
1. Introduction

Abdominal wall hernia is a special clinical problem,
where the previously damaged abdominal wall is not
able to fulfil its physiological functions and surgical
reinforcement is mandatory. According to the litera-
ture, incidence of incisional hernias after laparotomy
is about 11–20% [1, 2]. Although mesh implantation
has improved the outcome significantly, the problem
with open procedures is that they involve extensive
dissection associated with a 20% wound complication
rate requiring further surgery in many patients. La-
paroscopic mesh implantation has gained acceptance

among surgeons and patients by decreasing this high
complication rate [3, 4]. One drawback of this tech-
nique is that the prosthetic mesh should be placed
intraperitoneal, directly adjacent to the intestines,
and may cause life threatening complications (infec-
tion, fistula, etc.). Repair of damaged tissues or or-
gans is a significant clinical problem, which can be
treated using artificial scaffolds.
Resorbable synthetic meshes represent a logical im-
provement of non-resorbable meshes, however, as
scaffolds to support native tissue ingrowth, they must
be present until full regeneration of the damaged
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tissue without any strength loss [5]. Although there
are resorbable meshes with controlled degradation
available on the market, their high price hinders their
general use, whereas synthetic meshes are still lim-
ited by their loss of strength over time [6].
Tissue engineering is now a promising method for
creating scaffolds that provide an adequate support
for tissue ingrowth. Electrospinning is a frequently
used technology to build artificial networks for tissue
replacement. Preparation of thin polymer fibers for
biomedical applications, which are biocompatible and
biodegradable, is a very progressive research area
nowadays. Nanofibers have all the necessary prop-
erties that are important to mimic the tissue in a liv-
ing system. The fibers have high surface-volume ratio,
the fiber mats are highly porous with interconnected
pore structure, and it is easy to modify their surface
functionality and mechanical properties (e.g., tensile
strength, stiffness, etc.) in a wide range [7].
Poly(vinyl alcohol) (PVA) bulk hydrogels are prom-
ising materials in wound dressing, as it is known from
the literature [8, 9]. PVA is a non-toxic hydrophilic
polymer, which is biocompatible and fairly biodegrad-
able with lots of well-known biomedical applications
(such as contact lenses, implants, and drug additives)
[10, 11]. Thus, PVA is an eligible choice for the prepa-
ration of meshes for tissue engineering [12]. Further-
more, the background of PVA mats prepared with
electrospinning method has broadly developed in the
past few years [13, 14]. There were several attempts
to use PVA also in hernia treatment [15], however,
to the best of our knowledge, no PVA mesh that per-
fectly diminishes the side effects of mesh based her-
nia repair (such as adhesion, inflammation, etc.) has
been prepared so far.
The aim of this study is to develop a non-adhesive
absorbable hernia mesh, which can be used even in
an intraperitoneal position and can act as a scaffold
for the regeneration of the abdominal tissue, then
disappear when the abdominal wall and scar tissue
are strong enough. For this purpose, we evaluate the
preparation of electrospun PVA fiber mats, their in-
teraction in vitro with human lung carcinoma cell line
(A549), but also in vivo with animal models, using
laboratory rats to follow any adhesion formation, and
to determine the biocompatibility and biodegradabil-
ity of the meshes. Size and structure of fibers have
been investigated with Scanning Electron Micro-
scope.

2. Materials and methods

Poly(vinyl alcohol) (PVA) (Mw ~ 72 000) was pur-
chased from Merck-Scuchardt (Hohenbrunn, Ger-
many), whereas glutaraldehyde was purchased from
Merck (Darmstadt, Germany). Sodium-azide, mini-
mal essential media (DMEM 6546) and phosphate
based saline (PBS) were purchased from Sigma-
Aldrich (USA), HCl from Reanal (Budapest, Hun-
gary), ClO2 (Solumium) from Sanitaria (Budapest,
Hungary), foetal calf serum from Kvalitex (Buda -
pest, Hungary), L-glutamine and Vybrant Did from
Thermo Fischer Scientific (Waltham, USA), gentam-
icin from Sandoz (Holzkirchen, Hungary), ciprobay
(Ciprinol-KRKA, Hungary). Polypropylene mesh
(Monofilament Knitted Polypropylene mesh) was
purchased from Bard Davol Inc. (Warwick, USA),
4-0 Polydioxanone, monofilament suture line from
Atramat (Mexico City, Mexico), polydioxanone 5-0
sutures (PDS) and polypropylene 5-0 sutures (Pro-
lene) from Ethicon Inc. (Somerville, NJ, USA).

