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ARTICLE INFO ABSTRACT
Keywords: The most widely taken medical approach toward hernia repair involves the implementation of a
Hernia repair prosthetic mesh to cover the herniated site and reinforce the weakened area of the abdominal

poly(vinyl alcohol)
Solution casting

Zinc oxide nanoparticles
Citric acid

Freeze-thaw

wall. Biodegradable meshes can serve as biocompatible grafts with a low risk of infection.
However, their major complication is associated with a high rate of degradation and hernia
recurrence. We proposed a facile and cost-effective method to fabricate a poly(vinyl alcohol)-
based mesh, using the solution casting technique. The inclusion of zinc oxide nanoparticles,
citric acid, and three cycles of freeze-thaw were intended to ameliorate the mechanical properties
of poly(vinyl alcohol). Several characterization, cell culture, and animal studies were conducted.
Swelling and water contact angle measurements confirmed good water uptake capacity and
wetting behavior of the final mesh sample. The synthesized mesh acquired a high mechanical
strength of 52.8 MPa, and its weight loss was decreased to 39 %. No cytotoxicity was found in all
samples. In vivo experiments revealed that less adhesion and granuloma formation, greater tissue
integration, and notably higher neovascularization rate were resulted from implanting this
fabricated hernia mesh, compared to commercial Prolene® mesh. Furthermore, the amount of
collagen deposition and influential growth factors were enhanced when rats were treated with the
proposed mesh instead of Prolene®.

1. Introduction

A hernia occurs when an internal organ protrudes or prolapses through a weak spot in the cavity that encircles it [1]. Groin and
ventral hernias are two major categories of hernias, each comprises of several subdivisions. These types of hernias are sorted based on
their anatomical location in the abdominal wall, which is the most vulnerable site to herniation [2,3]. Several risk factors are known to
contribute to this disorder, such as genetics, obesity, pregnancy, constipation, heavy lifting, and physical activity.
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List of Abbreviations

WAW Watch-and-wait

PP Polypropylene

PVA Poly(vinyl alcohol)

ZnO NPs Zinc oxide nanoparticles

CA Citric acid
PX Physical crosslinking
PBS Phosphate-buffered saline

DMEM  Dulbecco’s Modified Eagle Medium

DMSO  Dimethyl sulfoxide

BSA Bovine serum albumin

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
FT-IR Fourier transform infrared spectroscopy

ATR Attenuated total reflection

SEM Scanning electron microscopy
FEG Field emission gun

WCA Water contact angle

P Intraperitoneal

H&E Hematoxylin and eosin

SPSS Statistical package for social sciences
STD Standard deviation

ECM Extracellular matrix

MT Masson’s Trichrome

TGF-p  Transforming growth factor beta
IHC Immunohistochemistry

PDGF Platelet-derived growth factor

The approach to hernia treatment normally contains watch-and-wait (WAW) for mild cases and surgical intervention (also known
as hernia repair) for severe ones [4]. Hernia repair can be performed through direct suture repair, suggested to become extinct due to
significant recurrence rates [5], or implantation of a polymeric mesh via open repair or laparoscopic surgery. While laparoscopic
surgery is a minimally invasive approach, conventional (open) surgery involves making an incision over the hernia site and pushing the
hernia back into the abdominal cavity. Various means of fixation, such as tacks, glues, staples, or sutures are known to keep the mesh in
its correct position until complete closure of the defect is achieved [6].

As opposed to suture repair, with the insertion of a mesh, tension-free restoration and facilitated incorporation into the host tissue
can be achieved, resulting in a decreased recurrence rate [7]. Reported by Burger et al. [5], during a median follow-up of 81 months,
recurrence rates were halved when mesh was used instead of the suture. In addition, Burati et al. [6] stated the possibility of reducing
recurrence rates to below 5 % with an appropriate choice of surgical mesh and fixation method.

Wang See et al. [4] classified 70-80 types of commercially available hernia meshes into three categories based on the materials of
construction: Synthetic, biological, and composite. As the most frequent type of mesh used in clinical practice, synthetic meshes can be
either non-absorbable (permanent) or absorbable (biodegradable). Polypropylene (PP, Prolene®) is a non-absorbable mesh with high
popularity due to its inexpensiveness, excellent mechanical support and good tissue integration [8], however, because of the long-term
durability and strong mechanical properties, this subset of synthetic mesh is associated with adhesion, erosion, chronic pain, and
fistula formation. Moreover, it may restrict body movements and require a secondary operation to remove the mesh [9,10]. Absorbable
mesh grafts on the other hand, cause less inflammation, but their short-term mechanical stability leads to hernia recurrence [11,12].
Sanders and Kingsnorth [13] introduced various features of an ideal prosthetic mesh, however, none of the currently available meshes
obtains these characteristics all together. This study aimed to fabricate a biocompatible, non-adhesive mesh with appropriate strength
and elasticity to lower the recurrence rate of herniation and even achieve controlled drug release in future studies.

Poly(vinyl alcohol) (PVA) is a biocompatible and biodegradable polymer, proven to provide excellent tissue integration with no
cytotoxicity [14]. Several studies have evaluated the application of different PVA-based meshes for hernia repair: Fehér et al. and
Molndr et al. fabricated electrospun PVA scaffolds with different concentrations and crosslinking methods. They both reported that
these implants can serve as biocompatible meshes with minimal inflammatory response and adhesion to intra-abdominal tissue, as well
as good integration [15,16]. The research group of Voniatis et al. [17] proved that fibrous polysuccinimide/PVA composites have
favorable mechanical properties, while enhancing cell proliferation with no cytotoxicity. In another research of Fehér et al. [14], it was
shown that after a long-term contact, only about 30 % of the adhesions resulted from the PVA mesh and minor inflammation was also
reported. Shin et al. [18] synthesized a phosphate crosslinked PVA mesh using 3D printing technology. This bioscaffold could function
as an inflammation trap, and reduce the formation of visceral adhesions. The mechanical properties of the mesh were also optimized by
changing printing parameters. To further reduce post-operative infections, the incorporation of antimicrobial agents in surgical meshes
has been gaining increasing attention [19]. A bifunctional composite mesh with a PP backbone and two different sides was fabricated
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Fig. 1. Schematic illustration of (a) fabrication procedure of the modified PVA mesh graft based on solution casting technique: an ultrasonic bath
was used to homogenize ZnO NPs dispersion. After casting the final PVA-ZnO-CA solution into the 10 x 10 cm? mold, physical crosslinking was
achieved by three repeats of freezing (for 12 h at —20 °C) and thawing (for 8 h at 24 °C); (b) creation of mesh pores using a self-made punch and die,
resulting in uniform and well-arranged circular holes in the mesh; (c) creation of a defect in the abdominal wall in an animal model, placement and
fixation of the mesh using single interrupted sutures, and finally stitching the skin incision; (d) protrusion of a small part of the intestine (right) and
treatment of the herniated site by the implementation of a surgical mesh (left).

