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Introduction: Topical verapamil has been demonstrated to reduce the fibroproliferative scar. Therefore, it was hypothesized that 
topical verapamil could reduce adhesion formation after tendon repair. The current study aimed to examine the effects of verapamil- 
loaded polydopamine nanoparticles (VP-PDA NPs) on the adhesion formation of Achilles tendon laceration and repair in a rat model.
Methods: We randomly assigned 72 male Sprague-Dawley rats to the control, the PDA NPs, and the VP-PDA NPs groups (n = 24 per 
group). The quality of tendon healing was evaluated by the maximal tensile strength four and six weeks after surgery. The degree of 
tendon adhesion was scored on days 4, 15, 29, and 43 after surgery. The expressions of transforming growth factor-beta 1 (TGF-β1), 
vimentin, α-smooth muscle actin (α-SMA), and collagens type I and III were detected through Western blotting or immunohistochem-
istry at four weeks after surgery.
Results: In vitro release tests revealed that 61.3% of verapamil was released from VP-PDA NPs in four weeks. There was 
a significant increase in average failure to load in the VP-PDA NPs group (89.27 ± 5.09 N) compared with the PDA NPs group 
(65.52 ± 2.04 N) (p = 0.003) and the control group (74.52 ± 4.24 N) (p = 0.029). Adhesion scores were significantly reduced in the VP- 
PDA NPs group at six weeks (3.175 ± 0.08) and four weeks (3.35 ± 0.25) compared with the other groups. Moreover, VP-PDA NPs 
significantly reduced the expression of vimentin, α-SMA, TGF-β1, and collagens type I and III.
Conclusion: These data suggest that VP-PDA NPs reduced adhesion formation and enhanced tendon healing during rat tendon injury. 
Since topical verapamil has been used in clinics without side effects, VP-PDA NPs would have direct translation implications. 
However, its anti-adhesive effects on intrasynovial tendon injury must be examined.
Keywords: tendon injury, adhesion formation, verapamil, nanoparticle

Introduction
Tendon injury is quite common in daily living without ideal therapeutic outcomes.1–4 The major cause affecting tendon 
repair efficacy is adhesion formation between the tendon surface and surrounding tissue, leading to loss of tendon gliding 
function.1–4 Clinically, early active or passive controlled mobilization after tendon repair is the only effective modality 
for decreasing adhesion formation. Nonetheless, about 30% to 40% of patients with tendon injuries end up with tendon 
adhesion.1–4 Over the past several decades, various modalities have been investigated for enhancing tendon healing and 
reducing adhesion formation.5–21 However, optimal regimens have not been determined.1–4

Verapamil, a calcium channel blocker, effectively reduces hypertrophic scars through the topical application without 
adverse effects.22–28 As depicted by the in vitro experiment, calcium channel blockers decrease collagen deposition by 
inhibiting the expression of collagen genes and increasing the proteolytic activity of collagenase type III.29 As adhesion 
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formation after tendon repair is a scar between the injured tendon and surrounding tissue,30 topical application of 
verapamil could decrease adhesion formation after tendon repair.

Topical long-acting sustained release of verapamil for reducing adhesion formation is favorable for tendon injury and 
repair. This is because it avoids the side effects of systemic hypotension and maximizes the anti-adhesive effects. In this 
study, we examined the effects of a novel verapamil formulation, viz., verapamil-loaded polydopamine nanoparticles 
(VP-PDA NPs), on adhesion formation of Achilles tendon laceration and repair in a rat model.

