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1. Introduction

Innovative hyaluronan/gellan gum/hydroxypropyl
methyl cellulose membrane for prevention
of adhesion in postoperative achilles tendon

Shan-Wei Yang, (2 #°¢ Mu-Ting Li, Chun-Shien Wu,® Joseph Yang," Daniel Yang '
and Shyh-Ming Kuo () *¢

A novel anti-adhesion barrier membrane composed of FDA-approved hyaluronan (HA), gellan gum (GG),
and hydroxypropyl methylcellulose (HPMC) was developed to prevent postoperative tendon adhesion in
our study. Seprafilm, a commercial hydrogel barrier membrane comprising HA and carboxymethyl
cellulose (CMQ), is effective in abdominal surgeries to reduce postoperative adhesions between the
abdominal wall and underlying tissues. However, it is fragile, difficult to handle, and degrades rapidly,
limiting its barrier function. Our HA/GG/HPMC (HGH) membrane overcame these drawbacks, exhibiting
superior resilience, hydrophilicity, water content, swelling ratio, and stress—strain properties compared to
the HG (HA/GG) and Seprafilm membranes. The HGH membrane was highly hydrophilic and reached
hydration equilibrium within 3 min, enabling it to wrap tendons snugly without sticking or tearing. It
degraded more slowly (60% mass remaining after 12 days in vitro, vs. 15% for Seprafilm after 4 days),
providing an extended protective presence during the tendon’s healing period. In a rat Achilles tendon
repair model, the HGH membrane significantly reduced peritendinous adhesions and facilitated better
healing histologically. The repaired tendon breaking strength after 3 weeks was significantly higher in the
HGH group (37.5 N) than in the untreated (6.5 N), HGC (16 N), or Seprafilm (15.5 N) groups. Haematoxy-
lin and eosin staining indicated that the HGH membrane resulted in significantly less tendon-tissue
adhesion and superior healing. In summary, the HGH membrane degraded more slowly, was less fragile,
more resilient, and more hydrophilic, making it easier to handle during surgery and thus an effective
candidate for preventing adhesions in tendon surgery.

the use of minimally invasive surgical techniques, and the
application of physical barriers.'™ Moreover, adhesion preven-

After surgery, tissue adhesions may develop because of inflam-
mation and the growth of fibrous tissue during the healing
process. Adhesions are a natural reaction of the body’s tissues
during wound healing. Approximately 90% of abdominal sur-
geries may cause adhesions of varying severity levels. Various
strategies have been employed to prevent such adhesions,
including the administration of drugs (e.g., nonsteroidal anti-
inflammatory drugs, corticosteroids, and fibrinolytic agents),

@ Department of Orthopedics, Kaohsiung Veterans General Hospital, Kaohsiung City
813414, Taiwan

b School of Nursing, Fooyin University, Kaohsiung City 831301, Taiwan

¢ Department of Leisure and Sports Management, Cheng Shiu University, Kaohsiung
City 833301, Taiwan

 Department of Biomedical Engineering, I-Shou University, Kaohsiung City, Taiwan.
E-mail: smkuo@isu.edu.tw

¢ Center of General Education, I-Shou University, Kaohsiung City, Taiwan

fCambridge International Programme, St. Dominic Catholic High School, Kaohsiung
City 802306, Taiwan

This journal is © The Royal Society of Chemistry 2025

tion materials (e.g., absorbent films) can help when necessary.*

After tendon repair surgery, the risk of adhesion between the
surgical tendon and the synovial sheath is relatively high.
Postsurgical adhesion in the tendon interferes with the normal
gliding function of the tendon and nerves and thus causes pain
and restricts motion. Several studies have proposed hydrogel
barriers for preventing the adhesion of a repaired tendon to
surrounding tissues; nevertheless, such barriers often involve
reactive agents (including plant extracts or chemicals such as
gallic acid, tannic acid, dopamine, and polydopamine) that may
complicate commercial use.”® For improved simplicity and
commercial viability, using pure and Food and Drug Adminis-
tration (FDA)-approved materials may be a more favorable
alternative.

Certain commercial medical products have antiadhesive
properties. For example, Seprafilm is a bioresorbable adhesion
barrier (Genzyme, Cambridge, MA, USA) composed of hyalur-
onan (HA) and carboxymethyl cellulose (CMC). Seprafilm is
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indicated for use in patients undergoing abdominal or pelvic
laparotomy as an adjunct for reducing the incidence, extent,
and severity of postoperative adhesions; it helps prevent adhe-
sions between the abdominal wall and underlying viscera, such
as the omentum, small bowel, bladder, and stomach, as well as
between the uterus and adjacent structures, including the
fallopian tubes, ovaries, large bowel, and bladder. The barrier
degrades within 7 days at the site of its application.’ Although
Seprafilm is not commonly used in routine tendon surgery
and the fast degradation is a concern, it has been tested or
considered off-label in contexts outside abdominal surgery,
including tendon repair research, due to the lack of tendon-
specific commercial barriers. Some studies have also explored
its preventive adhesion effect in tendon injury animal
models.'®™"® Kohanzadeh et al. also reported that Seprafilm
was a safe and helpful tool for decreasing or even preventing
adhesion formation in the wrist and hand surgery of their
patients.'* Although Seprafilm has been proven safe and effec-
tive, it has several drawbacks; for example, it is expensive, can
degrade too rapidly, is fragile, is relatively difficult to shape,
and is difficult to wrap around non-flat surgical sites such as
tendons. These disadvantages adversely affect postoperative
patient management and interventions and lead to increased
healthcare costs. Additionally, studies have reported challenges
in handling Seprafilm. For example, Seprafilm is inherently
fragile in its dry state and somewhat stiff and brittle. Once
moistened, it becomes extremely sticky, which hampers its
handling during surgery. Seprafilm also poses some practical
concerns because it may interfere with tissue healing. Wrap-
ping an anastomosis with Seprafilm has been reported to
significantly increase the risks of anastomotic leaks and related
complications, such as fistulas and abscesses.'” In one study,
Seprafilm interfered with intestinal healing when placed too
close to suture lines. Therefore, Seprafilm should not be
applied near anastomotic sites, as it may impair healing or
cause fluid buildup around the new connection, which can lead
to inflammation. Furthermore, Seprafilm is a flat sheet
designed for use on flat surfaces inside the abdominal wall;
consequently, efficiently applying it to curved or small tissues
such as tendons is challenging. Accordingly, addressing the
aforementioned drawbacks of Seprafilm is essential to enhance
its effectiveness and support broader commercial applications.