through the work of Shokrollahi et al. [20]. The front side, containing ofloxacin drug and PVA fibers, showed good anti-adhesion
performance and antibacterial effect, while the back side acted as a mesh fixer to the abdominal wall. In another study [21], 3D
printed PP and PVA mesh incorporated with ciprofloxacin were prepared. Faster wound healing, as well as no signs of inflammation
and adhesion were observed for drug-loaded PVA.

Mesh fabrication techniques mainly comprise knitting, weaving, and 3D printing. These structures were defined in the literature [2,
22]. Compared to woven meshes, knitted ones are more porous and more flexible, but weaker. In addition, the woven configuration has
the disadvantage of insufficient integration with host tissue [4]. 3D printing, is a next-generation technology capable of producing
accurate, patient-specific meshes by allowing to fine-tune several features. However, this approach is expensive, requires more
investigation, and lacks the elasticity to properly respond to abdominal pressure [23]. Solution casting is one of the oldest and most
straightforward techniques of film preparation, based on dissolving soluble polymers in water, followed by casting in a Petri dish or a
mold [24,25].

In this study, we proposed a facile and cost-effective method based on solution casting to synthesize surgical meshes. To further
diminish adhesiveness, and improve mechanical support and degradation period of PVA polymer, three modifications were performed:
Addition of zinc oxide nanoparticles (ZnO NPs), incorporation of citric acid (CA) as a chemical crosslinker, and application of three
cycles of freeze-thaw as physical crosslinking (PX). It should be mentioned that ZnO NPs function as antimicrobial agents, as well.
Studied by Abdeen et al. [26], loading ZnO NPs on chitosan/PVA polymer significantly increased antimicrobial activity. Both ZnO and
CA benefit from availability, inexpensiveness, and no cytotoxicity [9,27]. In addition to characterization and in vitro studies, we
conducted in vivo experiments using a small animal model to evaluate the potential of the PVA-ZnO-PX-CA mesh in biomedical
applications.

2. Materials and methods
2.1. Materials

Poly(vinyl alcohol) (+99 % hydrolyzed, MW =~ 72,000 g/mol), phosphate-buffered saline (PBS), Dulbecco’s Modified Eagle Me-
dium (DMEM), dimethyl sulfoxide (DMSO), bovine serum albumin (BSA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide (MTT) were purchased from Sigma-Aldrich (St Louis, USA). Zinc oxide nanoparticles (+99 % purity, 35-45 nm) were ob-
tained from US Research Nanomaterials (Houston, USA). Citric acid was supplied by Merck (Darmstadt, Germany). Ketamine and
xylazine were purchased from Alfasan (Woerden, Netherlands). Deionized water was used for the preparation and characterization of
mesh samples. All chemicals were of analytical reagent grade and used without further purification.

2.2. Fabrication of the hernia mesh samples

Four mesh samples were synthesized and examined in this study: PVA, PVA-ZnO, PVA-ZnO-PX, and PVA-ZnO-PX-CA. The fabri-
cation procedure of each mesh is described as follows:

Preparation of the PVA film: A 10 % (w/w) aqueous solution of PVA was prepared by dissolving 4 g of PVA powder into 36 g of water
for 4 h, using a magnetic hot plate stirrer (Heidolph, MR Hei-Standard) at 90 °C and 500 rpm. This solution was cast intoa 10 x 10 cm?
mold and cooled at room environment.

Preparation of the PVA-ZnO film: 0.02 g of ZnO NPs was added to the aforementioned PVA solution and stirred for 30 min at 90 °C
and 500 rpm to make a homogenized solution. For the next 20 min, PVA-ZnO solution was placed into an ultrasonic bath (ACP-120H,
MRCQ). Solution casting and cooling were then performed as mentioned above.

Preparation of the PVA-ZnO-PX film: After the PVA-ZnO film was obtained, physical crosslinking, including three repetitive freeze-
thaw cycles, was applied. Each cycle was performed by placing the mold in a freezer (at —20 °C) and then room environment (at 24 °C)
for 12 and 8 h, respectively.

Preparation of the PVA-ZnO-PX-CA film: After the previously-described PVA-ZnO solution was prepared, 0.2 g of CA, as a chemical
crosslinker, was added and dissolved for 30 min at 90 °C and 500 rpm. The prepared solution was cast into the mold and cooled at room
environment. Then, three cycles of freeze-thaw were performed according to the mentioned procedure.

As the final step, after the fabrication of PVA, PVA-ZnO, PVA-ZnO-PX and PVA-ZnO-PX-CA films, mesh pores were created by a self-
made punch and die. The punch and die were made up of Mo40 steel alloy. The die possessed a length of 7 cm, a width of 5 cm and a
height of 2 cm, as well as 99 holes. Each hole on the die had a diameter of 2 mm. Fig. 1a - d is a schematic of the preparation and
placement of the desired PVA-based mesh graft.

2.3. Fourier-transform infrared spectroscopy

In order to analyze the chemical structure of samples, Fourier transform infrared spectroscopy (FT-IR) was employed using a Bruker
Equinox 55 spectrometer (TENSOR 27, Germany). The attenuated total reflection (ATR) mode was used for FT-IR imaging, and the
ATR crystal was zinc selenide (ZnSe). The scan range was between 4000 cm ™! and 600 cm ™, and results were obtained with a spectral
resolution of 4 cm™!. A total number of 16 scans (4 scans for each sample) were taken.