Materials and Methods
Preparation of Polydopamine Nanoparticles and Verapamil-Loaded Polydopamine 
Nanoparticles
Polydopamine nanoparticles (PDA NPs) were synthesized by adding 0.6 g dopamine hydrochloride (99.9%; Sigma, Cat# 
H8502-25G, St. Louis, USA) into a solution comprising 85 mL Tris buffer solution (pH 8.50; Macklin, Cat# T819511- 
25g, Shanghai, China) and 15 mL ethanol (99.7%; Sinopharm Chemical Reagent co., Ltd., Cat# 10009297, Beijing, 
China). The mixture was centrifuged at 8800 r/min for 10 min to obtain PDA NPs after stirring for 24 h at room 
temperature. VP-PDA NPs were synthesized by mixing equal volumes of 2 mg/mL PDA NPs solution with 2 mg/mL 
verapamil hydrochloride (> 98.0%; Shanghai Yuanye Bio-technology Co., Ltd., Cat# B27033, Shanghai, China). The 
mixture was centrifuged at 8800 r/min for 10 min after stirring for 24 h at room temperature to obtain VP-PDA NPs.

Characterization of Polydopamine Nanoparticles and Verapamil-Loaded Polydopamine 
Nanoparticles
The morphology and size of PDA and VP-PDA NPs were detected using transmission electron microscopy (TEM) (JEM- 
2100F, Jeol, Japan). Verapamil loading in VP-PDA NPs was verified through Fourier transform infrared spectrometer 
(FTIR) (Vertex 80V, Bruker, Germany). The standard curve method was used to determine the drug-loading rate and 
encapsulation efficiency of VP-PDA NPs. The ultraviolet (UV) absorption spectrum of verapamil hydrochloride solution 
was first tested using a UV-Vis spectrophotometer (Shimadzu UV-2600, Japan) at different concentrations (0.025, 0.050, 
0.075, and 0.100 mg/mL). Then, a standard curve of UV absorbance value against the solution concentration was fitted 
based on their absorbance value at the maximum absorption wavelength. Depending on the standard curve, the 
concentration of unloaded verapamil in the supernatant after drug loading was obtained through the UV absorption 
value of the supernatant. We calculated the drug-loading rate and encapsulation efficiency of VP-PDA NPs using the 
following formulas.

Rl: drug-loading rate;
Re: encapsulation efficiency;
Civ: initial concentration of verapamil hydrochloride;
Csv: verapamil hydrochloride concentration in the supernatant;
Cp: initial concentration of polydopamine nanoparticle

In vitro Verapamil Release of Verapamil-Loaded Polydopamine Nanoparticles
VP-PDA NPs were dissolved in PBS solution (pH 7.2–7.4; Solarbio, China). A 2 mL aliquot from the solution was taken 
every two days for four weeks and centrifuged at 18,000 r/min for 10 min. The amount of verapamil was obtained by 
determining the concentration of verapamil hydrochloride in the supernatant based on the standard curve.
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Study Design
Seventy-two male Sprague-Dawley rats (7 weeks of age; body weight: 260 ± 20 g) were randomly assigned to control, 
PDA NPs, and VP-PDA NPs (n = 24 per group) groups. The animals were treated humanely based on the guidelines in 
the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (USA). Moreover, 
the rats were housed in individual cages at room temperature (23–25 °C) using ad libitum food pellets and water. All the 
experiments were conducted under general anesthesia through 4% isoflurane. The experimental protocol was approved 
by the Institutional Review Board of the Jilin University First Hospital (Approval No. 20210064).

Surgical Procedure
A 2 cm skin incision was made longitudinally along the Achilles tendon in the unilateral hindlimb. After the accessory 
tendon was excised, the Achilles tendon was exposed and entirely transected at 0.75 cm proximal to its insertion. The 
transected tendons were repaired using a modified Kessler method by a 6–0 nylon suture (Round needle 3/8, 2.5 × 8; 
Yuankang Medical, Yangzhou, China). After completing tendon repair, 4 mg PDA NPs or 5 mg VP-PDA NPs (3.865 mg 
PDA NPs + 1.135 mg verapamil as described below) were administered across the repaired tendons. The skin was closed 
interruptedly by a 4–0 suture. After surgery, the rats could mobilize freely in an individual cage without external 
immobilization. At the designated time, the rats were euthanized with an excessive anesthetic.

