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Intra-abdominal adhesions following surgery are a challenging problem in surgical practice. This study fabricated different
thermoplastic polyurethane (TPU) nanofibers with different average diameters using the electrospinning method. The
conditions were evaluated by scanning electron microscopy (SEM), atomic force microscope (AFM), and Fourier transform
infrared spectrometer (FTIR) analysis. A static tensile test was applied using a strength testing device to assess the mechanical
properties of the electrospun scaffolds. By changing the effective electrospinning parameters, the best quality of nanofibers
could be achieved with the lowest bead numbers. The electrospun nanofibers were evaluated in vivo using a rat cecal abrasion
model. The macroscopic evaluation and the microscopic study, including the degree of adhesion and inflammation, were
investigated after three and five weeks. The resultant electrospun TPU nanofibers had diameters ranging from about 200 to
1000 nm. The diameters and morphology of the nanofibers were significantly affected by the concentration of polymer.
Uniform TPU nanofibers without beads could be prepared by electrospinning through reasonable control of the process
concentration. These nanofibers’ biodegradability and antibacterial properties were investigated by weight loss measurement
and microdilution methods, respectively. The purpose of this study was to provide electrospun nanofibers having
biodegradability and antibacterial properties that prevent any adhesions or inflammation after pelvic and abdominal surgeries.
The in vivo experiments revealed that electrospun TPU nanofibers reduced the degree of abdominal adhesions. The
histopathological study confirmed only a small extent of inflammatory cell infiltration in the 8% and 10% TPU. Conclusively,
nanofibers containing 8% TPU significantly decreased the incidence and severity of postsurgical adhesions, and it is expected
to be used in clinical applications in the future.

1. Introduction

Surgical intra-abdominal adhesions are a common cause of
postoperative complications, which is found in most cases
of abdominal and gynecological surgeries [1]. Abdominal
and pelvic adhesions typically form pathological bonds

between defect areas such as damaged peritoneal surfaces
and other tissues that come in contact with the visceral peri-
toneum in the uterus, ovaries, uterine tubes, and intestines
[2]. These adhesions remain one of the most challenging
problems in surgical procedures, and despite many efforts
in surgical techniques, there is still no reliable strategy to
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manage them. It is the main unpleasant consequence of
abdominal procedures. The effects of adhesion formation
are long-term complications such as chronic abdominal
and pelvic pain, bowel obstruction, female infertility, and
difficulty with future operations [3]. Accordingly, surgical
adhesions will have a profound economic effect. It has been
estimated that many patients are admitted to hospitals
annually due to adhesion removal surgery and bowel
obstruction surgery, accounting for inpatient care and med-
ical expenditures and contributing to many deaths annually
[3]. The best approach to reduce the severity of complica-
tions, limit morbidity, and decrease the economic cost is to
prevent the formation of postoperative adhesions.

Some common prior strategies are applying antiadhe-
sion materials and fibrinolytic agents and improving surgical
procedures [4]. A method that is widely used is placing
physical barriers between the injured site and adjacent tis-
sues. They are applied to cover the injured peritoneal tissues
during mesothelial regeneration and prevent the adherence
of adjacent structures and adhesion formation [5]. Some of
the disadvantages of physical barriers are the inability to
cover all visceral and peritoneal surfaces, increased risk of
intra-abdominal abscesses, prolonged operative time, and
higher cost [5, 6]. Animal membranes, gold foils, mineral
oil, silk, rubber, and Teflon sheets are the common barrier
materials with only limited success.

Nanofibers are a large category of nanosized fibers with
various physicochemical properties made from different
polymers, which were successfully used in many biomedical
sciences such as tissue engineering, wound coatings, physical
barriers, and drug delivery [7, 8]. Thermoplastic polyure-
thane (TPU) elastomers are the most common nanofibers
composed of a linear class of copolymers and characterized
by the presence of carbamate groups [9].

Nanofiber formation through electrospinning is a versatile
and straightforward technique using biopolymers and nano-
composites that have gained much attraction to provide a
proper environment [10, 11]. Further, the nanodimension of
the fiber naturally gives it a high surface area to volume ratio,
leading to the facility of control over the diameter, structure,
and morphology of the electrospun fibers [12, 13]. Electro-
spinning applied a high voltage on a contained polymer solu-
tion to generate a repulsive force on the charged solution that
accelerated through a spinneret toward the collector [10].
Then, the target-forming nanofibers are deposited on the col-
lector. Due to achieving fine or even ultrafine nanofibers with
the optimal mechanical properties, several parameters and
processing variables should be controlled, including solution
properties (viscosity, concentration, molecular weight, con-
ductivity), processing conditions (applied voltage, distance
from needle to collector), and ambient conditions (tempera-
ture, humidity) [14-16]. In electrospinning, TPU nanofibers
showed high resistance to mechanical degradation over time
when exposed to high-stress conditions and have acceptable
biocompatibility with tissues [17]. Degradation of the nanofi-
bers is one of the most critical issues and needs to be investi-
gated. Biodegradable nanofibers could metabolize into
biocompatible, nontoxic products in the human body; there-
fore, a second surgery for implant removal is unnecessary
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[18, 19]. It is worth noting that TPU nanofibers have signifi-
cant antimicrobial activity [20]. Bacterial infections, especially
surface bacteria such as E. coli and Staphylococcus aureus, play
an essential role in the progression and consequences of sur-
gery, especially in this age when engineered bacteria are almost
everywhere [21-23]. Antibacterial properties are among the
essential properties a substance must have to perform the best
wound healing, especially after surgery [24]. Nanofiber scaf-
folds from polyurethane (PU) can effectively antiadhesion as
these substances possess their specific therapeutic properties,
including good mechanical properties, good barrier proper-
ties, biodegradability, biocompatibility, antibacterial proper-
ties, and oxygen permeability [25, 26].