2.4. Scanning electron microscopy analysis

A field emission scanning electron microscope (FESEM, Hitachi model S-4160, Japan) was utilized to visualize and investigate the
surface morphology of PVA-ZnO mesh. The device was equipped with a field emission gun (FEG) as electron source and operated under
20 kV accelerating voltage. The working distance was set to 10 mm and the spatial resolution was 2 nm. SEM images were captured at
10,000x magnification. Prior to FESEM imaging, sample coating with gold (Au) was perfomed using a sputter coater (DSR1, Nano-
Structured Coatings Co., Iran) to improve conductivity and reduce charging effects.

2.5. Swelling ratio

The swelling study was carried out based on the water uptake potential of prepared PVA-based samples. Meshes were cut into
square pieces of 1 x 1 cm?, completely dried in a vacuum oven at 50 °C for 24 h, and weighed (Wg). Then, samples were submerged in
20 mL of deionized water at 37 °C. After predetermined times (1, 4, and 24 h), samples were taken out, excess water on their surface
was removed using filter papers, and weighed again (W;). For each sample this experiment was repeated 3 times (n = 3). Swelling ratio
values were determined according to the following equation:

Ws
Swelling ratio(%) = WX 100 (€Y)]
d

2.6. Invitro degradation

The biodegradation behavior of mesh grafts was evaluated through weight loss measurements during 42 days. After the initial
weights of the samples (W;) were determined, they were incubated (Binder CB150 CO5 Incubator) in a sterile PBS solution at 37 °C and
pH = 7.4. At specific time points (1, 14, 28, and 42 days), the specimens were removed, washed with deionized water, and fully
vacuum dried. Finally, samples were weighed (Wg) and the weight loss percentage was calculated for each of them, as stated below:

W

Weight loss(%) :% %100 (2)
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2.7. Water contact angle

Water contact angle (WCA) measurements were performed based on the sessile drop method, which involved dropping a 10 pL
water droplet on the mesh surface and observing its deformation using a Kriiss G10 contact angle measurement system (Germany).
ImageJ software (drop analysis, LB-ADSA) was used to obtain contact angle values. For each sample, the test was repeated three times
(n = 3) on average.

2.8. Mechanical properties

To evaluate the mechanical properties of the fabricated meshes, SANTAM universal tensile testing device (Iran, SPM20) was
utilized. Samples were cut into rectangular pieces with a width of 10 mm, thickness of 0.1 mm, and effective length of 20 mm. Tensile
testing was conducted with a speed of 5 mm/min at room environment conditions. Obtained stress-strain curves were then used to
calculate mechanical parameters (in terms of maximum tensile strength, Young’s modulus, and percent elongation at break).

Tensile strength and elongation at break were also determined for the abdominal wall tissue. The preparations were made ac-
cording to the literature [28], with a few changes. Briefly, full-thickness 3 x 4 cm? specimens were recovered (under conditions
thoroughly explained in section [29].). The composite specimens contained the entire repair site, including both the mesh (Prolene® or
PVA-ZnO-PX-CA) and the associated abdominal wall tissue. The tests were carried out at a speed of 10 mm/min.

2.9. Cytotoxicity assay

Invitro cytotoxicity of the samples was assessed by determining the viability of L-929 fibroblast cells, using 3-(4,5-dimethylthiazol-
2-yD)-2,5-diphenyltetrazolium bromide assay (MTT). Mouse fibroblast cells were obtained from the Pasteur Institute of Iran (Tehran,
Iran), and the assay was conducted in accordance with [20], with slight changes.

Mesh samples were cut into pieces of 1 x 1 cm?, and sterilized by UV light for 1 h. They were then completely dipped into PBS for
30min, and placed in a 96-well microplate. Fibroblast cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10 %
PBS at a density of 2 x 10* cells.mL~! and incubated for 24 hat 37°Cina5 % CO4 incubator (Binder CB150 CO5 Incubator). They were
then seeded into the 96-well microplate. After 1, 3, and 7 days, 20 pL of MTT solution (1 mg mL~! in medium without phenol red) was
added to each plate well and incubated for 3 h in a humidified atmosphere. Finally, the solubilization solution (dimethyl sulfoxide,
DMSO) was added to dissolve insoluble formazan crystals. The absorbance of the dissolved crystals was read at 570 nm wavelength. At
each time point, cell viability percent was calculated according to the below equation:

ODsamplc

Cell viability(%) = %100 3)

control

where ODgample and ODcontro1 are related to the cells treated with the desired mesh (PVA-ZnO-PX-CA) and cells with no treatment,
respectively.

2.10. Surgical procedure

This investigation conformed to all animal ethics committee requirements (approval number: IR.TUMS.AEC.1401.080 provided by
the Institutional Animal Care and Use Committee of the Tehran University of Medical Sciences). In this study, we used 16 adult male
Sprague-Dawley rats aged 14-18 weeks (mean weight: 300 + 20 g). All of them were kept under the standard situation with 22 + 2 °C,
50 + 20 % humidity, 12 h of light, and 12 h of darkness, free of any pathogen conditions as well. The rats were given free access to
water and food during the whole study. They were divided into two groups of eight: Control with standard Prolene® mesh and
experimental with PVA-ZnO-PX-CA mesh.

Animals were anesthetized using Ketamine/Xylazine (50/20 mg kg~!) with intraperitoneal (IP) injection. Then, they were placed
in the supine position with their extremities fixed on the operating table. Each animal’s abdomen was shaved and prepared under
anesthesia. All surgical operations were carried out in a sterile condition.

A 5 cm ventral midline skin incision starting 1 cm below the sternum was made. Then, in all rats, a full-thickness para-median
abdominis muscle lesion was generated to a standard size of 2 x 3 cm?. The fascial defect in the experimental group was repaired with
PVA-ZnO-PX-CA and secured with a single interrupted 4-0 Prolene/silk stitch (Ethicon™, USA) at each of the four corners of the mesh
and four extra sutures at the midway of the mesh.

