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Abstract 

Background There are many adhesion barrier materials, cross-linked or non-cross-linked hyaluronic acid (HA), used 
during surgeries.

Purpose This study investigates the efficacy of cross-linked and non-cross-linked HA in preventing Achilles tendon 
adhesions. We hypothesized that non-cross-linked HA may be more effective than cross-linked HA in preventing 
Achilles tendon adhesions following injury and repair.

Methods Twenty male Sprague Dawley rats, totaling 40 legs, underwent Achilles tendon transection and repair. 
Following the surgery, they were treated simultaneously with cross-linked and non-cross-linked HA formulations. 
The rats were divided into four groups: a positive control group, a group treated with BMC non-cross-linked HA gel, 
a group treated with DEFEHERE cross-linked HA gel, and a group treated with ANIKA cross-linked HA gel. Four weeks 
after surgery, macroscopic evaluation of peritendinous adhesion and histological analysis were conducted to assess 
the effectiveness of the treatments.

Results Non-cross-linked BMC HA demonstrated superior efficacy in preventing tendon adhesions compared 
to cross-linked HA and control groups. Histological analysis confirmed reduced adhesion severity in the non-cross-
linked HA group (P < 0.05). The findings support the potential of non-cross-linked HA as a treatment to inhibit tendon 
adhesions. Further research, including clinical trials, is warranted to validate these results in human subjects.

Conclusions Non-cross-linked BMC HA had significantly lower tendon adhesions parameters and better healing 
scores in histological analysis than cross-linked HA and control group did. Non-cross-linked HA holds promise 
as a potential treatment to inhibit the formation of such adhesions.
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Introduction
Achilles tendon disorders are commonly met clinical 
problems among athletics rendered surgical treatments 
[1–4]. Soft tissue and joint adhesions present significant 
clinical challenges, often manifesting as restricted joint 
mobility and pain [5]. These adhesions typically stem 
from histological abnormalities induced by joint inflam-
mation, resulting in fibrosis and contraction of the joint 
capsule or surrounding soft tissues [6–8]. Trauma or 
surgical interventions commonly precipitate their devel-
opment. Conventional treatments encompass oral anal-
gesics, intra-articular injections of anti-inflammatory 
medications, and physical therapy. Moreover, there is 
emerging evidence suggesting that intra-articular visco-
supplementation may alleviate postoperative pain and 
address adhesion-related conditions [9–12]. The com-
mercial adhesion barrier materials are polymers, like 
polytetrafluoroethylene, polylactic acid, oxidized regen-
erated cellulose, and hyaluronic acid (HA) [13]. The hya-
luronate is a non-sulfated glycosaminoglycan, which is 
one of the chief components of the extracellular matrix 
[14]. The hyaluronate modulates cell proliferation and 
migration and prevents inflammation [15]. Based on 
this property of hyaluronate, it has been used as an anti-
adhesive agent in various surgeries, such as gynecologi-
cal surgery, abdominal surgery, spine surgery, and tendon 
surgery, to prevent postoperative adhesion with prom-
ising results [16–18]. However, uncertainties persist 
regarding the optimal ratio of biological stimulants, the 
timing of treatment, the efficacy of various components 
such as cross-linked or non-cross-linked manufacturing, 
and doses of viscosupplements [19–21].

This study employs a rat model where different formu-
lations of HA, both cross-linked and non-cross-linked, 
are administered to the sutured Achilles tendon follow-
ing transection and repair. Subsequently, adhesion tissue 
scoring, and histological analysis are conducted to assess 
the efficacy of these HA formulations in preventing ten-
don adhesions. We hypothesized that non-cross-linked 
HA could be more effective than cross-linked HA in pre-
venting tendon adhesion post-repair because it resolves 
quicker [18] and had less local effects than cross-linked 
HA. The findings from this investigation can potentially 
inform the development of clinical guidelines for pre-
venting tendon adhesions.

Materials and methods
Experimental animal models
Animal Model: Male Sprague Dawley (SD) rats weighing 
between 220 and 260 g.