Although new materials have been selected to satisfy the
standards for adhesion prevention, none of them have met
all the desirable features. So, there is still a need for an
advanced and inexpensive membrane to be effectively used
in surgeries for a wide range of patients to reduce postoper-
ative adhesions. In this work, some nanostructured barriers
made from TPU were fabricated by the electrospinning tech-
nique in different polymer solution concentrations. The
nanofibers’ morphology, size, and structure in different con-
centrations were analyzed by various characterization tech-
niques. The mechanical properties, biodegradability, and
antibacterial feature of the samples were also studied by
strength testing device, weight loss measurement, and
microdilution method, respectively [18]. Then, the in vivo
antiadhesion efficacy of nanofibers compared to routine sur-
gical mesh was evaluated in a rat cecal abrasion model to
demonstrate the possible application for the antiadhesion

property.

2. Materials and Methods

2.1. Materials. Commercial medical-grade thermoplastic
polyurethane (MW: 120 kDa, Bayer AG, Germany) was used
as a raw material. Tetrahydrofuran (THF, Samchun Pure
Chemical Co., South Korea) and N,N-dimethylformamide
(DMF, Samchun Pure Chemical Co., South Korea) were
purchased solvents to prepare the electrospun nanofibers.
Commercial soft polypropylene nonabsorbable synthetic
surgical mesh (PROLENE® Soft Polypropylene Mesh, Ethi-
con, Cincinnati, OH, United States) and phosphate-
buffered saline (PBS) were purchased from the Sigma-
Aldrich Company, St. Louis, US.

2.2. Preparation of the Electrospun TPU Nanofiber Scaffolds.
Structures of electrospun TPU nanofibers were fabricated
through the uniaxial electrospinning technique. The electro-
spinning device (Asian Nanostructures Technology Com-
pany, Iran) consists of a voltage regulating system up to
30kV, which could adjust the flow rate of the solution
through the uniaxial needle. The rotation speed of the collec-
tor (in rpm) and the possibility to set the appropriate dis-
tance between collectors and needle were under control.
Different concentrations of TPU solutions (6%, 8%, 10%,
and 12% W/V) were prepared in such a way that 0.6, 0.8,
1, and 1.2 g of the TPU was dissolved in 4 mL of DMF and
6mL of THF and stirred to obtain a homogenous solution
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TasLE 1: The histological scoring system consists of two categories: capsule and surrounding tissue [30].
Score
Parameter 4 3 ) 1
Capsule Capsule on two Capsule on one Capsule on one (upper/  No capsule
localization sides present (lower) side present dermis) side present present
Capsul§ Dense Loose ﬁbroaf:hpose or Loose fibroelastic No capsule
formation loose adipose present
Fibroblast thickness More than 30 10-30 layers 0-10 layers 0 layer
layers
Fibroblast contacting surface No Yes
Capsule cellular Acute/chronic infl ;
features cute/chronic inflammatory Chronic Acute
process
. The severity of the Severe Moderate Mild None
inflammatory process
Inflammatory cells location ~ End and middle Middle End None
Macrophages contacting No Yes
surface
Inflammatory cell ~ Giant cell contacting surface No Yes
location
Polymorphor.luclear leucocyte No Yes
contacting surface
Plasma cell contacting surface No Yes
Blood vessels present No Yes
Acute/chronic inflammatory Chronic Acute
process
Severity of inflammatory Severe Moderate Mild None
Capsule process
surrounding Macrophages No Yes
tissues Giant cells No Yes
Polymorphonuclear leucocytes No Yes
Plasma cells No Yes
Blood vessels present No Yes

at 25°C. Solutions of TPU were embedded in a 10 mL syringe
with an internal radius of 23 gauges and were fed through
the needle to create stable fibers. Nanofibers were electro-
spun at a rotation speed of 500rpm, 19kV voltage, and
1.5mL/h flow rate, whereas the distance between syringe
tip and collector was 140mm at room temperature
(Table 1). After optimizing all essential parameters, the elec-
trospinning process was started, and polymeric nanofibers
were collected on a sheet of aluminum foil wrapped around

a rotating drum.

Fourier Transform Infrared spectrometer (FTIR, Ver-
tex70, Bruker) was used to determine the chemical proper-
ties of nanofibers.

To assess the mechanical properties of the electrospun
scaffolds, a static tensile test was applied using a strength
testing device (Zwick/Roell Z250, Germany). All samples
were cut into strips with the gauge 6 mm width dimension
by 0.03mm length. 0.2N measuring cell was employed
under tensile loading at 37°C in a temperature chamber
and 70% relative humidity with an elongation speed of
10 mm/min.

2.3. Characterization of Electrospun TPU Nanofibers. The

morphology of the electrospun TPU nanofibers was
observed using scanning electron microscopy (SEM, Philips
XL-30, USA) at an accelerating voltage of 15kV. A total of
100 fibers were counted for each sample, and diameters
and distributions of the electrospun nanofibers were mea-
sured by the SEM images using the Digimazer image analy-

sis software version 4.3.5.
Atomic force microscope

TPU nanofibers.