In the control group, the defect was repaired using a Prolene® mesh (Ethicon™, USA), which was put over the defect, covering the
incision by 5 mm circumferentially, and fixed with single interrupted 4-0 Prolene/silk sutures (Ethicon™, USA). The skin incisions
were closed in a single interrupted way in all rats using 3-0 Vicryl (Ethicon™, USA). Animals were housed in separate cages after
surgery and were observed regularly. Throughout the study, all animals were kept under the close care and underwent regular clinical
examinations. Before or during the surgery, no antibiotic therapy was done.

All animals from each group were sacrificed 45 days after mesh implantation for morphological evaluations. The full-thickness
abdominal wall specimen, including the graft and surrounding tissue, was removed and examined for tensile strength, histological
examination, and adhesion formation. Photographs of the inner abdominal wall and the mesh location were obtained during the
sacrifice. Fig. 2a - f represents the explained surgical procedure.
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Fig. 2. Surgical procedure for in vivo studies: (a) creation of a ventral midline skin incision: the incision was 5 cm long and started from 1 cm below
the sternum; (b) generation of a full-thickness para-median abdominis muscle lesion: the fascial defect had an approximate area of 2 x 3 cm?; (e-d)
placement and fixation of the PVA-ZnO-PX-CA mesh using eight single interrupted 4-0 Prolene/silk stitches; (e) implementation of the Prolene®
mesh secured with nine single interrupted 4-0 Prolene/silk sutures; (f) stitching the skin incision in a single interrupted way using 3-0 Vicryl.

2.11. Adhesion formation

Table 1

Vandendael scoring [29] used for precise and reliable evaluation of local adhesion for-
mation. This scoring system is based on four parameters: width (mm), thickness (mm),
strength (subjective) and number of visible adhesion strands. Each parameter scores from
1 to 3. A total adhesion grade of 1-4 is considered as mild (grade I), 5-8 as moderate
(grade II) and 9-12 as severe adhesion (grade III).

Parameter Criteria Scoring points

Width <2 mm
2-10 mm
>10 mm
Thickness <1 mm
1-3 mm
>3 mm
Strength +
++
+++
Amount 0-2
3-4
>4

WN = WNFRWND=WN =

On day 45, post-operative adhesion formation was calculated qualitatively and semi-quantitatively according to the Vandendael
score [29], by evaluating the mesh and underlying tissue. The method of scoring is presented in Table 1, and the total scoring points

range from 4 to 12.
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Fig. 3. (a—c) Resultant PVA-ZnO-CA film after 12 h at —20 °C (complete freezing), 6 h at —20 °C (clear formation of polycrystals of ice), and 8 h at
24 °C (complete thawing), respectively; (d) self-made die composed of Mo40 steel alloy having a volume of 7 (length) x 5 (width) x 2 (height) cm?,
as well as 99 holes; (e) final PVA-ZnO-PX-CA mesh after creation of mesh pores with a diameter of 2 mm. Each pore is spaced 2.5 mm apart from its
neighboring pores.

2.12. Incorporation and shrinkage of the mesh

The mesh was lifted from the abdominal wall on all edges; a slide caliper was used to calculate incorporation to examine adhering
tissue between the abdominal wall and the mesh, which was expressed as percentage. The remaining mesh’s millimeter dimensions on
each side were counted. The implanted mesh was typically 30 mm long and 20 mm wide. The mesh’s sides were then measured to
determine how many millimeters of each side showed incorporation.

By measuring the surface area of the mesh at the time of sacrifice, shrinkage of the mesh was measured. The mesh surface
discovered during sacrifice was measured using a standardized caliper, then compared to the standardized implant size (6 cm?), and
expressed as a percentage of this standardized implant.

2.13. Abscesses

The abdominal cavity of all rats was assessed with visual inspection and examination on the last day of the study to evaluate the
presence of abscesses or intra-abdominal infection.

2.14. Histological evaluation

The biocompatibility of each implanted mesh material was assessed using either trichrome blue staining or hematoxylin and eosin
(H&E). All rats were sacrificed on day 45, and a full-thickness abdominal wall sample with an area of 2 x 0.5 cm? was harvested. This
sample, which included both the abdominal wall and the mesh, was taken from one of the long sides. Samples were fixed in 4 %
formalin, embedded in paraffin, sectioned (4 pm), mounted on microscope slides, and H&E stained right away. An experienced
pathologist histologically evaluated all slides in a blind method [30]. Total multinucleate foreign body giant cells surrounding the
mesh fiber, new blood vessels per visual field, the number of inflammatory cells, connective tissue formation, and collagen organi-
zation were assessed.
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Fig. 4. ATR-FTIR spectra of PVA, PVA-ZnO, PVA-ZnO-PX and PVA-ZnO-PX-CA mesh samples. For each sample four scans were averaged. The scan

range and spectral resolution were 4000-600 cm ™' and 4 cm ™, respectively. Note: PVA: poly(vinyl alcohol), ZnO: zinc oxide, PX: physical crosslinking,
CA: citric acid.

2.15. Histochemical analysis

Samples were fixed for 25 min at 4 °C in a solution of 4 % paraformaldehyde. The blocking procedure was performed with a 5 %
gout serum (Gibco, USA; diluted in PBS buffer). The samples were incubated with fluorescein isothiocyanate—conjugated secondary
antibodies (Abcam, UK; diluted in BSA/PBS, 0.2 %) for 1 h at 25 °C. In a high-power field, positively stained cells were counted. ImageJ
software (NIH, USA) was used to evaluate and analyze results.

2.16. Statistical analysis

Statistical package for social sciences (SPSS) was used to conduct the statistical analysis. All results except for the mechanical
characteristics of the dry meshes are presented as mean + standard deviation (STD). The independent samples T-test was used and for
in vivo evaluations and all data are presented by 95 % confidence interval; p values less than 0.05 were considered significant.

