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A B S T R A C T   

Pericardial barrier destruction, inflammatory cell infiltration, and fibrous tissue hyperplasia, trigger adhesions 
after cardiac surgery. There are few anti-adhesion materials that are both functional and sutureable for peri-
cardial reconstruction. Besides, a few studies have reported on the mechanism of preventing pericardial adhe-
sion. Herein, a functional barrier membrane with sutureability was developed via a modified electrospinning 
method. It was composed of poly(L-lactide-co-caprolactone) (PLCL) nanofibers, poly(vinyl alcohol) (PVA) aero-
gel, and melatonin, named PPMT. The PPMT had a special microstructure manifested as a staggered arrangement 
of nanofibers on the surface and a layered macroporous aerogel structure in a cross-section. Besides providing the 
porosity and hydrophilicity obtained from PVA, the structure also had suitable mechanical properties for 
stitching due to the addition of PLCL nanofibers. Furthermore, it inhibited the proliferation of fibroblasts by 
suppressing the activation of Fas and P53, and achieved anti-inflammatory effects by affecting the activity of 
inflammatory cells and reducing the release of pro-inflammatory factors, such as interleukin 8 (IL-8) and tumor 
necrosis factor α (TNF-α). Finally, in vivo transplantation showed that it up-regulated the expression of matrix 
metalloproteinase-1 (MMP1) and tissue inhibitor of metalloproteinase-1 (TIMP1), and down-regulated the 
expression of Vinculin and transforming growth factor β (TGF-β) in the myocardium, thereby reducing the 
formation of adhesions. Collectively, these results demonstrate a great potential of PPMT membrane for practical 
application to anti-adhesion.   

1. Introduction 

Tissue adhesions are the most common postoperative complication 
of surgical operation [1]. Surgical handling, tissue exposure, bleeding, 
and inflammation are all related to the formation of adhesions [2]. 
Depending on the location, the organs involved, and the severity, it can 
further lead to related sequelae, such as chronic pain or intestinal 
obstruction after abdominal surgery [3], infertility after pelvic surgery 
[4], and abnormal limb movements after orthopedic surgery [5]. 
Reducing surgical operations could help prevent adhesion formation [6, 

7]. However, for most congenital heart diseases, usually characterized 
by structural malformations of the heart and abnormal connections of 
blood vessels, a staged surgery and an extensive anatomical dissection in 
the narrow mediastinum is necessary [8,9]. Therefore, pericardial 
adhesion after cardiac surgery is theoretically inevitable without proper 
treatment, leading to unclear anatomical boundaries. It further results in 
a longer dissection time and a higher probability of bleeding events 
during the staged operations. Pericardial adhesions can also restrict the 
left ventricular diastolic filling even without reoperation. This decreases 
the left ventricular stroke volume and causes sudden death in severe 
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cases [10]. 
The intact pericardium acts as a barrier between the myocardium 

and external tissues, thereby reducing adhesion formation [11,12]. 
However, it is often cut and used to re-establish normal blood circulation 
(sealing the ventricular septal defect or enlarging narrowed arteries) 
during the treatment of congenital heart diseases [13]. Meanwhile, 
postoperative adhesion is excessive hyperplasia of scar tissue, including 
the infiltration of inflammatory cells and the proliferation of fibrocytes 
[12,14]. Therefore, an ideal anti-adhesion material should meet the 
needs of surgical operations, anti-fibrosis, and anti-inflammatory [15, 
16]. Various products, including sprays, hydrogels, and membranes, 
have been used to prevent tissue adhesions [17–22]. However, only a 
few functional anti-adhesion materials can be used for pericardial 
reconstruction since a few materials can meet all the three requirements 
above [23–25]. 

Herein, a functional and sutureable anti-adhesion membrane PPMT, 
composing of PLCL nanofibers, PVA aerogel, and melatonin was devel-
oped. As two commonly used biomaterials [26], PLCL nanofibers en-
hances the mechanical properties of composite materials to ensure the 
sutureability [27]. PVA aerogel is macroporous and highly hydrophilic, 
providing a good drug loading system and a certain anti-adhesion effect 
based on material science [28,29]. Furthermore, melatonin, a hormone 
secreted by the pineal gland, regulates the circadian rhythm, but it has 
other roles. In recent years, other biological effects of melatonin, such as 
the anti-inflammatory and anti-fibrosis effects, have been explored. 
Melatonin deficiency can promote inflammatory cell recruitment and 
induce excess fibrous tissue formation, thus causing the formation of 
adhesions [30,31]. Therefore, the traditional electrospinning method 
was modified to manufacture a functional barrier membrane with the 
superior characteristics of PLCL nanofibers and PVA aerogel to the 
greatest extent. Meanwhile, both in vitro and in vivo experiments were 
conducted to demonstrate its effect and potential mechanism of 
anti-pericardial adhesion. 