Biomechanical Testing
Tendon healing usually occurs three weeks after repair. The mechanical strength during rupture was used to assess the 
tendon healing quality four and six weeks after surgery, indicating the maximum tensile strength of the repaired tendon (n 
= 2 per group at each time). The bones were dissected subperiosteally and transected after the Achilles tendons were 
dissected from the musculotendinous junction to the calcaneus. The specimens, including the skin, subcutaneous tissue, 
repaired Achilles tendon, and distal paw, were kept in saline at 4 °C before biomechanical testing. After thawing at room 
temperature, the distal paw with the insertion of the Achilles tendon was mounted in the upper clamp of the testing 
machine (Instron 5569, USA). In contrast, the proximal tendon was mounted over the lower clamp.20,31 The repair site of 
the Achilles tendon was maintained within the middle of the tested tendon segment. The tensile preload was 0.01 N, and 
the loading speed was 10 mm/min.

Histological Examination
The specimens were harvested from the musculotendinous junction to the insertion by two longitudinal incisions along 
the two sides of the Achilles tendon. After the bones were dissected subperiosteally, the specimens, including the skin, 
subcutis, and repaired tendon, were formalin-fixed and paraffin-embedded.

Two 3 μm slices were longitudinally sectioned from the specimen. After hematoxylin and eosin (H&E) staining, the 
amount of the NPs was observed at the repair site through a light microscope (40 ×; Olympus BX51, Tokyo, Japan). 
Then, the degree of adhesions was scored under 100 × magnification based on the grading criteria proposed by Tang et al 
(Figure 1).32 The unblinded evaluation was undertaken by two authors, with the final score being a consensus of the two 
assessments in each region. The degree of adhesions for each group was scored on days 4, 15, 29, and 43 after surgery (n 
= 2 per group at each time point) to determine whether the anti-adhesive effect of VP-PDA NPs was time-dependent. In 
addition, the duration of postoperative immobilization after tendon repair in the clinical setting is usually four weeks due 
to the fibroproliferative phase of the tendon healing process generally lasting 3–4 weeks. We compared adhesion scores 
among groups four weeks after surgery (n = 8 per group).

Immunohistochemistry
Fibroblast proliferation and fibroblast-to-myofibroblast transition contribute to adhesion formation after tendon repair. 
The expression of vimentin (a biomarker of fibroblasts) and α-smooth muscle actin (α-SMA; a biomarker of myofibro-
blasts) in the repaired tendons were evaluated by immunohistochemistry on day 29 (four weeks after surgery) (n = 6 per 
group). The repaired tendons were harvested from the musculotendinous junction to its insertion. The specimens were 
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sectioned into 1 μm slices after formalin-fixed and paraffin-embedded. The sections were incubated with rabbit anti-rat 
antibodies against vimentin (1:200; Cell Signaling Technology, Cat#5741, Beverly, USA) and α-SMA (1: 400; Cell 
Signaling Technology, Cat# 19245S, Beverly, USA). Then, horseradish peroxidase-conjugated goat anti-rabbit antibodies 
were utilized as secondary antibodies. 3, 3-diaminobenzidine tetrahydrochloride (DAB) peroxidase substrate solution 
was used to visualize staining. The expression of vimentin and α-SMA was quantified based on the method proposed by 
Varghese et al.33 Five high-power fields were randomly chosen using a light microscope (Olympus BX51, Tokyo, Japan; 
400 ×) and captured with cellSens Dimension (Olympus, Tokyo, Japan). The percentages of high positive, positive, and 
low positive staining were obtained through the ImageJ software (ImageJ 1.51j8; Wayne Rasband, National Institutes of 
Health, USA) and IHC profiler (https://sourceforge.net/projects/ihcprofiler/). The total score of vimentin and α-SMA was 
calculated accordingly: Score of expression of vimentin or α-SMA = 3 × percentage of high positive + 2 × percentage of 
positive + 1× percentage of low positive.

