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Abstract

Maintaining sufficient barrier integrity under wet physiological conditions remains a key
challenge for membranes used to prevent postoperative pericardial adhesions. Citric acid content
was investigated as a crosslinking parameter to regulate the wet-state stability of PVA/CMC (PCC)
composite membranes. Increasing CA content progressively reduced water absorption, volumetric
swelling, and mass loss, while substantially improving wet mechanical performance. Among the
formulations, PCC15 exhibited the best overall performance, with a swelling ratio of 93%, a wet
tensile strength of 6.7 MPa, and an elongation at break of 190%. After 30 days in PBS, PCC15
retained a wet tensile strength of 5.7 MPa, demonstrating sustained mechanical integrity under
prolonged wet conditions. All PCC membranes showed hemolysis ratios below 5% and cell
viabilities above 70%, with lower fibroblast attachment than the tissue-culture plate control. In a
rabbit pericardial adhesion model, PCC15 markedly reduced heart-to-sternum adhesion and
collagen deposition without obvious local inflammation. Overall, increasing CA crosslinking
effectively improved the wet-state stability of PCC membranes while maintaining favorable
flexibility and biocompatibility, supporting their potential as physical barriers for postoperative
pericardial adhesion prevention.

Keywords poly(vinyl alcohol) - carboxymethyl cellulose - citric acid crosslinking - wet-state

stability - mechanical enhancement - pericardial adhesion.

Introduction

Postoperative pericardial adhesions are a frequent consequence of cardiac surgery and can
substantially increase the difficulty and risk of subsequent reoperations [1]. Dense adhesions
between the pericardium, sternum, and surrounding tissues obscure anatomical planes and may
increase the risk of cardiac or vascular injury and bleeding during repeat sternotomy [2]. Among
the strategies developed to reduce postoperative adhesion formation, physical barrier membranes
remain attractive because they temporarily separate injured tissue surfaces during postoperative
healing [3, 4]. For pericardial applications, however, effective barrier function requires more than



simple tissue separation. The membrane must remain flexible and mechanically intact on the
continuously moving cardiac surface while being exposed to blood, exudate, and other
physiological fluids [5, 6]. Therefore, maintaining dimensional and mechanical integrity during
prolonged exposure to physiological fluids is particularly important for pericardial anti-adhesion
membranes.

Poly(vinyl alcohol) (PVA) is a widely used synthetic polymer in biomedical materials because of
its good biocompatibility, hydrophilicity, film-forming ability, and tunable mechanical properties
[7]. Its abundant hydroxyl groups also provide multiple sites for intermolecular interactions and
chemical modification, making PVA suitable for the fabrication of flexible polymeric membranes.
Carboxymethyl cellulose (CMC), a water-soluble cellulose derivative, has also been extensively
investigated for biomedical applications owing to its favorable biocompatibility, biodegradability,
and hydrophilicity [8, 9]. In particular, CMC-containing materials have shown considerable
potential as physical barriers for postoperative adhesion prevention. Combining PVA with CMC
can integrate the film-forming and mechanical characteristics of PVA with the hydrophilic and
anti-adhesion properties of CMC [10, 11]. Accordingly, PVA/CMC-based membranes and
hydrogels have been investigated for adhesion prevention in several experimental models [12-14].
These studies have established the feasibility of PVA/CMC systems as anti-adhesion barriers.
However, achieving long-term wet-state stability while maintaining sufficient mechanical
flexibility remains challenging, particularly for barriers subjected to continuous cardiac motion.
This challenge is largely attributed to the intrinsic hydrophilicity of PVA and CMC, which makes
their performance highly sensitive to the surrounding aqueous environment. Excessive water
uptake may induce pronounced swelling and polymer-chain relaxation, accompanied by loss of
soluble components and deterioration of mechanical strength [15]. Such changes can compromise
the structural integrity and effective barrier function of the membrane during postoperative healing
[16].