2. Materials and methods 

2.1. Preparation of barrier membranes 

PLCL (Daigang Biotechnology Co., Ltd., China) with an L-lactic acid/ 
e-caprolactone ratio of 50:50 was dissolved in 1,1,1,3,3,3-hexafluoro-2- 
propanol (HFIP, Darui Fine Chemical Co., Ltd., China) at a concentration 
of 20% to create the spinning solution. Melatonin (0.2g) (M5250, Sigma- 
Aldrich, USA) was dissolved in 2 ml of 75% alcohol solution, then 18 ml 
of water was added. PVA (1.6g) with a viscosity of 20.0–30.0 mPa s 
(Mackin Biochemical Co., Ltd., China) was added to the melatonin so-
lution and stirred. The PVA/melatonin solution was then put into a 
rectangular iron box, and the prepared PLCL spinning solution was 
connected to a high-voltage power supply through a 10 mL syringe. The 
PLCL nanofibers were then directly spun into the PVA/melatonin solu-
tion at 1.0 mL/h and 12–15 kV for 1–1.5 h. The PVA/melatonin solution 
mixed with PLCL nanofibers was put into a fridge at a constant tem-
perature of − 80 ◦C for 24 h, then thawed at room temperature for 12 h. 
The freeze-thaw process was repeated thrice then the sample was dried 
for 12 h. Finally, a drug-loaded membrane was obtained, and it was 
named PPMT. 

PLCL nanofiber membrane was obtained by receiving PLCL nano-
fibers, PVA aerogel membrane by repeatedly freeze-thawing the pure 
PVA solution thrice, and PLCL/PVA membrane (PP) by spinning the 
PLCL nanofibers into PVA solution without melatonin. All these pro-
cedures followed the above conditions. 

2.2. Characterizations of barrier membranes 

2.2.1. Morphology observation 
The above-prepared materials were cut into equal-sized squares, 

then sprayed with gold for 30 s (twice). The microstructure of different 

membranes was then observed using an S-4800 (Hitachi) scanning 
electron microscope at an accelerating voltage of 10 kV. Both surface 
and cross-section images were obtained. 

2.2.2. Porosity calculation 
The porosity of different membranes was calculated as previously 

described [32]. First, a certain mass (recorded as M0) of dry samples was 
put into distilled water at room temperature for 48 h. The surface 
moisture was then removed by putting samples on absorbent tissue, and 
the samples were immediately weighed (M1). The samples were then 
placed in distilled water, and their mass re-weighed (M2). The volume 
density of the sample was calculated as follows: 

ρb

(
g/cm3

)
= ρw∗M0/[M1− M2] (1)  

ρw is the density of water at room temperature. 
Second, the membranes were cut into long samples (3 cm × 1 cm), 

and their thickness was measured using a micrometer (an accuracy of 
0.01 mm). For each sample, three different positions were measured, 
then averaged. Finally, the apparent density (ρa) and porosity (P) of 
different membranes were calculated using formulas (2) and (3) as 
follows: 

ρa

(
g/cm3

)
= (g)/

[
d(cm) × (cm)

2] (2)  

m, d and S represent the quality, thickness, and area of membranes. 

P =
[
1 − ρa

(
g/cm3

)
/ρb

(
g/cm3

)]
× 100% (3)  

2.2.3. Drug loading confirmation and release evaluation 
Fourier transform infrared spectroscopy (FTIR, Nicolet 6700, 

Thermo Scientific, USA) was used to confirm the drug loading of PPMT 
membrane, at room temperature in the range of 4000–1000 cm− 1 at a 
resolution of 4.0 cm− 1, and the number of runs was 32 times. In addi-
tion, the UV spectrophotometer (UV-1900, Shimadzu, Japan) was used 
to evaluate the drug release of PPMT. Firstly, the standard curve of 
melatonin was drawn based on its characteristic absorption peak at a 
wavelength of 278 nm. Briefly, PPMT membrane (0.2g) was immersed in 
a 15 mL centrifuge tube containing 10 mL PBS solution. The tube was 
incubated in a horizontal continuous shaker at 37 ◦C and 120 cycles/ 
min. Then, 3 mL of medium was collected to test by UV–vis spectro-
photometer, and data was recorded. Then, the remainder medium was 
removed, and 10 mL of fresh PBS was added again for subsequent in-
cubation at the prescheduled time. Both the drug released per day and 
the accumulated released amount curves were drawn. 

2.2.4. Hydrophilicity test 
A contact angle tester (OCA40, Dataphysics, German) was used to 

assess the hydrophilicity of different materials. Briefly, the materials 
were cut into the same shapes and put on coverslips. A 0.03 mL deion-
ized water was put on the surface of the materials. The contact angle was 
then measured and recorded at the steady state of the droplets. At least 
three samples (random locations) of each group were measured and 
averaged. 