Hydroxypropyl methylcellulose (HPMC) is a cellulose ether
formed by the substitution of the hydroxyl groups of cellulose
with methyl and hydroxypropyl groups. The substitution of free
hydroxyl groups of glucose with hydroxypropyl groups improves
the cellulose backbone in terms of viscosity, solubility, gelation,
and film-forming behavior. Methyl groups contribute to the
stability and hydrophobicity of HPMC. HPMC is commonly
used as a high-performance film-forming material because of
its favorable miscibility with a wide range of organic and
inorganic materials.'®'® Habibullah, SK et al. utilized carb-
oxymethylated gum combined with HPMC-nanocellulose to
fabricate moxifloxacin-containing composite film to improve
the ocular inflammation and antimicrobial activities. They
demonstrated that the presence of polar hydroxypropyl groups
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in HPMC improved the mechanical properties due to increased
intermolecular interactions with the hydroxy groups of the
carboxymethylated gum in the film. Also, HPMC demonstrated
a longer residence time and stability in the existence of light,
temperature, and sensible levels of humidity, making it a
suitable polymer for slow release of moxifloxacin to improve
the management of ocular inflammation."® Anandalakshmi
used HPMC as a gelling agent to prepare hydrogel films for
wound healing delivery. These HPMC films could release the
tetracycline in a sustained manner and show significant anti-
bacterial activity after three days of release at 37 °C in PBS (pH
7.4).”° Therefore, HPMC is widely used as an excipient in
pharmaceutical formulations to help control the release of
drugs and the disintegration of tablets. CMC, another cellulose
derivative, is produced by placing carboxymethyl groups in the
cellulose backbone. CMC is mainly used in the food industry as
a thickener, stabilizer, and binder; it is also used in pharma-
ceutical tablet formulations as a binder.>* Although HPMC and
CMC have the exact cellulose origins, HPMC is clearly more
advantageous. Specifically, HPMC exhibits excellent biocom-
patibility and strong resistance to enzyme degradation, making
it a preferred choice for use as a sustained-release material,
tablet adhesive, and thickener in ophthalmic eye drops and
pharmaceutical preparations.’® Moreover, HPMC is not easily
degraded by human enzymes and can ensure the sustained
release of drugs. By contrast, CMC has weaker enzyme resis-
tance and is more easily degraded in the body, which affects its
stability in pharmaceutical preparations. In summary, HPMC is
superior to CMC in terms of temperature resistance, pH
stability, water retention, and resistance to enzyme degrada-
tion. Despite this, most commercial antiadhesive membrane
products are fabricated using CMC rather than HPMC.

Gellan gum (GG), a linear anionic polysaccharide, is employed
as a stabilizer, thickening agent, and gelling agent in various food
applications.**?* After GG was approved by the FDA in 1992 to be
used as a food additive, the interest in GG for biomedical and
pharmaceutical fields has vastly increased due to its biocompat-
ibility and biodegradability. Furthermore, GG-based materials
produced by the casting solvent method are primarily used in
wound healing and bone tissue engineering due to their low cost,
availability, and excellent film-forming properties.>® Kim and
colleagues combined demineralized bone powder with GG using
the casting solvent method to fabricate scaffolds for bone regen-
eration. They demonstrated this scaffold under the composition of
1% demineralized bone powder/GG, which displayed proper
mechanical properties, porosity, and degradation, yielding super-
ior osteochondral regeneration in rats.>> Chen and coworkers
developed an in situ gelling system composed of breviscapine
incorporated into GG, which underwent a sol-gel transition and
significantly enhanced drug residence time, thereby improving
drug bioavailability.>® Overall, GG exhibits exceptional gelation
properties, forming a highly stable hydrogel network that can be
utilized in various fields.

Considering the limitations of existing commercial mem-
branes (even those used off-label) and the favorable properties
of HPMC and GG, this study aimed to fabricate membranes for

This journal is © The Royal Society of Chemistry 2025
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preventing adhesion between a repaired tendon and surround-
ing tissues. To ensure the safety of the materials used and ease
of commercialization, only FDA-approved materials were
employed in the fabrication; no additional extracts or chemical
agents were included. The membranes were prepared using a
solvent casting method and various formulations of HA, GG,
HPMC, and CMC. The membranes’ basic properties, including
hydrophilicity, water content (WC), swelling ratio (SR), mechanical
strength, and degradation, were examined to assess their handling
and performance during surgical procedures. Furthermore, we
utilized a rat model to assess the ability of these membranes to
prevent adhesion of the repaired Achilles tendon. No commer-
cial barrier product exists for tendon-specific adhesion preven-
tion, so we are using Seprafilm to compare our membrane to
the closest available solution. We aimed to demonstrate that
our HA/GG/HPMC membrane could potentially offer advan-
tages over what a surgeon might otherwise resort to (even if
off-label) for tendon surgery.

2. Materials and methods

2.1. Materials

HPMC (M.W. 22 kDa), CMC (M.W. 90 kDa), GG (M.W. 1000 kDa),
HA (M.W. 1200 kDa), and dimethyl sulfoxide (DMSO) were
purchased from Sigma (St. Louis, MO, USA). Seprafilm was
purchased from Baxter International Inc. (USA). We obtained
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT), Dulbecco’s modified Eagle medium (DMEM), fetal
bovine serum, streptomycin, and penicillin from Gibco (Wal-
tham, MA, USA). All chemicals used in this study were of
reagent grade. Animal experiments conducted in this study
were approved by the Institutional Animal Care and Use
Committee of I-Shou University, Kaohsiung, Taiwan (IACUC-
ISU-112-054, approval date: 19 Jan 2024).

2.2. Fabrication of hydrogel membranes

Three membranes with distinct weight ratios of HA, GG,
HPMC, and CMC were prepared, and their basic properties
were evaluated (Table 1). HA (53.4 mg) and GG (163.3 mg) were
dissolved in 2 and 8 mL of 70 °C deionized water, respectively,
and these two solutions were then mixed together. Subse-
quently, 1 mL of HPMC (2 wt%) or 1 mL of CMC (2 wt%) was
added to the mixture, which was stirred to generate a transpar-
ent solution. Each solution was next then poured into its own
glass dish and evaporated in an oven at 40 °C to yield two dry
membranes. These dry membranes were crosslinked using

Table1 Composition of three fabricated membranes and weight ratios of
constituents

Formulation GG HA CMC HPMC
content (2 wt%) (2.6 wt%) (2 wt%) (2 wt%)
HG 8 mL 2 mL — —
HGC 8 mL 2 mL 1 mL —
HGH 8 mL 2 mL — 1 mL
Seprafilm — — — _

This journal is © The Royal Society of Chemistry 2025
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15 mM 1-ethyl-3(3-dimethylaminopropyl)-carbodiimide/(N-hydroxy-
succinimide) (EDC/NHS) solution; the crosslinking was performed
for 6 h at room temperature. The crosslinked membranes (denoted
HG, HGH, and HGC, as listed in Table 1) were washed three times
with 95% ethanol and then dried at room temperature.