2.1. Preparation of the polymer solution

Poly(vinyl alcohol) was dissolved in boiling distilled
water under strong stirring, in order to create a con-
centrated solution. The final PVA concentration was
determined gravimetrically from samples dried at
60°C; then the raw solution was diluted to the desired
concentration (8 g polymer in 100 g solution). A small
amount of sodium-azide was added to stock suspen-
sion to avoid infection.

2.2. Electrospinning technique

A custom electrospinning setup was used to create
thin polymer fibers from PVA [16]. The mixture of
3.25 mL 8 w% PVA and 62.5 μL of glutaraldehyde
(GDA) solution was delivered by a syringe pump
(KD Scientific KDS100, Holliston, USA) with a glass
syringe (Fortuna Optima 7.140-33, Sigma-Aldrich,
USA) with a metal Hamilton tip at a feeding rate of
1 mL/h. The electrode was attached to the metal tip
and a high voltage (16–20 kV) was applied during
sample production using a high voltage DC power
supply (Genvolt 73030P, Bridgnorth, UK). We used
common aluminium foil as target placed 15 cm in
front of the needle. 

2.3. Microscopic techniques

For the determination of the morphology and av-
erage diameter of PVA fibers, Scanning Electron
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Microscopy (SEM) was used. Micrographs were taken
using a ZEISS EVO 40 XVP (Carl Zeiss AG, Ober-
kochen, Germany), equipped with an Oxford INCA
X-ray spectrometer (EDS) (Oxford Instruments,
Abingdon, UK). An accelerating voltage of 1 25 kV
was applied; the actual voltage was 20 kV in each case.
Samples were fixed on a special conductive sticker
with tweezers. For the measurements, samples were
sputter coated with gold in 20–30 nm thickness with
a 2SPI Sputter Coating System (West Chester, USA).
In the case of cross-linked PVA membrane, it was
washed with ultrapure water and freeze-dried. The
average fiber diameter was determined by measuring
50 individual fibers.

2.4. Formulation and cross-linking of PVA

meshes for mechanical, in vitro and

in vivo experiments

For handling and suturing during surgery, a single
sheet of PVA mesh is not suitable. Therefore, to
strengthen the meshes, they were folded into approx-
imately 5×5 or 4.5×3.5 cm sized squares, and were
pressed with a hydraulic press (Atlas Manual 15T
(Orpington, UK), generally used for pastille formu-
lation in infrared spectroscopy) to ensure the integri-
ty of its layers. The samples were placed in a sand-
wich of aluminum foil, several layers of paper and
wood pressure plates, then pressed by 5 t on their
whole surface for 5 minutes.
To stabilize the PVA based fiber mesh and prohibit
its dissolution, we cross-linked the PVA polymer in-
side the fibers. The previously pressed fibrous sheets
were immersed into 2 M HCl solution for 1 hour, and
washed with ultrapure water until the supernatant be-
came neutral. The samples were then stored in PBS
with added chlorine dioxide for sterilization, and
were incubated at 37°C for 1 week [17, 18].

2.5. Cell experiments

A549 human lung carcinoma adherent epithelial-like
monolayer cells (passage 13–22 after defrosting from
liquid nitrogen) were used for the observation of any
toxic effect of our meshes, caused by chemicals re-
leased from the samples or degradation byproducts.
For these experiments, PVA scaffolds and its com-
pounds, namely PVA solutions of different concen-
trations and GDA were used. PVA meshes were pre-
treated with 2 M HCl and sterilized with ClO2 (as
described in Section 2.4). Our pilot tests also proved
that ClO2 has no negative effects on the proliferation