2.2.5. Mechanical properties test 
An Electro-Force 3200 testing machine (TA, USA) was used for the 

tensile and suture retention strength tests of different materials at room 
temperature. The linear elastic modulus was determined using the 
stress-strain curves. 

Briefly, different barrier materials were cut into a rectangular shape 
(2 cm by 1 cm), and their thickness was measured using a spiral 
micrometer. The material was then fixed between two clamps at a dis-
tance of 2 mm and stretched at 0.2 mm/s to obtain the corresponding 
stress-strain curve. Each sample was pierced at 2 mm from the edge 
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using a 6–0 absorbable PDS II suture thread (Johnson & Johnson, NJ, 
USA) (same size as the one used for in vivo experiment) for the suture 
retention strength test. The suture and the edges of the material were 
fixed in two clamps. Tests were performed at 0.2 mm/s up to pull the 
suture through the material or cause the break of the sample. All the 
samples were fully soaked with PBS solution for 5 min before performing 
the above tests to simulate the watery environment in vivo. 

2.3. In vitro anti-fibroblast evaluation 

First, a Cell Counting Kit-8 (CCK-8) (Dojindo Lab., Japan) was used 
to detect the proliferation of fibroblasts (L929s). Briefly, the fibroblasts 
were cultured using different materials at 2 × 104 cells/well in Dul-
becco’s modified eagle’s medium (DMEM) (Gibco, China) with 10% 
Fetal Bovine Serum (FBS) (Gibco, China) and 1% penicillin- 
streptomycin (Gibco, China) under the standard culture condition 
(37 ◦C and 5% CO2). Blank coverslips were used as the controls. The 
medium was changed every two days. CCK-8 solution (400 μL) was 
added to each well after one, four, and seven days of culture, and cells 
were further incubated for another 2 h. A microplate reader (MK3, 
Thermo, USA) was used to measure the absorbance in each well at 450 
nm. Meanwhile, the cells were stained with Rhodamine Phalloidin and 
DAPI (Yeasen Biotech Co., Ltd, China) after culturing for four days to 
observe the morphology using laser confocal microscopy (CLSM, Leica, 
USA). 

A flow cytometer (Becton, Dickinson & Co., USA) was used to assess 
the detailed information of cell proliferation and division cycle. First, 
some fibroblasts were pre-labeled using Cell Proliferation Tracer 
Detection Kit (Beyotime Biotech Co., Ltd, China) following the pro-
tocols. The labeled cells were then seeded into different materials with at 
1 × 105 cells/well. The cells were cultured at 37 ◦C and 5% CO2 for 24 h, 
then digested for fluorescence intensity attenuation analysis of carbox-
yfluorescein succinimidylamino ester (CFSE). Besides, other untreated 
fibroblasts were seeded into different materials at an equal density of 1 
× 105 cells/well and digested after 24 h of culture. The cells were 
labeled using a cell division cycle detection kit (Beyotime Biotech Co., 
Ltd, China) before cell division cycle detection. 

Moreover, the P53 and Fas genes were used to explore molecular 
changes in the mRNA and protein expression levels. Different materials 
were separately placed into a 6-well plate after sterilization. L929s were 
inoculated at 2.0 × 105 cells/well, and six parallel groups were set up. 
The cells were collected to extract the mRNA and protein after 24 h of 
culture. 

2.4. In vitro anti-inflammatory evaluation 

The anti-inflammatory effect of different materials was indicated by 
the proliferation of monocytes (THP-1) and the secretion of inflamma-
tory factors. Meanwhile, the effects of different materials on the ability 
of monocytes to differentiate into macrophages were also evaluated. 
First, the sterilized materials were placed into a 24-well plate, and the 
monocytes were seeded at 4–5 × 105 cells/ml. PMA solution was then 
added to a final concentration of 100 ng/ml to stimulate monocyte 
differentiation. The macrophages were cultured in RPMI Modified Me-
dium (Hyclone, USA) with 10% Fetal Bovine Serum (FBS) (Gibco, China) 
and 1% penicillin-streptomycin (Gibco, China) for 48 h. They were then 
stained with TRITC Phalloidin (MKbio, China) and DAPI (Yeasen 
Biotech Co., Ltd, China), and laser confocal microscopy (CLSM, Leica, 
USA) was used to observe the morphology. 

Second, different materials were separately placed into a 6-well plate 
after sterilization. The pre-labeled monocytes were then inoculated in 
RPMI Modified Medium (Hyclone, USA) with 10% Fetal Bovine Serum 
(FBS) (Gibco, China) and 1% penicillin-streptomycin (Gibco, China) at 
4–5 × 105 cells/ml, then cultured at 37 ◦C and 5% CO2 for 48 h. Next, a 
flow cytometer (Becton, Dickinson & Co., American) was used to assess 
the fluorescence intensity attenuation. Other untreated monocytes were 

also seeded into different materials at an equal density, then cultured for 
48 h. The cells were then labeled using a cell cycle and apoptosis analysis 
kit (Biosharp, China) before cell division cycle detection. 