Number of Animals: 20 rats in total, with 10 legs 
assigned to each sample group. Each rat has one leg (left 
or right) treated with a different sample.

Gel Usage: 0.2 mL of HA gel extracted directly from the 
sample and applied per treatment.

Allocation of testing samples
Setup involves different groups of left and right sides 
Achilles tendons of male SD rats, treated with different 
samples, respectively:

4 groups are distributed as follows:

(A) Positive Control: Wound adhesion without treat-
ment.

(B) BMC (BenQ Material Co., Taoyuan City, Taiwan) 
Sample: non-cross-linked HA gel.

(C) DEFEHERE (Scivision, Kaohsiung City, Taiwan), 
cross-linked HA gel.

(D) ANIKA (ANIKA, Bedford, MA), cross-linked HA 
gel.

Power analysis indicated that a sample size of 8 was 
necessary for histology studies to detect a 10% dif-
ference in histology examination regarding fibrosis 
(⍺-error, 0.05; β-error, 0.2; drop-out rate, 20%), based 
on previous studies.

Duration of Experiment: 4 weeks.
This setup allows for a controlled examination of the 

efficacy of the gel treatment in preventing peri tendi-
nous adhesion formation over the specified duration 
and within the chosen animal model.

Tendon injury model and treatment
SD rats’ experimental procedures were approved by the 
Institutional Animal Care and Use Committee of the 
authors’ hospital. Rats were housed in ventilated micro 
isolator cages under a 12-h light and dark cycle with 
free access to food and water. For the tendon injury 
surgery, 8-week-old male SD rats were anesthetized 
by intraperitoneal injection of Zoletil 50 + Xylazine 
(20  mg/kg Z + 10  mg/kg X). Before surgery, the rats 
were randomly assigned by a technician who was 
not involved in the study to the control, non-cross-
linked, and cross-linked HA Gel-treated groups. A 
longitudinal incision about 2  cm long was made at 
the posterior lower leg. The Achilles tendon was cut 
transversely and repaired using a 5–0 Prolene suture 
(Ethicon, Edinburgh, UK) with a modified Kessler 
suture technique. Then 0.2 mL of cross-linked and non-
cross-linked HA gel were applied evenly on the tendon 
suture site following tendon repair. The skin incision 
was closed with 3–0 Dexon suture (Ethicon, Edinburgh, 
UK) subsequently. All steps of the procedure are listed 
in Fig. 1.
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In the experiment, the cages were labeled numerically 
and randomly to facilitate technicians’ identification and 
operation. Four weeks after the tendon injury, the rats 
were euthanized, and the tendon tissues were collected 
for analysis. Only the laboratory director was aware of 
the group allocation at all experiment stages, including 
during the allocation, conduct, outcome assessment, and 
data analysis phases.

Gross evaluation of tendon healing and peritendinous 
adhesions
Macroscopic evaluation of peritendinous adhesion and 
maximal strength was performed by two independent 
researchers according to previously reported methods 
[22–24]. The severity of peritendinous adhesions, was 
scored as follows: grade 1, no adhesion formation; grade 
2, adhesion could be separated by blunt dissection; grade 
3, sharp dissection was needed to separate no more than 
50% of adhesive tissues; grade 4, sharp dissection was 
required to separate 51–97.5% of adhesion tissues; and 
grade 5, sharp dissection was required to separate > 97.5% 
of adhesion tissues [23, 25] (Fig. 2).

H&E and Masson staining
The cut sample were stored at − 80  °C or fixed in 4% 
paraformaldehyde and embedded in paraffin. Sections 
were cut at 5  mm thickness and H&E and Masson 
staining were performed according to standard 
procedures [22]. Histological evaluation was performed 
according to a previously reported system [23, 24]. 
Histologic adhesions were scored as follows: grade 1, no 
adhesions; grade 2, < 33% of the tendon surface; grade 3, 
33–66% of the tendon surface; and grade 4, > 66% of the 
tendon surface [23, 24]. Histologic tendon healing was 
scored as follows: grade 1, good tendon continuity and 
smooth epitenon surface; grade 2, [26] intratendinous 
collagen bundles exhibited good repair, but the epitenon 
was interrupted by adhesions; grade 3, irregularly 
arranged and partly broken collagen bundles; and grade 
4, failed healing [23, 24].