3. Results and discussion
3.1. Fabrication of the hernia mesh samples

Dissolving both ZnO and CA in PVA aqueous solution was performed at 90 °C and 500 rpm. Three cycles of freeze-thaw were carried
out on the PVA-ZnO-CA solution. Fig. 3a and ¢ shows the resultant PVA-ZnO-PX-CA sample after complete freezing and thawing of a
cycle were achieved, respectively. Fig. 3b was obtained in the middle of the freezing process, after keeping the sample at —20 °C for 6 h.
The formation of polycrystals of frozen solvent (ice) is clearly observed.

Mesh pores were cut using a self-made punch and die (Fig. 3d). Each pore had a diameter of 2 mm and was in an equal distance from
adjacent pores (Fig. 3e). According to the classification presented by Earle and Mark [31], the synthesized meshes fit in the category of
“large pore”. Large pore diameters may lead to enhanced tissue-ingrowth, fibroplasia, and angiogenesis. However, a higher risk of
adhesion and fistula formation can arise [32].

3.2. Fourier-transform infrared spectroscopy

FT-IR spectrums of pure PVA, PVA-ZnO, PVA-ZnO-PX, and PVA-ZnO-PX-CA samples are shown in Fig. 4. Measurements were
performed at room temperature and the IR spectra wavenumber was adjusted from 4000 cm ™! to 600 cm ™"

Characteristic vibration bands of PVA correspond to the peaks at 2930, 1413, 1332, 1090, and 920 cm~ L. The peak around 3295
cm ! belongs to H-OH stretching. The presence of -CH; asymmetric and symmetric stretching is concluded from the peaks at 2930 and
2853 cm ™, respectively. The band around 1413 cm ™! represents —CH; bending and the band around 1332 cm ™! is for ~CH, stretching
vibration. The peak at 1090 cm ™! corresponds to C-O stretching, resulting from the crystallinity of PVA. On the other hand, due to the
syndiotactic structure of this polymer, ~-CH, rocking vibration is reported at 920 cm™'. The existence of C=0 band at 1719 cm ™! is
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Fig. 5. (a) Effects of incorporating ZnO, CA and performing physical crosslinking, on the structure of PVA matrix in 2D dimensions. ZnO NPs form
hydrogen bonds with the hydroxyl groups of PVA. Addition of CA leads to an esterification reaction between hydroxyl groups of PVA and carboxyl
groups of CA, which is accompanied by releasing water. Freeze-thaw cycles can increase and strengthen the formation of hydrogen bonds between
PVA chains. Solid and dotted lines represent chemical and physical bonds, respectively; (b) SEM image of PVA-ZnO sample magnified 10,000 times,
showing the presence and proper dispersion of ZnO NPs.

because of the absorption of remaining acetate groups during poly(vinyl acetate) hydrolysis to form PVA. In addition, the peak at 839
em ! is for C-O stretching vibration. Our results are in agreement with those reported before [33-35].

As presented in Fig. 4, adding ZnO NPs and performing three cycles of freeze-thaw lead to marginal shifts in the wavenumber, while
the intensity of the aforementioned peaks underwent a decrease. It should be noted that according to the literature [36], an absorption
peak around 550-430 cm ™! was attributed to Zn-O stretching, in PVA-ZnO composites. However, this wavenumber fell outside of the
scope of our spectrometer.

In the presence of citric acid, the new band found at 1600 cm™ " corresponds to C=O stretching vibration peak from ester groups.
This peak indicates that the esterification reaction occurred between carboxyl groups of CA and hydroxyl groups of PVA [37].
Moreover, its height can reflect the degree of esterification [38].

1

3.3. Scanning electron microscopy analysis

Fig. 5a illustrates the formation of new bonds in the PVA matrix when different modifications were applied. The incorporation of
ZnO NPs resulted in the formation of hydrogen bonds with hydroxyl groups of PVA. Adding CA created ester bonds, due to the chemical
reaction between CA carboxyl groups and PVA hydroxyl groups. Furthermore, the freeze-thaw process is based on the existence of
regular pendant OH groups on PVA, being able to form crystallites by strong inter-chain hydrogen bonding [39]. Thus, it can be
inferred that the three chemical/physical modifications alter PVA constitution and structure through affecting OH functional groups.

The surface morphological structure of PVA-ZnO was investigated using FESEM analysis, with a magnification of 10,000x. Fig. 5b
presents a scanning electron micrograph of the fabricated PVA-ZnO sample, where the presence and relatively uniform dispersion of
ZnO NPs can be perceived.

3.4. Swelling ratio

The water uptake capacity is a key indication of biocompatibility and applicability for biomedical purposes [40]. The swelling
percent of PVA, PVA-ZnO, and crosslinked PVA-ZnO specimens were calculated using Equation (1), and the results are illustrated in
Fig. 6a. Hydrophilic groups enhance water absorption and swelling properties. Thus, PVA polymer benefits from having a large hy-
droxyl number, forming hydrogen bonds with water. However, the addition of ZnO NPs can involve some of the active OHs, which
results in a decrease in swelling capacity [26,41]. Similarly, with the inclusion of CA as a chemical crosslinking agent, a number of PVA
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Fig. 6. (a) Swelling percentages of PVA, PVA-ZnO, PVA-ZnO-PX, and PVA-ZnO-PX-CA meshes measured after 1, 4, and 24 h of soaking in water,
which indicates their water uptake capacity and potential biocompatibility (n = 3); (b) stability and biodegradation assessment of PVA, PVA-ZnO,
PVA-ZnO-PX, and PVA-ZnO-PX-CA samples expressed as weight loss percentages measured after 1, 14, 28, and 42 days of soaking in PBS solution (n
= 3). Note: PVA: poly(vinyl alcohol), ZnO: zinc oxide, PX: physical crosslinking, CA: citric acid.

polar groups participate in an esterification reaction, leading to a decrement in swelling degree [38]. Furthermore, three freeze-thaw
cycles form a physically crosslinked network that increases crystallinity and intermolecular forces among polymer chains. These would
decrease PVA chains mobility and vacancies for the accommodation of water molecules, thereby lessening water absorption [40].
As explained above, the swelling ratio comparison of the designed samples in all three time intervals can be expressed as follow:
PVA > PVA-ZnO > PVA-ZnO-PX > PVA-ZnO-PX-CA. Significant difference in the swelling ratio of PVA-ZnO sample can be perceived in
comparison with pure PVA and PVA-ZnO-PX-CA meshes, after 4 and 24 h of soaking. Moreover, physical crosslinking had minimal

effects on the swelling capacity of PVA-ZnO mesh. Results also indicate that swelling equilibrium was achieved after 24 h of immersion
in water.

