal paw was kept in saline at 4 °C prior to testing. After rewarming at room
temperature, the proximal tendon was mounted in the upper clamp and the distal paw was mounted over the lower
clamp in the universal tensile testing machine (Instron 5569, USA) with a 2000 N load cell. The repair site of the

Figure | Schematic of the Achilles tendon laceration repair. (A) A incision was made longitudinally along the Achilles tendon. (B) After excising the accessory tendon, the
Achilles tendon was transected completely at 5 mm proximal to its insertion into the calcaneus of the foot. (C) The injured tendon was sutured. (D) A second transection
was made in the tendon 3 mm proximal to the suturing site to reduce tensile forces across the repair site. (E) Before the skin was closed, 50 pL of the PDA NPs solution
(10 mg/mL) was administrated around the suturing site in the photothermal group and the PDA NPs group, whereas 50 uL of PBS was used in the control group. (F) The
skin was then closed.
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Achilles tendon was kept in the middle of the tested tendon segment, and the specimens were preloaded (0.01 N) and
stretched at a constant speed of 10 mm/min until the specimens ruptured.

Histology Examination
At two weeks after surgery, the rats were sacrificed under isoflurane anesthesia followed by cervical dislocation. The skin
healed well without infection and ulceration (Supplementary Information Figure 1). The Achilles tendon and its over-

lying skin were harvested from the musculotendinous junction to the insertion at the calcaneus. Histological staining was
used to assess the degree of adhesion formation (n = 5 per group). The sample was fixed in formalin and embedded in
paraffin, and then longitudinally cut into two 3 um slices and stained by hematoxylin and eosin (H&E). According to the
grading criteria of Tang et al,>* adhesion formation of the repair tendon was scored on the basis of the length and density
of the fibrotic adhesions by two independent observers, who were blinded to the group allocation. The detailed schematic
diagram of the grading criteria of Tang et al had been shown in previous studies.*

Immunohistochemistry

Immunohistochemistry (IHC) was conducted to assess the expressions of heat shock protein (Hsp) 72 and o-smooth
muscle actin (a-SMA) (n = 5 per group). The same sample was cut into 1.5 pum slices. After de-paraffinization, antigen
retrieval and endogenous peroxidase blockage. The sections were incubated with rabbit anti-a-SMA antibody (1: 400;
Cell Signaling Technology, Cat# 192458, Beverly, America) and anti-Hsp 72 antibody (1: 100; Enzo Life Sciences, Cat#
ADI-SPA-812-F, New York, America) at 4°C overnight, and then incubated with horseradish peroxidase conjugated goat
anti-rabbit IgG (Zhongshan Golden Bridge Biotechnology Co. Ltd, Cat# PV-6001, Beijing, China) for 20 min. Staining
results were visualized with diaminobenzidine (Zhongshan Golden Bridge Biotechnology Co. Ltd, Cat# ZLI-9079,
Beijing, China) and hematoxylin. The images were taken under light microscope (BX51, Olympus, Japan), five high-
power fields (400 %) were chosen and captured (cellSens Dimension, Olympus, Japan). The images were analysis using
Image-Pro Plus 6.0 software.