(AFM, Nanosurf AG
NaioAFM, Switzerland) measurements were performed to
determine the morphology and topographic properties of

2.4. Animal Handling. The antiadhesion characteristics of
the TPU nanofibers were investigated using a rat cecal abra-
sion model. The procedures and handling of the animals
were performed according to the guidelines approved by
the Ethics Committee (IR.SUMS.REC.1398.072) of Shiraz
University of Medical Sciences, Shiraz, Iran. The in vivo
study to assess the antiadhesion efficacy of electrospun
TPU nanofibers in the abdominal cavity was carried out
using 96 healthy female Sprague Dawley rats (divided into
12 groups (n = 8)) aged at 8-10 weeks with an average body
weight of 200-250g. The rats were purchased from the
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Control group: without any treatment (N = 8)

FIGURE 1: Schematic diagram of the classification of experimental rats in 10 groups. The classification of 80 experimental animals into 2
experimental categories contains 5 experimental groups with 8 rats in each group. We compared cytokine levels 3 weeks and 5 weeks

after experimental abdominal surgery to a control group.

Laboratory Animal Centre of Shiraz University of Medical
Sciences. The rats’ observation was done upon coming to
the laboratory for a week to adapt to the new place.
Throughout the experiment, rats were housed in standard
plastic cages at 23-25°C and 40-60% relative humidity with
a controlled 12-hour light/dark cycle for at least two weeks
before the experiment. Standard pellet diet and water were
freely available for the animals throughout the investigation,
and there was no difference between the experimental
groups.

2.5. Animal Antiadhesion Studies. An aseptic condition was
provided for the surgical procedure. Anesthesia was per-
formed intramuscularly in all groups using a combination
of two drugs, ketamine (80mg/kg) and xylazine (10mg/
kg). After anesthesia, the rats were placed on the surgical
table in the supine position, and the surgical field was pre-
pared with 1% of antiseptic povidone-iodine [27]. The hair
was shaved entirely on the midline of the abdomen under
sterile surgical conditions. After entering the right wall of
the abdominal area by razor blade no. 24.3, shallow slices
were created longitudinally and transversely on the left side
of the abdominal wall. This was done by surgical scissors
from the peritoneal surface and each piece with 4 x4 cm
dimensions. All 4 groups of nanofibers were immersed in
phosphate-buffered saline (PBS) for a few minutes and then

implanted in the abdomen, and then, the abdomen was
closed with 4-0 silk sutures.

For each group of rats, one type of electrospun TPU
nanofibers was implanted. The rats were divided into two
categories; each category included five groups (n=38,
Figure 1). In category 1, in which animals were sacrificed
after three weeks postsurgery, group 1 was the standard
group with a commercial soft polypropylene nonabsorbable
synthetic surgical mesh (PMS Stripsck 20 cm x 70 cm) for
comparison as a standard, with group 2 nanofibers contain-
ing 6% TPU, group 3 nanofibers containing 8% TPU, group
4 nanofibers containing 10% TPU, and group 5 nanofibers
containing 12% TPU. This grouping was also repeated in
category 2. Nanofibers’ macroscopic and microscopic char-
acteristics were assessed three weeks postsurgery in category
1 and five weeks in category 2. In both categories, a group of
animals that did not receive any treatment after surgery was
considered the control group.

2.6. Macroscopic Evaluation. The scaffolds of TPU nanofi-
bers in different concentrations were implanted into the
body subcutaneously compared to a control group. At the
end of each course (three and five weeks), the rats were sacri-
ficed, and the adhesion to surrounding tissue and its shape
was evaluated macroscopically. The formation of adhesion
was assessed according to a semi-quantitative scoring system
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TaBLE 2: Macroscopic adhesion score results [28].

Group Grade score

Score 0 Score 1 Score2 Score3 Score4 SUM
1 Control I: surgery without any postsurgical treatment after three weeks 0 0 0 1.125 2.5 3.625
2 Synthetic surgical mesh, sacrificed after three weeks postsurgery 0 0 0.25 1.5 1.5 3.25
3 Nanofibers containing 6% TPU, sacrificed after three weeks postsurgery 0 0.25 0.25 1.5 0.5 2.5"
4 Nanofibers containing 8% TPU, sacrificed after three weeks postsurgery 0 0.25 0.75 0.75 0 1.75™
5  Nanofibers containing 10% TPU, sacrificed after three weeks postsurgery 0 0.25 1 0.375 0 1.625"
6  Nanofibers containing 12% TPU, sacrificed after three weeks postsurgery 0 0.375 0.5 0.75 0.5 2.125
7 Control 2: Surgery without any postsurgical treatment after five weeks 0 0 0 2.25 1 3.25
8 Synthetic surgical mesh, sacrificed after five weeks postsurgery 0 0.5 0.5 0.75 0 1.75"
9 Nanofibers containing 6% TPU, sacrificed after five weeks postsurgery 0 0.25 0.375 0 1.625"
10 Nanofibers containing 8% TPU, sacrificed after five weeks postsurgery 0 0.375 0 0 0 0.375"
11 Nanofibers containing 10% TPU, sacrificed after five weeks postsurgery 0 0.375 0.5 0 0 0.875"
12 Nanofibers containing 12% TPU, sacrificed after five weeks postsurgery 0 0.375 0.75 0.375 0.5 27

TStatistical difference between macroscopic grades of each group compared to control. *Statistical difference between macroscopic grades of each group
compared to synthetic surgical mesh. Gradescore=n % G/N. n: number of rats with same grade score in each group; G: macroscopic score; N: total

number of rats in each group.