3.5. Invitro degradation

The major complication of absorbable/degradable meshes relates to their high degradation rate. Therefore, a bioabsorbable mesh
should be tailored in a way that its degradation rate matches the required time for tissue in-growth, thereby preventing hernia
recurrence [42].

The stability of mesh samples was assessed by weight loss measurements at four time points (1, 14, 28, and 42 days), using Equation
(2). Obtained results are presented in Fig. 6b. It can be observed that the weight loss of all samples increased with immersion time.
From day 1-14, pure PVA mesh degraded at a faster rate and reached 30 £ 3 %. After this period, the sample lost weight in a slower
manner and reached up to 49 + 4.5 %, at the end of 42 days.

Involving ZnO content decreased the biodegradation rates to 21 + 4.5 % and 32 + 3.2 % on days 14 and 28, respectively. Barua
et al. [43] reported that excessive addition of ZnO NPs would lead to a decline in biodegradability of Hydroxyapatite/Poly(methyl
methacrylate)/ZnO composite bone scaffold. Our results are also in agreement with Feng et al.” study [44] on the fabrication of a
p-tricalcium phosphate/ZnO scaffold for bone tissue engineering. Furthermore, the application of freeze-thaw cycles generally delays
weight loss percent in PBS solution [45]. However, in this work, physical crosslinking had a marginal effect on the biodegradability of
the PVA-ZnO sample, similar to what was observed in section 3.4 Swelling ratio.

When CA was added, the stability of the mesh was noticeably enhanced to 14 + 3.2 %, 30 + 3 %, and 39 + 3.5 %, after 14, 28, and
42 days of incubation in PBS. This result is consistent with the literature [46,47]. The reasons behind how ZnO NPs and crosslinking
techniques affect in vitro degradation are comparable to the explanation given in section 3.4 Swelling ratio: The formation of a more
crystalline structure, as well as the involvement of PVA polar groups, would allow less fluid into the polymer matrix, thereby
diminishing the weight loss percentage.

3.6. Water contact angle

The wetting behavior of neat PVA, PVA-ZnO, PVA-ZnO-PX, and PVA-ZnO-PX-CA grafts was investigated by determining water
contact angle (WCA) values, as shown in Fig. 7a, b. The measurements were based on the deformation of the water droplet, 60 s after it
was dropped on the surface of the samples.

Each modification applied to the neat PVA mesh resulted in an increase in contact angle degree. Greater values of contact angle
mean less tendency to water absorption, thus higher surface hydrophobicity. The role of ZnO NPs and freeze-thaw cycles on the
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Fig. 7. Water contact angle measurements of PVA, PVA-ZnO, PVA-ZnO-PXA and PVA-ZnO-PX-CA based on the sessile drop method immediately
and 60 s after the water droplet was dropped on the mesh surface: (a) results analyzed by ImageJ; (b) results presented in bar diagram. Contact angle
values below 90° represent hydrophilic samples. Note: PVA: poly(vinyl alcohol), ZnO: zinc oxide, PX: physical crosslinking, CA: citric acid.
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Fig. 8. Stress-strain diagrams of PVA, PVA-ZnO, PVA-ZnO-PX and PVA-ZnO-PX-CA specimens, used to assess their mechanical properties in terms of

maximum tensile strength, Young’s modulus and %elongation at break (n = 3). Note: PVA: poly(vinyl alcohol), ZnO: zinc oxide, PX: physical cross-
linking, CA: citric acid.

elevation of the WCA value is due to forming a more compact structure. Furthermore, the presence of these NPs on the surface of the
mesh facilitates air adsorption, thereby hindering the penetration of water molecules [48-50]. Finally, crosslinking with CA decreases
the capacity of water absorbency, based on two reasons: I) formation of ester bonds, II) reduced molecular interactions between the
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Fig. 9. Performing tensile tests for the Prolene®+abdominal wall tissue (control) and PVA-ZnO-PX-CA + abdominal wall tissue (experimental)
specimens, and comparing their mechanical properties (n = 3). These specimens were obtained after rats were sacrificed on day 45 postoperative:
(a) maximum tensile strength of Prolene®-tissue and PVA-ZnO-PX-CA + tissue; (b) tensile testing of the experimental group performed at the speed
of 10 mm/min; (c) elongation at break (%) of Prolene®-tissue and PVA-ZnO-PX-CA + tissue; (d) tensile testing of the control group performed at
the speed of 10 mm/min. Note: PVA: poly(vinyl alcohol), ZnO: zinc oxide, PX: physical crosslinking, CA: citric acid.

water droplet and the surface of the samples [37].

Therefore, PVA and PVA-ZnO-PX-CA obtain the highest and lowest affinity for water, respectively. Compared to neat PVA, water
contact angles of PVA-ZnO, PVA-ZnO-PX, and PVA-ZnO-PX-CA are increased by 6.07, 41.42, and 66.23 %, respectively. It should be
mentioned that all of the reported values are less than 90°, indicating that our samples are still highly hydrophilic, mainly due to the
existence of plenty of hydroxyl groups in the backbone of the PVA mesh [50].

3.7. Mechanical properties

The mechanical properties of the specimens were evaluated in terms of ultimate tensile strength, elongation at break, and Young’s
(elastic) modulus. Fig. 8 represents the obtained stress-strain curves based on the dry state.