Crosslinking is an effective strategy for improving the aqueous stability and mechanical integrity
of hydrophilic polymer networks [17]. Conventional chemical crosslinkers such as glutaraldehyde
can efficiently form stable covalent networks, but concerns regarding residual aldehyde groups
and associated cytotoxicity have limited their use in biomedical materials [18]. In contrast, citric
acid (CA) is a naturally occurring polycarboxylic acid with relatively low toxicity and multiple
carboxyl groups that can react with hydroxyl-containing polymers through esterification, making
it an attractive alternative crosslinker for hydrophilic polymer systems [19]. CA-mediated
crosslinking has been shown to improve water resistance and mechanical stability in various
hydrophilic polymer systems [20, 21]. More importantly, PVA/CMC-based materials have been
reported for biomedical and related applications [22, 23], supporting the feasibility of this polymer
combination. However, the effect of CA content on prolonged wet-state performance has received
comparatively limited attention, particularly with respect to the combined evolution of swelling,
material loss, surface integrity, and wet mechanical properties in a pericardial barrier system. For
pericardial anti-adhesion membranes, the key requirement is not merely increased crosslinking,
but the maintenance of an appropriate balance between swelling resistance, flexibility, and
mechanical integrity during prolonged exposure to physiological fluids. Therefore, systematic
evaluation of CA-dependent long-term wet-state stability is important for determining whether
such membranes can maintain effective barrier function in the dynamic cardiac environment.

In this study, glycerol-plasticized, citric acid-crosslinked PVA/CMC composite membranes (PCC)



were developed with particular emphasis on their long-term wet-state stability (Fig. 1). After
preliminary optimization of glycerol content to provide sufficient membrane flexibility, CA
content was systematically varied as the principal crosslinking parameter. The relationship
between CA content and water absorption, swelling, material loss, wet mechanical properties, and
morphological integrity after prolonged PBS incubation was investigated. The formulation
exhibiting the most favorable balance between wet mechanical strength, flexibility, and structural
stability was further evaluated in a rabbit pericardial adhesion model as a functional validation.
Overall, this study provides a strategy for regulating the wet-state stability of hydrophilic
PVA/CMC membranes through CA-mediated crosslinking, enabling the development of flexible
and durable barrier materials for postoperative adhesion prevention.
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Fig. 1 Schematic illustration of the preparation and intended pericardial anti-adhesion application
of PCC membrane.



Materials and Methods

Materials

Poly(vinyl alcohol) (PVA, M,, 90000) was purchased from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). Carboxymethyl cellulose (CMC, M,, 90000) was obtained from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Citric acid (CA, 99.5%) was
supplied by Energy Chemical Co., Ltd. (Shanghai, China). Glycerol (AR) was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Phosphate-buffered saline (PBS, pH
7.4) was obtained from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). All
chemicals were used as received.

Preparation of PCC membranes

PVA solution was prepared by dissolving 4.0 g of PVA in 46.0 g of deionized water at 90 °C under
continuous stirring. Separately, 1.0 g of CMC was dissolved in 99.0 g of deionized water at room
temperature. After cooling the PVA solution to room temperature, the two solutions were
thoroughly mixed to obtain a homogeneous PVA/CMC solution. Glycerol (2.0 g, 40 wt% relative
to the total dry mass of PVA and CMC) was added as a plasticizer. The glycerol content was
selected based on preliminary optimization of the mechanical properties and morphology of the
membranes (Fig. S1-S3). CA was then added at 0, 0.15, 0.30, 0.45, 0.60, and 0.75 g,
corresponding to 0, 3, 6, 9, 12, and 15 wt% relative to the total dry polymer mass, respectively.
The mixed solutions were stirred until homogeneous and allowed to stand at room temperature for
24 h to remove entrapped air bubbles.

The mixed solutions were poured into circular plastic molds (15 c¢cm in diameter) and dried at
55 °C for 12 h. The membranes were subsequently heat-treated at 80 °C for 2 h to promote CA
crosslinking. The membranes containing 0, 3, 6, 9, 12, and 15 wt% CA were designated as PCCO,
PCC3, PCC6, PCC9, PCC12, and PCC15, respectively. All membranes were equilibrated at room
temperature for 24 h before further characterization.

Characterization of PCC membranes

The chemical structures of the PCC membranes were characterized by Fourier transform infrared
spectroscopy (FTIR; Nicolet iS50, Thermo Fisher Scientific, USA) in attenuated total reflectance
(ATR) mode over the wavenumber range of 4000~400 cm!. The surface morphologies of the
membranes were observed using scanning electron microscopy (SEM; Sigma 360, Carl Zeiss,
Germany). For SEM observation, dried membrane samples were cut into 5 mm x 5 mm pieces,

mounted on conductive adhesive tape, and sputter-coated with gold before imaging.