TaBLE 3: The electrospinning parameters and the TPU nanofibers characteristics at different concentrations.

Comp. Concentration Voltage  Flow rate (mL/  Rotation speed Needle tip to collector distance Average diameter
(%) (kV) h) (rpm) (mm) (nm)

TPU6 6% 19 1.5 500 140 245

TPU8 8% 19 1.5 500 140 360

TPU10 10% 19 1.5 500 140 1063

TPU12 12% 19 1.5 500 140 798

as follows [28]: no adhesion = score 0; one thin filmy adhe-
sion easily separable with blunt dissection: score 1; definitely
localized adhesions with free dissection plane: score 2; dense
multiple visceral adhesions: score 3; dense adhesions extend-
ing abdominal wall: score 4.

Abdominal adhesions were assessed by two independent
persons blinded to experiments. Then, the grade scores were
measured using the following equation:

(1)

G
Gradescore=n * —,
N

wherein # is the number of rats with the same grade score in
each group, G is the macroscopic score, and N is the total
number of rats in each group. Finally, the summary of all
scores obtained in each group is reported in Table 2.

2.7. Histological Analysis. After an animal sacrifice and mac-
roscopic evaluations, the surgery site was excised and col-
lected for histological evaluation. The tissues were fixed in
4% formalin for 24 hours and embedded in formalin. Sam-
ples were cut into 5um sagittal slices and stained with
H&E. The stained sections were examined by an indepen-
dent and blinded investigator with a CKX3 Olympus micro-
scope (Japan), and images were captured [29]. Histological
findings were scored in two subcategories consisting of cell
and tissue morphology of the capsule and the surrounding

tissue components of the capsule, according to Bolgen
et al. [30]. The tissue response was scored and expressed as
means + SD. The scoring criteria have been described in
Table 1.

2.8. Degradation Analysis. The synthesized electrospun TPU
nanofibers in different concentrations and synthetic surgical
mesh as a standard in dimensions of 1 x 20 x 80 mm pieces
were weighed (W) and immersed in a PBS buffer (pH:
7.4) containing penicillin-streptomycin (100 U/mL) and
incubated for 1, 2, 4, 8, 16, 32, and 64 days at 37°C. All sam-
ples were then washed with double distilled water and dried
in a vacuum oven. At the end of each period, the weight of
the samples was calculated in milligram (W,), and the per-
centage of weight loss in the respected time was determined
using the following formula:

u*loo
7 )

1

The percentage of weightloss (%) =

(2)

For each degradation time, this experiment was done in
triplicate [18].

2.9. In Vitro Assay of Antibacterial Activity. Staphylococcus
aureus and Escherichia coli, as two pathogenic microorgan-
isms, were selected for the antibacterial assay of TPU
according to Heiran et al. [31]. The organisms were
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F1GURE 2: SEM images of electrospun TPU nanofibers at different concentrations: (a, b) 6% W/V, (c, d) 8% W/V, (e, f) 10% W/V, and (g, h)
12% W/V.

suspended in freshly prepared Mueller-Hinton’s broth  tion of different concentrations of electrospun TPU nanofi-
(MHB) at a standard concentration of 0.5 McFarland and  bers was prepared so that the range of concentration
diluted with a 1:20 proportion by MHB. An aqueous solu-  would contain 0.05mg/mL to 10 mg/mL of compounds. A
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bacteria was applied for each microorganism. The first and

Derived Data 5.93 pm

Z-Axis range

Derived Data 8.51 um D
<

Z-Axis range

A2

B2

2.92 um

-2.11 yum

C2

1.2 um

-1.16 pm

D2

1.08 um

-1.72 ym

(d)
FI1GURE 3: AFM images of electrospun TPU nanofibers at different concentrations: (A1, A2) 6% W/V, (B1, B2) 8% W/V, (C1, C2) 10% W/V,

last rows of the microplate were left empty to achieve a bet-
ter optical contrast after plate reading. The prepared micro-
plates were incubated for 24 hours at 37°C; then, the optical
density was measured at 600nm by a microplate reader
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FIGURE 4: FT-IR spectra of electrospun TPU nanofibers at different concentrations: (a) 6% W/V, (b) 8% W/V, (c) 10% W/V, and (d) 12%

WIV.

(BioTek, PowerWave XS2). This procedure was repeated
three times. A blank 96-well microplate consisting of 45 uL
of culture media and 45 uL of the sample (as explained)
was prepared. In the end, 10 4L of culture media was added
to each well. The turbidity of each well in a sample micro-
plate (a microplate with the concerned microorganism)
was compared to an equivalent well in a blank microplate.
Microorganism viability was calculated as follows:

)~ 9D
OD(bacteria) - OD(RPMI)

(bacteria+sample Sample)

x 100.

(3)

All antimicrobial studies were evaluated using IBM SPSS
software.

%microorganism viability =

2.10. Statistical Analysis. The data obtained from macro-
scopic and microscopic evaluations and histological analysis
were analyzed by Kruskal-Wallis one-way analysis of vari-
ance and Mann-Whitney U-tests using statistical software
SPSS IBM.; p value <0.05 was considered significant. The
number of animals in each group was 8, and the data were
expressed as means + SD.