Furthermore, the inflammatory factors secreted by monocytes were 
detected using an ELISA kit (Labtache Technologies Co., Ltd, China). 
Briefly, monocytes were cultured following the above steps. The cell 
suspension was centrifuged at 1000×g for 5 min after 48 h of culture. 
The supernatant was then collected for IL-8, TGF-β, and TNF-α expres-
sion analyses. 

2.5. In vivo anti-pericardial adhesion evaluation 

2.5.1. Animal model and surgical interventions 
A total of 36 New Zealand white rabbits underwent pericardial 

reconstruction surgery. All procedures followed the ARRIVE guidelines 
and were approved by the Animal Ethics Committees of Shanghai 
Children’s Medical Center, Shanghai Jiaotong University. The experi-
ments also followed the National Institutes of Health guide for the care 
and use of laboratory animals (NIH Publications No. 8023, revised 
1978). The animals were divided into four groups, including the control 
group (without pericardial reconstruction), the PLCL, the PP, and the 
PPMT membrane groups. The postoperative follow-up time was one 
month, two months, and three months. 

Briefly, anesthesia was induced via a slow intravenous injection of 
3% sodium pentobarbital solution (1 ml/kg). The animals were then 
endotracheally intubated and mechanically ventilated at 15–18 breaths/ 
min. The general anesthesia was maintained using a gas mixture of 
oxygen at 1.5 L/min and isoflurane at a concentration of 0.5%. The chest 
skin was prepared, and the thoracic cavity was opened, exposing the 
pericardium for defect creation. Different materials were then used to 
reconstruct the pericardium with several interrupted 6–0 polydioxanone 
synthetic (PDS II) absorbable suture threads (Johnson & Johnson, USA). 
The chest cavity was then closed. Pericardial reconstruction was not 
conducted on animals in the control group. Antimicrobial antibiotics 
were intramuscularly administered for one week. Postoperative pain 
was controlled using intramuscular buprenorphine (0.03 mg/kg). 

2.5.2. Evaluation of immune response 
The level of C-reactive protein (CRP), immunoglobulin G (IgG), 

immunoglobulin M (IgM), immunoglobulin A (IgA) and total immuno-
globulin E (IgE) at 3 days after surgery was measured using Ottoman- 
1000 machine (UPPER, China) and SIEMENS specific protein analyzer 
(SIEMENS, German) respectively to evaluate the acute immune 
response. Briefly, 4 ml venous blood was collected from each rabbit, of 
which 2 ml was used for CRP testing and 2 ml for immunoglobulin 
testing. All procedures were performed strictly in accordance with the 
related kit instructions. The kits for inflammation evaluation were CRP- 
1006 (UPPER, China) and N LateX IgG/A/M/E mono (SIEMENS, 
German). The normal rabbits were used as control group and the values 
were averaged. 

2.5.3. Cardiac function assessment 
An echocardiographic system (Phillips CX50) with an S5-1 sector 

array transducer was used for transthoracic echocardiography to assess 
cardiac function. The short-axis M-mode images were presented, and 
dimensions of the left ventricle at both diastole (LVIDd) and systole 
(LVIDs) were measured. The ejection fraction (EF), fraction shortening 
(FS), and end-systole volume (ESV) were also calculated. 

2.5.4. Pericardial adhesion grading 
Pericardial adhesions were graded at the terminal time of follow-up. 

The left thoracotomy was used to evaluate the adhesion. The pericar-
dium was exposed, then the adhesion score was assessed using a grading 
system as follows: 0 indicated no adhesions; 1 showed thin adhesions, 
with a foamy dissection plane; 2 showed intermediate adhesions, 
requiring some sharp dissection; and 3 indicated dense adhesions, which 
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can easily lead to bleeding, requiring exclusive sharp dissection. The 
adhesion scores were averaged for each group. 

2.5.5. Tissue staining and protein expression analysis 
The rabbits were anesthetized to death at each follow-up time point 

before harvesting the pericardial adhesion tissues and attached 
myocardium for tissue staining and protein expression analysis. Briefly, 
pericardial adhesion tissues were fixed in 4% formalin and embedded in 
paraffin. The sections (5 μm) were obtained for hematoxylin-eosin 
(H&E) and Masson trichrome staining. 

