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Abstract

Background: Postoperative peritoneal adhesions are among common challenging problems in surgery. The availability of limited
efficient strategies to prevent intra-abdominal adhesion reinforces the need to explore new methods. Given the favorable prolonged
drug release characteristics of polycaprolactone (PCL) films and their ability to act as a biodegradable physical barrier implant,
along with the anti-inflammatory and anti-adhesion properties of indomethacin and phospholipids, this study hypothesized that
indomethacin sustained-release membrane composed of phosphatidylcholine (PC) and PCL blend could efficiently prevent abdom-
inal adhesion formation.
Methods: Different polymeric and polymeric/lipidic hybrid formulations with three feeding materials to drug weight ratios were
prepared, and their physicochemical characteristics and drug release kinetics were evaluated and compared. Abdominal adhesions
were induced in 48 rats by the abrasion of the cecum and excision of a section of the opposite abdominal wall. Adhesion formation
was evaluated by macroscopic scoring, histological, scanning electron microscopy, and polymerase chain reaction analyses.
Results: Both PCL and PCL-PC films exhibited sustained indomethacin release profiles. The X-ray diffraction and Fourier-transform
infrared spectroscopy studies confirmed indomethacin incorporation in formulations in molecular dispersion form without any
interaction. The films showed smooth surfaces and good mechanical properties. The treatment with indomethacin PCL-PC mem-
brane significantly reduced the expression levels of tumor necrosis factor-alpha, transforming growth factor-beta, interleukin-1,
interleukin-6, and fibrinogen in the adhesion tissues. The separation of the injured peritoneum, very low adhesion scores, and
complete mesothelial cell regeneration were also achieved.
Conclusions: This study suggests that indomethacin-eluting PCL-PC membrane acting through the combination of physical barrier,
anti-inflammatory agents, and controlled drug delivery warrants an effective approach to prevent intra-abdominal adhesion.
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1. Background

Postoperative peritoneal adhesions are among the seri-
ous complications in surgery, with an incidence rate of 67 -
93%. Surgical injuries can result in inflammatory responses
at the peritoneal surface, releasing serosanguinous fluid
and exudates, extracellular matrix deposition, fibroblast
migration and proliferation, and development of intra-
abdominal and intra-pelvic adhesions. Adhesion-related
complications might develop throughout the lifetime of
patients with surgical history, causing substantial abdom-
inal and pelvic pain, difficulty in reoperation, infertility,
bowel obstruction, and impairing patients’ quality of life

(1-3). Therefore, the inhibition of intra-abdominal adhe-
sion formation is a high-priority goal to prevent the above-
mentioned adverse effects.

Various approaches have been put forth to reduce the
extent and severity of postsurgical adhesions, including
physical barrier devices (to prevent the contact of the in-
jured sites with the adjacent tissues) (4, 5) and pharmaco-
logical agents (e.g., anti-inflammatory agents, antibiotics,
fibrinolytic agents, and anticoagulants) (6, 7). A combina-
tion of these two strategies can more successfully manage
postoperative adhesions.

Some studies have focused on the local application
of physical adhesion barriers, such as bioabsorbable
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and biocompatible polymeric films (8, 9). Polymeric
films can also provide a good platform for controlled
and localized drug delivery depots (10, 11). Sodium
hyaluronate/carboxymethylcellulose (SeprafilmTM) is a
bioreabsorbable membrane to prevent adhesion forma-
tion. SeprafilmTM is used as a physical barrier with no
pharmacological agent and could partly prevent tissue
adhesion (1-4).

SurgiWrapTM bioresorbable barrier film is fabricated
from the lactic acid to prevent scar tissue formation and
adhesion between tissues. The SurgiWrapTM is made from
an amorphous bioresorbable copolymer of 70: 30 poly(L-
lactide-co-D, L-lactide). SurgiWrapTM can heal the tissues
and prevent adhesion; however, the use of SurgiWrapTM

was not associated with complete anti-adhesion properties
(5).