To determine the differences between the means of deg-
radation and antimicrobial assay results, the one-way
ANOVA procedure and the post hoc Tukey test were per-
formed. p value <0.05 was considered to be statistically sig-
nificant. The experiment was repeated three times.

3. Results and Discussion

3.1. Morphology of Electrospun TPU Nanofibers. Several pro-
cessing parameters are involved in the fabrication of nanofi-
bers by the electrospinning method. These parameters,

TaBLE 4: Mechanical tensile properties of electrospun TPU
nanofibers at different concentrations.

TPU (%) Stress (MPa) Elongation-at-break (mm)
6% 4.75+0.39 71.78+£7.18

8% 19.3+2091 295.23 £27.52

10% 10.8 £ 1.94 222.01 £41.77

12% 7.74+0.21 78.40 + 4.46

including applied voltage, the flow rate of the solution, and
needle tip to collector distance, should be optimized to
obtain the desired nanofibers. In this study, the optimum
parameters for nanofiber preparation are as follows in
Table 3.

Then, the effects of changing the concentration of poly-
mer solutions (ranging from 6% to 12% W/V) on the che-
momechanical properties and Dbiological activity of
fabricated nanofibers were investigated. The SEM images
and morphologies of the resulting nanofibers in two differ-
ent magnifications are shown in Figure 2. Topography, sur-
face properties, and the average height of TPU nanofibers
were studied by AFM microscopy. As shown in Figure 3,
quantitative roughness measurements obtained from AFM
revealed that all fabricated electrospun nanofibers (TPU
6%, TPU 8%, TPU 10%, and TPU 12% W/V) had smooth
surfaces.

The cross-sectional morphology of nanofibers also
exhibited a porous structure with random orientation con-
taining beads. The average diameter of four TPU scaffolds
calculated by using SEM images is summarized in Table 3.
The average diameters of 245, 360, 1063, and 798 nm were
obtained for 6%, 8%, 10%, and 12% W/V TPU nanofibers.
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FIGURE 5: Tensile stress-strain curve of electrospun TPU nanofibers in different concentrations.

According to the previous studies [32], these results confirm
that the concentration of nanofibers can significantly affect
the structure of fibers, the formation of the beads, and the
fiber average diameters [33]. As shown in Table 3, the aver-
age diameters of the TPU nanofibers and their uniformity
were found to increase with augmented polymer concentra-
tions (except at 12%). The formation of beads was found to
increase at lower nanofiber concentrations. These variations
were attributed to the changes in the viscosity of the solu-
tion. Solution viscosity is related to the augmented nanofiber
chain entanglement due to the increased number of nanofi-
ber chain molecules [34, 35].

Several investigations represented the role of nanofiber
concentration in retaining the stability of the electrospun
jet [36, 37]. Cross-links in a solution containing nanofiber
chains are sufficiently established when the solution concen-
tration is optimal. Otherwise, during the electrospinning
process, electrospun fibers are formed with the beads [37].
The properties of the final electrospun fibers rely on solution
properties such as viscoelasticity and the processing men-
tioned above variables. During electrospinning, a solution
with low viscosity has a low viscoelastic force. It is not able
to match the electrostatic and columbic repulsion forces that
stretch the electrospinning fibers. This low viscosity causes
the fibers to disrupt partially. Under surface tension, the
high numbers of free solvent molecules in the solution come
together into a spherical shape causing the formation of
beads. When the solution concentration increases, an
increase in viscosity occurs, causing an improvement in the
viscoelastic force. Hence, partial disruption of the fibers is
prevented. The augmented solution viscosity also enables

the solvent molecules to be distributed over the entangled
polymer molecules, leading to bead-free smooth fibers and
improved fiber uniformity [38].

In this study, the average diameter of nanofibers at 12%
TPU is lower than 10% TPU. It is maybe due to the lower
extent of beads in higher concentrations [39]. When the
concentration increased from 6% to 12%, the shape of the
beads deformed from spherical to the spindle [40], the solu-
tion concentration used strongly affected the electrospinning
process and the electrospinnability of nanofiber solutions.
The viscosity of the solution should not be too high to move
through the induced electric field. Therefore, the nanofiber
concentration needs to determine adequately to avoid dis-
ruption of nanofiber structures [33].

3.2. FTIR Analysis of Electrospun Nanofibers. The FT-IR
results as depicted in Figure 4 showed that absorption bands
at 6% concentration of TPU are 3319, 2959, 1700, 1604,
1459, 1221, 1184, and 971 cm™* which are assigned to N-H
stretching (amide), C-H stretching, C=0 stretching (amid
and ester), C=C stretching (aromatic), CH, bending, C-C
stretching, C-O stretching, and long-chain bendings, respec-
tively. A nearly similar absorption band appeared at the 8%
concentration of TPU at 3375, 2918, 1666, 1571, 1403, 1186,
1115, and 916cm™. At 10% concentration of TPU, the
absorption bands are 3333, 3001, 1698, 1603, 1455, 1074,
1015, and 885 cm™'. At 12% concentration of TPU, the
absorption bands are 3329, 2958, 1700, 1596, 1413, 1220,
1018, and 770 cm™". Previous studies confirmed the presence
of several amid groups as a characteristic feature of polyur-
ethan [41]. All nanofibers entail these peaks in their relevant



10

Groups Post-Surgical Adhesion

After 3 weeks After 5 weeks

Control /4"
without post =5
surgical
treatment

Synthetic \ _
surgical mesh s N

Nanofibers §
containing
6% TPU

Nanofibers | 4
containing %
8% TPU

Nanofibers =~
containing
10% TPU =

Nanofibers
containing
12% TPU
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synthetic surgical mesh and control groups.