Statistical analysis
All experiments were performed at least three times, and 
the data are described as the means ± standard error of 
mean (SEM). Statistical analyses were performed using 
the two-tailed Student’s t-test. Two or more groups 
were compared using a one-way analysis of variance 
(ANOVA). All the statistical analyses were conducted 

Fig. 1 Surgical procedure and application of hyaluronic acid. A A longitudinal incision about 2 cm long was made at the posterior lower leg. B The 
subcutaneous tissue was dissected, and the tendon was cut using 11# scalpels. C The tendon was sutured with 5–0 Prolene suture by a modified 
Kessler suture technique. D Test articles will be applied evenly on the repaired tendons. E The skin incision was closed with 3–0 Dexon suture
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using the SPSS 19.0 software (SPSS Inc., Chicago, IL, 
USA). A P-value < 0.05 was considered statistically 
significant.

Results
In vivo animal study
Four weeks post-surgery, the repair sites underwent 
exploration to assess tendon healing and peritendinous 
adhesions through gross observation. Dense adhesion 
formations were observed around the tendons in the 
untreated control (Fig.  3A) and ANIKA-treated group 
(Fig.  3B), necessitating sharp dissection to separate 
the large fibrous tissue bundles connecting the tendon 
and surrounding tissue. In contrast, the DEFEHERE-
treated group exhibited small bundles of fibrous tissue 
bridging the tendon and surrounding tissue (Fig.  3C), 
with minimal adhesion noted in the BMC-treated group 
between the repaired tendon and peritendinous tissue 
throughout the experiment (Fig. 3D).

The statistics regarding tendon adhesions observed 
through gross observation in the four groups are depicted 

in Fig. 4. Representative histological sections of tendons 
treated with each intervention were compared with the 
control group. In most specimens, severe adhesions 
between the tendon and surrounding tissues were evident 
in the untreated control and ANIKA-treated group, 
necessitating sharp dissection and peeling to separate 
more than 60% of the large fibrous tissue connecting the 
tendon and surrounding tissue. In contrast, loose fibrous 
tissue bridging the repaired tendon and surrounding 
tissue were observed in the DEFEHERE-treated 
group. Interestingly, in the BMC-treated group, few 
peritendinous adhesions were detected in most tendons 
(Fig.  4D). Histological analysis revealed that parameters 
for tendon adhesions were significantly lower in the 
BMC-treated group compared to the other groups (all 
P < 0.05). Turkey’s multiple comparison tests indicated 
a statistically significant difference between the BMC 
group and the control group (P < 0.01), as well as between 
the DEFEHERE group and the control group (P < 0.05). 
However, no statistical differences were detected when 
comparing the BMC and DEFEHERE groups (Fig.  4E). 

Fig. 2 The severity of peritendinous adhesions. Grade 1, no adhesion formation; Grade 2, adhesion could be separated by blunt dissection; Grade 
3, sharp dissection was needed to separate no more than 50% of adhesive tissues; Grade 4, sharp dissection was required to separate 51–97.5% 
of adhesion tissues; and Grade 5, sharp dissection was required to separate > 97.5% of adhesion tissues

Fig. 3 Gross evaluation of tendon healing and peritendinous adhesions four weeks after surgery. A Control group. B ANIKA-treated group, C 
DEFEHERE-treated group, D BMC-treated group
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Histologic tendon healing score was score revealed better 
healing in BMC and DEFEHERE groups when comparted 
with control group (both P < 0.05, Fig. 4F).

White arrows indicate the interface without periten-
dinous adhesions, while black arrowheads indicate peri-
tendinous adhesions between materials and tendon (T). 
28  days after surgery, the repaired tendon was evalu-
ated by macroscopic evaluation of tendon adhesions (D), 
the histologic quality of adhesion grade (E), and tendon 
scale (F). (n = 10 for each group). Data are expressed as 
means ± SEM. *P < 0.05; **P < 0.01, Tendon (T) is indi-
cated in the figures, and adhesion tissue is pointed using 
black arrows.