Polycaprolactone (PCL) polymer is biocompatible,
biodegradable, and semicrystalline aliphatic polyester
with immense potential for various biomedical appli-
cations (8). The PCL films were significantly efficacious
in reducing adhesion formation in the rat abdominal
adhesion model (8, 9). Polycaprolactone films can also
provide a sustained delivery system (10, 11).

As inflammatory reactions induced by tissue injury
play a critical role in adhesion development, numer-
ous anti-inflammatory compounds have been detected
to inhibit adhesion formation (12-14). Nonsteroidal anti-
inflammatory drugs (NSAIDs) are used to manage inflam-
matory reactions and postoperative pain. However, fol-
lowing systemic administration, these drugs can cause ad-
verse effects, including stomach pain, nausea, vomiting,
and impairment of renal function (15-17). Moreover, the
short-term residence of peritoneal delivery of these agents
(18) could hamper the effective prevention of adhesion for-
mation.

The current study hypothesized that a biocompatible,
biodegradable, and controlled drug delivery film could
provide a prolonged release of anti-inflammatory agents
around the injured site and act as an anti-adhesive phys-
ical barrier to better manage abdominal adhesion and
postoperative pain. The phospholipid enrichment of the
drug films can have additional anti-adhesive and anti-
inflammatory effects. Indomethacin can reduce inflam-
matory responses and consequently tissue adhesions at
the injured sites.

The present study aimed to firstly prepare and charac-
terize PCL and PCL-PC films for controlled indomethacin
intraperitoneal delivery and secondly assess and compare
the effectiveness of indomethacin-loaded PCL and PCL-PC
films in the prevention of abdominal adhesion formation
by macroscopic scoring, histological, scanning electron
microscopy (SEM), and polymerase chain reaction (PCR)

analyses.

2. Objectives

This study aimed to evaluate the potential in vivo supe-
riority of drug films to drug suspension on the one hand
and polymer-lipid hybrid films to polymer films on the
other hand.

3. Methods

3.1. Materials

Indomethacin (purity > 98%) was kindly provided
by Arya Pharmaceutical Company (Tehran, Iran). Soy-
bean PC was purchased from Lipoid GmbH (Ludwigshafen,
Germany). The PCL, sodium chloride, dichloromethane
(DCM), chloroform, and methanol were purchased from
Merck/Sigma-Aldrich (Germany).

3.2. Film Preparation

Films were prepared by the solvent casting technique.
The required amounts of PCL, PC, and indomethacin were
dissolved in 8 mL of chloroform using a magnetic stirrer
for 10 minutes. Three ratios of drug to feeding materials
(i.e., 1: 15, 1: 30, and 1: 45) and two PCL to PC ratios (i.e.,
50: 50 and 70: 30) were chosen for film preparation (Table
1). The prepared solutions were cast into Petri dishes and
dried overnight at room temperature. After the complete
drying, they were peeled off and cut into pieces.

3.3. Film Characterization

3.3.1. Drug Content

The uniformity of drug distribution was investigated
by random sampling of all drug films. The samples (2 mg)
were dissolved in DCM and chloroform (50: 50 v/v) by vig-
orous mixing. After appropriate dilution with methanol,
the solutions were filtered and analyzed spectrophotomet-
rically (Shimadzu-1800 UV-visible spectrophotometer, Shi-
madzu, Japan) at 318 nm. For each drug film, the experi-
ments were performed in triplicate.

3.3.2. Film Thickness

The thickness of film formulations was measured at
ten different points (in the middle and in the four corners)
using a micrometer (Mitutoyo, Japan).
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Table 1. Composition and Characterization of Various Polymer and Polymer-Lipid Indomethacin Films a

Formulation Composition (PCL: PC) Feeding Materials to Drug Weight Ratio Drug Content (%) Thickness (mm)

F1 100: 0 15 92.9 ± 1.3 0.074 ± 0.005

F2 100: 0 30 100.5 ± 2.4 0.138 ± 0.009

F3 100: 0 45 104.2 ± 3.2 0.152 ± 0.019

F4 70: 30 15 102.8 ± 2.3 0.078 ± 0.006

F5 70: 30 30 98.0 ± 1.3 0.138 ± 0.011

F6 70: 30 45 100.5 ± 5.2 0.146 ± 0.013

F7 50: 50 15 93.0 ± 1.2 0.068 ± 0.005

F8 50: 50 30 91.8 ± 2.0 0.107 ± 0.006

F9 50: 50 45 94.1 ± 1.1 0.202 ± 0.005

a Values are expressed as mean ± SE.

