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Background: Postoperative tissue adhesion is a major concern for most surgeons and is
a nearly unpreventable complication after abdominal or pelvic surgeries. This study explored
the use of sandwich-structured antimicrobial agents, analgesics, and human epidermal
growth factor (hEGF)-incorporated anti-adhesive poly(lactic-co-glycolic acid) nanofibrous
membranes for surgical wounds.

Materials and Methods: Electrospinning and co-axial electrospinning techniques were
utilized in fabricating the membranes. After spinning, the properties of the prepared mem-
branes were assessed. Additionally, high-performance liquid chromatography and enzyme-
linked immunosorbent assays were utilized in assessing the in vitro and in vivo liberation
profiles of the pharmaceuticals and the hEGF from the membranes.

Results: The measured data suggest that the degradable anti-adhesive membranes dis-
charged high levels of vancomycin/ceftazidime, ketorolac, and hEGF in vitro for more
than 30, 24, and 27 days, respectively. The in vivo assessment in a rat laparotomy model
indicated no adhesion in the peritoneal cavity at 14 days post-operation, demonstrating the
anti-adhesive capability of the sandwich-structured nanofibrous membranes. The nanofibers
also released effective levels of vancomycin, ceftazidime, and ketorolac for more than 28
days in vivo. Histological examination revealed no adverse effects.

Conclusion: The outcomes of this study implied that the anti-adhesive nanofibers with
sustained release of antimicrobial agents, analgesics, and growth factors might offer post-
operative pain relief and infection control, as well as promote postoperative healing of
surgical wounds.

Keywords: nanofibrous anti-adhesive membrane, poly(lactic-co-glycolic acid), extended
release, vancomycin, ceftazidime, ketorolac, hEGF

Introduction

Postoperative tissue adhesion is a major concern for most surgeons and is a nearly
unpreventable complication after abdominal or pelvic surgeries. Adhesions can
induce significant post-surgery diseases, such as bowel obstruction, infertility,
chronic pelvic pain, and/or abdominal pain.' The incidence of post-surgical intra-

abdominal adhesions ranges from 50% to 95% among women who have undergone
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gynecological surgeries.” Distinct treatment methods have
been proposed to reduce post-surgical adhesion, including
reducing peritoneal damage through sophisticated surgical
techniques, pharmacological blockade of fibrin formation,
and minimization of contact between organs by using
physical adhesion barriers.” Among these, the use of adhe-
sion barriers is particularly encouraging.®*® The barriers
are embeddable substances that reduce abnormal internal
adhesions after surgery by physically separating the tissues
and organs during the curative process.'® Films, gels, or
other substances can be used as physical barriers for seg-
regating injured tissues before the suturing of the incision
site, and they generally biodegrade at 3 to 7 days after the
healing of the tissue surface.

Postoperative wound infection is a common problem
that can lead to pain, impaired wound healing, the require-
ment for prolonged antibiotic use, reoperation, extended
hospitalization, and elevated health care costs.'' It has
been reported that the development of surgical site infec-
tion depends on the type of operation and may arise in 5—
20% of operations, leading to 7 to 11 additional post-
surgical days of hospitalization and 2- to 11-times higher
risk of mortality than in non-infected patients.'* Pain that
occurs after an operation is a significant concern. Despite
the progress in pain management, some patients still
experience postoperative pain.'’> Post-surgical pain can
affect a patient’s surgical result, comfort, satisfaction
from clinic care, as well as directly influence the develop-
ment of tachycardia, hyperventilation, decrease in alveolar
ventilation, conversion to chronic pain, deficient wound
healing, and insomnia.'*'>

Currently, there are few reports on the development of
drugs and growth factor-eluting anti-adhesive implants.
Chen et al advocated for the use of silver nanoparticles/
ibuprofen-incorporated poly(L-lactide) fibrous films after
assessing their anti-infection/anti-adhesion effectiveness.'®
Kao et al exploited analgesics-incorporated anti-adhesive
membranes to offer sustainable elution of lidocaine and
ketorolac to relieve postoperative pain.'”'® Khan et al'®
proposed that the laser-mediated surface activation of gra-
phene oxide offers high efficiency for antifungal and anti-
al2®

graphene oxide that provides a good environment for

bacterial. Hussein et developed ultrasonicated
cells involved in bone and skin healing. An ideal anti-
adhesion implant should possess features such as biocom-
patibility and biodegradability, easy adherence to the

injured surface, vigor on the sleeping surface, and

capability for delivery of pharmaceuticals for infection
control, pain relief, and healing promotion.