Water absorption ratio test

Membrane samples (20 mm x 20 mm) were weighed to obtain the initial mass (Mp) and then
immersed in deionized water for 2 h until equilibrium swelling was reached. The samples were
removed, gently blotted with filter paper to remove surface water, and weighed (M>). Each sample
was measured at least three times, and the average value was reported. The water absorption ratio
was calculated as formula (1):

Water absorption ratio (%)= % x100% Q8
0



Swelling ratio test

Phosphate-buffered saline (PBS, pH 7.4) was used to simulate physiological conditions.
Membrane samples (20 mm x 20 mm) were measured for their initial dimensions and thickness to
calculate the initial volume (¥p). The samples were then immersed in PBS and incubated at 37 °C
for 12 h. After incubation, the samples were removed from PBS, gently blotted with filter paper to
remove excess surface liquid, and immediately remeasured to calculate the swollen volume (V7).
The swelling ratio was calculated as formula (2):

Swelling ratio (%)=""" x100% )
0

Water contact angle test

The surface wettability of the membranes was evaluated by static water contact angle
measurements using a contact angle meter (CA200, China) at room temperature. Membrane
samples (20 mm x 20 mm) were fixed onto glass slides using double-sided adhesive tape. A
droplet of deionized water (3 ulL) was gently placed on the membrane surface, and the contact
angle was recorded. For each sample, measurements were performed at three different locations,
and the average value was calculated.

Mechanical property test

The mechanical properties of the membranes were evaluated using a universal testing machine
(HT-101S, China). For dry-state testing, the specimens were tested at room temperature. For
wet-state testing, the specimens were immersed in PBS for 2 h. After immersion, the specimens
were removed from PBS, gently blotted with filter paper to remove excess surface liquid, and
immediately subjected to tensile testing. All tests were conducted at a crosshead speed of 50
mm/min. Tensile strength and elongation at break were recorded. Three independent specimens

were tested for each group.

Thermal stability test

Thermal stability of the membranes was evaluated by thermogravimetric analysis (TGA).
Approximately 5~10 mg of each sample was placed in a platinum pan and heated from room
temperature to 600 °C at a heating rate of 10 °C/min under a nitrogen atmosphere. The nitrogen
flow rate was maintained at 10 mL/min throughout the experiment. The weight loss behavior and
thermal decomposition characteristics were analyzed based on the obtained thermogravimetric

curves.

Long-term wet-state stability test

Membrane samples (20 mm x 20 mm) were accurately weighed (Mo) and placed in well plates,
followed by the addition of PBS to fully immerse the samples. The samples were incubated in a
shaking incubator at 37 °C with a shaking speed of 100 rpm. The PBS solution was refreshed
weekly to maintain a stable environment. At predetermined time points (1, 3, 5, 7, 14, 21, 28, and
30 days), the samples were removed, rinsed with deionized water to eliminate surface salts, and
dried to constant weight (M3). Each group was tested in triplicate. The mass loss was calculated as
formula (3):

Mass loss (%)=""=2x100% 3)
0
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To evaluate morphological changes during prolonged PBS incubation, membrane samples were
collected after 30 days, gently rinsed with deionized water to remove residual salts, freeze-dried,
and examined by SEM. To evaluate the retention of wet mechanical properties after prolonged
incubation, tensile specimens from each group were maintained under the same conditions. After
30 days, the specimens were removed from PBS, gently blotted with filter paper to remove excess
surface liquid, and immediately subjected to tensile testing under wet conditions. Three
independent specimens were tested for each group.

Hemolysis and cytocompatibility assays

(1) Hemolysis assay

The hemolysis assay was performed according to a previously reported method with slight
modifications [24]. Briefly, commercially obtained anticoagulated rat whole blood was
centrifuged at 2000 rpm for 10 min at 4 °C to isolate red blood cells (RBCs). The RBCs were
washed three times with physiological saline and diluted with saline to obtain a 4% (v/v) RBC
suspension. PCC membrane samples (10 mm x 10 mm) were placed in 48-well plates, followed
by the addition of 500 uL of physiological saline and 500 pL of RBC suspension. Physiological
saline and 1% Triton X-100 were used as the negative and positive controls, respectively. After
incubation at 37 °C for 1 h, the suspensions were centrifuged at 3000 rpm for 10 min, and the
absorbance of the supernatant was measured at 540 nm. The hemolysis ratio was calculated as
formula (4):

. . ODgample-OD, i
Hemolysis ratio (%)= —————=22 x100% 4)
ODposilive'ODnegative

where ODsample 1s the absorbance of sample group, ODpegative 1S the absorbance of negative control
group and ODyesitive 18 the absorbance of positive control group.