Western Blot

Western Blot (WB) was conducted to assess the expressions of Hsp 72, c-Jun N-terminal Kinase (JNK), p-JNK and a-
SMA (n = 4 per group). The specimens were homogenized on ice and incubated in RIPA lysis buffer (NCM Biotech Co.
Ltd, Cat# P0100, Suzhou, China) at 4 °C for 1 h. After centrifugation, the total protein concentration was determined
using an Enhanced BCA Protein Assay Kit (Beyotime, Cat# P0010, Shanghai, China). The samples were separated by
SDS-PAGE (Dake Wei Biological Engineering Co. Ltd, Cat# 8012011, Shenzhen, China), and then transferred onto
polyvinylidene fluoride membranes (GE Healthcare Life Sciences, Cat# 10600023, Freiburg, Germany). After blocked
with 5% BSA Albumin Fraction V or 5% skim milk powder, immunoblots were incubated with rabbit polyclonal
antibody against p-JNK (1:1000; Cell Signaling Technology, Cat# 4668S, Beverly, America), JNK (1:1000; Cell
Signaling Technology, Cat# 9252S, Beverly, America), Hsp 72 (1: 1000; Enzo Life Sciences, Cat# ADI-SPA-812-F,
New York, America), o-SMA (1: 500; Cell Signaling Technology, Cat# 19245S, Beverly, America) and GAPDH
(1:10,000; Proteintech, Cat# 10494-1-AP, Chicago, America). After washing, IRDye 800CW goat anti-rabbit IgG
(1:15,000; LI-COR, Cat#926-32211, Lincoln, America) was added and incubated for 1h. Immunoreactive proteins
were detected using an infrared dichroic laser scanning imaging system (Odyssey, LI-COR, America) and densitometry
was performed using ImagelJ software.

Statistical Analysis

The statistical analysis was evaluated using IBM SPSS Statistics version 25 (IBM Corp., Armonk, America). The data
were expressed as mean + Standard Error of the Mean (SEM). The Shapiro—Wilk test was performed to test for
normality, and all dates fit a normal distribution. The failure to load for different groups at two weeks and six weeks
after surgery was compared using the one-way analysis of variance (ANOVA) followed by Tukey’s test. The difference in
adhesion scores, Hsp 72, JNK, p-JNK and a-SMA among groups two weeks after surgery was compared using the one-
way ANOVA followed by Tukey’s test. A p-value < 0.05 was considered statistically significant.
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Results

Characterization of Polydopamine Nanoparticles

The PDA-NPs with photothermal effects were synthesized by a simple one-step alkaline self-polymerization metho
As shown in Figure 2A, the PDA-NPs showed uniformly dispersed spherical morphology with an average diameter of
143.2 nm. The UV-Vis absorption spectra of PDA-NPs solution revealed a broad peak from 200 nm to over 800 nm
(Figure 2B). Under 808nm NIR laser irradiation, the PDA NPs could produce heat rapidly due to its absorption at this
wavelength and its ability to convert light energy into heat energy in the form of non-radiative transitions. The

d.26’27

temperature increased in PDA-NPs concentration-, irradiation time- and laser power-dependent features (Figure 2C
and Figure 2D). The photothermal conversion efficiency was calculated as 61.06% according to heating and cooling
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Figure 2 The characterization and photothermal effect of polydopamine nanoparticles (PDA NPs). (A) TEM image of PDA nanoparticles. (B) UV absorption spectrum of
PDA nanoparticle solution. (C) The temperature increment of PDA nanoparticle solution with different concentration. (D) The temperature increment of PDA nanoparticle
solution with different laser power density. (E) The heating and cooling curve of PDA nanoparticle solution. (F) The calculation of photothermal conversion efficiency. (G)
The temperature increment of PDA nanoparticle solution (10 mg/mL) under the laser power density of 0.48 W/cm?. (H-J) Thermal images of skin temperature on the
surface of the Achilles tendon under different conditions.
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curves (Figure 2E and Figure 2F). In particular, the PDA NPs solution at a concentration of 10 mg/mL could reach 53 °C
at 300 s at a low NIR laser power density (0.48 W/cm?) (Figure 2G), which was applied in the subsequent experiments.
In vivo studies showed that polydopamine nanoparticles implanted in the left hindlimb does not affect skin temperature
when they are not irradiated by NIR laser (Figure 2H). Under NIR laser irradiation, the temperature in the repair site
rapidly reaches 41 °C (Figure 2I). NIR laser irradiation does not reach 41 °C in the contralateral hindlimb without
polydopamine nanoparticles (Figure 2J).