3.3.3. In Vitro Release Study

For in vitro drug release study, the film pieces (con-
taining 2 mg indomethacin) were placed in Falcon tubes
filled with 30 mL of normal saline and shaken at 37°C and
50 rpm. The samples were withdrawn at predetermined
time intervals (i.e., 2, 4, 6, 8, and 24 hours) for 24 hours
and then every 24 hours until the end of the study and
refilled with an equal volume of fresh medium. Every 24
hours, the release medium was completely refreshed. Re-
lease studies were carried out in triplicate for all drug for-
mulations. The drug concentration was determined us-
ing a spectrophotometer (Shimadzu, Japan) set at an ab-
sorbance wavelength of 318 nm.

3.3.4. X-Ray Diffraction Analysis

The X-ray diffraction (XRD) patterns of indomethacin,
PCL, PC, F3, F4, plain PCL films, and plain PCL-PC films were
recorded using an EQuinox 3000 diffractometer (Inel,
France) with Cu Ka radiation (45 kV and 40 mA). The scan-
ning angle was adjusted from 10° to 80°.

3.3.5. Fourier-Transform Infrared Spectroscopy

The Fourier-transform infrared spectroscopy (FTIR)
spectra of the samples (i.e., indomethacin, PCL, PC, physi-
cal mixture, F3, F4, plain PCL films, and plain PCL-PC films)
were measured on a WQF-510 (Rayleigh Optics, China) us-
ing potassium bromide disks within the spectral range of
400 - 4000 cm-1 with a resolution of 4 cm-1.

3.3.6. Scanning Electron Microscopy and Atomic Force Mi-
croscopy

The films were cut with a razor blade, coated with
gold, and then observed with an SEM instrument (Tes-
can/Mira, Brno, Czech Republic) to analyze surface mor-
phology. Atomic force microscopy (AFM) images were

obtained using a JPK NanoWizard (JPK Instruments, Ger-
many) integrated with a Zeiss Axiovert 200M (Carl Zeiss,
Germany) in the tapping mode.

3.3.7. Mechanical Properties

The mechanical properties of F3 and F4 (employing 15
mm× 15 mm films) were determined at room temperature
using a SANTAM STM-20 instrument (Tehran, Iran). Tensile
strength, Young’s modulus, and elongation at break were
calculated using the following equations (19, 20):

(1)Tensile strength =
Fmax

A

(2)Y oung
′
smodulus =

Stress

Strain
=

F × L0

A × ∆L

(3)Elongation at break (%) =
∆L× 100

L0

Where Fmax is the maximum load; A is the initial cross-
sectional area; F is the force; ∆L is the change in length; L0
is the original length.

3.4. In Vivo Experiments

3.4.1. Animals

Male Wistar rats (250 - 270 g) were provided by Pasteur
Institute of Iran. The rats were kept in a temperature- and
humidity-controlled room under artificial lighting of a 12-
hour light/dark cycle. The in vivo study was performed fol-
lowing the guidelines of the Ethics Committee of Shahid
Beheshti University of Medical Sciences, Tehran, Iran, and
in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (21).
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3.4.2. Surgical Procedure and Insertion of Anti-adhesion Films