2.3. Characterization of hydrogel membranes

2.3.1. Fourier-transform infrared analysis. Fourier-trans-
form infrared (FTIR, Agilent Cary 630, CAL, USA) spectroscopy
was performed to determine the characteristic spectral peaks of
the fabricated HGH and HGC membranes as well as those of
the commercial Seprafilm membrane.

2.3.2. Contact angle measurement. The hydrophilicity
of the fabricated membranes was characterized by measuring
their water contact angles. The apparatus used for these
measurements included a digital camera (Nikon Coolpix 995;
Nikon, Tokyo, Japan) with a microscopic lens (CFI Plan Fluor
Series Objective Lenses, Nikon) and a micropipette (Pipetman,
Gilson, Villiers-le-Bel, France). Prior to the measurements for
each membrane, 20 pL of deionized water was applied to
hydrate it. Subsequently, 5 pL of deionized water was dropped
onto the membrane, and after 3 s (to ensure the water had
stabilized), a cross-sectional image of the water droplet on the
membrane was captured. The contact angle was the angle at the
junction between the water droplet, the membrane, and the air.
All measurements were performed using a standard goni-
ometer, which includes a digital camera (Nikon, Tokyo, Japan).
Six independent measurements were performed for each
membrane.

2.3.3. Water content, swelling ratio, and degradation. The
water content (WC) and swelling ratio (SR) of the fabricated
membranes were determined by placing the membranes in
phosphate-buffered saline (PBS; pH 7.4) at room temperature.
The membranes were immersed for 3 and 60 min. Once the
membranes had equilibrated with the PBS, they were blotted
using filter paper to remove the water molecules adhering to
their surface. The WC and SR of the membranes were calcu-
lated as follows:

WC (%) = (Wyy — Wa)/Wq x 100%

SR (%) = (W — Wq)/Wy x 100%

where W,, and Wy are the weights of the wet and dry membrane,
respectively. All measurement procedures were conducted in
triplicate.

The degradation of the membranes was tested by incubating
them in 10 mL of PBS (pH 7.4) in a vial and placing the vial on a
shaker set at 40 rpm and 37 °C. At predetermined times (every
day up to 12 days), each membrane was removed from the
incubation medium, washed with distilled water, dried, and
weighed, after which 10 mL of fresh PBS was added to the vial
and the degradation test was continued. Degradation profiles
were obtained as the cumulative weight loss of the membranes.

2.3.4. Mechanical strength measurement. The fabricated
membranes swelled considerably in solution and could not be
mounted firmly onto a load cell, which is typically used in
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mechanical strength measurements. Therefore, we conducted
our mechanical strength tests with dry membranes and com-
pared the strengths of the fabricated membranes with those
of Seprafilm. Each membrane was cut into pieces measuring
1 cm x 6 cm, and its tensile strength and strain at break were
measured. The mechanical parameters of the membranes were
automatically calculated and recorded using a material testing
system with a crosshead speed of 5 mm min~".

2.4. Cell viability assay

In accordance with the ISO 10993 guidelines on biocompat-
ibility evaluations, extraction was performed using a material-
to-extractant ratio of 0.2 g mL ‘. Membrane materials sub-
jected to biocompatibility evaluations must be thinner than
0.5 mm. Accordingly, extraction was conducted at a surface-
area-to-volume ratio of 6 cm”> mL ™" in serum-free cell culture
medium. First, the membranes were incubated in an incubator
at 37 °C and under 5% CO, for 24 h. After this incubation, the
extracts were centrifuged at 1300 rpm for 5 min. The super-
natant was collected and filtered through a 0.1-pm membrane
to obtain the final extract solution. The MTT assay was used to
evaluate cell viability. Tenocytes (2.0 x 10* cells per well) were
cultured for 24 h with the extract solutions prepared from the
hydrogel membranes. Subsequently, MTT solution was added
to each well at a final concentration of 0.5 mg mL ™", and the
cells were incubated for an additional 3 h. After the incubation
period, the supernatant in each well of the 96-well plate was
carefully removed, and 200 puL of dimethyl sulfoxide was added
to each well to dissolve the formazan crystals completely. The
optical density (OD) of each well was then measured at 450 nm
by using a microplate reader (Thermo Scientific, Waltham, MA,
USA). A higher absorbance value indicated higher cell viability.
The mitochondrial activity of cells in each group was quantified
using the following equation:

Experimental value ODysg

Cell viability (%) = x 100%

Control value ODys
where the control value was obtained with cells cultured in a
well that did not contain any extract.

2.5. In vivo animal study—tendon rupture and repair model

Nineteen 8-week-old male Sprague-Dawley rats (weighing 250-
300 g) were anesthetized using transabdominal injections of
Zoletil 50 (a 1:1 mixture of tiletamine and zolazepam) at a dose
of 0.2 mL/200 g bodyweight. For each animal, the hind leg was
shaved and then sterilized. A sharp dissection was made to
expose the Achilles tendon, which was then transected at its
midpoint. The transected tendon was sutured with 5-0 Prolene
sutures (Ethicon, Somerville, NJ, USA). Then it was wrapped
with a membrane (HGC, HGH, or Seprafilm membrane for
the HGC, HGH, and Seprafilm groups, respectively). In some
rats, the tendon was repaired, but a membrane was not applied
(the untreated group); in others, the tendon was not ruptured
(the control group). After the completion of the surgical proce-
dure, the animals were returned to their cages and allowed to
recover for 3 weeks, during which they were checked daily for
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Fig. 1 Experimental design and surgical procedures of the in vivo animal
study.

signs of appetite changes, wound infections, and leg swelling.
After 3 weeks, the animals were sacrificed through an overdose
of isoflurane (10%), and gross evaluations were performed;
moreover, histological assessments were conducted using
hematoxylin and eosin (H&E) and Masson’s trichrome staining
to evaluate adhesion and the healing of tendons, and a tendon-
breaking force test was performed on the repaired tendons.
Fig. 1 illustrates the surgical process executed in the animal
study and the evaluations of adhesion, inflammation, and
healing of the repaired tendons.

2.5.1. Macroscopic evaluation. To perform the macroscopic
evaluations, three legs were randomly selected from each group
(n = 3). After the animals were sacrificed, a midline incision was
made in the hind leg to expose the repaired Achilles tendon. The
macroscopic severity of the adhesion around the repaired tendon
was evaluated using a five-grade adhesion-scoring system:*’
Grade 1, no marked adhesion; Grade 2, filmy adhesions easily
separated using blunt dissection; Grade 3, <50% of adhesions
separable using sharp dissection only; Grade 4, 51-97.5% of
adhesions separable using sharp dissection; and Grade 5,
>97.5% of adhesions separable using sharp dissection.
All macroscopic evaluations were performed by an investigator
who was blinded to the grouping.