Additionally, the myocardium was ground with liquid nitrogen in a 
mortar (tissues around the barrier membrane were harvested to perform 
the same procedure for rabbits without adhesions). The ground tissue 
(50 mg) was mixed with 300 μl of pre-cooled protein lysis solution (T- 
PER™, Thermo, USA) containing PMSF and protease inhibitors, then 
incubated on ice for 15 min. The mixture was then centrifuged at 
10,000g to obtain supernatant. BCA (Pierce™ BCA Protein Assay Kit, 
Thermo, USA) was used for quantitative leveling, then loading buffer 
was added and boiled at 95–100 ◦C for 10 min. The protein was sub-
jected to sodium lauryl sulfate polyacrylamide electrophoresis and 
transferred to a nitrocellulose membrane. The following antibodies were 
used: anti-anti-Vinculin (A2752), anti-TGF-β (A2407), anti-MMP1 
(A0067), anti-TIMP1 (A1389) (ABclonal, China), and HRP-conjugated 
GAPDH (#HRP-60004) (Proteintech, USA). The samples were 

incubated with the primary antibodies at 4 ◦C overnight, then HRP- 
conjugated secondary antibody. The luminescence signal on the mem-
brane was detected using electrochemiluminescence (Shanghai Share 
Biotechnology). Western blot images were obtained using the LAS4000 
imaging system (Fujifilm, Canada), and band densitometry was quan-
tified as arbitrary light units using ImageJ software. 

2.6. Data analysis 

All data were obtained from at least three parallel samples and are 
expressed as mean ± SD. GraphPad Prism 8.0 Software (GraphPad 
Software Inc, La Jolla, CA) was used for all statistical analyses. One-way 
ANOVA was used to evaluate the statistical differences between groups, 
and p < 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Characterizations of barrier membranes 

Electrospinning technology is widely used to prepare drug-loaded 
medical materials [33–35]. In order to manufacture a functional mem-
brane with the superior characteristics of PLCL nanofibers and PVA 
aerogel to the greatest extent, the traditional electrospinning method 
was modified. Both the PP and PPMT membrane had a special 

Fig. 1. Gross view and microstructure of different barrier membranes. (a1-d1) The digital images of PLCL, PVA, PLCL/PVA (PP) and PPMT. (a2-d2) The SEM images 
of surface. (a3-d4) The SEM images of cross-section. 
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Fig. 2. Characterizations of different barrier membranes. (a) The infrared spectroscopy analysis. (b) The drug release evaluation. (c) The statistical comparison of 
porosity. (d) The statistical comparison of contact angle. 

Fig. 3. Mechanical properties of different membranes. (a) Schematic diagram of tensile test. (b) Curves of strain-stress. (c) Schematic diagram of suture retention 
strength test. (d) Curves of suture retention strength. (e) Maximum elongation of different materials. (f) Tensile strength of different materials. (g) Elastic modulus of 
different materials. (h) Suture retention strength of different materials. 
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Fig. 4. The morphology and proliferation of fibroblasts. (a1-c1) Rhodamine staining photomicrograph of L929s on PLCL, PP, PPMT after four days of culturing. (a2- 
c2) Cell population of L929s on PLCL, PP, PPMT after one day of culturing. (a3-c3) Flow cytometric analysis of cell proliferation of L929s on PLCL, PP, PPMT after 
one day of culturing. (a4-c4) Flow cytometric analysis of cell cycle of L929s on PLCL, PP, PPMT after one day of culture. 

Fig. 5. The statistical analysis of fibroblasts proliferation and activity of P53 and Fas. (a) The optical density of cell medium within one week of culture. (b) The 
percentage of undivided L929s after one day of culture. (c) The proportions of L929s in each interphase after one day of culture. (d) The mRNA transcription level of 
P53 and Fas after one day of culture. (e) The protein expression level of P53 and Fas after one day of culture. (f) Western blot image of P53 and Fas. 
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microstructure, presenting staggered nanofibers on the surface like the 
PLCL membrane and layered macro-porous structure in the cross-section 
similar to the PVA aerogel membrane (Fig. 1(a2-d4)). These could 
enhance its mechanical strength, porosity, and hydrophilicity, providing 
sutureability and indicating its use as an ideal drug loading platform 
[36,37]. The loading of melatonin was confirmed through the infrared 
spectroscopy analysis, with a visualization of PPMT membrane and 
melatonin sharing multiple similar characteristic peaks at 2750–3100 
nm (Fig. 2a). Meanwhile, the melatonin in the PPMT membrane could 
be released continuously for one month, during which the daily release 
amount gradually increased in the first 15 days, and then showed a 
downward trend in the second half month. In terms of the cumulative 
release over time, it presented the characteristics of sustained release, 
showing a smooth curve (Fig. 2b). Additionally, the porosity between 
PVA, PP, and PPMT membranes was not statistically different, all of 
which were higher than that of PLCL membrane (Fig. 2c). Besides, as 
shown in Fig. 2d, the PVA, PP, and PPMT membranes all showed better 
hydrophilicity than the PLCL membrane (122.1◦ ± 3.361◦). Although 
there was a slight increase in contact angle of PP membrane (63.97◦ ±

1.750◦) compared with PVA membrane, it was decreased with the 
addition of melatonin. The contact angle between PVA (56.60◦ ±

1.320◦) and PPMT membranes (55.88◦ ± 1.596◦) was not statistically 
different, indicating that PPMT and PVA membranes have similar 
hydrophilicity. 