FT-IR spectra. The representative absorption amide peaks
are detected due to stretching vibration of C=0 in the amide
bond at around 1700 cm™, bending vibration of amide bond
N-H at around 1500cm™, and C-N stretching vibration
amide bond at around 1220cm™ [42]. These results show
that changes in concentrations do not disrupt the chemical
structure of the TPU.

3.3. Mechanical Properties of Electrospun TPU Nanofibers.
One of the most critical properties needed in tissue engineer-
ing is good mechanical properties. Mechanical stability and
compatibility of the scaffolds play an essential role in the
biomedical approach. Electrospun nanofibers could poten-
tially supply useful mechanical features such as tensile
strength, the breakage mechanism, and fiber morphology.
Table 4 demonstrates the mechanical properties of the elec-
trospun scaffolds in different concentrations of TPU. The
calculated values of tensile strength and elongation at break
were found as 4.75 £ 0.39 MPa and 71.78 £ 7.18 mm for the
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After 3 weeks

After 5 weeks

10% 8% 6% Synthetic mesh Control

12%

FIGURE 7: Selected pictures represent the histological observations
with magnification x100: (Al, Bl, Cl, D1, El, F1) control,
synthetic mesh, 6%, 8%, 10%, 12% W/V after 3 weeks; (A2, B2,
C2, D2, E2, F2) control, synthetic mesh, 6%, 8%, 10%, 12% W/V
after 5 weeks. White arrow: severe inflammation with fibrosis;
yellow arrow: giant cell reaction; green arrow: scaffold; blue
arrow: capsule. In the control group, a severe inflammatory
reaction is present. The score in scaffold groups was gradually
subsided over time. In a scaffold with 12% TPU, a dense capsule
is formed on both sides.

6% concentration, 19.3 £2.91 MPa and 295.23 £ 27.52 mm
for the 8% concentration, 10.8 +1.94 MPa and 222.01 +
41.77 mm for the 10% concentration, and 7.74 + 0.21 MPa
and 78.40 +4.46mm for the 12% concentration, respec-
tively. The tensile stress-strain curve of TPU nanofiber mats
with various concentrations is shown in Figure 5.

The 6% TPU nanofibers were illustrated low tensile
strength compared to the other nanofibers. On the other
hand, 8% and 10% TPU nanofibers were found to have
increased tensile strength and elongation at break value than
the 12% TPU nanofibers. Therefore, it was seen that electro-
spinning of 8% and 10% concentrations of TPU nanofibers
affected the elastic and plastic deformation under the same
experimental condition. The mechanical properties results
showed no significant difference in tensile strength values
between the 8% and 10% concentrations of nanofibers.
Lower tensile strength values in low concentrations of
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TaBLE 5: Histological evaluation and scoring for the sacrificed postsurgery animals at different concentrations of the TPU scaffolds after 3

and 5 weeks.
Different concentrations of the TPU scaffolds Capsule Surrounding capsule
Control group (without treatment) 20+1.21 281091
Synthetic mesh 18+1.58 25+1.41
6% TPU nanofibers 17.75+0.84 25.75+2.63
After three weeks
8% TPU nanofibers 14.5+1.52 23.75+4.57
10% TPU nanofibers 155+ 1.14 22.75+2.22
12% TPU nanofibers 14+0.84 21.25+2.06
Control group (without treatment) 15+0.83 24 +2.35
Synthetic mesh 12.75+1.14 21.5+4.20
6% TPU nanofibers 13+1.00 21+3.56
After five weeks
8% TPU nanofibers 12.5+0.55 18 +1.15
10% TPU nanofibers 10.75+1.52 16.5+1.29
12% TPU nanofibers 8.5+1.14 15+2.71

electrospun TPU nanofibers are due to the presence of beads
in the nanofiber mats, which possess an unpleasant effect on
a fiber [43]. Therefore, from the present study, it has been
observed that the weak points increase with the increased
beads of nanofibers. Flexible and smoother fibers with
improved diameter uniformity are formed as the concentra-
tion increases [43]. This results in increased fiber cohesion
points, accordingly increasing the tensile strength.

At 6% TPU, it is expected that low concentration and the
presence of beads lead to lower elongation at break. Also, at
12% TPU, the higher concentration would diminish tensile
properties due to the increasing diameter, causing reduced
fiber surface area and decreased fiber interaction points.
Both higher diameter and lower beads at 8% and 10% of
TPU compared to the others account for high elongation
at break. Therefore, an optimum point of average diameter
and bead extent could ultimately be reached at 8% TPU.
Recently, there is a report that showed a consistent result.
Li et al. showed that the 8% TPU concentration in two dif-
ferent solvent systems resulted in smooth and uniform
nanofibers [37].

3.4. Postsurgical Antiadhesion Potency of Electrospun TPU
Nanofibers. The antiadhesion potency of TPU made from
different concentrations compared to synthetic surgical
mesh was evaluated by a rat cecum abrasion model. The
TPU nanofibers were appropriately flexible, well-handled
during surgery, and effectively protected the injured area.
Untreated rats (the rat group without any postsurgical
matrices) and rat groups treated with synthetic surgical
mesh were considered as control and standard groups,
respectively.

The tissue antiadhesion potential of the nanofibers was
evaluated for 3 and 5 weeks after surgical operation macro-
scopically and histopathologically.