or viability of the cells, supporting the well-known
antimycotic and antibiotic effect of ClO2 [17, 18].
Electrospun PVA scaffolds were washed with ultra-
pure water before the cell experiments. The scaffolds
were tested after washing (Method A) and after incu-
bating in cell medium for 72 h (Method B).
For the experiments, cells were cultivated in minimal
essential medium supplemented with 10% foetal calf
serum, 4% L-glutamine and Gentamicin. 2.5·105 cells/
Petri dish were spread for each experiments. All of the
samples were incubated at humidified incubator
(37°C; 5% CO2). The cells were treated with Ciprobay
(25 µL/5 mL) to prevent any infection.
For the consecutive experiments, PVA solutions of
different concentrations in the range of 10–8 to
0.8 g/100 g (9 defined concentrations), GDA solu-
tion, and a PVA solution made from the supernatant
of a 72 hour medium incubated PVA mesh were added
to the cell media before seeding the cells.
All experiments were conducted with 3 parallel meas-
urements, using a control cell population without any
treatment. For tracking proliferation on the scaffolds,
cells were labelled with Vybrant Did solution. These
experiments were carried out in 24 well/plates. Be-
fore seeding, cells were incubated in 100 μL of stain-
ing medium for 15 minutes. The staining medium was
prepared by adding 5 μL of the supplied dye labelling
solution to 1 mL of serum free growth medium. After
15 minutes of incubation, the staining medium was
dripped off, and the culturing flask was washed three
times with normal growth medium before incubating
it again for 10 minutes. Cells were removed by using
a trypsin- EDTA solution. The labelled cells were
seeded into a 24 well plate (Sarstedt AG & Co. KG,
Nümbrecht, Germany) at a 3·104 cells/mL/well.

2.6. Mechanical tests

Simple mechanical tests were carried out to predict
the mechanical and surgical performance of the sam-
ples, where suturability and maximum strength against
pulling forces were investigated. The tearing point of
the PVA mesh was measured by unidirectional exten-
sion in a ZWICK Z050 Elastic Modulus Meter (Ulm,
Germany) at room temperature. For the measure-
ment 15×50 mm rectangles were cut and held by
simple clamps. The measurement was carried out at
10 mm/min cross-head speed in 3 parallel experi-
ments.
A modified version of the simple running suture was
used in order to recreate the state of a sutured hernia
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mesh after implantation but enables simple mechan-
ical testing. Previously prepared and pressed PVA
meshes (Section 2.4) and a commercially available
polypropylene (PP) mesh were sutured with a 4-0Poly-
dioxanone, monofilament suture line between two
holders. The distance between the loops was kept at
1 cm (which refers to the standard procedure during
a surgical mesh implantation), while the distance from
the edge of the samples at 0.5 cm, replicating the im-
planted samples. The schematic drawing of the su-
ture with the sutured PVA or PP mesh can be seen
on Figure 1a.
To test their strength and mechanical behaviour, our
samples were hanged in a frame with a plate attached
to their bottom. Different standard weights were suc-
cessively placed on the plate until the samples were
torn (Figure 1b).

2.7. Animal studies

The aim of the first series of experiments was to
study the biological behaviour of intra-peritoneally
implanted PVA meshes. Sixty inbred rats of Wistar
strain, weighting 315–350 g, were used. They were
bred under specific pathogen-free conditions, kept
under standard laboratory conditions (temperature of
20–24°C, relative humidity of 50–60%, 12 h light/
12 h dark), fed with laboratory diet, and given water
ad libitum. In all animals, a 4 cm left paramedian la-
parotomy incision was performed. The 60 rats were
randomly divided into four groups.
In group I (n = 15), and secured to the abdominal
wall by suturing the four corners using absorbable
polydioxanone 5–0 sutures.

In group II (n = 15), a full-thickness abdominal wall
defect (2×2 cm) was created, and PVA mesh was
fixed intraperitoneally with absorbable polydiox-
anone 5-0 sutures.
In group III (n = 15), a similar abdominal wall defect
was created, and the defect was repaired with a PVA
mesh. This mesh was fixed intraperitoneally with
running polypropylene 5-0 sutures (Figure 2).
In group IV (control group, n = 15), rats underwent
the same procedure as in group I, except there was
no mesh implantation. In all animals the muscle and
skin incision were closed with an 5-0 absorbable
polydioxanone running suture.
Animals were housed in individual cages, and ob-
served daily for evidence of wound complications,

Molnár et al. – eXPRESS Polymer Letters Vol.12, No.8 (2018) 676–687

679

Figure 1. Schematic representation of the modified simple running suture samples (a), schematic figure of measurement
setup (b).