Polydopamine Nanoparticles-Based Photothermal Effect Did Not Affect Tendon
Healing

Figure 3 illustrates the mechanical strength during tendon rupture (n = 3 per group at each time point). We tested the load
of tendon rupture was not significant across three groups at two weeks after surgery (Figure 3A) (Photothermal: 57.81 +
3.15 N; Control: 44.06 + 8.16 N; PDA NPs: 49.31 +£2.69 N) (F = 1.72, p = 0.256) and the load of tendon rupture was not
significant across three groups at six weeks after surgery (Figure 3B) (Photothermal: 85.37 = 3.70 N; Control: 81.76 +
4.96 N; PDA NPs: 81.89 + 4.14 N) (F = 0.23, p = 0.804), too.

Polydopamine Nanoparticles-Based Photothermal Effect Decreased Adhesion Scores
Figure 4 illustrates adhesion scores for each group at two weeks after surgery (n = 5 per group). We observed
a statistically significant difference in adhesion scores among the groups (F = 10.74, p = 0.002). Results from Tukey’s
comparisons indicated that the adhesion score was significantly decreased in the photothermal group (4.25 = 0.21),
followed by the control group (5.29 + 0.12) and the PDA NPs group (5.29 + 0.20) (Photothermal vs Control: p = 0.005;
Photothermal vs PDA NPs: p = 0.005; Control vs PDA NPs: p > 0.05).

Polydopamine Nanoparticles-Based Photothermal Effect Enhanced the Expression of
Hsp 72

Figure 5 illustrates the Hsp 72 expression in the repaired tendons was measured by immunohistochemistry (n = 5 per
group) and Western blot (n = 4 per group) at two weeks after surgery. Figure SA and Figure 5B illustrate a significant
difference was observed in Hsp 72 across the three groups (F = 9.36, p = 0.004). The post hoc Tukey’s test found that the
highest expression of Hsp 72 was within the photothermal group (0.104 + 0.10), followed by the control group (0.062 +
0.01) and then the PDA NPs group (0.052 + 0.01) (Photothermal vs Control: p = 0.016; Photothermal vs PDA NPs: p =
0.004; Control vs PDA NPs: p > 0.05). Figure 5C and Figure 5D illustrate a significant difference was also observed in
Hsp 72 across the three groups (F = 12.93, p = 0.002). The post hoc Tukey’s test found that the highest expression of Hsp
72 was within the photothermal group (0.790 £ 0.06), followed by the control group (0.545 £ 0.04) and the PDA NPs
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Figure 3 Polydopamine nanoparticles-based photothermal effect did not affect tendon healing. (A) The load of tendon rupture at two weeks after surgery. (B) The load of
tendon rupture at six weeks after surgery. The bars represent mean + SEM (n = 3 per group). ns, not significant.
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Adhesion Score

Photothermal Control PDA NPs

Figure 4 Histological assessment on adhesion formation (40 x). (A) In the photothermal group, there is an interval between the skin (S) and the repaired tendon (T) at the
repair site (Arrowhead), but the interval disappeared and was filled by dense scar in the control group (B) and the PDA NPs group (C). (D) Average adhesion score in the
photothermal group is significantly lower than that in the control group and the PDA NPs group. The data is expressed by mean + SEM (one-way ANOVA, p = 0.002; n =
5 per group). ** p < 0.01; ns, no significant.

group (0.528 £ 0.02) (Photothermal vs Control: p = 0.005; Photothermal vs PDA NPs: p = 0.004; Control vs PDA NPs:
p > 0.05).

Polydopamine Nanoparticles-Based Photothermal Effect Blocked Phosphorylation of
JNK

Figure 6 illustrates the JNK and p—JNK expression in the repaired tendons was measured by Western blot (n = 4 per
group) at two weeks after surgery. Although the expression of JNK were not found to be different across three groups
(Photothermal: 3.460 + 0.32; Control: 4.188 + 0.30; PDA NPs: 4.080 + 0.39) (F = 1.37, p = 0.303), p-JNK was
significantly lower in the photothermal group (0.233 + 0.05) than that in the control group (0.488 + 0.04) and the PDA
NPs group (0.630 £+ 0.06) (F=16.16, p = 0.001) (Photothermal vs Control: p = 0.014; Photothermal vs PDA NPs: p =
0.001; Control vs PDA NPs: p > 0.05).