According to the results, the tensile strength of the PVA mesh with no ZnO content is 35.2 &+ 1.1 MPa. However, incorporating ZnO
NPs and using freeze-thaw cycles enhance this property to 42.2 £+ 2.1 and 52.3 £+ 1.7 MPa, respectively. The highest strength is
achieved at 52.8 & 2.3 MPa when both crosslinking methods are applied. Research group of Idrees [32] reported that for hernias of
large size, the burst pressure and tensile strength of the surgical meshes should be at least 180 mmHg and 32 N/cm, respectively. Thus,
all of these four samples possess acceptable tensile strength values. Regarding Young’s modulus, samples follow the same order as
ultimate strength, with neat PVA and PVA-ZnO-PX-CA obtaining the lowest (222 + 7.6 MPa) and greatest (780 + 23.6) elastic modulus
values, respectively.

Imaan et al. [51] fabricated PVA-ZnO composite membranes with different ZnO contents. They stated that an increase in the
incorporated ZnO level enhances the strength of the composite due to dispersion, high surface area, and intermolecular interactions of
ZnO with PVA. In addition, freeze-thawing helps the mesh structure become more compact by creating crystallites and secondary
bonds [40]. Similarly, utilizing low amounts of CA as a chemical crosslinker strengthened the network structure, followed by greater
resistance to lengthwise stress and stiffness. It should be mentioned that as the concentration of CA grows, it can act as a plasticizer as
well, which has opposite effects on mechanical properties [38].

Fig. 8 also implies that using ZnO NPs, three cycles of freeze-thaw and CA crosslinking agent decreased elongation at break values
and improved brittleness of the designed meshes. Percentage elongation of PVA, PVA-ZnO, PVA-ZnO-PX, and PVA-ZnO-PX-CA
specimens can be respectively described as 54.4 + 2.8, 44 + 1.9, 25.8 + 0.9, and 6.7 + 0.4 %.

Besides dry mesh grafts, tensile tests were also conducted for the mesh -+ tissue samples. Fig. 9a - d illustrates the ultimate strength
and percentage elongation of PVA-ZnO-PX-CA + tissue (case) and Prolene®-ttissue (control) specimens. These specimens include both
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Fig. 10. Cell viability calculation of PVA, PVA-ZnO, PVA-ZnO-PX and PVA-ZnO-PX-CA samples based on 100 % viability of cells in 2D control group
at each time interval. MTT assay was performed for the cytotoxicity evaluation and results were achieved 1, 3 and 7 days after cell culture. Note: 2D
control: 2D cell culture, PVA: poly(vinyl alcohol), ZnO: zinc oxide, PX: physical crosslinking, CA: citric acid.

implanted mesh and associated abdominal wall tissue.

It can be perceived that the proposed modified mesh acquired lower tensile strength values (case: 0.24 £ 0.07 MPa, control: 0.4 +
0.1 MPa), and higher elongation% (case: 162.5 + 50 %, control: 65 + 18 %). These results were expected since Prolene® is a non-
absorbable/non-degradable polymer.

3.8. Cytotoxicity assay

The potential cytotoxicity of the designed meshes was evaluated by MTT assay. L-929 fibroblast cells were utilized in this test since
fibroblasts are the main cells that cover the surface of the mesh in the early and late phases of wound healing, and play an important
role in collagen formation on the mesh surface. Cell viability (%) was determined on days 1, 3, and 7, regarding Equation (3). At each
time point, the viability of cells in contact with mesh samples was calculated based on 100 % viable cells from the control group.

Fig. 10 indicates that the cell viability of all pure and modified PVA samples was higher than 80 %. Therefore, the examined meshes
exhibit no cytotoxic effect on the fibroblast cells. When modifications were applied to the PVA mesh, slight changes can be seen in the
number of viable cells. However, no significant difference exists between any two groups treated with different PVA-based meshes.

3.9. Surgical procedure

All 16 rats survived the operation and thrived until necropsy at the end of the trial. There was no evidence of recurring hernias in
any of the rats at necropsy. Furthermore, no evidence of infection was found during the trial. There were no variations in weight gain or
loss between the two groups.

3.10. Adhesion formation

All animals showed some signs of visceral adhesion development 45 days after implantation. Fig. 11 displays representative
macroscopic images of the experimental (Fig. 11a) and control group (Fig. 11b). Calculating the adhesion score according to the
Vandendael scoring [29], the PVA-ZnO-PX-CA mesh showed lower values (median = 6.7, range: 4-9) than the Prolene® mesh (median
=9, range: 5-12) (Fig. 11c).

Intra-abdominal adhesion formation is an important complication following herniorrhaphy with mesh placement surgery [52]. An
adhesion band may connect visceral organs to the mesh surface, which complicates the procedure of intra-abdominal hernia repair.
This complication can potentially lead to bowel erosion, obstruction, and fistula formation [53].

Prolene®, as the standard intra-abdominal mesh, showed the most adhesions (54.1 %) compared to other surgical mesh grafts [54].
According to the results of this study, our assumption is that the proposed mesh based on PVA shows less tendency to develop ad-
hesions in addition to providing appropriate support for the abdominal wall. We presume that the non-adhesiveness of this synthetic
mesh was enhanced due to obtaining a more hydrophobic characteristic, as concluded from the swelling ratio and water contact angle
measurements. As reported by Li et al. [55], improving hydrophobicity to some extent, can lead to a better anti-adhesion effect.
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Fig. 11. (a-b) Macroscopic images of the repaired herniated sites and visceral adhesion formation on day 45 post-operative in the experimental
(treated with PVA-ZnO-PX-CA mesh) and control (treated with Prolene® mesh) group, respectively. Thick adhesions can be noticed in the control
group (shown with black arrows); (c) calculation of adhesion formation based on the Vandendael scoring method [29]; (d) tissue integration of the

proposed PVA-ZnO-PX-CA and conventional Prolene® mesh patches; (e) shrinkage of the PVA-ZnO-PX-CA vs. Prolene® hernia mesh. Note: PVA: poly
(vinyl alcohol), ZnO: zinc oxide, PX: physical crosslinking, CA: citric acid.