Figure 2. PVA mesh secured with running suture.



such as infection, seroma, abscess, hematoma, or skin
dehiscence. The experimental protocol adhered to
rules laid down by the Directive of the European Par-
liament and of the Council on the protection of ani-
mals used for scientific purposes, and was approved
by the Semmelweis University’s Institutional Animal
Care and Use Committee. The accreditation number
of the laboratory is 22.1/1244/3/2011.
Animals were terminated and the meshes were re-
moved on the 7th, 14th, 28th, 90th, 178th postoperative
days to determine tissue ingrowths, and the degree
of adhesion formations (macro- and microscopic ap-
pearance). We had to terminate three animals (one an-
imal from group II, and two from group III) earlier as
planned due to technical issues (inadequate fixation).
The presence of adhesions was assessed by their in-
tensity, surface area, and total score were assessed
visually, using a modified Diamond scale [19].

2.8. Histological evaluation

Tissue samples were fixated in 10% buffered for-
malin and embedded in paraffin. 4 µm sections
were prepared then stained with Haematoxylin and
Eosin. Glass slides were digitalized with a Panoram-
ic 250 Flash Scanner (3DHISTECH Ltd., Budapest,
Hungary).

3. Results and discussion

3.1. Characterization of electrospun PVA

fibers

After a long optimization process (results are not
shown here), homogenous nanofibers were created.
During electrospinning the water evaporated from
the system, and a non-woven dry and white mesh
was produced (Figure 3a).

According to SEM, electrospinning yielded smooth
and fairly uniform fibers with an average diameter
of 390±20 nm. There were very few small spheres of
polymer, which we originate from the stabilizing jet
at the beginning of the spinning process. SEM also
showed that the diameter and shape of the fibers can
be reproduced in a well-controlled way.
Generally, this technique uses very toxic solvents dur-
ing the fiber formation, such as dimethyl formamide,
or trifluoroacetic acid [20], hence, in our case, the
solvent was water. In this case, as an advantage of our
setup, the residual solvent – which is not able to evap-
orate during the electrospinning – could not cause
any side effect during the application.

3.2. Formulation and cross-linking of PVA

meshes for further experiments

To prepare a required polymer matrix for the differ-
ent experiments, such as cell, mechanical, and ani-
mal studies, having chemical cross-links between the
polymer chains is essential. Since an implant for ab-
dominal wall regeneration should withstand the ab-
dominal pressure, it was necessary to strengthen our
samples. Folding the electrospun meshes into suitable
sized samples before further experiments (in vivo or
mechanical) significantly increased their strength,
however, it also reduced their flexibility, as we ob-
tained a thick, paper-like sheet in each case. Further-
more, SEM showed that the fiber density in the pressed
sample was raised without any observable damage
of the fibrous structure (Figure 3a).
Acidic pH enables GDA to create cross-links be-
tween the PVA chains, therefore samples were im-
mersed into 2 M HCl solution. As the paper-like
sheets sucked the acidic solution, the white mesh
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Figure 3. Pictures taken of PVA membranes in different states: SEM picture taken of the fibrous structure after
compression (a) and after chemical cross-linking (b).



turned into opaque indicating that cross-links were
formed. In order to prove the presence of cross-links,
and thus the gelatic property of the fibers, a scaffold
was stored in water at a temperature above 90 °C.
Scaffolds without HCl pretreatment dissolved instant-
ly, while pretreated ones did not, leading us to the
conclusion that immersing the pressed samples into
HCl does indeed induce cross-link formation. In order
to see the microscopic structure of treated samples,
the membrane was washed thoroughly, freeze-dried
and investigated by SEM. As it can be seen on Fig-
ure 3b, the fibrous structure was damaged, as the fibers
fused together, creating an interconnected sponge-
like structure. Fusion of fibers or gel fibers is a very
common problem occurring in different degrees, es-
pecially in the case of PVA membranes [21–24].
However, the porous structure of our membranes still
satisfies our objectives. After washing the samples
with ultrapure water, they were stored in PBS for
1 week at 37 °C. As a result, rubber-like flexible and
opaque gel sheets were obtained. These samples were
used in further experiments.