Western Blot
The expression of transforming growth factor-beta 1(TGF-β1) and collagens type I and III in the repaired tendons were 
detected with Western blot analysis on day 29 (4 weeks after surgery) (n = 6 per group). The tendons were harvested 
from the musculotendinous junction within the insertion. After being homogenized on ice, the samples were incubated in 
RIPA lysis buffer for 1 h at 4°C. After centrifugation, the total protein was determined using Enhanced BCA Protein 
Assay Kit (Sangon Biotech Co. Ltd, Cat# C503051, Shanghai, China). Then, it was separated using sodium dodecylsul-
phate–polyacrylamide gel electrophoresis (Dake Wei Biological Engineering Co. Ltd, Cat# 8012011, Shenzhen, China), 
which was then electrotransferred onto polyvinylidene difluoride membranes (GE Healthcare Life Sciences, Cat# 
10600023, Freiburg, Germany). The immunoblots were incubated using rabbit anti-rat against TGF-β1 (1:1000; 
Proteintech, Cat# 21898-1-AP, Chicago, USA), type I collagen (1:1000; Bioss, Cat# bs-10423R, Beijing, China), type 
III collagen (1:500; Bioss, Cat# bs-0549R, Beijing, China), and anti-GAPDH (1:10,000; Cat#10494-1-AP, Proteintech, 

Figure 1 Adhesion formation was scored based on the grading criteria proposed by Tang et al (H&E; 100 ×).32 Quantitative scores: 0, no adhesion; 1, a few scattered 
filaments; 2, a large number of filaments; 3, countless filaments. Qualitative scores: 0, no adhesion; 1, regular elongated fine filaments; 2, irregular mixed shortened filaments; 
3, dense scar. The adhesion scores = quantitative score + qualitative score. The white arrowheads indicate no adhesion between the tendon surface and subcutaneous tissue; 
the black arrowheads represent different adhesion formation degrees.
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Chicago, USA). After incubation using IRDye 800CW goat anti-rabbit IgG (1:15,000; LI-COR, Cat# 926–32,211, 
Lincoln, USA), the signals were detected with an infrared dichroic laser scanning imaging system (Odyssey, LI-COR, 
USA).

Statistical Analysis
Data were analyzed with IBM SPSS Statistics version 25 (IBM Corp., Armonk, NY, USA). The data were represented as 
mean ± standard error of the mean (SEM). The normality of residuals was tested by the Shapiro–Wilk test. The difference 
in vimentin and α-SMA between groups was compared using the Kruskal–Wallis test and the Mann–Whitney test with 
Bonferroni adjustment (0.05/3 = 0.017). The adhesion score difference and failure to load for different times or groups 
were compared using the two-way analysis of variance (ANOVA) followed by Tukey’s test. The difference in adhesion 
score, TGF-β1, and collagens type I and III among groups four weeks after surgery was compared using the one-way 
ANOVA followed by Tukey’s test. A p-value < 0.05 was considered statistically significant.

Results
Characterization of Nanoparticles
Figure 2A and B show that PDA NPs had a uniform size distribution and an average diameter of 143 nm in the 
transmission electron microscope (TEM). The size and morphology of VP-PDA NPs did not change significantly after 
loading verapamil (157 nm). The characteristic peaks associated with verapamil (at 3000 cm−1, 2200 cm−1, 750 cm−1, 
and 800 cm−1) appeared in Fourier transform infrared spectroscopy (FTIR) spectra of VP-PDA NPs (Figure 2C). This 
indicated that verapamil was effectively loaded in PDA NPs. Based on the fitted standard curve of ultraviolet (UV) 
absorbance intensity of solution vs concentration of verapamil, the drug-loading rate and encapsulation efficiency of VP- 
PDA NPs was 22.7% and 29.3%, respectively (Figures 2D and S1). The loading amount of verapamil in VP-PDA NPs 
could be determined as 1.135 mg of verapamil in 5 mg VP-PDA NPs (5 mg × 22.7%), depending on the drug-loading 
rate (Figure S2). The verapamil release test showed that 61.3% of verapamil in VP-PDA NPs was released in vitro for 
four weeks. Among this, 50% was released in the first 10 days and 11% in the last 18 days (Figure 2E and F).