3.11. Incorporation and shrinkage of the mesh

In this study, we report mesh incorporation as the proportion of the original surface area that was incorporated in tissue within 45
days after mesh implementation. It was observed that the intervention group which received PVA-ZnO-PX-CA mesh showed signifi-
cantly greater incorporation in comparison to the control (79 + 9 % vs. 21 + 7 % respectively) (Fig. 11d). Similarly, the fabricated
mesh showed greater shrinkage compared to the Prolene® mesh (76.2 + 7.9 % vs. 20.6 + 4.1 %) (p < 0.001) (Fig. 11e).

The results from the evaluation of incorporation and shrinkage demonstrate that PVA-ZnO-PX-CA performed superiorly in com-
parison with the conventional Prolene® mesh, which results in minor critical overlaps that might be due to lower fibrous tissue
formation. This, in turn, minimizes the rate of hernia recurrence at the mesh borders and dislocation of the prosthesis [56].

3.12. Abscesses

No abscesses were found on either of the meshes or in the intra-abdominal cavity in any of the rats of each group.

3.13. Histological evaluation

At both low and high magnification, 45 days after implantation, differences between the control and the PVA-ZnO-PX-CA mesh
were noticeable in H&E slide show samples, as presented in Fig. 12a. When viewed at low magnification, the rectus muscles seemed
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Fig. 12. Staining of the repaired abdominal wall tissue using PVA-ZnO-PX-CA mesh (case) and Prolene® mesh (control). The magnifications of all
images are 400x: (a) H&E staining showing collagen deposition in the connective tissue, as well as more microvessel formation in the case group
compared to the control group; (b) Masson’s Trichrome staining indicating higher, thicker and denser collagen formation in the case group
compared to the control group. Note: PVA: poly(vinyl alcohol), ZnO: zinc oxide, PX: physical crosslinking, CA: citric acid.

thinner in the control than the experimental group.

The samples’ H&E staining revealed no noticeable difference between the two groups in the overall number of inflammatory cells,
eosinophils, macrophages, or mononuclear cells. Extracellular matrix (ECM) deposition was minimal in all samples and did not
significantly differ from the control sample.

Regarding the foreign body granuloma formation, it was observed that fewer granulomas were formed around the prepared mesh at
the mesh-host tissue interface, compared to the Prolene® one. We surmise that even though we did not observe any inflammation-
related cells 45 days post-operatively, the fewer granulomas might be an indication of higher biocompatibility and lesser immuno-
logic reaction. On the other hand, Prolene® mesh is not biodegradable, whereas PVA is. This might help with preventing persistent
inflammation and fibrous encapsulation.

The high power field study was utilized to measure the average number of neo-microvessels; this study shows that neo-
vascularization has a substantially higher rate with PVA-ZnO-PX-CA, compared to Prolene® mesh (26.6 + 1.3 vs. 11.7 &+ 3.1) (p <
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Fig. 13. Staining of the repaired abdominal wall tissue using PVA-ZnO-PX-CA mesh (case) and Prolene® mesh (control). The magnifications of all
images are 400x: Significant increase in the levels of (a) PDGF and (b) TGF-p can be noted in the PVA-ZnO-PX-CA group compared to the Prolene®
group according to the IHC staining. Note: PVA: poly(vinyl alcohol), ZnO: zinc oxide, PX: physical crosslinking, CA: citric acid.

0.05), which is indicative of the higher mesh incorporation.

3.14. Histochemical analysis

Collagen formation is essential for any repair. To measure collagen deposition, slices of the healed tissues were then stained using
Masson’s Trichrome (MT) staining. The amount of collagen formed in the experimental group was significantly higher than in the
control group. Collagen fiber deposition was thick, regular, and dense in the cases treated with PVA-ZnO-PX-CA mesh. Collagen levels
were lower in the control group, and the bundles were randomly distributed throughout the sample and weakly attached (Fig. 12b).

A growth factor that controls cell development and division is the platelet-derived growth factor (PDGF). In particular, PDGF is
important for the development of blood vessels, the proliferation of mesenchymal cells, including fibroblasts and vascular smooth
muscle cells, as well as cell-directed migration known as chemotaxis [57]. Thus, samples from the experimental and control groups
were additionally stained with IHC to detect PDGF. The pictures of the IHC-stained samples (Fig. 13a) were analyzed with ImageJ.
Results analysis revealed a significant (p value = 0.04) increase in the stained areas of samples treated with the PVA-ZnO-PX-CA mesh
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(62 + 5.9 %) compared with those treated with the conventional Prolene® (54 + 3.3 %). This might explain better new blood vessel
formation.

Transforming growth factor (TGF-p), a cytokine with a wide range of pleiotropic effects, is known to play a role in wound healing,
angiogenesis, and immune modulation. TGF-§ stimulates and regulates angiogenesis, a crucial component of healing. The fibrosis
formation is known to be triggered by TGF-, which is also known to cause excessive ECM synthesis and inhibit ECM degradation [58].
Therefore, we stained the tissues with immunohistochemistry (IHC) to measure the levels of TGF-f, as shown in Fig. 13b. The analysis
of the TGF-f stained areas demonstrated that the stained area in the case and control groups were 86 + 9.5 % and 70 + 7.4 %,
respectively (p < 0.05).

4. Conclusion

In conclusion, we fabricated an anti-adhesive mesh based on PVA, which underwent three freeze-thawing cycles for hernia repair.
The results revealed that incorporation of ZnO NPs into the PVA matrix and further introduction of citric acid for chemical cross-
linking, resulted in mechanical strength enhancement up to 52.8 + 2.3 MPa. Moreover, freeze-thawing cycles induced the crystalline
structures to contribute to mechanical reinforcement. Additionally, degradability analysis illustrated 39 + 3.5 % weight loss for PVA-
ZnO-PX-CA sample after 42 days, indicating an improvement in the resistance from degradation. These achievements may decrease
hernia recurrence rates when absorbable meshes are used instead of permanent ones. In vivo studies also represented lower formation
of local adhesions, higher formation of new vessels and enhanced levels of collagen deposition, PDGF and TGF-f factors. All the results
indicate a notable potential of our fabricated mesh in hernia repair.
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