3.3. Interaction between cells and PVA, GDA

and ClO2 solutions

It is always a hard task to choose an appropriate cell
line for basic in vitro tests. A549 is a well-known can-
cer cell line, frequently used for similar kind of ap-
plications, with a tremendous amount of information
available in the literature related to the biocompati-
bility of electrospun meshes [25–27].
For biomedical applications, it is important to ex-
clude side effect arising from building blocks. Dur-
ing metabolism in a living system, polymers typical-
ly break up into smaller fragments and monomers,
thus, proving the non-toxic behaviour of the ingredi-
ents is inevitable. Therefore, the toxicity of the com-
pounds of the PVA scaffolds was investigated.
The examination of PVA solutions (10–8 to 0.8 g/100 g),
as the main building block in our matrix, resulted in
normal, healthy triangular shaped cells after 24 h, and
only a few spherical cells were observed. After 72 h,
the cells completely covered the available space in
the Petri dish, and created a confluent cell increment.
We can thus conclude that the PVA solution did not
have any toxic or other effect on the cell adhesion in
a normal cell seeding plate. The cells were healthy, and
the proliferation was the same as it was in the ab-
sence of the PVA solution.

To prevent the polymer’s dissolution in water, GDA
as a cross-linking agent was used in our systems.
GDA solution is a well-known toxic chemical, often
utilized in cell science as a fixing agent for different
microscopic techniques, as GDA can cross-link the
proteins inside the cells [20, 28]. This reactive be-
haviour made this chemical a sufficient cross-linker
in the polymer science. In the case of GDA, we have
observed aggregated spherical cells in both the 24 and
72 h cultures, which were dead according to the Try-
pan blue test. The utilized sterilization agent (ClO2),
did neither harm nor inhibit the attachment and pro-
liferation of the cells  [17, 18].

3.4. PVA scaffolds

After the preparation of the PVA scaffold, a long wash-
ing procedure was used in all cases to assure the re-
moval of the unreacted chemicals, the efficiency of
which was confirmed by cell experiments. It is evi-
dent in literature that remnants of GDA may be pres-
ent even after washing the polymer matrix [29].
Therefore, the mesh was incubated in cell media for
72 h in order to remove all the unreacted ingredients
from it. After collecting the cell media from the mesh,
the cells were mixed with this treated media then
seeded in a Petri dish for 24 and 72 h respectively.
The cells obtained a healthy shape, and after a short,
24 h incubation time adhesion started, and 3 days later
all of the cells were attached to the Petri dish, com-
pletely covering the available surface (Figure 4).
This is indirect evidence that the prepared PVA mesh
had no cell-toxic content after preparation and thor-
ough washing.
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Figure 4. A549 cells after 72h incubated in cell media which
previously contained a soaked PVA electrospun
scaffold.



The PVA mesh is composed of fibers that can mimic
the natural extracellular matrix, which is the scaffold
upon cells live and proliferate in vivo. The electro-
spun PVA-GDA scaffold becomes a chemical gel in
the presence of HCl. Further, placing this mesh to the
PBS solution, additional physical cross-links are
formed in the presence of salts at the ionic strength
characteristic to living systems.
In our experiments two different setups were used:
The first setup, referred to here as method A, includ-
ed a washing step with water, while in the other
setup, called method B, included an incubation step
in cell media. Both in Methods A and B, the cell ad-
hesion onto the PVA mesh was not completely sat-
isfactory. Cells could only attach to the bottom of the
Petri dish, however, there they obtained a healthy tri-
angular shape and then proliferated. Although the
cells could not attach to the surface of the meshes,
the presence of the mesh did not affect the normal
cell life.
According to our results, the PVA meshes did not
have any toxic effects on the cells; however, it could
be observed that the surface of the PVA meshes was
not suitable for A549 cells to attach to, since normal
cell morphology was not observed. Therefore, we
conclude that the surface of the PVA mesh inhibits
the adhesion of cells. This property can be useful in
some biomedical applications, especially in hernia
treatment, where undesirable adhesion of abdominal
organs to the implants can elicit serious complica-
tions [9].