Before the in vivo application, the biocompatibility of PDA NPs and VP-PDA NPs was evaluated by monitoring the 
blood biochemistry and H&E staining of vital organs. Table S1 indicates the routine blood biochemical indicators (AST, 
ALT, CREA, UREA, RBC, Hemoglobin, WBC, and Platelet) without statistical differences between the control and the 
two administration groups. Additionally, no inflammatory infiltration, edema, or necrosis was observed in the 
H&E-stained tissue sections of the brain, heart, liver, spleen, lung, and kidney of PDA NPs and VP-PDA NPs groups 
(Figure S3). Therefore, VP-PDA NPs possessed good biosafety for tendon repair.

Verapamil-Loaded Polydopamine Nanoparticles Enhanced Tendon Healing
Figure 3 illustrates the mechanical strength during tendon rupture (n = 2 per group at each time point). After the 
normal distribution of the data was tested using the Shapiro–Wilk test (p = 0.863), a two-way ANOVA was performed 
to assess if there was a difference in the failure to load for different groups or times. We tested the main effects since 
the interaction test was not significant (F = 2.369, p = 0.174). The main effect was significant (F = 16.355, p = 0.004) 
for different groups but not for different times (F = 5.655, p = 0.055). Multiple comparisons using Tukey’s test 
indicated a significant increase in average failure to load in the VP-PDA NPs group (89.27 ± 5.09 N) than the PDA 
NPs (65.52 ± 2.04 N) (p = 0.003) and the control (74.52 ± 4.24 N) (p = 0.029) groups.

Verapamil-Loaded Polydopamine Nanoparticles Decreased Adhesion Scores
Figure 4A demonstrates the change in adhesion scores over time (n = 2 per group at each time point). After the normal 
distribution of the data was tested using the Shapiro–Wilk test (p = 0.983), a two-way ANOVA determined if there was 
a difference in adhesion scores for different times or groups. The interaction test between different times and groups was 
significant (F = 20.707, p<0.001). This indicated that the effect of one independent variable on the dependent variable was 
dependent on the second variable. The twelve experimental conditions (Control at three days; control at two weeks; control 
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at four weeks, control at six weeks; PDA NPs at three days; PDA NPs at two weeks; PDA NPs at four weeks, PDA NPs at 
six weeks; VP-PDA NPs at three days; VP-PDA NPs at two weeks; VP-PDA NPs at four weeks, VP-PDA NPs at six weeks) 
significantly differed while affecting the adhesion scores (F = 57.268, p<0.001). Tukey’s comparisons demonstrated that the 
significant interaction between different groups and times was because the tendons made significantly fewer adhesion 
scores in the VP-PDA NPs group at six weeks (3.175 ± 0.08) and four weeks (3.35 ± 0.25) (VP-PDA NPs at six weeks vs 
VP-PDA NPs at four weeks: p = 0.994) than the other groups.

Figure 4B illustrates adhesion scores for each group four weeks after surgery (n = 8 per group). After testing the 
normal distribution using the Shapiro–Wilk test (p = 0.663), a one-way ANOVA determined if there was an adhesion 
score difference for different groups four weeks after surgery. We detected a statistically significant difference in 

Figure 2 The characterization of polydopamine nanoparticles (PDA NPs) and verapamil-loaded polydopamine nanoparticles (VP-PDA NPs). The transmission electron 
microscopy (TEM) images of PDA NPs (A) and VP-PDA NPs (B). The Fourier transform infrared spectroscopy (FTIR) of VP-PDA NPs (C). The standard curve represents 
the UV absorbance value of verapamil solution against verapamil concentration (D). The ultraviolet absorbance of released verapamil at a different time point (E). The 
in vitro verapamil release curve of VP-PDA NPs in phosphate buffer saline during four weeks (F).
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adhesion scores among the groups (F = 23.70, p<0.001). Results from Tukey’s comparisons indicated that the adhesion 
score was significantly decreased in the VP-PDA NPs group (3.19 ± 0.12), followed by the PDA NPs group (4.21 ± 0.22) 
and then the control group (4.91 ± 0.18) (VP-PDA NPs vs Control: p<0.001; VP-PDA NPs vs PDA NPs: p = 0.002; PDA 
NPs vs Control: p = 0.028) (Figure 4B).