(2) Cytocompatibility assay

The cytocompatibility of the PCC membranes was evaluated using an extract-based CCK-8 assay
with L929 fibroblasts. Membrane samples (10 mm x 10 mm) were sterilized by UV irradiation for
2 h on each side and incubated in 1 mL of complete culture medium at 37 °C for 24 h. The
resulting extracts were collected and filtered through a sterile membrane. 1.929 cells were seeded
in 96-well plates at a density of 1 x 10° cells mL™" (100 pL per well) and cultured for 24 h. The
culture medium was then replaced with 100 pL of membrane extract, while fresh complete
medium was used for the control group. After 72 h of incubation, the medium was replaced with
fresh medium containing 10% (v/v) CCK-8 reagent and incubated for an additional 2 h.
Absorbance was measured at 450 nm, and relative cell viability was calculated as formula (5):

. N
Relative cell viability(%) OD oo O ooy

x100% (5)

where ODsample 1s the absorbance of sample group, ODcontrol 1 the absorbance of untreated cell
control group and ODuyiank is the absorbance of the blank group containing medium and CCK-8
without cells.

Fibroblast attachment assay
The attachment behavior of 1929 fibroblasts on the PCC membranes was evaluated using a

CCK-8 assay, following a previously reported protocol [25]. PCC membranes were cut into



circular specimens (15 mm in diameter), sterilized by UV irradiation for 2 h on each side, and
fixed at the bottom of 24-well plates using sample holders. L929 fibroblasts were seeded onto the
membrane surfaces at a cell density of 1 x 10° cells mL™" and cultured at 37 °C in a humidified
atmosphere containing 5% CO: for 72 h. The culture medium was replaced every 48 h.
Tissue-culture wells without membranes were used as the control. After 72 h, the culture medium
was removed and the membranes were gently washed to remove non-attached cells. Fresh culture
medium containing 10% (v/v) CCK-8 reagent was then added, followed by incubation for 2 h. The
absorbance was measured at 450 nm, and relative cell attachment ratio was calculated as formula
(6):

ODsample-ODblank

x100°
OD¢ontrol-ODblank 00 A) (6)

Relative cell attachment ratio (%)=

where ODgample 1S the absorbance of cells cultured on the PCC membranes, ODcontol iS the
absorbance of cells cultured directly in the tissue-culture wells without membranes, and ODpjank 1S
the absorbance of the cell-free culture medium containing CCK-8 reagent.

In vivo pericardial anti-adhesion evaluation

A rabbit pericardial adhesion model was established to evaluate the in vivo anti-adhesion
performance of PCC15. New Zealand White rabbits were randomly assigned to the control and
PCC15 groups, with four animals in each group. The rabbits were anesthetized with sodium
pentobarbital administered intravenously. After removal of the chest hair and disinfection of the
surgical area with povidone-iodine, a median sternotomy was performed to expose the heart. A
pericardial defect of approximately 15 mm x 15 mm was created, and the exposed epicardial
surface was gently abraded with sterile gauze in multiple directions until petechial bleeding was
observed. In the PCC15 group, a PCC15 membrane (approximately 20 mm x 20 mm) was sutured
over the pericardial defect to separate the injured cardiac surface from the sternum and
surrounding tissues. Animals in the control group underwent the same procedure without
membrane implantation. The thoracic cavity was subsequently closed and the incision was sutured.
The animals were monitored throughout the postoperative period and euthanized 30 days after
surgery. The thoracic cavity was reopened through the original incision, and adhesion formation
was macroscopically evaluated using the following scoring system: 0, no adhesion; 1, mild
adhesion that could be easily separated by blunt dissection; 2, moderate adhesion partially
requiring sharp dissection; and 3, severe adhesion requiring sharp dissection and associated with
bleeding. For histological evaluation, tissue samples from the cardiac surface and surrounding
adhesion area were fixed in 10% neutral formalin, dehydrated through a graded ethanol series,
embedded in paraffin, and sectioned. Sections were stained with hematoxylin and eosin (H&E)
and Masson’s trichrome to evaluate tissue morphology, inflammatory response, and collagen
deposition.

Statistical analysis

Quantitative data are presented as the mean + standard deviation (SD), unless otherwise specified.
Statistical analyses were performed using GraphPad Prism 10. Comparisons among multiple
groups were performed using one-way ANOVA followed by Tukey’s multiple-comparison test.
Macroscopic adhesion scores between the two groups were compared using the Mann—Whitney U
test. Statistical significance is indicated by asterisks: *, ** and *** represent p < 0.05, p < 0.01,



and p < 0.001, respectively. Results with p < 0.05 were considered statistically significant.