3.5. Mechanical tests

Polypropylene (PP)-based meshes (such as the one
used as the control system in our experiments) are
widely used in the treatment of abdominal hernia;
therefore, their properties have been comprehensive-
ly examined and reported in the literature. The type
of mesh used as control in our experiments can with-
stand an approximately 64 N pulling force before it
breaks during a standard uniaxial measurement, which
is more than enough to withstand the average 23 kPa
pressure arising in the abdomen during coughing or
jumping [30] or the general 16 N/cm–1 in the case of
small hernias [31].
The mechanical properties of a PVA mesh and a con-
trol PP mesh were investigated in order to predict
their performance during implantation in the follow-
ing in vivo experiments, described in detail in Sec-
tion 2.7. The breaking point of the electrospun PVA

mesh was measured without using stitches to fix it.
The gel fibers of our mesh contains 70±2 w/w% PBS.
Every hydrogel is capable of changing its swelling
degree, depending on the environmental conditions.
In wet conditions the gel fibers can swell. In the op-
posite case the gel fibers can dry out. The kinetics of
both processes (swelling and drying) takes much
longer time than the duration of mechanical meas-
urements. Therefore, it is reasonable to assume, that
there was no volume change during the mechanical
study. The maximum extension was 3 cm in each
case, and when the force reached 17 N, the mesh was
torn (Figure 5a). As it can be seen on Figure 5a the
PVA mesh used in the experiment does not show nei-
ther Hookean nor rubber elastic behaviour. This is
due to the fact that the PVA samples have a hierar-
chical structure composed of a mesh of randomly
oriented and fused gel fibers. Our knowledge is poor
on the mechanical properties of such materials. Ac-
cording to our knowledge understanding the me-
chanical behaviour of such complex structure has not
been worked out. It is worth noting that samples
were torn near the clamps pulling them during the
measurement.
The intra-abdominal pressure however acts upon the
suture line, not just on the mesh itself, therefore, in-
vestigating the effects of stitches on the mechanical
properties is essential [32]. During the mechanical
measurements, sutures were used to fixate the sam-
ples. Both samples (PVA and PP) were torn mildly at
a 5 N load, due to the acted force being divided un-
equally among each stich, hence the sample torn it-
self until the load was evenly distributed. A typical
example of how applied force acts upon the PVA
samples can be seen on Figure 5b. During force ex-
ertion the PP mesh behaved similarly, however, there
was no observable tearing or damage, only slight de-
formation was observed (Figure 5d).
Figure 5c shows the PVA scaffold after reaching the
critical load at 13.85 N, where the suture line was
ripped out of the sample. In both samples, the ripping
suture line formed the same zig-zag pattern, marking
the needle penetration points ‘valleys’ during the su-
turing of the samples (Figure 5b and 5d). PP meshes
were significantly stronger, hence their breaking point
reached 90 N, where not the mesh, but the suture
material was actually torn, however at loads this high
(as it can be seen on Figure 5e) the mesh has already
deformed permanently. It should be noted that our
result on the PP mesh is somewhat different from
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that measured by Li et al. [30], probably because of
the different measurement setup and sample size.
In conclusion, we found that the cross-linked PVA
mesh is suitable for in vivo experiments, as it can
withstand the conditions of mesh implantation and
the abdominal pressure after surgery.

3.6. Results of animal studies

Based on our promising results from cell and me-
chanical tests, the biomechanical features and the ex-
tent of adhesion, formation of PVA meshes were in-
vestigated in animal studies, as well. The purpose of
the animal studies was to monitor the PVA mesh
after its intra-peritoneal placement either on an intact
peritoneum, or on a created abdominal wall defect,
simulating laparoscopic ventral hernia repair, and
also to evaluate host tissue response. The mesh was

adequate for surgical procedure, i.e., easy to suture,
and, as a soft and flexible material, it adapted well to
abdominal tissues. All meshes used held their strength
and structure. There was no post-implant mortality,
and no signs of serious infection or rejection. Mesh
incorporation was complete in all animals; only min-
imal adhesion was observed in three rats. In contrast,
dense adhesions were developed on the majority of
the PP suture line (13 rats from the 27 animals with
score 1) (Figure 6. and Table 1). Compared to the
PVA mesh, the total score of adhesions was signifi-
cantly higher (p < 0.05) (Table 1.). PP is well known
for its good tissue integration profile, but it induces
severe adhesions [33]. In three cases, seroma and
slight perigraft reactions (inflammations) occurred.
By contrast to PP, the PVA mesh did not induce sig-
nificant adhesion. Formation of the neoperitoneum
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Figure 5. Tensile mechanical curve of PVA mesh in uni-axial measurement (a), effects of 5 N load (b) and a torn PVA
mesh (c), the defects on the PP mesh at a load of 13 N (d) and the deformed PP mesh (e) (calliper set to 1 cm).