In this study, sandwich-structured vancomycin, cefta-
zidime, ketorolac, and human epidermal growth factor
(hEGF)-embedded anti-adhesive poly(lactic-co-glycolic
acid) (PLGA) nanofibrous membranes were used on sur-
gical wounds. Divarvand et al investigated the anti-
adhesive and anti-inflammatory effects of electrospun
nanofibrous membranes made of PLGA, polycaprolactone
(PCL), and polyethersulfone (PES) in comparison with the
oxidized-regenerated cellulose (Interceed).?! Their results
show that among the materials, mice receiving PLGA
membranes exhibited the least adhesion bands. Both elec-
trospinning and co-axial electrospinning methods were
employed in preparing the sandwich-structured nanofi-
brous membranes. After spinning, the characteristics of
the electrospun membranes were assessed. The in vitro
and in vivo liberation profiles of the pharmaceuticals and
the hEGF from the electrospun nanofibrous membranes
were investigated. Additionally, the effectiveness of the
antibiotics/analgesic/hEGF-incorporated anti-adhesive
nanofibers was evaluated using a rat laparotomy model.
Histological assays of the incision sites were also
performed.

Materials and Methods
Preparation of Sandwich Structured

Nanofibrous Membranes
Sandwich-configuration nanofibrous membranes consist-
ing of a PLGA/ketorolac membrane, a sheath-core struc-
tured PLGA/hEGF membrane, and a PLGA/vancomycin/
ceftazidime membrane were prepared using both electro-
spinning and co-electrospinning devices (see Supporting
Information File). The molecular weight of PLGA (50:50)
(RG503, Sigma-Aldrich, MO, USA) was 33,000 Da. Other
materials, including ketorolac, hEGF, vancomycin hydro-
chloride, and ceftazidime hydrate, were purchased from
Sigma-Aldrich.

To prepare the PLGA/ketorolac nanofibers, PLGA
(1568 mg) and ketorolac (196 mg) were mixed with 7 mL
of hexafluoroisopropanol (HFIP) (Sigma-Aldrich). The
PLGA/ketorolac mixture was transferred to a syringe
equipped with a needle for electrospinning into
a nonwoven nanofibrous membrane. The internal diameter
of the needle was 0.43 mm. The delivery rate was 0.5 mL/h,
and the voltage applied to the syringe tip was 15 kV. The

distance from the tip to the collection plate was 12 cm.
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To fabricate the sheath-core structured PLGA/hEGF,
PLGA (1.400 mg) was mixed with 4 mL of HFIP, while
hEGF (0.04 mg) was dissolved in 1 mL of distilled water.
After that, the PLGA/hEGF mixtures were transported to
two distinct syringes for co-spinning. The internal dia-
meters of the needles for the sheath and core layers were
1.20 mm and 0.43 mm, respectively. The transport speed
of the sheath-layer solution was 0.3 mL/h, while the dis-
pensing speed for the core-layer solution was 0.1 mL/h.
The direct-current voltage maintained at the syringe tip
was 17 kV, while the travel length between the syringe tip
and the grounded collecting plate was set at 15 cm.

To manufacture the PLGA/vancomycin/ceftazidime
nanofibers, PLGA (1568 mg), vancomycin (196 mg), and
ceftazidime (196 mg) were mixed with 7 mL of HFIP
(Sigma-Aldrich). The internal diameter of the needle was
1.20 mm. The delivery rate was 0.5 mL/h, and the voltage
applied to the syringe tip was 15 kV. The travel distance
from the tip to the collection plate was 12 cm.