Polydopamine Nanoparticles-Based Photothermal Effect Inhibited Fibroblast-to-
Myofibroblast Transition

Figure 7 illustrates the a-SMA expression in the repaired tendons was measured by immunohistochemistry (n = 5 per
group) and Western blot (n = 4 per group) at two weeks after surgery. Figure 7A and Figure 7B illustrate a significant
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Figure 5 The Hsp 72 expression in the repaired tendons was measured by immunohistochemistry (n = 5 per group) and Western blot (n = 4 per group) at two weeks after
surgery. (A) Immunohistochemical evaluation of Heat shock protein (Hsp) 72 (400 X). (B) Average Hsp 72 in the photothermal group increases significantly compared with
the other two groups (mean + SEM; one-way ANOVA, p = 0.004; n = 5 per group). (C) Western blot of Heat shock protein (Hsp) 72. (D) Average Hsp 72 in the
photothermal group increases significantly relative to the other two groups (mean * SEM; one-way ANOVA, p = 0.002; n = 4 per group). * p < 0.05; ** p < 0.01; ns, no
significant.

difference was observed in a-SMA across the three groups (F = 13.58, p = 0.001). The post hoc Tukey’s test found that
the lowest expression of a-SMA was within the photothermal group (0.070 + 0.01), followed by the control group (0.112
+ 0.01) and then the PDA NPs group (0.110 = 0.003) (Photothermal vs Control: p = 0.002; Photothermal vs PDA NPs:
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Figure 6 The JNK and p—JNK expression in the repaired tendons was measured by Western blot (n = 4 per group) at two weeks after surgery. (A and C) Western blot of
Jun N-terminal kinase (JNK) and phospho-JNK (p-JNK). (B) There is no significant difference in JNK across three groups (mean + SEM; one-way ANOVA, p = 0.303; n =
4 per group), (D) but p-JNK in the photothermal group decreases significantly (mean + SEM; one-way ANOVA, p = 0.001; n = 4 per group). * p < 0.05; ** p < 0.01; ns, no
significant.
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Figure 7 The 0-SMA expression in the repaired tendons was measured by immunohistochemistry (n = 5 per group) and Western blot (n = 4 per group) at two weeks after
surgery. (A) Immunohistochemical evaluation of a- smooth muscle actin (a-SMA) (400 x). (B) Average a-SMA in the photothermal group decreases significantly compared
with the other two groups (mean + SEM; one-way ANOVA, p = 0.001; n = 5 per group). (C) Western blot of a-SMA. (D) Average a-SMA in the photothermal group
decreases significantly relative to the other two groups (mean = SEM; one-way ANOVA, p = 0.01|; n = 4 per group). * p < 0.05; ** p < 0.01; ns, no significant.

p = 0.002; Control vs PDA NPs: p > 0.05). Figure 7C and Figure 7D illustrate a significant difference was also observed
in 0-SMA across the three groups (F = 7.84, p = 0.011). The post hoc Tukey’s test found that the lowest expression of a-
SMA was within the photothermal group (0.385 + 0.03), followed by the control group (0.560 + 0.05) and then the PDA
NPs group (0.605 + 0.04) (Photothermal vs Control: p = 0.037; Photothermal vs PDA NPs: p = 0.011; Control vs PDA
NPs: p > 0.05).

Discussion

Photothermal therapy is a kind of light-activated, photothermal reagent based modality, which involves administration of
exogenous photothermal reagent as light absorbers and in vitro irradiation with NIR laser (650-900 nm).**2® It has been
used in biomedical fields such as antitumor and antimicrobial.”” However, its role in the prevention of adhesion
formation after tendon injury has not been investigated. The structure of PDA NPs is similar to natural melanin,
advantages of PDA NPs include its prominent biocompatibility, excellent biodegradability, good photostability, strong
light absorption capacity, prominent near-infrared thermal conversion, long-term safety and ease of synthesis.”’ > Based
on the above advantages, we used PDA NPs as the photothermal material in this study.