2.5.2. Histological evaluation. Three repaired tendons in
each group (the three that were not used in the gross evalua-
tion) underwent histological examination. The heel tendon site
was harvested from the tendon insertion of the calcaneal bone
to parts of the gastrocnemius and soleus muscle complex. Each
specimen was immersed in 10% buffered formalin for 24 h,
dehydrated using an ascending graded series of ethanol solu-
tions, and then embedded in paraffin wax. Each specimen was
sectioned sagittally and stained with H&E. In the histological
examination, adhesions were graded according to the propor-
tion of the tendon surface they covered: Grade 1, no adhesions;
Grade 2, mild adhesion (<33% of the tendon surface covered);
Grade 3, moderate adhesion (34-66% of the tendon surface
covered); and Grade 4, severe adhesion (>66% of the tendon

This journal is © The Royal Society of Chemistry 2025
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surface covered).”® Tendon healing was also evaluated using
Masson’s trichrome stains and graded as follows: Grade 1,
excellent healing (favorable tendon continuity and smooth
epitenon surface); Grade 2, good healing (intratendinous col-
lagen bundles exhibiting good repair, but epitenon interrupted
by adhesions); Grade 3, fair healing (irregularly arranged and
partly disrupted intratendinous collagen bundles); and Grade
4, poor healing (failed healing or overgrowth of granulation
tissue).

2.6. Inflammatory interleukin-6 and interleukin-1f assay

The tissues surrounding each tendon were collected, weighed,
homogenized, and centrifuged, after which the medium was
collected. To detect the levels of cytokines (interleukin IL-6 and
IL-1B), an enzyme-linked immunosorbent assay (ELISA)
was performed using corresponding kits (Thermo Scientific,
Waltham, MA, USA). The samples were processed in accordance
with the kit manufacturer’s instructions.

2.7. Tendon breaking force measurement

To measure the breaking strength of the repaired tendons,
three tendons in each group were dissected and harvested
together with the calcaneal bone and parts of the gastrocne-
mius muscle and soleus muscle complex. The two ends of a
specimen were fixed using clamps, and the breaking force of
the tendon specimen was measured at the point of tendon
failure. Sandpaper and tape were inserted between the clamp
and tendon sample to increase friction to prevent tendon
slippage during the mechanical test (Fig. S3). Mechanical
parameters were automatically calculated and recorded
using an MTS (QTest/10, MN, USA) at a crosshead speed of

5 mm min .

2.8. Statistical analysis

Data are presented as the mean + standard deviation (SD).
A one-way analysis of variance was used to compare the bio-
mechanical results for the different repaired tendons. A two-
way analysis of variance was employed to compare the WC,
degradation, and mechanical strength of the membranes in the
various groups. The results of the gross evaluations and histo-
logical assessments of tendon adhesion and healing were
analyzed using the Wilcoxon signed-rank test. All statistical
analyses were performed using SPSS (Statistical Package
for Social Science; version 20.0; SPSS, Chicago, IL, USA), and
p < 0.05 was considered significant.

3. Results and discussion
3.1 Gross observation and FTIR analyses of the membranes

This study used FDA-approved materials and crosslinking
agents to fabricate antiadhesive hydrogel membranes to over-
come the limitations of the available commercial products,
such as Seprafilm. In brief, the aim of this study was to evaluate
the effects of adding HPMC and CMC to base membranes
composed of HA and GA; the study compared the membranes’

This journal is © The Royal Society of Chemistry 2025
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basic properties, surgical usability, and antiadhesion capability
in repaired rat tendons. Before HPMC or CMC inclusion was
considered, we tested various GG-HA formulations and identi-
fied the formulation that resulted in a membrane with the
highest mechanical strength and ease of fabrication. As shown
in Fig. 2a, a GG:HA volume ratio of 8:2 resulted in the
best mechanical strength and the least flowing and fragile
membrane. By contrast, the volume ratio of 5:5 resulted in a
membrane with softer characteristics in the flowing band.

Fig. 2b depicts the carbodiimide-mediated coupling reac-
tion, performed using the EDC/NHS method, used to create a
crosslinked, amide-bond-containing, biopolymer hydrogel net-
work from GG, HA, and HPMC. In the covalent crosslinked
hydrogel or polymeric network, GA is covalently attached to HA
and/or HPMC through amide linkages (—GG-CONH-HA/
HPMC). The resulting structure exhibits favorable mechanical
properties and biocompatibility for biomedical applications,
such as hydrogels, and may offer controlled drug delivery, be
utilized for tissue scaffolding, or have wound healing applica-
tions. Optical (square area) and SEM (circular area) images of
the membranes indicated that their surface topography was
homogeneous (due to use of the mold-casting method). Nota-
bly, the HGH membrane seemed more resilient and flatter than
the HG and HGC membranes (Fig. 2b).

Fig. S1 presents the FTIR spectra of the crosslinked biopo-
lymer hydrogels, indicating that the network formed through
characteristic functional group interactions. A broad absorp-
tion band was observed at 3400-3200 cm %, attributed to O-H
and N-H stretching vibrations, indicating the presence of -OH
and -NH, groups in the hydrogel matrix and suggesting that
hydrogen bonding within the polymer network was extensive.
Moreover, peaks were observed at approximately 2900 cm ™%
these were attributed to C-H stretching from aliphatic -CH,
and -CH; groups, primarily originating from HPMC. A sharp
absorption band was noted at 1750-1700 cm ™" and was assig-
ned to the -C=0O stretching vibrations of ester and -COOH
groups, confirming the existence of crosslinked structures
involving HA and GG. Furthermore, amide I and amide II
bands were observed at approximately 1650 and 1550 cm ™',
respectively, confirming the formation of amide bonds, which
likely resulted from crosslinking reactions between -COOH
and -NH, groups. Additional peaks were identified at 1250-
1000 cm ™" and were attributed to C-O-C stretching and C-OH
bending vibrations, which could be attributed to the polysac-
charide backbones of GG and HPMC, as well as possible ether
linkages. Furthermore, bands were observed at approximately
890-840 cm !, which are characteristic of B-glycosidic linkages,
supporting the polysaccharide structure of the hydrogel com-
ponents. Comparative analysis revealed differences between
the spectra of the different membranes, particularly in terms
of the intensity of peaks associated with -C—O and ether
groups. This finding indicates variations in crosslinking den-
sity and composition among the different membranes.'**°
Overall, the FTIR analysis confirmed that GG, HA, and HPMC
had been successfully integrated into a crosslinked hydro-
gel network (GG-CONH-HA/HPMC) through both physical
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Fig. 2 (a) Images of membranes prior to the addition of CMC or HPMC solution. Left: GG:HA ratio = 5:5. Right: GG: HA ratio = 8:2. (b) Gross

observations of hydrogel membranes, and a schematic of the fabrication of the HGH membrane when using EDC/NHS as the crosslinking agent.