3.4.1. Macroscopic Evaluation of TPU. A digital camera was
used to take photographs for macroscopic evaluation of
nanofibers’ effects on postsurgical adhesion in the rat’s peri-

toneal cavity shown in Figure 6. The adhesions were graded
using the adhesion scores as described in Materials and
Methods. As reported in Table 2 for the macroscopic adhe-
sion score, the control rats showed severe adhesion with
large blood vessels, receiving the highest adhesion score,
which was ranked 3.62 in summary after 3 weeks and 3.25
after 5 weeks using Equation (1) [28]. The adhesion score
in the group treated with a synthetic surgical mesh did not
decrease after 3 weeks; however, it significantly reduced after
5 weeks. Peritoneal adhesion scores significantly decreased
in groups treated with nanofibers containing 6% TPU com-
pared to control (p < 0.05) and received a score equivalent to
2.50 and 1.625 after 3 and 5 weeks. The scores were not sig-
nificantly different compared to the synthetic surgical mesh
group (p <0.05). The nanofibers containing 8% and 10%
TPU significantly reduced peritoneal adhesions to different
extents than those of the control and synthetic surgical mesh
group (p <0.05) both after 3 and 5 weeks. The nanofibers
containing 8% TPU remarkably inhibited adhesion forma-
tion. Adhesion scores for this group were significantly lower
than those for the control group (p <0.001) as well as the
synthetic surgical mesh group (p <0.001 and p < 0.01 after
3 and 5 weeks, respectively).

Interestingly, the nanofibers containing 8% and 10%
TPU also inhibited inter-visceral adhesions. According to
the best of our knowledge, there is no study using different
TPU nanofiber concentrations to evaluate postsurgical adhe-
sion. However, several animal studies are using other nano-
fibers to evaluate postsurgical adhesion. Yamaoka et al.
applied a copolymer of polylactic acid- (PLGA-) polyethyl-
ene glycol (PEG) for inhibiting postsurgical adhesion [44].
Although this copolymer was rapidly inflated, concentrated,
and collapsed in biological solutions, significant adhesion
occurred in the cecum area since it was used as a postsurgi-
cal barrier. Macroscopic scoring of postsurgical adhesion for
rats treated with PLGA nanofiber membranes loaded with
epigallocatechin-3-O-gallate after a week in another study
showed acceptable antiadhesion efficacy, better than
untreated rats or the PLGA nanofiber-applied group.
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FI1GURE 8: The behavior of electrospun TPU nanofibers in different concentrations (6%, 8%, 10%, 12% W/V) in weight loss experiment
compared to standard surgical mesh during 64 days. The nanofibers were placed in phosphate-buffered saline and incubated at 37°C in a

sealed container during the investigation.

FIGURE 9: Electrospun TPU nanofiber degradation after 5 weeks postimplantation: (a) 6%, (b) 8%, (c) 10%, and (d) 12% W/V.

However, this nanofiber was still not a better commercial tis-
sue adhesion barrier [45].

3.4.2. Histological Evaluation of Implant. Histological evalu-
ation was performed on the specimen as previously
described. A series of images of histological sections taken
at magnification x100 to represent the overall picture of
the implantation site are given in Figure 7. According to
the scoring system shown in Table 1, the evaluation was
done in two different categories: capsule and surrounding
tissue [30]. The details of the results are presented in

Table 5, representing the histological scoring of animals
sacrificed at two different times (after 3 and 5 weeks), and
were presented as mean + SD.

As the concentration was increased from 6% to 12%, the
scores were slightly decreased. This trend was detected in
specimens that were sacrificed at the 3rd and 5th weeks of
implantation. As a general tendency, the scores gradually
reduced with time, which means that the tissue reaction
was gradually subsided. The histological pictures have repre-
sented these changes during time. Overall, regarding histo-
pathological findings, a few points are mentioned as follows.
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A severe inflammatory reaction could be seen in the con-
trol group. In a scaffold with 12% TPU, a relatively dense
capsule was formed on both sides of the scaffold, gradually
degraded as the macrophages and giant cells were easily seen
in the membrane’s pores. The capsule was always rich in
capillary-like blood vessels and spindle-shape fibroblasts
which surrounded the membranes. There was no difference
in capsular thickness regarding the membrane’s side, near
the abdominal wall, or the peritoneal side. The type of infil-
trated inflammatory cells was gradually changed from poly-
morphonuclear to lymphoblast cells, macrophages, and
giant cells. Neither necrosis was observed in any of the sam-
ples at any time point.

As a result, the microscopic evaluations showed that
postsurgical usage of TPU in 8, 10%, and 12% concentra-
tions relieved abdominal adhesion, and their effects were a
little better than the commercial synthetic surgical mesh.
Besides, macroscopic evaluations revealed that TPU nanofi-
bers, especially in 8% and 10% concentrations, significantly
prevent abdominal adhesion compared to commercial syn-
thetic surgical mesh. It seems that these nanofibers exerted

strong fibrinolytic activity due to chemical occlusion to
inhibit adhesion formation in addition to being an excellent
physical barrier. Some antiadhesion agents using drug-
impregnated physical barriers, paclitaxel-loaded hyaluronic
acid films, and sirolimus-eluting polypropylene meshes also
showed effectively prevent postsurgical adhesions [46, 47].