After anesthesia with a mixture of medetomidine hy-
drochloride (0.5 mg/kg) and ketamine hydrochloride (50
mg/kg), the animals were maintained in the supine posi-
tion, and the abdominal area was shaved and disinfected
with 70% alcohol solution. A 5-cm incision was made in
the skin and abdominal muscles along the linea alba. The
cecum defect was induced by abrading with a sterile nail
file 20 times until petechiae without hemostasis occurred.
Then, a 2× 2 cm anterior area of the superficial layer of the
parietal peritoneum directly exposed to the cecum was ex-
cised from the abdominal wall by a scalpel (No. 20), and
the cecum was placed in the peritoneal cavity. The ani-
mals were randomly allocated into six groups with eight
rats in each group, namely (1) control untreated group (G1);
(2) suspension group (G2) with 1 mL drug suspension ap-
plied on the injured site; (3) plain PCL film (G3); (4) plain
PCL-PC film (G4); (5) indomethacin-PCL film (G5); and (6)
indomethacin-PCL-PC film (G6). The drug dose was 3 mg
per rat. The films were positioned onto the abdominal wall
with four 5/0 nylon sutures to form a barrier between the
damaged cecum and peritoneum. The abdominal wall was
finally closed using 4/0 Vicryl sutures.

3.4.3. Adhesion Evaluation

3.4.3.1. Macroscopic Scoring

Two weeks after surgery, the animals were euthanized
for the gross evaluation of the severity and extent of post-
operative abdominal adhesion. The abdomen was re-
opened, and the injured site was inspected to score peri-
toneal adhesions. The extent and severity of the adhesions
were evaluated based on the scoring system of Table 2 (22).

3.4.3.2. Histological Analysis

The specimens obtained from the damaged cecum and
abdominal wall were fixed in 4% formaldehyde, embed-
ded in paraffin, and serial 6 µm sections were prepared.
The sections were examined and imaged after hematoxylin
and eosin (H&E) and Masson’s trichrome staining.

3.4.3.3. SEM Analyses

After resection, the damaged abdominal wall, dam-
aged cecum, and adhesion tissues were immediately fixed
in 2.5% glutaraldehyde. The specimens were gradually
dehydrated by incubation in ethanol solutions, air-dried,
mounted on aluminum holders, and finally sputtered with
gold.

3.4.3.4. Real-Time PCR Assays

Quantitative reverse transcription-polymerase chain
reaction (RT-PCR) was performed to measure the mes-

senger ribonucleic acid (mRNA) levels of tumor necro-
sis factor-alpha (TNF-α), transforming growth factor-beta
(TGF-β), interleukin-1 (IL-1), interleukin-6 (IL-6), fibrinogen,
and alpha-smooth muscle actin (α-SMA). The harvested tis-
sues were subjected to Trizol extraction (Invitrogen, Bel-
gium) for total RNA isolation. One µg of total RNA was
reverse transcribed into the first-strand complementary
deoxyribonucleic acid (cDNA). The resulting cDNA was
subjected to quantitative RT-PCR analysis targeting TNF-
α, TGF-β, IL-1, IL-6, fibrinogen, and α-SMA on a StepOne-
Plus Real-Time PCR System (Applied Biosystems, USA) using
EvaGreen®. The mRNA expression levels were measured ac-
cording to the comparative ∆∆CT method.

3.5. Statistical Analysis

The results were reported as mean± standard error of
mean. The obtained results were statistically compared by
the Student’s t-test and analysis of variance with the least
significant difference posthoc test using SPSS software (ver-
sion 17.0). A p-value less than 0.05 was considered statisti-
cally significant.

4. Results

4.1. In Vitro Preparation and Characterization of Indomethacin
Film Formulations

Different polymeric and polymeric/lipidic hybrid for-
mulations with three feeding materials to drug weight ra-
tios (i.e., 15, 30, and 45) were prepared (Table 1). Homoge-
neous films were achieved with all compositions; there-
fore, all formulations were characterized regarding film
thickness, drug content, and release profile.

Table 1 shows the results of film thickness and drug
content. The expected trend in film thickness as a function
of feeding materials to drug weight ratio was evident; by
increasing the ratio from 15 to 45, film thickness increased
from 0.07 - 0.08 to 0.15 - 0.20 mm for both PCL and PCL-PC
films. According to the results (Table 1), the drug content
of PCL films (F1-F3), PCL-PC films containing 30% lipid (F4-
F6), and PCL-PC films containing 50% lipid (F7-F9) was ob-
served to be within the acceptable ranges of 92.9 - 104.2%,
98.0 - 102.8%, and 91.8 - 94.1%, respectively.