(hydrogen bonding) and chemical (amide and ester) inter-
actions. Overall, the characteristic peaks in the spectra of the
HGC, HGH and Seprafilm membranes indicated that these
membranes had similar structures.

3.2 Characterization of HGC, HGH, and Seprafilm
membranes

Contact angle measurements provide valuable insights into the
wettability of a surface, with smaller angles indicating better
wetting (hydrophilicity) and larger angles indicating poorer
wetting (hydrophobicity). Contact angles are usually measured
using the sessile drop method. As illustrated in Fig. 3a, the
HGC and HGH membranes had smaller contact angles than the
HG and Seprafilm membranes did, indicating that the addition
of CMC and HPMC components resulted in a more hydrophilic
surface. The range of contact angles for the Seprafilm mem-
brane was similar to that for the HG membrane (Table 2).
A hydrogel membrane being used in a surgical procedure for
preventing adhesion should reach hydration equilibrium within a
few minutes. As displayed in Fig. 3b, the WC of the membranes
increased by approximately 80-90% within 3 min of immersion in
distilled water and was not considerably different after a longer
60-min immersion. This signifies that the membranes reached
hydration equilibrium as required. Similarly, the SR stabilized
within 3 min (Fig. 3c). The WC and SR of the HGH membrane
were significantly higher than those of the HG, HGC, and
Seprafilm membranes.

To be used in clinical applications, antiadhesion mem-
branes must also degrade within a suitable period to maintain
their barrier function. In clinical practice, such membranes are

14430 | J Mater. Chem. B, 2025, 13, 14425-14438

used as antiadhesive barriers after abdominopelvic surgery and
must retain their barrier function for approximately 1 week.
However, tendons heal more slowly than abdominal sites for
weeks, and a barrier membrane for tendons must thus last a
more extended period. Tendon healing begins with an acute
inflammatory stage immediately (roughly the first week post-
injury), followed by fibroblastic/proliferative stage (1-3 weeks
post-injury), and remodeling/maturation stage (3-6 weeks post-
injury). Considering tendon adhesion, the fibroblastic/prolif-
erative stage is the key period when adhesions begin to form,
where fibrous tissue bridges the healing ligament with the
surrounding capsule, synovium, or fat pad.

As presented in Fig. 3d, the HG, HGC, and HGH membranes
degraded slowly, losing 40-70% of their initial mass after an
11-day shaking test. However, the Seprafilm membrane began
to degrade on the first day and had lost approximately 85% of
its initial mass (only 15% mass remaining) after a 4-day
shaking test. Using HA, GA, CMC, and HPMC to fabricate
hydrogel membranes in this study resulted in a product that
degraded less quickly than Seprafilm did; the degradation of
the HGH membrane was especially slow, and it presented 60%
mass remaining after 12 days. The HGH membrane with slower
degradation could remain functional for a longer period,
potentially better matching the fibroblastic/proliferative stage
(1-3 weeks post-injury) than Seprafilm. Our results suggest that
the membranes fabricated in this study can meet the degrada-
tion requirements for antiadhesive membranes used on slow-
healing tendon tissues. Although the 12-day degradation test
was not long enough to cover the full tendon healing stage, and
it was our study limitation, our 12-day in vitro test presented a

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Properties of hydrogel membranes: (a) images of contact angle
measurements, (b) WC, (c) SR, (d) degradation rate, and (e) mechanical
strength. *p < 0.05, ***p < 0.001 compared with the control group. *p <
0.05, #p < 0.01, ¥#p < 0.001 compared with HGH membrane (N = 3).

Table 2 Contact angle and tensile strength and strain of hydrogel
membranes

Group Contact angle Tensile strength

(n=23) (deg) (MPa) Strain

HG 50.6 £ 6.7 122.73 + 19.28*** 0.083 £ 0.014**
HGC 15.1 £ 0.4%** 53.19 + 9.75"° 0.177 £ 0.059™°
HGH 34.9 £+ 7.6%* 69.44 £ 12.73** 0.213 £ 0.07™
Seprafilm 53.4 + 2.5™ 34.96 + 1.59 0.226 £ 0.008

**p < 0.01, ***p < 0.001 compared with the Seprafilmm. ns: non-
significant difference.

preliminary result of improved longevity relative to Seprafilm.
Longer term degradation studies (beyond 12 days) will be needed
to confirm the performance over 6 weeks fully in the future.

Fig. 3e illustrates the results of the stress-strain mechani-
cal tests for the fabricated membranes and Seprafilm. The HG

This journal is © The Royal Society of Chemistry 2025
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membrane was found to be brittle and fragile and to exhibit the
most considerable stress and lowest strain. The HGC and HGH
membranes exhibited similar mechanical stress and strain
properties; they became more resilient and elastic with higher
strain and moderate tensile strength (stress). The Seprafilm
membrane exhibited the lowest stress, possibly because of its
high HA content (nearly 66 wt%). Notably, the HGH membrane
exhibited moderate mechanical strength and favorably resisted
deformation (high strain). Table 2 presents the contact angle,
tensile strength, and strain of the membranes. In summary, the
addition of HPMC during hydrogel membrane fabrication
yielded a membrane that exhibited improved hydrophilicity,
achieved rapid hydration equilibrium, and demonstrated
higher resilience, as well as better tensile strength and strain,
compared to the HG, HGC, and Seprafilm membranes. In
particular, the HGH membrane degraded more slowly than
the commercial Seprafilm membrane did; this characteristic is
beneficial in antiadhesive barriers for slow-healing repair sites.
These results suggest that the HGC and HGH membranes
may address the limitations of the commercial Seprafilm
membrane, meet surgical requirements, and provide an excel-
lent antiadhesive function.

3.3 Cell viability analysis

The MTT assay results (Fig. S2) indicated that cells cultured on
the HG, HGC, and HGH membranes exhibited comparable cell
viability levels to those of cells grown on standard culture plates
(control group). The membranes were thus nontoxic. Addition-
ally, cells were found to be strongly attached to the membrane
particles; elongated pseudopods were observed, and the cells
retained their normal fibril-like shape, indicating that the
cultured cells had not been harmed by inoculation with extracts
from the developed membranes.