Results and discussion

FTIR analysis of PCC membranes

The FTIR spectra of PCC membranes with different CA contents are shown in Fig. 2. For PCCO,
the broad absorption band centered at approximately 3275 cm™! was assigned to O-H stretching
vibrations of PVA and CMC, while the band at approximately 2938 cm! was attributed to C-H
stretching of —~CH> groups. The characteristic band at approximately 1597 cm-!' was assigned to the
asymmetric stretching vibration of —COO~ groups in CMC [26]. After the incorporation of CA,
clear changes were observed in the carboxyl-related absorption regions. With increasing CA
content, the intensity of the -COO~ band at approximately 1597 cm™' gradually decreased, which
can be attributed to protonation of —COO~ groups in CMC under the acidic conditions introduced
by CA [27]. Meanwhile, the bands at approximately 1715 and 1237 cm! became more
pronounced [28]. These bands are associated with C=0O and C-O stretching vibrations of
carboxylic acid and ester functionalities, reflecting changes related to both —-COO~ protonation and
ester formation. Overall, the decrease in the —COO~ band together with the strengthening of the
C=0 and C-O bands is consistent with the esterification reaction involved in CA crosslinking of
the PCC membranes [29].
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Fig. 2 FTIR spectra of PCC membranes with different CA contents.

Surface morphology of PCC membranes

The surface morphologies of PCC membranes with different CA contents were examined by SEM.
As shown in Fig. 3a-f, PCCO exhibited a relatively smooth, dense, and homogeneous surface
without obvious cracks, large pores, or bubble defects. No distinct phase-separated domains were
observed on the membrane surface. After the incorporation of CA, PCC3—PCC15 maintained
similar surface morphologies. Increasing the CA content did not produce obvious changes in
surface roughness or induce visible cracks, pores, or phase separation. These observations indicate
that CA incorporation and subsequent crosslinking did not markedly alter the overall surface
morphology of the PCC membranes.



PCCO PCC3 PCC6

PCC9 PCC12 PCC15

Fig. 3 SEM images of PCC membranes with different CA contents: (a) PCCO0, (b) PCC3, (c)
PCC6é, (d) PCC9, (e) PCC12, and (f) PCC15. Scale bars = 10 um.

Physicochemical properties of PCC membranes

The physicochemical properties of the PCC membranes were strongly influenced by CA content.
As shown in Fig. 4a, the water absorption ratio decreased markedly from approximately 1255% =+
69% for PCCO to 69% = 1% for PCC15 with increasing CA content. Similarly, the swelling ratio
in PBS decreased from approximately 475% + 26% for PCCO to 93% + 2% for PCC15 (Fig. 4b).
The high water absorption and swelling of PCCO can be attributed to the strong hydrophilicity of
PVA and CMC and the absence of CA-mediated crosslinking, which allowed extensive hydration,
polymer-chain relaxation, and dimensional expansion. With increasing CA content, the
progressively constrained polymer network restricted water penetration and chain mobility,
thereby reducing both water uptake and volumetric swelling. These trends are consistent with the
FTIR results indicating CA-mediated esterification and demonstrate that increasing CA content
effectively enhanced the resistance of the PCC membranes to hydration-induced swelling.

Water contact angle measurements further revealed changes in the surface wettability of the
membranes. As shown in Fig. 4c, the water contact angle gradually decreased from 51.7° + 4.6°
for PCCO to 24.5° + 3.2° for PCC15, indicating increased surface wettability with increasing CA
content. Although this trend appears opposite to the reductions in water absorption and swelling,
these observations reflect different aspects of membrane—water interactions. The water contact
angle primarily characterizes the initial wettability of the membrane surface, whereas water
absorption and swelling are governed by water penetration into and expansion of the bulk polymer
network. The increased surface wettability of CA-containing membranes may be associated with
changes in the distribution of polar groups at the membrane surface, including residual carboxyl
groups introduced by CA. Therefore, despite the increased surface wettability, CA-mediated
crosslinking effectively restricted bulk water uptake and dimensional expansion of the PCC
membranes.
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Fig. 4 Physicochemical properties of PCC membranes with different CA contents: (a) water
absorption ratio, (b) swelling ratio, and (c) water contact angle.