Scanning Electron Microscope (SEM)

Observation

To estimate the size distribution of the nanofibers, 50
fibers were arbitrarily selected from SEM (JSM-7500F,
Tokyo, followed by diameter

Japan)  images,

measurements.

Assessment of Sheath-Core Structured
Nanofibers

The fibrous morphology of the sheath-core structured
membranes was assessed using transmission electron
microscopy (TEM) (JEOL JEM-2000EXII,
A Leica TS SP8X laser-scanning confocal microscope

Japan).

(Tokyo, Japan) was employed to confirm the presence of
proteins in the sheath/core structured nanofibers, with
PLGA as the sheath layer and recombinant enhanced
green fluorescent protein (reGFP) as the core. The excita-
tion wavelength for observing the co-axial electrospun

nanofibrous membranes was set at 487 nm.

Mechanical Tests

The mechanical characteristics of the sandwich-configured
nanofibrous membranes were evaluated using a tensile test
machine (Lloyd, Ametek, USA). The extension rate of the
membranes was set to 60 mm/min.

Wetting Angles

The wettability of the spun nanofibers was evaluated by
measuring their wetting angles (water contact angles)
(First Ten Angstroms, Newark, CA, USA). A drop of
distilled water was placed on the nanofibers with
a 1x1 cm size to form a dome shape on the surface. The
wetting angles were then estimated using a video monitor
(n=3).

Fourier Transform Infrared (FTIR) Assay
To examine the spectra of pure PLGA nanofibers and
sandwich-structured PLGA
Fourier transform infrared (FTIR) spectroscopy was per-

drug-loaded nanofibers,

formed on a Bruker Tensor 27 spectrophotometer.
Nanofibrous samples were compressed as KBr discs and
assayed at 4004000 cm '. The resolution was set at

! and 32 scans.

4 cm
In vitro Elution of Nanofibers
Nanofibrous specimens with a 1x1 cm size were prepared
from the sandwich-configuration membranes and depos-
ited in the assay tubes (N = 3) holding 1 mL of buffered
solution at 37°C for 24 h. The mixture was collected and
analyzed. The new buffered solution was replaced daily,
and the entire procedure was repeated for 30 days.

The elution profiles of ketorolac, vancomycin, and
using HPLC  (high-
performance liquid chromatography) assay, while the

ceftazidime were assessed
eluted concentrations of hEGF were assessed using an

enzyme-linked immunosorbent assay (ELISA).

In vivo Animal Tests

The in vivo test processes were approved by the
Institutional Animal Care and Use Committee of Chang
Gung University. All animals were cared for under the
supervision of a licensed veterinarian, consistent with the
regulations of the National Institute of Health of Taiwan.
Twenty-one adult Wistar rats (approximately 250 g each)
were employed for the experiments; 18 animals were used
for the in vivo drugs/hEGF concentration analysis, while
the other three animals were enrolled as the control (n = 3).
For the drugs/biomolecules concentration tests, the animals
were anesthetized using isoflurane.

A midline laparotomy, approximately 4 cm in length,
was performed in the lower abdomen of each rat. The
cecum was identified. The surface of the cecum and the
peritoneal wall in correspondence with the cecum were
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scratched with surgical gauze until minimal surface bleed-
ing occurred. The drugs/hEGF nanofibrous membrane (4 x
2 cm in dimension) was applied to the surface of the
cecum and fixed to the peritoneal wall using two 7-0
polypropylene stitches. The laparotomy incision was then
sealed using 3-0 Vicryl sutures. The rats were sacrificed
for local tissue sampling at postoperative days 1, 3, 7, 14,
21, and 28. Blood specimens were also collected via
cardiac puncture. Drugs and growth factor concentrations
in the specimens were evaluated using HPLC analysis and
ELISA, respectively. The peritoneal wall and the cecum
that were in direct contact with the nanofibers were
sampled for histological examination.