Figure 1 shows the release profiles of indomethacin
from different formulations. During the first 24 hours,
polymeric formulations showed drug release percentages
of 17.4%, 12.4%, and 9.7% for films prepared with 15, 30, and
45 polymers to drug (P: D) ratios, respectively.

Cumulative drug release of 89.0%, 74.4%, and 67.8% af-
ter 24 hours related to the PCL films was achieved for F1,
F2, and F3 films, respectively, at the end of the 2 weeks. F3
with a P: D ratio of 45 showed significantly lower initial and
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Figure 1. In vitro indomethacin release profiles from A, polycaprolactone (PCL) films; B, PCL-phosphatidylcholine (PC) films containing 30% PC; C, PCL-PC films containing 50%
PC in normal saline at 37°C (n = 3; mean ± standard error of mean)
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Table 2. Scoring System for In Vivo Evaluation of Tissue Adhesion Using a Rat Abdominal Adhesion Model

Adhesion Grade Grade Description Separation Description

0 No adhesive bands between the cecum and muscles of the abdominal wall -

1 One loose adhesive band between the cecum and muscles of the abdominal wall Adhesion is easily separated

2 Two adhesive bands between the cecum and muscles of the abdominal wall Adhesion is easily separated

3 More than two firmed adhesive bands between the cecum and muscles of the abdominal wall Adhesion is separated by slight pulling

4 The cecum tightly adheres to the muscles of the abdominal wall Adhesion is separated by hard pulling

14-day cumulative drug release than F2 and F3 (P < 0.05);
therefore, F3 was selected among polymeric films. In the
case of PCL-PC formulations with 30% PC, cumulative drug
release at the end of 24 hours was observed to be 21.0%,
21.1%, and 27.9% for F4, F5, and F6, respectively. Cumulative
drug release percentages were about 90% for F4 and about
100% for F5 and F6 in 288 hours. F4 was also selected due
to the lower P: D ratio and comparable release rate to F5
and F6. In the case of PCL-PC formulations with 50% PC, cu-
mulative drug release at the end of 24 hours was observed
to be 38.4%, 35.7%, and 45.8% for F7, F8, and F9, respectively.
Cumulative drug release of all 50% PC enriched formula-
tions was higher than 75% in 72 hours. As the PC percentage
became higher, the indomethacin release became faster.
Therefore, F7, F8, and F9 formulations were excluded from
further studies.

Figure 2 depicts the XRD patterns of indomethacin,
PCL, and phospholipid, their physical mixture, and formu-
lations. The PCL exhibited two broad characteristic peaks
at 21.7° and 24.2° suggesting its semicrystalline nature.
Only one broad and diffuse peak (~ 2θ = 20°) was observed
in the PC pattern implying its amorphous state. The pres-
ence of characteristic peaks at 2θ of 10.4, 11.9, 16.9, 19.9, and
22.1° in the diffractogram of indomethacin confirmed its
highly crystalline characteristics. However, no crystalline
pattern was detected after incorporation into films.

The bands at 834, 1590, 1690, and 1712 cm-1 presented in
the FTIR spectrum of indomethacin resulted from the vi-
brations of C-Cl, C = C, amide C = O, and carboxylic acid C
= O, respectively. The bands of PCL that could be observed
at 1728, 2864, and 2933 cm-1 corresponded to carbonyl, sym-
metric aliphatic, and asymmetric aliphatic stretching, re-
spectively (23). The most prominent bands of PC spectrum
at 1246, 1461, 1735, 2854, and 2924 cm-1 corresponded to the
antisymmetric PO2-, CH2 scissoring, C = O, symmetric CH2,
and antisymmetric CH2, respectively (24). In the spectrum
of drug films, the characteristic absorption peaks of in-
domethacin were almost masked by those of PCL and PC
(Figure 3).

According to SEM observation (Figure 4), drug-loaded
films showed smooth surfaces with almost no pore. The

SEM results represented a smoother surface of the film
in the absence of PC. The AFM observations were in good
agreement with the SEM results.