3.5. Biodegradation of Electrospun TPU Nanofibers. One of
the crucial issues in the design and synthesis of surgical
mesh nanofibers is the time of degradation, because the deg-
radation rate should be preferably in line with the rate of the
wound healing process caused by incisions. Degradation of
nanofibers usually takes several steps, including water
absorption, reduction of mechanical properties (modulus
and strength), removal of molar mass, and weight loss to
metabolize into oligomeric components [48, 49]. A method
to test the scaffold’s degradation is weight loss measurement,
as previously described in Materials and Methods. In this
way, the in vitro degradation assessment could be consistent
with the in vivo behavior of these scaffolds. This assay was
performed over a span of 64 days (Figure 8). Obtained
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TABLE 6: Antimicrobial activities of different concentrations of
electrospun TPU nanofibers against bacteria (mg/mL).

MIC (mg/mL)

Cone. S. aureus E. coli
6% 2 5
8% 1 2
10% 5 5
12% 5 10

results indicated that electrospun TPU nanofibers repre-
sented ascending degradation kinetics all in comparison
with standard surgical mesh. The tunable feature of nanofi-
ber degradation is to match the tissue regeneration time
frame at the same pace as the growth of new tissue [26].
As shown in Figure 8, weight loss reached about 50-70%
after the first 8 days for all concentrations and up to
86.23% by day 64 for the 8% TPU nanofiber, which was fas-
ter than the standard surgical mesh [26-28]. 8% TPU has
the higher weight loss percentage amongst other concentra-
tions, and 6% TPU has the lower one. It is likely that the
excellent wettability and increased water uptake significantly
promote the degradation of 8% TPU because of its
morphology.

Our animal model created defects in the abdominal cav-
ity after three and five weeks of postimplantation to monitor
the implants. Figure 9 represented biodegradation of electro-
spun TPU nanofibers which occurs at the injured area of the
implanted site.

3.6. Antimicrobial Activity of Electrospun TPU Nanofibers.
Two pathogenic bacterial strains from both Gram-positive
and Gram-negative groups, S. aureus and E. coli, were used
as the target bacteria to screen the in vitro antibacterial sus-
ceptibility of the different concentrations of electrospun
TPU nanofibers by the microdilution method. The com-
pounds reveal a dose-dependent bacterial growth inhibition
(Figure 10). The MIC values of the tested bacterial strains
are shown in Table 6. These results represent that electro-
spun TPU nanofibers could have broad-spectrum antimicro-
bial activity in higher concentrations (10 mg/mL) for all
compounds. Amongst them, 8% of electrospun TPU nanofi-
bers exhibited more potent antibacterial activity with the
lowest MIC against both bacterial strains (Table 6). Antibac-
terial properties of these compounds are amongst the most
important properties that a substance must have to perform
the best wound healing performance and play an essential
role in the progression and consequences of surgery. The
antibacterial effect is likely attributed to easy adherence of
electrospun TPU nanofibers to the microorganisms resulting
in an inhibitory effect with blocking the bacterial growth,
eventually leading to their death.

4. Conclusions

The electrospun TPU nanofibers were fabricated in different
concentrations (6%, 8%, 10%, and 12% W/V). The purpose
of this study was to provide electrospun nanofibers having
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biodegradability and antibacterial properties that prevent
any adhesions or inflammation after pelvic and abdominal
surgeries. As a result, the morphology observed from SEM
and AFM confirmed that the nanofibers had a uniform
structure and fine morphology in higher concentrations.
According to this study, the nanofiber containing 8% TPU
meets the intended applications for postsurgical antiadhe-
sive treatment. An in vivo study using a rat cecal abrasion
model exhibited good antiadhesive properties, with biodeg-
radation in the proper time for the nanofibers mentioned
above. These electrospun TPU nanofibers had a healing
effect on postsurgical adhesion compared to those of the
control group, and even the standard mesh judging from
macroscopic observation further confirmed the histological
analysis. It seems that this valuable feature is due to the
enhanced interaction between the nanofiber and body fluids,
which in turn is a result of the high surface-to-area ratio of
TPU nanofibers. This study also revealed that the rats did
not show symptoms of fever, severe inflammatory reactions,
or death in any of the experimental groups. It seems that
electrospun TPU nanofibers create a physical barrier to pre-
vent exogenous fibroblasts from entering the inflammatory
area and invoking inflammatory mediators. It also helps
the wound healing process by preventing the spread of the
inflammatory process to nonsurgical areas [50, 51]. These
nanofibers help increase the proliferation of endogenous
myofibroblasts and endothelial cells by providing proper
support and preventing the uncontrolled entry of the extra-
cellular matrix [52]. These electrospun TPU nanofibers
show significant antimicrobial activity. Therefore, it can be
concluded that the electrospun TPU nanofibers (especially
in the concentration of 8%) have an excellent antiadhesive
effect which can be used as a potential abdominal barrier
in surgeries with biodegradability and antibacterial proper-
ties, and it is expected to be used in clinical applications in
the future. The mechanical behavior in this concentration
confirmed an optimum point of average diameter and bead
extent based on tensile strength and elongation at break
value. Since the preparation of electrospun nanofibers for
this TPU mesh was very convenient and cheap, it could
improve the field of surgery.

It should be noted that these nanofibers are currently
produced inexpensively and economically. However, it is
essential to pay attention to the long-term clinical and
inflammatory effects and unpredictable reactions, including
allergic reactions, before entering the clinical arena. We will
probably see more studies on the clinical applications of
electrospun TPU nanofibers in the near future.
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