3.4 Invivo animal study of membranes

Sprague-Dawley rats were selected as the experimental animals
for the in vivo study. Fig. 4a depicts the surgical procedures in
which the HGC, HGH, and Seprafilm membranes were wrapped
around the ruptured tendons. The HG membrane was found to
attach favorably to the tendon, which maybe contributed by the
benefit of its higher water swelling ratio; however, some gaps
were noted between the tendons and the HGC and Seprafilm
membranes (yellow arrows in Fig. 4a). Compared with the HGH
membrane, the HGC and Seprafilm membranes were less
plastic, more fragile, and not easily fit onto the repaired
tendons during the surgical procedures. The HGH membrane
was more resilient and could be fit onto the repaired tendon
smoothly, indicating that this membrane was much easier to
manipulate.

3.5 Macroscopic observations of peritendinous adhesion

In our study, the Ishiyama score was used to evaluate macro-
scopic observation of peritendon adhesions. However, the Tang
grading system>® designed for flexor tendon studies has been
widely used. However, the Ishiyama 5-grade scoring system
addresses a semi-quantitative criterion based on both the ease
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Fig. 4 (a) Macroscopic-view photographs of the control tendon, untreated

repaired tendon, and repaired Achilles tendons wrapped with the HGC, HGH,
or Seprafilm membrane. Yellow arrows indicate a gap between the
membrane and the repaired tendon. The HGH membrane attached firmly
to the tendon, with no gaps found. (b) Adhesion evaluation after 3 weeks of
healing. Red arrows indicate adhesive bands. S: suture site, yellow *: residual
membrane. (c) Peritendon adhesion grade of all groups. *P < 0.05.
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of separation (blunt vs. sharp dissection) and the percentage of
the tendon surface involved. Adhesions are classified as grade 3
if <50% requires sharp dissection, grade 4 if 51-97.5% is
involved, and grade 5 if >97.5% requires sharp dissection,
whereas the Tang method rely more on subjective descriptors.
This method provides clear, reproducible cut-offs and greater
sensitivity in distinguishing moderate from near-total adhe-
sions. The Ishiyama method has also been adapted in many
studies for the evaluation of tendon adhesion.***

Fig. 4b depicts representative macroscopic-view images of
the repaired rat Achilles tendons after 3 weeks of healing. For
the untreated group, adhesion was severe, as indicated by the
existence of massive, dense adhesive bundles between the
tendon and surrounding tissues. For the HGC and Seprafilm
membrane groups, we observed fewer adhesion bundles that
loosely linked the tendons and surrounding tissues. The least
adhesion was observed for the HGH membrane group, and
the adhesion site could be separated easily through blunt
dissection. The macroscopic adhesion grades for all membrane
groups were lower than the grades for the untreated group. The
average grade for the HGH membrane group was significantly
lower than that for the untreated group (p = 0.0321). Still, the
differences between the untreated group and the HGC and
Seprafilm groups were nonsignificant (p = 0.6843 and 0.3731,
respectively). Residual material of the membrane was also
observed in the membrane-treated groups. However more
residual material in HGC and HGH groups than Seprafilm
group could be observed. This in vivo finding was consistent
with the result of in vitro degradation test in our study, which
presented a lower degradation rate in HGH and HGC than
Seprafilm.

3.6 In vivo histological assessments

Two hind legs in each group were used for the histological
assessments of tendon adhesion and healing (Fig. 5). At the
repair sites of the untreated tendons, massive fibrous tissues
were found between each tendon and its surrounding tissues.
Similar fibrous adhesion scars were also observed between the
dermis and the tendons wrapped with the HGC or Seprafilm
membrane. By contrast, the repair sites wrapped with the HGH
membrane exhibited a loose subcutaneous layer with few
fibrous tissues and a clear gap between the tendon and dermis.
The histological observations in the HGH membrane group
were similar to those in the control group, indicating that little
adhesion occurred during the healing of the tendon (Fig. 5a).
A grading system was employed to evaluate tendon adhesion
and healing on the basis of the histological observations.
As displayed in Fig. 6a, the transected tendon wrapped with
the HGH membrane had a lower adhesion grade than did those
in the other experimental groups, indicating that adhesion was
prevented to a greater extent. Masson’s trichrome staining
conducted to assess tendon healing (Fig. 5b) revealed that the
repaired tendon wrapped with the HGH membrane exhibited
favorable continuity, as indicated by well-aligned intratendi-
nous collagen bundles (within the yellow frame in Fig. 5b),
and a smooth epitenon continuity (red arrow in Fig. 5b).

This journal is © The Royal Society of Chemistry 2025
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the rat tendon, assayed using ELISA. *p < 0.05, ***p < 0.001 compared
with the control group. *#p < 0.01, **#p < 0.001 compared with
untreated group (N = 3) (d) Breaking force of tendons collected 3 weeks
after surgery (N = 2).
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Fig. 6 Schematic of the antiadhesive HGH membrane and effects of its
HPMC component (comparing with the HGC and Seprafilm membranes).

Although the tendon wrapped with the Seprafilm membrane
also exhibited a favorable state of repair, with continuous
intratendinous collagen bundles, less clear and loose space
between the tendon and dermis than HGH group were noted.
Compared with those wrapped with the HGH or Seprafilm
membrane, the tendons wrapped with the HGC membrane
exhibited interrupted tendon repair with partly broken intra-
tendinous collagen bundles and irregular peritendon continu-
ity. The bundle of fibrous tissues within the space between the
dermis and tendon was also observed, indicating that adhesion
had occurred. In the untreated group, a broken tendon with
a gap and a large fibrous tissue between the dermis and the
repaired tendon were observed, indicating inferior and incom-
plete repair of the ruptured tendon. Integrated and healthy
tendons were found in the control group. The tendon healing
grades for the HGH and Seprafilm membrane groups (approxi-
mately half of that for the untreated group) were lower than
those for the HGC membrane and untreated groups, demon-
strating superior healing of the tendons. Overall, the macro-
scopic and histological results indicate that the HGH membrane
effectively prevented the repaired tendon from being invaded by
surrounding fibrous tissues and did not negatively influence the
healing of the injured tendon.