The mechanical curves of PCL and PCL-PC films and
differences in the tensile strength, Young’s modulus, and
elongation at break values upon the addition of PC were
investigated (Figure 5). The PC enrichment changed Fmax
(from 10.7 to 1.1 N) and modulus values (from 71.40 to 90.22
MPa) in film formulations. Elongation at break percent-
ages were 61.10% and 57.24% for PC-free and PC-containing
formulations.

4.2. In Vivo Anti-adhesion Efficacy of Indomethacin Film Formu-
lations

The effects of local administration of indomethacin
and phospholipid enrichment of polymeric film formu-
lations were investigated in a rat cecal adhesion model
(Figure 6) 14 days after surgery using the scoring system
shown in Table 2. Intra-abdominal adhesion formation
and macroscopic adhesion scores of all groups are shown
in Figure 7 and Table 3, respectively. The animals in the
untreated group (G1) showed severe adhesions with seven
rats developing score 4 adhesions. The treatment with
drug suspension (G2) and plain PCL films (G3) reduced in-
traperitoneal adhesions with respect to the control group,
as 62% of animals with a score 2 and 38% of animals with
a score 1 were in the drug suspension group, and 50% of
animals with a score 2 and 50% of animals with a score 3
were in PCL film group. The addition of PC to PCL formu-
lations decreased adhesion scores in plain films (G4) (five
rats scored 1; three rats scored 2) and in drug-loaded films
(G6) (seven rats scored 0; one rat scored 1).

With no tissue adhesion in seven out of eight rats,
the observations indicated that drug-loaded PCL-PC films
could be used as a potential adhesion barrier.

Afterward, histological analysis was performed by H&E
stain and Masson’s trichrome staining (Figure 7). The
histopathological studies of abdominal wall defect of the
control group showed remarkable inflammatory cells and
no sign of remesothelialization. Microscopic images re-
lated to the drug suspension group exhibited less inflam-
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Figure 2. X-ray diffraction spectra of indomethacin, polycaprolactone (PCL), phosphatidylcholine (PC), plain PCL film, plain PCL-PC film, indomethacin PCL film, indomethacin
PCL-PC film, and physical mixture
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Figure 3. Fourier-transform infrared spectroscopy spectra of indomethacin, polycaprolactone (PCL), phosphatidylcholine (PC), plain PCL film, plain PCL-PC film, indomethacin
PCL film, indomethacin PCL-PC film, and physical mixture
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Figure 4. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) [two-dimensional (2D) and three-dimensional (3D)] images of indomethacin polycapro-
lactone (PCL) film (upper panel) and indomethacin PCL-phosphatidylcholine (PC) film (lower panel)

mation and minimal collagen deposition. In the cecal tis-
sue samples of animals treated with plain PCL films, there
was an incomplete mesothelial cell layer with negligible
inflammation. Mesothelial cells and only a negligible in-
flammatory reaction could be observed in the plain PCL-PC
film group. Drug-loaded PCL-PC films exhibited a complete
regeneration of the injured cecum and no inflammation.

The SEM observations (Figure 8) in the control group
were consistent with the infiltration of numerous white
blood cells and giant foreign body cells, along with
the formation of a tight and intense connective tissue.
In plain films and drug suspension, the penetration of
macrophages, lymphocytes, and fibroblasts was reduced.
Moreover, the loose connective tissues and zones of incom-
plete mesothelial cell deposition were observed. The drug-
loaded PCL-PC barrier induced optimal mesothelialization
and showed adhesion-free sectors (Figure 8).

In this study, the levels of proinflammatory cytokines
(i.e., TNF-α, TGF-β1, IL-1β, and IL-6), fibrinogen, and α-
SMA were quantified to examine the anti-adhesion efficacy
of indomethacin films. When compared to the control

group, decreased TNF-α and TGF-β1 gene expression were
observed in all treated animals, with statistically signifi-
cant values only in the drug-loaded PCL-PC film group. The
IL-1β, IL-6, and fibrinogen levels were reduced in treated
rats, compared to those of the control group, with maxi-
mum reduction in the drug-loaded PCL-PC film barrier. The
order of α-SMA gene expression was drug PCL-PC film >
drug PCL film ≈ plain PCL-PC film ≈ plain PCL film > drug
suspension > control group (Figure 9).