Results
Assessment of Sandwich-Configuration

Nanofibrous Membranes

Drug/growth factor-loaded sandwich-configuration nanofi-
brous membranes were satisfactorily manufactured using
electrospinning and co-electrospinning processes. Figure 1
shows the SEM images of the electrospun nanofibers and
the fiber size distributions. The evaluated diameters for
PLGA/ketorolac, PLGA/hEGF, and PLGA/vancomycin/
ceftazidime nanofibers were 263.4 + 28.2 nm, 747.0 +
48.9 nm, and 74.5 £ 4.9 nm, respectively. Figure 2A
shows the TEM image of the co-electrospun nanofibers,
where a sheath-core structure can be observed.
Meanwhile, Figure 2B shows the presence of bioactive
proteins in the co-axially spun nanofibers, with clear
string-like green signals of reGFP.

Figure 3 illustrates the FTIR spectra of the pure PLGA
membranes, the drugs, and the hEGF-incorporated PLGA
membranes. The novel peaks at 1625 cm ' and 1575 cm™'
were mainly due to the N-H bonds and the C=C bonds of the
pharmaceuticals, respectively.®” The peak at 1790 cm™' (C=0
bond) was enhanced in the presence of the drugs. Additionally,
the vibration peak close to 3000 cm ' might result from the
CH; bond enhancement of the embedded drugs.>**** The FTIR
spectra assay demonstrated that the pharmaceuticals were
successfully embedded in the PLGA membranes.

Figure 4 suggests that the wetting angles of the PLGA/
ketorolac and the PLGA/vancomycin/ceftazidime nanofibers
were 70.69° and 116.49°, respectively. The addition of analge-
sic greatly enhanced the hydrophilicity of the PLGA nanofi-
brous membranes. The contact angle of the PLGA/hEGF
nanofibers was 133.26°. Since the sheath layer was pure

PLGA, the membrane exhibited hydrophobic characteristics.

The experimental outcomes in Figure 5 indicate that
the ultimate stress and the maximal strain of the PLGA
nanofibers decreased significantly with the addition of the
pharmaceuticals and the hEGF.

Liberation Profiles of the Pharmaceuticals
and the hEGF from the
Sandwich-Configuration Nanofibrous

Membranes

Figure 6 illustrates the in vitro daily and cumulative liberation
profiles of the analgesics and antibiotics from the nanofibers.
All the drugs exhibited a triphasic liberation feature: a burst
release at 1 to 2 days, a second peak discharge at 5 to 10 days,
and a steady and progressively decreasing drug elution.
Additionally, the spun nanofibrous membranes sustainably
eluted ketorolac for 25 days, while the membranes also dis-
charged high levels of vancomycin and ceftazidime (greater
than their minimum inhibitory concentrations) for over 30 days
in vitro. Conversely, the ELISA assay data in Figure 7 suggest
that the sheath-core-structured nanofibers offer sustainable
liberation of raised concentrations of hEGF for more than 28
days.

In vivo Animal Study results

Figure 8 illustrates the in vivo elution profiles of the
pharmaceuticals in the tissue and the blood. The concen-
trations of all the drugs remained significant at the target
region for 4 weeks, while the drug levels remained much
lower systemically.

Figure 9A shows the implantation of the nanofibrous
membranes in rats. No tissue adhesion was observed for
14 days post-implantation (Figure 9B), demonstrating the
anti-adhesive capability of the drug-growth factor-
incorporated nanofibers. Conversely, tissue adhesion was
conspicuous in the control group (Figure 9C).

Figure 10 shows the hematoxylin and eosin-stained sec-
tions of the cecum wall with and without drug-eluting mem-
brane covering. The histological images of both groups
showed interstitial infiltration of inflammatory cells in the
submucosa and muscularis externa, indicating surgical trauma.

Discussion

In this study, we exploited multi-drugs/hEGF-incorporated
sandwich-structured anti-adhesive nanofibrous PLGA mem-
branes. Various agents, including films, gels, and other sub-
stances, have been used as physical shelters for segregating

injured tissues during the healing process.'®'" Compared to
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Figure | SEM image and fiber size distribution of (A) PLGA/ketorolac, (B) PLGA/hEGF, and (C) PLGA/vancomycin/ceftazidime nanofibers.

these agents, the tailorable porosity and pore size of nanofi-
brous membranes allow them to mimic the extracellular
matrix (ECM) to promote cell proliferation.”> The large sur-
face-to-volume ratio of electrospun nanofibers also offers
a considerable number of bioactive agent binding sites, mak-
ing it a promising candidate for multiple biomedical applica-
tions, including anti-adhesive membranes. Additionally, the

electrospun nanofibers can be surface-functionalized with
optimal mechanical properties that maintain the integrity and
match with native ECM.?