3.2. Mechanical properties of barrier membranes 

The mechanical properties of barrier membrane determine whether 
it can meet pericardium replacement and surgical operations re-
quirements. As the clothing of the heart, the applied barrier membrane 
needs a suitable tensile strength and elasticity to withstand about 
50,000–10,000 heartbeats per day. Meanwhile, a strong suture retention 
strength is also needed for anastomoses. Herein, the tensile and suture 
retention strength tests were conducted for different materials. The 
autologous porcine pericardium was employed as a control before and 
after glutaraldehyde fixation (Fig. 3a and c). 

The untreated porcine pericardium had excellent elongation, and its 
mechanical properties underwent significant changes after fixation 
(Fig. 3b), making it more suitable for surgical operation (Fig. 3d). 
Although the PVA aerogel membrane had greater elongation and a 
closer elastic modulus to fixed porcine pericardium compared with the 
PLCL and PP membrane (Fig. 3e and g), it had the least tensile strength 
(Fig. 3f) with almost no suture retention strength (Fig. 3h), indicating 
that the PVA membrane cannot withstand great tension and be used in 
surgical operations. With the addition of PLCL nanofibers, the prepared 
PP membrane had moderate elongation at break, similar tensile strength 
to the PLCL membrane and similar elasticity to the PVA membrane 
(Fig. 3e-g). More importantly, the suture retention strength of the PP 
membrane was significantly improved compared with the PVA mem-
brane (Fig. 3h), indicating its suitability of stitching. 

Fig. 6. The morphology of macrophages and proliferation of monocytes. (a1-c1) TRITC Phalloidin staining of macrophages on PLCL, PP, PPMT after 48 h of dif-
ferentiation. (a2-c2) Cell population of THP-1 in PLCL, PP, PPMT after two days of culturing. (a3-c3) Flow cytometric analysis of cell proliferation of THP-1 in PLCL, 
PP, PPMT after two days of culturing. (a4-c4) Flow cytometric analysis of cell cycle of THP-1 in PLCL, PP, PPMT after two days of culture. (d–f) Release of 
representative pro-inflammatory factors: IL-8, TNF-α, TGF-β. (g) The proportions of THP-1 in each interphase on different materials. 
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3.3. In vitro anti-fibroblast performance 

Adhesive tissue is mostly composed of fibrous tissue, and fibroblasts 
are essential for its formation. Therefore, inhibiting fibroblast prolifer-
ation can effectively prevent the occurrence of postoperative adhesion 
[38]. The confocal imaging showed that different from the 
spindle-shaped structure on the PLCL membrane and PP membrane, the 
fibroblasts were round-like on the PPMT membrane, suggesting the 
activity of fibroblasts might be affected (Fig. 4(a1-c1)). Furthermore, the 
flow cytometric analysis showed that most fibroblasts on the PPMT 
membrane did not undergo cell division and proliferation after 24 h of 
culture (the time required for one generation of division), showing no 
attenuation of the fluorescence intensity of CFSE (Fig. 4c3). However, 
different proportions of fibroblasts on the PLCL and PP membranes had 
completed a generation of mitosis, which manifested as different de-
grees of CFSE fluorescence intensity attenuation (Fig. 4a3, 4b3). The cell 
cycle is the process from the end of the parental cell division to the end 
of the progeny cell division of cells that proliferate in a mitotic manner. 
Generally, the proliferation ability is determined by the proportion of 
cells in the S phase. Compared with the PLCL and PP membrane, fewer 
fibroblasts were in the S phase on the PPMT membrane (Fig. 4a4-4c4), 
suggesting that the PPMT membrane can inhibit fibroblast proliferation. 

The CCK-8 test showed that the proliferation rate of fibroblasts was 
slowest on the PPMT membrane (Fig. 5a). To be detailed, the proportion 
of undivided fibroblasts on the PPMT membrane after 24 h of culture 
was up to 99.08% ± 0.7757%, which was significantly higher than other 
groups. By contrast, the proportion of undivided fibroblasts on the PLCL 
and PP membrane was 39.76% ± 2.563% and 24.38% ± 0.6630%, 
respectively (Fig. 5b). Additionally, the proportion of fibroblasts in the S 
phase on the PPMT membrane was 26.28% ± 0.8253%, which was 
lower than that of the PLCL and PP membrane (Fig. 5c). P53 and Fas 
regulate cell proliferation and apoptosis. Fas induces cell apoptosis, 
while P53 inhibits proliferation and division by preventing cells in the 
G1 phase from entering the S phase [39–43]. This study explored the 
potential molecular mechanism of PPMT membrane on inhibiting fi-
broblasts proliferation using the level of mRNA transcription and protein 
expression of P53 and Fas. The P53 and Fas gene of fibroblasts were 
more active on three materials with a distinguishingly higher mRNA 
transcription and protein expression level on different membranes than 
the blank control group (Fig. 5d-f). Overall, the above results indicate 
that various membranes have different anti-fibroblast abilities, strongest 
in the PPMT membrane. 