Discussion
In this study, our hypothesis was confirmed that non-
cross-linked BMC HA was more effective than cross-
linked ANIKA HA and the control group in preventing 

tendon adhesion post-repair. HA has consistently shown 
promise in reducing tendon adhesion formation, par-
ticularly following tendon repair after injury [27–30]. 
Previous studies using a rat model of Achilles tendon 
repair have demonstrated that HA treatment significantly 
decreases adhesion scores compared to control groups, 
as assessed by macroscopic and histological evaluations 
[31]. Additionally, HA has been found to promote tendon 
healing and reduce post-operative adhesion formation 
across various tendon types, including the rotator cuff, 
epicondylitis, Achilles, and patellar tendinopathy [9].

This study investigated the impact of BMC, a non-
cross-linked HA, on preventing peritendinous adhesion 
formation in a rat experimental model. Peritendinous 
adhesions are significant postoperative complications 
commonly observed after tendon repair in orthopedic 
surgery [32]. While the concept of utilizing a mechani-
cal barrier to prevent adhesion formation is not new, 

Fig. 4 Evaluation of the rat tendon model in untreated control, cross-linked, and non-crosslinked hyaluronic acid gel groups. A Gross evaluation 
of tendon healing and peritendinous adhesions of the 4 groups before histological exams. B H&E stain, C Masson staining of untreated repair 
site, repair site wrapped with cross-linked and non-crosslinked hyaluronic acid gel. White arrows indicate the interface without peritendinous 
adhesions, while black arrowheads indicate peritendinous adhesions between materials and tendon (T). 28 days after surgery, the repaired tendon 
was evaluated by macroscopic evaluation of tendon adhesions D, the histologic quality of adhesion grade E, and tendon scale F. (n = 10 for each 
group). Data are expressed as means ± SEM. *P < 0.05; **P < 0.01, Tendon (T) is indicated in the figures, and adhesion tissue is pointed using black 
arrows
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[33] the effectiveness of various materials, both biologi-
cal and synthetic, has been inconsistent over past dec-
ades [34, 35]. Biological barriers may introduce issues 
such as donor site morbidity and increased surgical 
complexity. At the same time, certain synthetic mate-
rials have failed due to eliciting a strong inflamma-
tory reaction or facilitating adhesion ingrowth around 
their edges [26, 36, 37]. Additionally, some materials 
hindered nutrient diffusion to the healing tendon, ulti-
mately resulting in tendon necrosis [38].

Cross-linked HA has demonstrated efficacy in alleviat-
ing knee pain associated with osteoarthritis. Studies have 
shown that a single injection of cross-linked HA can be 
safe and effective for at least 52 weeks, with some patients 
experiencing pain relief and improved joint function up 
to 39 weeks post-treatment [39, 40]. On the other hand, 
non-cross-linked HA has not been extensively investi-
gated for its potential to reduce adhesion formation. In 
a study comparing the efficacy of a cross-linked hyalu-
ronan solution with non-cross-linked HA, both forms of 
HA demonstrated effectiveness as resorbable biomateri-
als for reducing postoperative adhesions after laparotomy 
[41]. However, in contrast, a separate study found that 
non-cross-linked HA failed to show efficacy in reduc-
ing adhesions within the utilized models [42]. Previous 
literature has presented inconclusive evidence regarding 
the comparative effectiveness of cross-linked versus non-
cross-linked HA. Therefore, our study’s design has the 
potential to provide a definitive insight into the effective-
ness of non-cross-linked HA as an anti-adhesion agent.

Conclusion
Non-cross-linked BMC HA had significantly lower ten-
don adhesions parameters and better healing scores 
in histological analysis than cross-linked HA and con-
trol group did. Non-cross-linked HA holds promise as 
a potential treatment to inhibit the formation of such 
adhesions.
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