Nanoparticles Decreased Over Time
Figure 5 illustrates the histology of repaired tendons. No skin ulcers or infections were observed in all the rats. The 
amount of VP-PDA NPs and PDA NPs decreased over time (n = 2 per group at each time point). Moreover, a space 
between the tendon surface and surrounding tissue was observed in the VP-PDA NPs group four weeks after surgery.

Verapamil-Loaded Polydopamine Nanoparticles Inhibited Fibroblast Proliferation
Figure 6A and B illustrate the vimentin expression (a biomarker of fibroblasts) in the repaired tendons (n = 6 per group). 
A statistically significant difference was observed in the vimentin expression scores among groups (χ2 = 9.93; p = 0.007). 
The Mann–Whitney test using Bonferroni adjustment (0.05/3 = 0.017) observed that the difference lied in between the 
VP-PDA NPs (44.91 ± 3.02) and the control (63.55 ± 3.55) (p = 0.010) groups and between the VP-PDA NPs and the 
PDA NPs (57.07 ± 2.43) (p = 0.010) groups. However, there was no significant difference between the control and the 
PDA NPs (p = 0.150) groups.

Verapamil-Loaded Polydopamine Nanoparticles Inhibited Fibroblast-to-Myofibroblast 
Transition
Figure 6A and C illustrate the expression of α-SMA (a biomarker of myofibroblasts) in the repaired tendons (n = 6 per group). 
A statistically significant difference was observed in α-SMA among groups (χ2 = 8.19; p = 0.017; n = 6 per group). The Mann– 

Figure 3 Verapamil-loaded polydopamine nanoparticles enhanced tendon healing. (A) The mechanical strength at the time of tendon rupture was used to evaluate the 
quality of tendon healing. (B and C) The mechanical strength at the time of tendon rupture at four and six weeks after surgery (n = 2 per group at each time point). 
Abbreviations: PDA NPs, polydopamine nanoparticles; VP-PDA NPs, verapamil-loaded polydopamine nanoparticles.

Figure 4 Verapamil-loaded polydopamine nanoparticles decreased adhesion scores after tendon surgery. (A) The change in adhesion scores over time (n = 2 per group at 
each time point). (B) Adhesion scores at four weeks after surgery. VP-PDA NPs, verapamil-loaded polydopamine nanoparticles. PDA NPs, polydopamine nanoparticles. The 
bars represent mean ± SEM (n = 8 per group). *p<0.05; **p<0.01; ***p<0.001.
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Whitney test using Bonferroni adjustment (0.05/3 = 0.017) identified that the difference lied in between the VP-PDA NPs 
(23.88 ± 2.40) and the PDA NPs (37.56 ± 2.75) (p = 0.010) groups. However, no significant difference was observed between 
the VP-PDA NPs and the control (47.08 ± 7.71) (p = 0.025) groups and between the PDA NPs and the control (p = 0.337) 
groups.

Verapamil-Loaded Polydopamine Nanoparticles Inhibited the Expression of 
Transforming Growth Factor-Beta 1
Figure 7A illustrates the expression of TGF-β1 in the repaired tendons at four weeks after surgery (n = 6 per group). 
A significant difference was observed in TGF-β1 across the three groups (F = 14.332; p<0.001). The post hoc Tukey’s 
test found that the lowest expression of TGF-β1 was within the VP-PDA NPs group (0.425 ± 0.08), followed by the PDA 
NPs group (0.822 ± 0.12) and then the control group (1.23 ± 0.11).