Injured tendon initiates inflammatory response and inflammatory cells infiltrate into the subcutaneous tissue and the
tendon. These inflammatory cells activate the resident fibroblasts. The present study found that the PDA NPs photo-
thermal effects attenuate adhesion formation after tendon injury by increasing Hsp 72 expression and reducing
myofibroblasts in a rat model of the Achilles tendon laceration repair. The degree of adhesion was significantly lower
in the photothermal group than in the control group and the PDA NPs group, with a net reduction of 1.040 in the
adhesion scores. The possible mechanism is that Hsp 72 blocks phosphorylation of JNK, which in turn inhibits the
proliferation of fibroblasts (Figure 8).

In this study, we found that the protein level of Hsp 72 was obviously upregulated, but phospho-JNK was
significantly downregulated in the photothermal therapy group when compared with the other two groups. This suggested
that Hsp 72 might contribute to the protection of photothermal therapy against tendon scar formation, which might be
mediated by inhibiting phosphorylation of JNK. Accumulating evidences have demonstrated that open injury leads to
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Figure 8 A possible mechanism of action of photothermal effect against adhesion formation after tendon injury.

oxidative stress, which is characterized with intracellular accumulation of reactive oxygen species (ROS). Apart from
profibrotic cytokines such as TGF-B1, ROS is a primary factor leading to JNK activation. It was reported that Hsp72
inhibited liver injury via attenuation of oxidative stress-dependent INK activation.>® As an inducible protein chaperone,
Hsp72 could mitigate endoplasmic reticulum (ER) stress by prevention of misfolded protein aggregation.** Notably,
intracellular ROS was also abnormally increased under the condition of ER stress. It was reported that mitigation of ER
stress with chemical chaperone 4-PBA significantly alleviated oxygen glucose deprivation-triggered generation of ROS
in human SH-SY5Y cells.>> Although we did not investigate the role of Hsp72 in regulation of oxidative stress in this
study, these previous studies suggest that the inhibitory effect of Hsp72 on JNK activation might be associated with
inhibition of ER stress-dependent generation of ROS.

Reich et al have demonstrated that inhibition of JNK activation could block the conversion from fibroblasts to
myofibroblast simulated by TGF-B1."” In this study, we found that the expression of 0-SMA was significantly down-
regulated in the photothermal group when compared with the other two groups. Because the rat model in the study was
an extrasynovial flexor injury, adhesion existed between injured tendon and subcutaneous tissue. Its formation is
associated with myofibroblasts. In open injury, myofibroblasts arise from resident fibroblasts, which migrate into the
provisional matrix consisted of fibrin and fibronectin and are activated by TGF-B1 to acquire a myofibroblastic
phenotype.'® Subsequently, myofibroblasts synthesize and deposit extracellular matrix to replace the provisional matrix
and result in adhesion formation.'® In the process of wound healing, although TGF-B1 has a profibrotic effect, it also
plays a crucial role in inducing synthesis of collagens type I and III.'®® Thus, complete blockage of TGF-B1 could lead
to poor healing of the repaired tendon because collagens type I is a dominant collagen to restore tensile strength and
integrity of injured tissue. Wu et al demonstrated that although inhibition of TGF-B1 could attenuate adhesion formation
after tendon injury, it simultaneously weakened the tensile strength of the repaired tendon.'* In the study, macroscopic

observation showed that the tendon healed completely (Supplementary Information Figure 2), and we tested the tensile

strength of repaired tendons at two weeks and six weeks. Biomechanical testing results showed that polydopamine

nanoparticles-based photothermal effect against adhesion formation without affecting tendon healing.
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Conclusion

The photothermal effect generated by PDA NPs could attenuate adhesion in a rat model of Achilles tendon laceration. Its
possible mechanism is that Hsp72 blocks phosphorylation of JNK, which in turn inhibits the proliferation of fibroblasts.
Our results may provide a new direction for future work to develop endogenous heating for postsurgical tissue adhesions,
but the photothermal effect against adhesion formation after tendon injury needs further investigation in larger animals.
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