Among the distinct resorbable polymers, PLGA has been
one of the most successful biomaterials for use in controlled
drug delivery systems and tissue engineering applications. It
is also an FDA-approved degradable polymer that is highly
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Figure 2 (A) TEM of PLGA/hEGF sheath-core nanofiber, (B) laser scanning con-
focal microscopy images of reGFP in co-axial electrospun nanofibers.
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Figure 3 FTIR spectra of electrospun pure PLGA and drugs/hEGF-loaded PLGA
nanofibers.

biocompatible, possesses a wide range of resorption times,
and exhibits adjustable mechanical properties. In particular,
PLGA has been extensively investigated for the development
of devices for the controlled delivery of small molecule
drugs, proteins, and other macromolecules.?’*
Vancomycin is a tricyclic glycopeptide antibiotic produced
by Streptococcus orientalis. 1t is indicated in severe infections
caused by Gram-positive bacteria, especially with the advent

of methicillin-resistant Staphylococcus aureus and penicillin-
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Figure 5 Stress-strain curve of pure PLGA and drugs/hEGF-loaded sandwich-
structured nanofibers.

resistant pneumococci. Furthermore, vancomycin is also indi-
cated in the treatment of patients allergic to penicillin and
cephalosporins.?’ Ceftazidime is a third-generation cephalos-
porin that possesses a broad spectrum of in vitro activity
against Gram-positive and Gram-negative aerobic bacteria.
The drug has been indicated for the treatment of lower respira-
tory tract infections, skin and skin structure infections, urinary
tract infections, bacterial septicemia, bone and joint infections,
gynecologic infections, intra-abdominal infections (including
peritonitis), and central nervous system infections (including
meningitis) caused by susceptible bacteria.’® Ketorolac is
a nonsteroidal anti-inflammatory drug (NSAID) that has
been widely employed for the short-term treatment of moder-
ate to severe pain in adults. It works by blocking the body’s
production of certain natural substances that cause inflamma-
tion, and it is usually used before or after medical procedures
or after surgery to decrease swelling, pain, or fever>'
Meanwhile, the epidermal growth factor (EGF) is a common
mitogenic factor that stimulates the proliferation of different
cell types, especially fibroblasts and epithelial cells. EGF
activates the EGF receptor (EGFR/ErbB), which in turn initi-

ates intracellular signaling.***

70.69° | A | 133260

I B |116.49° ' c

Figure 4 Measured contact angles. (A) PLGA/ketorolac nanofibers, (B) sheath-core structured PLGA/hEGF nanofibers, (C) PLGA/vancomycin/ceftazidime nanofibers.
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Figure 10 Histological images of the experimental group (with membranes) on (A) day |, (B) day 3, and (C) day 7, and the control group (without membranes) on (D) day

7 (Scale bar: | mm).

Electrospinning and co-axial electrospinning are eco-
nomical and effective methods for manufacturing regular
and sheath/core-structured nanofibers. Electrospun nanofi-
brous membranes with drugs embedded in a PLGA matrix
can provide controllable and sustainable drug release.
Additionally, the nanofibers feature a large surface area
and three-dimensional nanofibrous networks, thus mimick-
ing native extracellular matrices. All these characteristics
endow the nanofibrous membranes with tremendous
potential for drug delivery and tissue engineering applica-
tions. Pharmaceuticals, various biomolecules, and many
other agents can be satisfactorily incorporated into co-
axially spun nanofibers for drug transport. The greatest
advantage of the core-sheath layout is that the embedded
agents remain active after the spinning procedure, mainly
because of the protection from the sheath polymer.