Verapamil-Loaded Polydopamine Nanoparticles Decreased the Content of Collagens
Figure 7B and C illustrate the expression of collagens type I and III in the repaired tendons four weeks after surgery (n = 6 per 
group). The average expression of collagens was different across groups (type I: F = 18.164; p<0.001; type III: F = 24.491; 
p<0.001). Post hoc Tukey’s multiple comparisons observed that the collagen expression was the lowest in the VP-PDA NPs 
group (type I: 0.373 ± 0.09; type III: 0.158 ± 0.03), followed by the PDA NPs group (type I: 0.737 ± 0.09; type III: 0.322 ± 0.03) 
and then the control group (type I: 1.143 ± 0.09; type III: 0.482 ± 0.04).

Figure 5 Nanoparticles decreased over time in vivo (H&E; 40 ×). (A) The change in the number of nanoparticles within the repair site over time. (B) A space exists 
between the tendon surface and surrounding tissue within the VP-PDA NPs group four weeks after surgery. PDA NPs, polydopamine nanoparticles. VP-PDA NPs, verapamil- 
loaded polydopamine nanoparticles. S indicates the skin and subcutaneous tissue, and T denotes the tendon. The black arrowheads indicate adhesion formation, and the 
white arrowheads indicate space.

https://doi.org/10.2147/IJN.S377600                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2023:18 122

Li et al                                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Discussion
The goal of tendon repair is to achieve tendon healing and restore gliding for functional success.4 The present study 
demonstrated the anti-adhesive effects of VP-PDA NPs on adhesion formation after tendon repair. Simultaneously, 
biomechanical data indicated that the tendon healing quality by VP-PDA NPs is better than that in the control and the 
PDA groups. Histological examination revealed that VP-PDA NPs significantly reduced adhesion scores. However, no 
significant difference was observed between the PDA NPs and the control groups, indicating the anti-adhesive effect of 
VP-PDA NPs due to verapamil.

After tendon injury and repair, the healing scheme includes an inflammatory phase of 48–72 hours, a fibroblastic 
proliferation phase lasting 3–4 weeks, and a remodeling period.4 Upon tendon injury, both inflammatory response and 
oxidative stress become intense at the injury site within 24 hours.34,35 Inflammatory cells release various proinflamma-
tory cytokines, including TGF-β1, tumor necrosis factor α, interleukin 1β, etc. TGF-β1 has been associated with 
excessive scar formation after tendon injury.1,36 They potently activate fibroblasts and can induce fibrosis in vivo.37 In 
addition, TGF-β1 activates and differentiates fibroblasts from myofibroblasts. Myofibroblasts specifically express α- 
SMA, producing a more collagenous extracellular matrix than fibroblasts.38–40 TGF-β1 is critical in the pathogenesis of 
adhesion formation after tendon injury. However, complete TGF-β1 blockage affects tendon healing.1 In the current 
study, VP-PDA NPs inhibited expression of TGF-β1, fibroblast proliferation, and fibroblast-to-myofibroblast transition 
other than decreasing the content of type I and III collagens. In vitro study by Roth et al has demonstrated that calcium 
channel blockers reduce collagen deposition by inhibiting the expression of collagens type I and III. Moreover, they 
increase the proteolytic activity of collagenase type III.29 Therefore, the results from our study are consistent with 
previous reports.22–29 VP-PDA NPs significantly reduced the content of collagens type I and III after tendon injuries. It 
was postulated that VP-PDA NPs could produce anti-adhesive effects by inhibiting TGF-β1 expression, thereby 
inhibiting fibroblast proliferation and activation. However, further investigation is required to validate the hypothesis.