Mechanical properties of PCC membranes

The mechanical properties of PCC membranes were evaluated under both dry and wet conditions.
As shown in Fig. 5a, the tensile strength increased with increasing CA content. The dry-state
tensile strength increased from 30.3 = 0.5 MPa for PCCO to 39.4 + 1.6 MPa for PCC15, while the
wet-state tensile strength increased more markedly from 1.5 = 0.3 to 6.7 £ 0.2 MPa. The increase
in tensile strength is consistent with the formation of a strengthened crosslinked network after CA
incorporation. Crosslinking restricts the relative movement and slippage of PVA and CMC chains
under tensile loading, thereby increasing the resistance of the membranes to deformation [30]. The
effect of CA crosslinking was particularly evident under wet conditions. All PCC membranes
exhibited lower tensile strength after PBS immersion than in the dry state, reflecting the
pronounced effect of water on the PVA/CMC matrix. Water penetration weakens intermolecular
interactions and increases polymer-chain mobility, leading to a marked reduction in mechanical
strength [31]. This effect was most pronounced for PCCO, which lacked sufficient crosslinking to
constrain chain movement after hydration. With increasing CA content, the strengthened
crosslinked network increasingly restricted polymer-chain mobility and separation in the wet state,
enabling the membranes to retain higher tensile strength under wet conditions. This trend is

consistent with the reduced water absorption and swelling described above and further



demonstrates the improvement in wet-state stability achieved by CA crosslinking. As shown in Fig.
5b, the elongation at break showed the opposite trend. The dry-state elongation decreased from 99%
+ 5% for PCCO to 57% + 2% for PCC15, while the wet-state elongation decreased from 250% =+
19% to 190% =+ 10%. This decrease can also be attributed to the increased restriction of
polymer-chain mobility after crosslinking, which limits chain rearrangement and extension during
tensile deformation [32]. Despite the reduction in elongation, PCC15 achieved a wet tensile
strength of 6.7 MPa while maintaining an elongation at break of 190%, indicating a favorable
balance between mechanical strength and flexibility under wet conditions.

To place the wet mechanical performance of PCC15 in a clinically relevant context, comparison
was made with representative values reported for native human pericardium and a commercial
cardiac adhesion barrier. Native human pericardium has been reported to exhibit an ultimate
tensile strength of 6.4 MPa with a fracture strain of 33.4% [33], while the bioresorbable cardiac
adhesion barrier REPEL-CV was designed with a minimum hydrated tensile strength of
approximately 6.2 MPa [34]. Notably, PCC15 exhibited a comparable wet tensile strength of 6.7
MPa while maintaining a substantially higher elongation at break of 190%. These results indicate
that PCC15 combines sufficient wet mechanical strength with high extensibility, which may
improve its ability to accommodate repetitive cardiac motion.
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Fig. 5 Mechanical properties of PCC membranes with different CA contents under dry and wet
conditions: (a) tensile strength and (b) elongation at break.

Thermal stability of PCC membranes

The thermal stability of the individual components and PCC membranes was evaluated by
thermogravimetric analysis. As shown in Fig. 6a, PVA and CMC exhibited multistage thermal
decomposition, whereas CA underwent its major thermal decomposition around 230 °C. For PVA,
the initial mass loss was mainly associated with moisture evaporation and dehydration, followed
by decomposition of the polymer backbone at higher temperatures [35]. For CMC, the initial mass
loss was mainly attributed to moisture evaporation, followed by decomposition of the
carboxymethyl groups and polysaccharide backbone [36].

The PCC membranes exhibited more complex multistage mass-loss behavior because of their
multicomponent composition (Fig. 6b). The initial mass loss below approximately 120 °C was
mainly attributed to the removal of free and bound water. The subsequent region between
approximately 120 and 260 °C was associated with dehydration and the initial thermal
decomposition of the membrane components. The mass loss between approximately 260 and

375 °C was mainly associated with glycerol evaporation and thermal decomposition of the



polymer matrix, followed by further decomposition and carbonization at higher temperatures. At
the same extent of mass loss, the decomposition temperature generally increased with increasing
CA content, indicating improved thermal stability of the PCC membranes. This improvement can
be attributed to the strengthened crosslinked structure formed by CA, which restricts

polymer-chain mobility and increases the energy required for thermal decomposition.
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Fig. 6 Thermogravimetric curves of (a) PVA, CMC, CA and (b) PCC membranes with different
CA contents.