3.4. In vitro anti-inflammatory performance 

Adhesion is the body’s excessive repair of tissue damage to some 
extent. Besides the aforementioned role of fibroblasts, they are also 
involved with the recruitment and activation of inflammatory cells [44, 
45]. Therefore, the anti-inflammatory effect of different materials was 
evaluated via the proliferation and differentiation of monocytes and the 
inflammatory factors secretion. Fewer monocytes on the PPMT mem-
brane differentiated into macrophages compared with those on PLCL 
and PP membranes (Fig. 6a1-6c1), indicating that the PPMT membrane 
can cause less local tissue inflammation. Furthermore, flow cytometric 
analysis was used to determine monocyte proliferation in different 

Fig. 7. The statistical analysis of monocytes proliferation and release of inflammatory factors. (a) The percentage of undivided THP-1 after two days of culture. (b) 
The proportions of THP-1 in each interphase after two days of culture. (c–e) Release of representative inflammatory factors: IL-8, TNF-α, TGF-β. 

Table 1 
The level of CRP and immunoglobulin of rabbits.   

Normal Control PLCL PP PPMT 

CRP (mg/L) ＜1 ＜1 ＜1 ＜1 ＜1 
IgG (mg/mL) ＜1.35 ＜1.35 ＜1.35 ＜1.35 ＜1.35 
IgA (mg/mL) ＜0.07 ＜0.07 ＜0.07 ＜0.07 ＜0.07 
IgM (mg/mL) ＜0.18 ＜0.17 ＜0.17 ＜0.17 ＜0.17 
Total IgE (IU/mL) ＜18.20 ＜18.20 ＜18.20 ＜18.20 ＜18.20  

D. Jin et al.                                                                                                                                                                                                                                      



Bioactive Materials 10 (2022) 355–366

363

materials. Like fibroblasts, the PPMT membrane also inhibited mono-
cyte proliferation, manifested as slower attenuation of CFSE fluores-
cence intensity (Fig. 6a3-6c3). However, different from fibroblasts, the 

monocytes in the PPMT group were significantly affected (Fig. 6a2-6c2). 
Statistically, the proportion of undivided monocytes in the PPMT group 
after two days of culture was up to 81.37% ± 0.8737%, significantly 

Fig. 8. Surgical interventions and postoperative performance of different materials. (a–d) Surgical operations. (e–h) Representative echocardiograms of post-
operative animals after three months of transplantation. (i–l) Representative adhesion after three months of transplantation. (m) The statistics of EF, FS and adhesion 
score after three months of transplantation. 

Fig. 9. Tissue staining three months after transplantation: H&E staining of PLCL (a1, a2), PP (c1, c2), PPMT (e1, e2) group and Masson staining of PLCL (b1, b2), PP 
(d1, d2), PPMT (f1, f2) groups under different magnifications. 
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higher than that of the PLCL and PP group, which was 33.90% ± 1.600% 
and 33.47% ± 1.168%, respectively (Fig. 7a). DNA content of the PPMT 
group was significantly reduced compared with that of PLCL and PP 
groups (Fig. 6a4-6c4), indicating fewer polyploid cells in the S phase. 
The cell cycle analysis showed that more monocytes were in the G2 
phase (Fig. 7b), indicating the impairment of the continuity and coor-
dination of the normal cell cycle. DNA damage activated the cell cycle 
checkpoint to prevent damaged cells from entering the mitotic phase, 
thereby producing the block of the G2 phase and providing enough time 
for repairing [46,47]. 

Activated monocytes-macrophages produce IL-8 and TNF-α. IL-8 
attracts and activates neutrophils [48–50], and TNF-α promotes T 
lymphocytes to secrete inflammatory factors, thereby strengthening the 
inflammatory response of local tissues [51–53]. Besides, TGF-β inhibits 
the proliferation of immunocompetent cells and the secretion of some 
pro-inflammatory cytokines (TNF-α and IFN-γ) [54–56]. The monocytes 
in the PPMT group secreted fewer IL-8 and TNF-α and more TGF-β than 
that of PLCL and PP group (Fig. 7c-e), indicating that the PPMT mem-
brane had a certain anti-inflammatory effect. 

3.5. Surgical interventions and postoperative performance 

The human body is a highly enclosed system based on immunology. 
The body activates a cascade of immune responses, which is more 
complex than in vitro experiments against any foreign invasion [57,58]. 
This could explain why some products with good performance in vitro 
often fail to meet expectations after transplantation in vivo. Herein, all 
surviving rabbits were tested for inflammatory indicators in blood on the 
third day after surgery. As shown in Table 1, there was no detectable 
inflammatory response, meaning that none of the three materials caused 
rejection. All experimental rabbits survived till the end of the follow-up 
except for two rabbits (one in the positive control group and the other in 
the PLCL group) who died of unexplained diarrhea. 