Wound healing involves tissue repair in response to
injury. It is a sequence of biological developments that

start with hemostasis and later consist of inflammatory
reactions.”® This involves the generation of connective
tissues, enveloping of the wounds by the epithelium, and
wound remodeling. Effective healing is dependent on
growth factors and cytokine signals that promote keratino-
cyte de-differentiation and movement for re-
epithelialization. EGF is a predominant signaling molecule
that

epithelialization.

activates epithelial cells’ movement for re-

The further
a fundamental stimulator of fibroblast migration and

molecule serves  as
wound contraction. The hEGF-incorporated nanofibers
can imitate an ideal EGF-eluting scaffold for advancing
surgical wound healing.

Postoperative pain management is a precedency for
patients. Inappropriately addressed postoperative pain
may lead to complications and extended rehabilitation.
Uncontrolled acute pain can lead to the formation of
chronic pain, which limits the quality of life. Appropriate
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pain relief shortens hospitalization, reduces therapy costs,
and improves patient satisfaction. Additionally, favorable
pain management assists in speeding up wound healing
and diminishes the risk of developing post-surgical com-
plications, such as pneumonia and hypercoagulopathy.

Meanwhile, surgery involving an incision in the skin
may result in postoperative wound infection. Antibiotics
are generally used to prevent and treat wound infections.
An adequate antimicrobial agent should be effective against
microorganisms anticipated to incite infection, attain proper
local tissue levels, and initiate minimal side effects.

Drug liberation from bioresorbable devices generally
consists of three distinct phases: a burst, a diffusion-
governed phase, and a degradation-dominated phase. In
the electrospinning procedure, most drugs are disbursed in
the bulk of the polymeric frame. Nonetheless, certain drugs
may be allocated on the surface of nanofibrous membranes,
resulting in an initial burst. Post-burst, the liberation of
pharmaceuticals is controlled and influenced by diffusion.
A second peak elution was noted at day seven, after which
the concentration gradually decreased. The results indicated
that the electrospun polymeric drug-loaded membranes dis-
charged high concentrations of vancomycin and ceftazi-
dime (well above the minimum inhibitory concentration
[MIC]) in vitro for over 30 days and ketorolac in vitro for
over 25 days (Figure 6). Contrarily, a delicate and contin-
uous release of hEGF from the core resulted from the
of the sheath
a sustainable elution of significant concentrations of hEGF

sheltering effect layer, leading to
for more than 28 days (Figure 7). Additionally, the experi-
mental results in Figure 8 also suggested that the nanofibers
eluted significant levels of the pharmaceuticals at the target
region for over 28 days, while the drug levels remained
much lower systemically. This provides the advantage of
optimized surgical wound therapy with minimal systemic
side effects. The multi-drugs/hEGF loaded sandwich-
structured nanofibers showed their capacity to provide sus-
tained release of antibiotics, analgesics, and growth factors
at the wound site, thus facilitating post-surgery infection
control, prolonged pain relief, and enhanced wound heal-
ing. Furthermore, the membranes demonstrated their effi-
cacy as anti-adhesion agents.

Despite the primary discoveries, the current work has
limitations. The first limitation is the relatively small
number of studied animals. The other is that the transfer-
ability of the findings in this experimental study to humans

Conclusion

In this study, we investigated the use of degradable multi-
drugs/hEGF sandwich-structured anti-adhesive nanofibers.
The experimental outcomes indicate that degradable anti-
adhesive membranes discharged high levels of vancomy-
cin/ceftazidime, ketorolac, and hEGF in vitro for more
than 30, 24, and 27 days, respectively. The in vivo assess-
ment in a rat laparotomy model indicated no adhesion in
the peritoneal cavity at 14 days post-operation, demon-
strating the anti-adhesive capability of the sandwich-
structured nanofibrous membranes. The nanofibers also
released effective levels of vancomycin, ceftazidime, and
ketorolac for more than 28 days in vivo. The in vivo
assessment in a rat laparotomy model indicated no adhe-
sion in the peritoneal cavity at 14 days post-operation,
demonstrating the anti-adhesive capability of the sand-
wich-structured nanofibrous membranes. Histological
examination revealed no adverse effects. The nanofibrous
membranes would provide advantages in post-surgery
infection control, prolonged pain relief, and enhanced
wound healing.
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