5. Discussion

Postoperative abdominal adhesions are among com-
mon challenging problems in surgery. Adhesions cause
significant morbidity and serious complications, includ-
ing intermittent cramps, chronic pain, female infertility,
small bowel obstruction, and complicated additional op-
erations (1, 2). In this context, considerable efforts have
been focused on the prevention of adhesion formation by
physical barriers (4, 5) and the administration of therapeu-
tic agents (6, 7). The combination of these two strategies

Iran J Pharm Res. 2022; 21(1):e127353. 9
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Figure 5. Mechanical properties of indomethacin polycaprolactone (PCL) and PCL-phosphatidylcholine (PC) films

Figure 6. Surgical procedure of intra-abdominal adhesion induction and insertion of anti-adhesion films in a rat model
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Figure 7. macroscopic scoring and histopathological evaluation of injured peritoneal sites of various treatment groups 2 weeks after surgery. Polycaprolactone (PCL) and
PCL-phosphatidylcholine (PCL-PC) films with and without drug were evaluated.
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Table 3. Tissue Adhesion Scores Evaluated In Vivo Using a Rat Abdominal Adhesion Model (n = 8)

Score Control Untreated Drug Suspension Plain PCL Film Plain PCL-PC Film Drug PCL Film Drug PCL-PC Film

0 0 0 0 0 0 7

1 0 3 0 5 4 1

2 0 5 4 3 4 0

3 1 0 4 0 0 0

4 7 0 0 0 0 0

Abbreviations: PCL, polycaprolactone; PC, phosphatidylcholine.

Figure 8. Scanning electron microscopy micrographs of the surface of injured peritoneum in various treatment groups 2 weeks after surgery. Polycaprolactone (PCL) and
PCL-phosphatidylcholine (PCL-PC) films with and without drug were evaluated.

can more successfully manage postoperative adhesion.

The ultimate goal of anti-adhesion barriers is the re-
duction of clinical consequences that occur after surgery.
Recent studies have suggested the partial prevention of ad-
hesions after the use of some commercial barriers, such
as SeprafilmTM (2, 25) and SurgiWrapTM (5, 26); however,
the formulation designed in this study prevents adhe-
sion due to the presence of indomethacin as an anti-
inflammatory agent. Given the anti-inflammatory and
anti-adhesion properties of indomethacin and phospho-
lipids, along with the favorable potential characteristics
of PCL films as a sustained drug delivery matrix and a
biodegradable physical barrier, the present study hypoth-
esized that implantable indomethacin sustained-release

membrane composed of PC and PCL blend will prevent ab-
dominal adhesion formation. In this regard, this study
prepared indomethacin-eluting membranes and charac-
terized the formulations regarding drug content, in vitro
drug release kinetics, XRD, FTIR, and surface morphology.
The anti-adhesion efficacy of this combined approach was
compared to the untreated control, blank PCL and PCL-PC
films, and drug suspension in a rat abdominal abrasion
model.

Drug content is one of the important characterization
parameters for any drug dosage form. The casting and dry-
ing method for film preparation might have inherent chal-
lenges in the achievement of thickness uniformity, which
directly influences drug content per unit area and dosage

12 Iran J Pharm Res. 2022; 21(1):e127353.
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Figure 9. Relative expression of messenger ribonucleic acid encoding A, tumor necrosis factor-alpha (TNF-α); B, transforming growth factor-beta (TGF-β); C, interleukin-1
(IL-1); D, interleukin-6 (IL-6); E, fibrinogen; and F, alpha-smooth muscle actin (α-SMA) in various treatment groups 2 weeks after surgery quantified by quantitative real-time
reverse transcription polymerase chain reaction (n = 6; mean ± standard error of mean); (1) control untreated group; (2) drug suspension group; (3) plain polycaprolactone
(PCL) film; (4) plain PCL-phosphatidylcholine (PC) film; (5) indomethacin-PCL film, and (6) indomethacin-PCL-PC film; * P < 0.05, ** P < 0.01 vs. control untreated group; # P <
0.05, ## P < 0.01 vs. drug suspension group
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uniformity (27). The incorporated drug amount in each
formulation was quantified in at least three sites of drug-
loaded films to estimate the uniform drug distribution in
the films. On the contrary, in this study, as presented in Ta-
ble 1, the standard error of mean values of film thickness
were relatively low, which can be interpreted as homoge-
neous drug content.