was complete in the adhesion-free areas. In four an-
imals we found adhesion formation between 50–75%
with other organs (liver, bowel), these animals were
given 3 point according to the Diamond scale.
Our results showed firm integration of the mesh struc-
ture within the surrounding tissue after 3 and 6 months,
with mild chronic inflammatory reaction, however,
the long-term behaviour of intra-abdominally placed
PVA meshes should still be determined.
Histology performed on samples from groups II and
III on termination days 7 and 14 showed similar re-
sults, therefore they will be discussed together. PVA
meshes were all well integrated into the surrounding
tissue (Figure 7a) with a physiological tissue re-
sponse (foreign body type reaction). There was gran-
ulation tissue formation with variable number of
neutrophils and scattered giant cells adjacent to the
PVA meshes. The meshes were typically intact with
attached neutrophils, histiocytes, and giant cells on
their surface. Some meshes were invaded by inflam-
matory cells in one or two places close to the edge.

Samples from groups II and III on the 28th termina-
tion day reviled diminished granulation tissue, which
was partially replaced by mild fibrosis, and thus the
rate of healing process matched that of a physiologic
one. Meshes were covered mainly by histiocytes
and/or giant cells, and some meshes were invaded by
a thin bundle of granulation tissue or giant cells (Fig-
ure 7b). However invasion into the new tissue was
possible at the sample’s torn segment, where the lay-
ers of the PVA meshes were slightly separated. In
our opinion, this cannot be considered as an indica-
tion of biodegradation, but only of a physical degra-
dation. Samples from group I showed very similar
histological features, with an even milder granula-
tion and/or fibrotic tissue formation around the mesh-
es. It is important to mention however, that group I
animals underwent surgery of moderate level, as com-
pared to group II and III animals, where a small por-
tion of the abdominal muscle wall was cut out (arti-
ficial defect). Samples from control group IV showed
no alterations or only foreign body type giant cell re-
action around the sutures.
Samples from both groups II and III on the 90th and
178th termination days showed mild fibrosis sur-
rounding the meshes with scattered histiocytes and
giant cells. The meshes were either intact, or con-
tained some histiocytes/giant cells, groups of ghost
cells (dead cells), or fibrotic tissue bundles (Fig -
ure 7c), signifying the last phase of the physiologic
healing process taking place, when the \ implant in-
corporates into the surrounding tissue. Degradation
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Figure 6. PVA mesh incorporation – macroscopic findings (samples at a) 7, b) 90 and c) 178 days). 

Table 1. Overall diamond scale scores throughout the in vivo
animal experiments.

Score
Extent

[%]
Animal

0 0 3

1 <25 27

2 25–50 8

3 50–75 4

4 >75 0



of the meshes was not observable by macroscopic ob-
servation. Nor by histopathologic examination. The
microstructure of the PVA meshes implanted in the
animals (due to the relatively small pore sizes) would
normally promote bacterial adhesion and biofilm
formation, which leading to serious inflammatory re-
sponse, a phenomenon reported by Nisticó et al. [5].
On the contrary in our case no histopathological signs
were found suggesting such complications.

4. Conclusions

Preparing an absorbable, polymer-based hernia mesh
with specified properties, such as biocompatibility

and integrity, flexibility, and suturability is still a
challenging task. However, the electrospun PVA mesh
introduced in this paper satisfies all of these criteria.
Furthermore, it was also found that this mesh was
easily integrated into the surrounding tissue upon im-
plantation without serious inflammatory reaction. The
biocompatibility of electrospun PVA meshes are care-
fully and clearly demonstrated in this work. The mesh
has an outstanding suturability as well as it provides
a good platform for native tissue to get attached to.
Complications in mesh-based hernia repair arise from
adhesion of viscera to the implanted mesh, which, in
our case, only happened in 3 out of 45 animals. Fur-
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Figure 7. A typical picture of a PVA mesh after 1–2 weeks (a), 4 weeks (b) and 3–6 months (c) after implantation.



ther, the PVA scaffolds prevent adhesion formation
to the intra-abdominal structures. Our results strong-
ly suggest that electrospun PVA mesh could be a po-
tential future surgical mesh.
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