After 3 weeks of healing, the tissues surrounding each
tendon were collected, and their inflammation was assayed
through ELISA. IL-6 is a key proinflammatory cytokine that is
rapidly induced during inflammation and is involved in both
local and systemic inflammatory responses. As illustrated in
Fig. 5c, IL-6 levels were significantly lower in the HGH
membrane group (17.6 + 0.6 pg mL™ ") than in the untreated
group (24.2 + 0.8 pg mL™"). IL-6 levels were also significantly
lower in the HGH membrane group than in the HGC and
Seprafilm membrane groups (22.2 &= 1.7 pg mL™ ", p < 0.01;
23.5 + 0.3 pg mL ™', p < 0.001, respectively). IL-1f is a potent
proinflammatory cytokine that is crucial for host defense
responses to infection and injury. It plays a vital role in the
defense against short-term inflammation.?**® As indicated in
Fig. 5¢, IL-1P levels were slightly lower in the HGH membrane
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group (112.7 £+ 7.6 pg mL™ ') than in the untreated group
(114.1 + 8.3 pg mL ™). However, no significant differences in
IL-1B levels were determined between the HGC and Seprafilm
membrane groups (127.6 + 4.4 and 116.5 + 1.7 pg mL *,
p > 0.05, respectively).

3.7 Breaking force measurement

The breaking force measurement results confirmed the histo-
logical healing of the tendons. Fig. 5d shows the breaking
forces of the tendons; the average loads in the control,
untreated, HGH membrane, HGC membrane, and Seprafilm
membrane groups were 14.5, 6.5, 16, 37.5, and 15.5 N, respec-
tively. The tendon breaking force in the Seprafilm membrane
group indicated that the Seprafilm membrane had limited
capacity to improve the repair of the tendon, although it
prevented the adhesion of the tendon to surrounding tissues
(Fig. 4c and 5a). All membrane-treated tendons achieved sub-
stantially higher breaking forces (16-37.5 N) than the untreated
group (6.5 N), and notably, the HGH membrane group exhib-
ited the highest average strength (37.5 N), surpassing not only
the untreated but also the uninjured control (14.5 N). Tthe
work-to-failure (energy absorption) was also measured. The
HGH membrane group showed a work value of 5.89 m], which
was markedly higher than that of the untreated (0.72 mJ), HGC
(0.77 mJ), and Seprafilm (0.79 mJ) groups, and even higher than
the uninjured control (3.35 mJ). The work value of control
group (without any injury) was 3.35 mJ. This suggested that
HGH-treated tendons not only regained tensile strength but
also exhibited superior toughness and energy absorption capa-
city, allowing the tendon to resist rupture under greater
mechanical demand. Such energy-related measures are impor-
tant since they reflect the resistance to catastrophic failure and
functional resilience of the repaired tendon tissue. The work
value of control group (without any injury) was 3.35 m].
As noted, the stiffness of repaired tendon wrapped with experi-
mental membranes demonstrated much higher levels as
compared to control group and untreated group, which prob-
ably caused by the healing or adhesive surrounding tissues
(Table S1). Overall, the results indicate a superior healing
potential of injured tendon wrapped with HGH membrane.
Notably, the HGH membrane group not only presented less
tendon adhesion and better tendon healing in histology (Fig. 5a
and b) but also had a significantly higher breaking force than
the HGC and Seprafilm membrane groups did, indicating
superior healing of the tendons. The biomechanical results
align with the histological and gross findings: the HGH
membrane promoted superior tendon healing. This could be
explained by the fact that reduced adhesions allow the tendon
glide better and the collagen align well to promote healing and
improved the mechanical strength of tendon. This is consistent
with previous animal tendon healing studies, which empha-
sized the correlation with biomechanical properties and tendon
repair strength. For example, Hammerman et al. reported that
peak force reliably reflects the quality of healing in rat Achilles
tendon repair.’” Likewise, Ghayemi et al. demonstrated in a
rabbit tendon model that therapeutic interventions improved
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not only ultimate load but also stiffness and energy absorption,
emphasizing the value of complementary parameters.*®

Tendon adhesions were previously believed to be a natural
part of the tendon healing process. Progressive peritendinous
adhesions bind a healing or healed tendon to surrounding
tissues, leading to a delay in tendon healing or to functional
disability, which may eventually result in decreased strength
and ability.>® The administration of a barrier membrane is
among the most common strategies for preventing postsurgical
adhesion. Several studies have used films or hydrogel mem-
brane complexes containing hyaluronic acid, chitosan, and
alginate as physical barriers to prevent adhesion.***° Seprafilm
and ADEPT are two commonly used antiadhesion barrier
products approved and regulated by the FDA.*' Seprafilm is
usually placed directly on a flat site to prevent adhesion to
surrounding tissues. CMC, a component of Seprafilm, is widely
used in the pharmaceutical and food industries as a viscosity
modifier, emulsifier, and stabilizer for dosage formulations.
Although CMC has excellent water swelling ability, nontoxicity,
and biodegradability, it degrades rapidly in bodily fluids owing
to its hydrophilicity and weak enzyme resistance. Additionally,
the poor strength and fragility of CMC engender difficulties in
manipulating it during surgery or placing it onto nonflat
tendon tissue. Many researchers have blended bioactive com-
pounds into membrane materials to prepare antiadhesive
membranes with anti-inflammatory properties, enhanced tis-
sue repair capabilities, or additional therapeutic functions
beyond adhesion prevention.*>** Lin et al. prepared CMC
bilayer-structure membranes incorporating Bletilla striata poly-
saccharide to prevent postoperative adhesion, reduce inflam-
mation, and improve tendon repair.****> Although this bilayer
demonstrated promising results and provided a potential alter-
native for tendon repair, the added polysaccharide could have
diverse and unpredictable effects, which could pose challenges
for commercialization.

HPMC was selected as an alternative antiadhesion material
in this study mainly because it is highly soluble owing to its
numerous hydrophilic hydroxyl groups. The addition of HPMC
to a liquid system increases the system’s viscosity because of
high intermolecular friction among solvated HPMC chains.*®
HPMC is frequently utilized as a thickener and stabilizer in
food and drug formulations. Therefore, researchers are seeking
formulations that offer the best possible pharmacotherapy,
such as combinations of HPMC with other polymers or addi-
tives to tune and control a material’s characteristics or imbue
the material with noninherent characteristics.*’

The low cost and rapid gelation of FDA-approved GA could
make it extremely useful in a clinical setting. GA can remain at
a repair site for several weeks, which is advantageous when
considering the tendon healing timeframe. HA is recognized as
an essential compound for preventing peritendinous adhesion.
However, unlike HPMC and GA, HA is rapidly degraded by
hyaluronidase and disappears from a repair site within days.
A barrier membrane should remain in place long enough
to support healing at the target repair site and should be easy
to manipulate during surgical procedures. Moreover, such a
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membrane should degrade slowly, have moderate strength, be
resilient, and rapidly reach hydration equilibrium, in addition
to preventing fibrous tissue ingrowth, which impedes the
healing of tendons. In summary, our findings indicate the
following benefits of HPMC:

1. It delays degradation of an antiadhesion membrane
(as shown in the HGH membrane group).

2. A membrane containing HPMC (the HGH membrane)
rapidly equilibrates in aqueous solution and is thus easily
applied during surgery.