Figure 6 Verapamil-loaded polydopamine nanoparticles reduced the expression of vimentin and α-smooth muscle actin (α-SMA) in the repaired tendons at four weeks after 
surgery. (A) The expression of vimentin and α-SMA was detected using immunohistochemistry. (B and C) The expression scores in vimentin and α-SMA. PDA NPs, 
polydopamine nanoparticles. VP-PDA NPs, verapamil-loaded polydopamine nanoparticles. The bars represent mean ± SEM (n = 6 per group) *p<0.05; ns, not significant.
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Several studies have evaluated the therapeutic effect of verapamil on scar formation in patients having keloids and 
hypertrophic scars, depending on the anti-fibrotic effects of topical verapamil.22,24,26 For example, Abou-Taleb et al 
reported that intralesional injection of verapamil had excellent improvement in 53.5% (out of 43) patients with keloids.24 

However, previous studies on the anti-fibrotic effects of topical verapamil have focused on fibroproliferative skin lesions. 
Moreover, few studies have investigated the role of topical verapamil in adhesion formation pathogenesis after tendon 
repair.

The anti-fibrotic effects of verapamil can be achieved by improving the durability of verapamil for clinical efficacy. 
Many substances, such as 5-fluorouracil, alginate, or corticosteroids, fail to persist long enough to attain anti-adhesive 
effects.32 Oral administration of verapamil may lower systemic blood pressure. Its local injection is also not practical for 
patients with tendon injuries because the anti-fibrotic effects need a more extended treatment period. Polydopamine 
(PDA) is a melanin-like polymer possessing excellent biocompatibility.41 Nanoparticles have biodegradability and 
controlled release ability, and these advantages have been used for drug delivery or gene transfer.20 Nanoparticles can 
persistently release their contents over a prolonged time.20 Our in vitro assay revealed that the release of verapamil 
persists for at least four weeks after the fibroblastic phase.

However, the appropriate dosage of verapamil in VP-PDA NPs needs further investigation to prevent adhesion 
formation after tendon injury. In the study, 5 mg VP-PDA NPs had 1.135 mg verapamil hydrochloride. The in vitro 
release test revealed that the cumulative release amount of verapamil was 0.696 mg in four weeks, comparable to Rha 

Figure 7 Verapamil-loaded polydopamine nanoparticles decreased the expression of (A) TGF-β1, (B) collagen type I, and (C) collagen type III in the repaired tendons at 
four weeks after surgery. PDA NPs, polydopamine nanoparticles. VP-PDA NPs, verapamil-loaded polydopamine nanoparticles. The bars represent mean ± SEM (n = 6 per 
group). *p<0.05; **p<0.01; ***p<0.001.
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et al.25 In their study, 0.58 mg verapamil was released from the silicone gel sheet with 2.5 mg verapamil in four weeks. 
Their results in a rabbit ear wound model indicated that 0.58 mg verapamil significantly reduced the mean scar elevation 
index, fibroblast counts, and capillary counts.24

From a clinical perspective, VP-PDA NPs can reduce adhesion formation after tendon injury. However, certain 
limitations are worth noting. First, the rat model of Achilles tendon laceration and repair in the study is an extrasynovial 
flexor injury. It is unknown whether VP-PDA NPs reduce the adhesion formation of intrasynovial tendons like the digital 
flexor tendons of the hand. Second, whether the anti-adhesive effects of verapamil correlate with drug dosage and the 
timing of releasing the drug is unknown. Therefore, future studies should evaluate optimal dosage, release timing, and 
whether VP-PDA NPs are suitable for intrasynovial tendon injury. In addition, PDA NPs are polymers with near-infrared 
absorbing ability. Hence, their inherent photothermal properties could be beneficial for promoting tendon healing and 
reducing tendon adhesion.

Conclusion
A novel formulation of verapamil, VP-PDA NPs, was developed for reducing adhesion formation after tendon injury. In 
rat Achilles injury model, VP-PDA NPs reduced adhesion formation and also enhanced tendon healing. Therefore, VP- 
PDA NPs would have direct translation implications as topical verapamil is well tolerated, and intralesional injection of 
verapamil is currently being used in clinical settings.
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