Suturing prepared membranes to native pericardium via the tradi-
tional interrupted suture method was successful (Fig. 8a-d). The barrier 
membranes fitted well on the surrounding tissues in the aqueous envi-
ronment of the body, thereby preventing direct contact between the 
external tissues and myocardium. Indicators of cardiac function are 
often used to assess the severity of pericardial adhesions. Generally, 
adhesions around the myocardium can cause ventricular insufficiency, 

decreasing ejection fraction (EF) and fractional shortening (FS). During 
the follow-up, the animals in the PPMT group had the highest average 
value of EF and FS, which were both close to that of the normal rabbits 
(Fig. 8e-h) and significantly different from that of the PLCL and PP group 
(Fig. 8m). 

In addition, the dissection of the rabbits at the end of the follow-up 
showed that the rabbits in the control groups had different degrees of 
postoperative adhesions, which were manifested by the formation of 
dense fibrous tissue between the myocardium and pericardium. How-
ever, no pericardial adhesion occurred in rabbits in the PPMT group. 
Both the surface of the myocardium and the visceral layer of the mem-
brane were smooth and clean (Fig. 8i–l). The comparative statistics of 
adhesion scores are shown in Fig. 8m. 

3.6. Protein expression and tissue staining 

The tissue staining results showed that various barrier membranes 
caused different histological changes after transplantation. Different 
degrees of fiber strands were formed on the visceral layer of PLCL and PP 
membranes, consistent with the postoperative anatomy results. In 
contrast, there were no attached cells or tissues on the visceral layer of 
the PPMT membrane (Fig. 9), indicating that the PPMT membrane has 
an anti-fibroblast effect in vivo. Interestingly, the anti-adhesion effect of 
the PPMT membrane mainly occurred on its visceral layer, consistent 
with previous literature [59], indicating that fibroblasts or myofibro-
blasts from myocardium could be the dominant factors that drive peri-
cardial adhesion formation [60–62]. 

Therefore, the myocardium connecting to adhesive tissue was har-
vested to analyze some proteins involved in extracellular matrix depo-
sition and focal adhesion formation. The analysis sought to assess the 
mechanism of the PPMT membrane acting on myocardium to reduce 
pericardial adhesion. The MMP/TIMP pathway is involved in regulating 
the homeostasis of the extracellular matrix. The MMPs family degrades 
various protein components of the extracellular matrix, and the TIMPs 
family inhibits and regulates the function of the MMPs family [63–65]. 
The protein expression of MMP1 and TIMP1 was higher in the 
myocardium of the PPMT group than in that of PLCL and PP groups, 
suggesting that the PPMT can activate the MMP/TIMP pathway through 
the release of melatonin, thereby degrading tissue adhesion that occurs 
after the operation (Fig. 10b and c). Besides, during the follow-up, the 

Fig. 10. Pro-adhesion and anti-adhesion protein expressions of harvested tissues in different groups. (a) Western blot image of proteins during the follow-up. (b–e) 
Each protein expression versus GAPDH during the follow-up. 
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expression level of TIMP1 protein gradually increased, suggesting that 
the hydrolysis of MMPs on adhesion tissue is strongest in the early 
postoperative. Moreover, Vinculin was expressed in cells and extracel-
lular matrix, playing an important role in cell adhesion and movement 
[66,67]. Vinculin expression was lowest in the PPMT group (Fig. 10d). 
Interestingly, the effect of different barrier membranes on TGF-β was 
inconsistent between cardiomyocytes in vivo and monocytes in vitro 
(Figs. 10e and 7e). Notably, TGF-β has multiple effects, including 
inhibiting inflammatory cells and promoting fibroblasts and extracel-
lular matrix [68]. This inconsistency indirectly indicates that inhibiting 
cardiac fibroblasts can prevent pericardial adhesions. 

4. Conclusion 

Herein, a functional PVA aerogel-based membrane with suture-
ability, PPMT, has been developed through a modified electrospinning 
method. This membrane has a special microstructure, presenting stag-
gered nanofibers on the surface like the PLCL membrane and layered 
macro-porous structure in the cross-section similar to the PVA aerogel 
membrane. Its mechanical properties are comparable to autologous pig 
pericardium due to the addition of PLCL nanofibers, which is more 
effective than pure PLCL membrane and PVA aerogel. It also showed 
anti-fibroblast and anti-inflammatory effects by inhibiting the prolifer-
ation and activity of corresponding cells. Finally, in vivo experiments 
demonstrated that the PPMT membrane is more effective after surgery 
since it influences the anti-adhesion protein and pro-adhesion protein 
expression. Overall, the results imply that the PPMT membrane can be 
used as an anti-pericardial adhesion. 
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