Long-term wet-state stability of PCC membranes

The long-term wet-state stability of PCC membranes was evaluated by monitoring mass loss
during 30 days of PBS incubation and by examining surface morphology and wet mechanical
properties after 30 days. As shown in Fig. 7a, all PCC membranes exhibited pronounced mass loss
during the initial stage of incubation. After 1 day, the mass loss decreased from 39.3% = 1.8% for
PCCO to 30.4% + 1.8% for PCC15 with increasing CA content. The substantial initial mass loss
was mainly attributed to the dissolution and release of soluble components that were not
effectively retained within the membrane network [37]. The lower mass loss at higher CA contents
indicates that CA crosslinking improved the resistance of the membranes to material loss during
PBS incubation. After 30 days, the mass loss similarly decreased from 45.4% =+ 0.7% for PCCO to
34.1% + 1.1% for PCC15 as the CA content increased. This trend is consistent with the reduced
swelling observed at higher CA contents and further demonstrates the improved resistance of the
membranes to aqueous-induced material loss. The strengthened crosslinked structure reduced
material loss and enabled the membranes to maintain greater structural stability during prolonged
PBS incubation.

After 30 days of incubation in PBS, pronounced differences in wet mechanical properties were
observed between PCCO and PCC15 (Fig. 7b). PCCO exhibited a wet tensile strength of 1.2 £ 0.1
MPa and an elongation at break of 286% + 11%, whereas PCC15 maintained a substantially
higher wet tensile strength of 5.7 + 0.2 MPa with an elongation at break of 206% + 6%. These
results indicate that CA crosslinking markedly improved the wet mechanical integrity of the
PVA/CMC membranes after prolonged PBS incubation while maintaining high extensibility. SEM
observations after 30 days further revealed differences in the structural integrity of the PCC
membranes (Fig. 7c-h). Compared with their initially smooth surfaces, the incubated membranes
exhibited varying degrees of surface roughness, erosion, and pore formation. These morphological
changes became less pronounced with increasing CA content, and membranes containing higher



amounts of CA retained relatively more continuous and intact surfaces. Taken together, the
mechanical and morphological results demonstrate that CA crosslinking effectively improved the
long-term wet-state stability of the PCC membranes.

(a) (b)
70 ey 7 320
[~e—PCCS #— Tensile strength (MPa)

60 :g ~ 64 - =— Elongation at break (%) 4300
—_— - PCC12| g . T 2\:
g\i 504 [=e=PcC18) ss5] | 1 - 280 x

——e £ = o
3 4043 —i:§——’i i ;:. 'g n : ¥ 1 260_5
2 F 1 | | {240 %
7)) J a—a—3— - 34

% % ; ‘ | 1220 %
= 2 - 3 8
= 201 2 200 £
o 2
10 Fqq " J4go @

0 T T T N v T 0 T y g g T — 160

0 5 10 15 20 25 30 S & O O 0 e
Time (d) SR S SR G

PCCY PCC12  PCC15

Fig. 7 Long-term wet-state stability of PCC membranes during PBS incubation: (a) mass loss
during 30 days of incubation; (b) wet tensile strength and elongation at break of PCC membranes
after 30 days of incubation; and (c—h) SEM images of PCC0, PCC3, PCC6, PCC9, PCC12, and
PCCI15 after 30 days of PBS incubation. Scale bars = 10 pum.

Biocompatibility of PCC membranes

The hemocompatibility of PCC membranes was evaluated by a red blood cell hemolysis assay. As
shown in Fig. 8a, the hemolysis ratios of all PCC membranes remained below 5%, suggesting
acceptable hemocompatibility under the tested conditions [38]. No pronounced increase in
hemolysis ratio was observed with increasing CA content, indicating that CA crosslinking did not
adversely affect the hemocompatibility of the membranes. The cytocompatibility of the PCC
membranes was further evaluated using L929 fibroblasts cultured with membrane extracts. After
72 h of incubation, cell viability remained above 70% for all PCC groups (Fig. 8b), indicating no
pronounced cytotoxicity under the tested conditions. These results indicate that the PCC
membranes exhibited favorable preliminary hemocompatibility and cytocompatibility.
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Fig. 8 In vitro biocompatibility of PCC membranes. (a) hemolysis ratio, and (b) relative cell

viability of PCC membranes.