3. A membrane containing HPMC is resilient and exhibits
better strength and strain than other membranes do; it can
thus be applied at more complex surgical sites.

To demonstrate the benefits of the HGH membrane, this
study compared it with the commercial Seprafilm product. The
benefits of the HGH membrane may be attributed to the
addition of HPMC to the fabrication mixture; HPMC results
in the interactions of GA and HA molecules with hydrophilic
and hydrophobic groups in the polymer matrix, and these
interactions delay degradation. Regardless of the architecture
of the HPMC matrix, when it comes into contact with biological
fluid or water, water molecules wet the HPMC chains in the
uppermost (outermost) layer, and the HPMC chains become
hydrated. Water molecule diffusion is more extensive when
HPMC is present, and the HGH membrane thus reaches
hydration equilibrium rapidly. However, this study observed
that the HGC membrane exhibited much lower WC and degraded
more rapidly owing to its numerous hydrophilic hydroxyl groups,
although it did exhibit comparable mechanical properties to those
of the HGH membrane (Fig. 3 and Table 2). Furthermore, FTIR
analysis confirmed that GA, HA, and HPMC had been successfully
integrated into a crosslinked hydrogel network (GA-CONH-HA/
HPMC) through both physical (hydrogen bonding) and chemical
(amide and ester) interactions; these probably contributed to the
slow degradation of the HGH membrane (Fig. 2c).

Recent studies have suggested that the inflammatory cyto-
kines IL-6 and IL-1f are involved in tendon repair and inflam-
matory responses that affect postsurgical adhesion and healing.*®
IL-6 has both proinflammatory and anti-inflammatory effects; it is
essential for the initial inflammatory response and subsequent
healing, but prolonged or excessive IL-6 signaling can facilitate
the migration of reparative fibroblasts from the extrinsic compart-
ment (epitenon and paratenon) to the damaged core of the
tendon and is detrimental to tendon health. Excessive or
prolonged IL-6 signaling may contribute to chronic tendino-
pathy and impede healing. However, IL-6 plays a complex
(sometimes contradictory) role in tendon repair, and its effects
depend on the local inflammatory environment and specific
phase of repair.*® In this study, IL-6 levels were significantly
lower in the HGH membrane group than in the untreated group
and were significantly lower in the HGH membrane group than
in the HGC and Seprafilm membrane groups; these findings
indicate that the inflammatory response was rapid and less
intense after 3 weeks of healing (Fig. 5c). IL-1f, a proinflam-
matory cytokine, plays a complex role in tendon repair. Some
studies have suggested that IL-1P can benefit tendon repair by
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enhancing the immunoregulatory and paracrine capabilities of
mesenchymal stem cells.’® The timing of IL-18 modulation is
critical to tendon repair. In contrast to IL-6 expression, IL-13
expression did not clearly differ between the experimental
groups, although it was slightly lower in the HGH group
(Fig. 5¢). The lower IL-6 and IL-1f levels under HGH membrane
treatment resulted in superior healing of tendon, as evidenced
by significantly higher breaking force (Fig. 5d). However,
further investigation is warranted to explore the complex inter-
play of IL-6 and the optimal timing and strategies for modulat-
ing IL-1f activity to promote tendon healing.

The complications of postoperative adhesion between the
tendon and surrounding tissue will delay repairs of the tendon.
Nowadays, barrier is one common way to prevent postoperative
adhesion used hyaluronic acid, alginate or synthetic polymers
CMC, in the form of hydrogels, films, or fibers to reduce the
adhesion of tendon. Lin et al. developed bilayer structure CMC
membrane containing Bletilla striata extract for the antiadhe-
sion and tendon repair.** In vivo animal experiment results
show that effectively reduced postoperative tendon-peripheral
tissue adhesion and improved tendon repair with downregulating
inflammatory cytokines and increased tendon strength. Liang
et al. developed asymmetric hydrogel using poly(acrylic acid),
gelatin, and hyperbranched polymers to surgical application.>
They demonstrated that this hydrogel could completely seal the
surgical and promote the healing process, with reduced risk
of postoperative tissue adhesion. The above two researchers
showed that the materials used could regulates the inflammatory
responses at the surgical site to reduce the occurrence of adhesion
and enhance the healing. To ensure the safety of the materials
used and ease of commercialization, only FDA-approved materials
were employed in the fabrication of hydrogel membrane. The
merits of used HPMC, GG and HA materials in fabricated hydro-
gel membranes were fully utilized and evaluated in tendon repair
in this present study.

Fig. 6 presents a schematic of the effects of the HPMC
component of the fabricated membrane in this study. The data
indicated that the HPMC component resulted in increased WC,
SR, and mechanical strength and strain. It also led to less rapid
degradation than that observed for the HGC and Seprafilm
membranes. As confirmed by the results of our gross observa-
tion, H&E staining, Masson’s trichrome staining, inflammation
analyses, and breaking force measurements in the animal
study, the HGH membrane led to superior tendon healing,
with reduced peritendinous adhesion, alleviated inflammatory
responses, and increased breaking force. However, these
results should be considered preliminary. This is because we
used a rat model to simulate postoperative adhesion of the
Achilles tendon, but larger animals or humans may require a
longer physiological healing period (typically 4-6 weeks). Addi-
tionally, in accordance with the 3Rs (reduction, replacement,
refinement) principle of animal research, only two or three
Achilles tendon samples per group were used for analysis.
Accordingly, the limitations of this study include its small
animal sample and short follow-up time. A larger sample and
longer follow-up may be required to study tendon healing in the

J. Mater. Chem. B, 2025,13,14425-14438 | 14435


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01703c

Open Access Article. Published on 10 October 2025. Downloaded on 4/2/2026 12:25:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

future to ensure the HGH membrane can be applied in Achilles
tendon repair.

4. Conclusions

In summary, the HGH membrane, which contains HPMC, more
rapidly reached equilibrium; had higher hydrophilicity, lower
WC, and higher mechanical strength and strain; and was easier
to manage during surgery than the other investigated mem-
branes. The HGH membrane degraded slowly, exhibited better
antiadhesion ability, and had significantly higher breaking
force compared with the HGC and Seprafilm membranes; these
results thus demonstrate its potential value as an alternative to
the commercial Seprafilm product in prevention of peritendon
adhesion as tendon repair applications. In particular, all mate-
rials used to develop the antiadhesion HGH membranes are
FDA approved. The use of these materials could expedite
or simplify the regulatory process for commercializing the
product, particularly regarding concerns about material safety
and origin.
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