Fibroblast attachment behavior of PCC membranes

Fibroblast attachment to the PCC membranes was evaluated by culturing 1.929 cells directly on
the membrane surfaces for 72 h. As shown in Fig. 9a, the CCK-8 absorbance values of all PCC
membrane groups were lower than that of the tissue-culture plate control. The relative fibroblast
attachment ratios showed the same trend, with all PCC groups exhibiting lower values than the
control group (Fig. 9b), indicating reduced fibroblast attachment to the PCC membrane surfaces.
The relative fibroblast attachment showed a slight increase with increasing CA content,
accompanied by the progressive increase in surface wettability observed from the water contact
angle measurements. Nevertheless, fibroblast attachment remained lower than that of the
tissue-culture plate control for all PCC membranes. These results indicate that the PCC

membranes maintained relatively low fibroblast attachment across the investigated CA contents.
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Fig. 9 L929 fibroblast response on PCC membranes after 72 h of culture: (a) CCK-8 absorbance at
450 nm and (b) relative cell attachment ratio.

In vivo pericardial anti-adhesion performance of PCC15 membrane
Based on its favorable wet-state stability, mechanical properties, and biocompatibility, PCC15 was



selected for further evaluation in a rabbit pericardial adhesion model. The surgical procedure is
shown in Fig. 10a. During the 30-day observation period, animals in both groups remained in
good general condition, with no severe infection or other obvious adverse reactions. At 30 days
after surgery, severe adhesions between the heart and sternum were observed in the untreated
control group and generally required sharp dissection for separation. In contrast, no severe
adhesions were observed in the PCC15 group, and the mild adhesions could be readily separated
by blunt dissection. The implanted membrane could also be easily detached from the cardiac
surface (Fig. 10b). The adhesion scores were consistent with these macroscopic observations. In
the control group, one animal had an adhesion score of 2 and three had a score of 3, whereas in the
PCC15 group, three animals had a score of 0 and one had a score of 1 (Table 1). These results
indicate that PCC15 markedly reduced the severity of postoperative pericardial adhesions.
Histological examination further supported the macroscopic findings (Fig. 10c). H&E staining
showed dense adhesion between the cardiac surface and surrounding tissues in the control group,
accompanied by an apparent inflammatory response in the adhesion region. In contrast, no
obvious dense adhesion or pronounced local inflammatory response was observed in the PCC15
group. Masson’s trichrome staining revealed extensive collagen deposition in the control group,
whereas substantially less collagen deposition was observed in the epicardial region of the PCC15
group. The reduced collagen deposition was consistent with the lower adhesion severity observed
macroscopically. Overall, PCC15 effectively reduced postoperative pericardial adhesion formation
and collagen deposition without inducing an obvious local inflammatory response.

Table 1. Distribution of macroscopic pericardial adhesion scores at 30 days after surgery.

Group n Score 0, n Score 1,n Score 2,n Score 3,n

Control 4 0 0 1 3

PCCI15 4 3 1 0 0
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Fig. 10 In vivo pericardial anti-adhesion performance of PCC15 in rabbits: (a) schematic and
representative images of the surgical procedure; (b) representative gross observations at 30 days
after surgery; and (c¢) H&E and Masson’s trichrome staining of tissues surrounding the heart.
Yellow arrows indicate adhesion sites. Scale bars are 2 mm for overview images and 50 pm for
magnified images.

Conclusion

In this study, citric acid-crosslinked PVA/CMC composite membranes were prepared to
investigate the effect of CA content on their wet-state stability and anti-adhesion performance.
Increasing CA content strengthened the crosslinked structure, leading to higher tensile strength,
together with reduced water absorption, swelling, and mass loss during PBS incubation. Among
the formulations, PCC15 achieved the most favorable balance between wet mechanical strength,
flexibility, and structural stability during prolonged PBS incubation. Moreover, the PCC
membranes exhibited favorable hemocompatibility and cytocompatibility, together with relatively
low fibroblast attachment. In the rabbit pericardial adhesion model, PCC15 effectively reduced



adhesion formation and collagen deposition without an obvious local inflammatory response,
supporting its potential as a physical barrier for the prevention of postoperative pericardial
adhesions.
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  Water absorption ratio (%)=    M 2 -  M 0   M 0 ×100%


  Swelling ratio (%)=    V 1 -  V 0   V 0 ×100%


  Mass loss (%)=    M 0 -  M 3   M 0 ×100%


  Hemolysis ratio (%)=     OD  sample -   OD  negative    OD  positive -   OD  negative ×100%


  Relative cell viability(%)=     OD  sample -   OD  blank    OD  control -   OD  blank ×100%


  Relative cell attachment ratio (%)=     OD  sample   -OD  blank    OD  control   -OD  blank ×100%