The in vitro drug release rate is one of the critical pa-
rameters for predicting in vivo drug release kinetics and
performance of implants. A reasonable prolonged drug
release profile is the initial requirement of an appropri-
ate anti-adhesive barrier membrane (28, 29). The incorpo-
ration of drugs into polymeric films can provide this de-
mand (11, 30). The total drug release amount from PCL film
casts was slower than from PCL-PC films (Figure 1). It seems
that PCL better incorporated and retained indomethacin
molecules than PC. As indomethacin, PCL, and PC possess
very poor aqueous solubility, this observation can be ex-
plained by stronger Van der Waals and hydrophobic in-
teractions between drug and PCL molecules. Drug release
from PCL films was tri-phasic, with an initial release over 4
hours, followed by a second phase with a slower controlled
release for about 1 week, and the third phase with a more
sustained release rate. The PCL-PC films did not exhibit the
third phase (Figure 1). The initial drug release could be at-
tributed to the surface-bound drug or the porosity of films.
The later sustained release phase might be due to drug dif-
fusion through the matrix and the release of drug by the
slow degradation of PCL.

The XRD and FTIR analyses are powerful tools for an-
alyzing the crystalline or amorphous nature of the sam-
ples and any possible intermolecular interactions between
drug and formulation components (31, 32). The XRD pat-
terns of drug, PCL, and PC (Figure 2) in this study are in
good agreement with those of previous reports (33-36). The
disappearance of drug crystalline peaks in the XRD results
of drug films suggested the loss of drug crystallinity by
well loading into PCL and PCL-PC membranes in an amor-
phous state. The FTIR provides information on intermolec-
ular interactions and structural changes by the features of
band-shift and/or broadening in the spectra (32). The ab-
sence of interaction between the drug and components
can be proved by the FTIR results (Figure 3).

The SEM and AFM analyses are very useful tools to de-
termine the surface morphology of film samples. The
AFM investigation can provide two-dimensional and three-
dimensional images and was performed to validate the
morphological properties obtained from SEM analysis (Fig-
ure 4). The pore-free structure of films observed by SEM
and AFM can make them a promising barrier to the sepa-
ration of the injured sites.

The anti-adhesion effect of sustained-release in-

domethacin membrane composed of a phospholipid and
PCL blend was investigated in vivo by creating defects
in both the cecum and peritoneum of rats. At the early
stage after tissue injury, various proinflammatory me-
diators (e.g., TNF-α, TGF-β, IL-1, and IL-6) are released at
the damaged peritoneum, and inflammatory responses
promote tissue fibrosis (37, 38). Insufficient fibrinolysis in
traumatized sites results in the deposition of extracellular
matrix components and the formation of fibrinogen-rich
adhesion tissue (1). Therefore, in this study, the levels
of proinflammatory cytokines, fibrinogen, and α-SMA
were quantified to examine the anti-adhesion efficacy of
indomethacin films. Two weeks after implantation, intra-
abdominal adhesions were observed and scored according
to the adhesion grading system (Table 2) (22). The repair of
peritoneal injury was examined using histopathological
and SEM analyses (Figures 7 and 8).

The control group presented the highest adhesion
level with dense and severe adhesions in the injured sites,
damaged epithelium with infiltration of inflammatory
cells, and lack of remesothelialization. The role of local de-
livery of indomethacin suspension in the inhibition of in-
flammation and fibrosis was validated by comparing the
data from G1 and G2 groups. The NSAIDs inhibit cyclooxy-
genase (COX) enzymes, thereby reducing prostaglandin
synthesis in the inflammatory cascade (39). Indomethacin
with nonspecific and wider activity against COX isoen-
zymes showed superior anti-adhesion efficacy, compared
to selective COX-2 inhibitors in pericardial adhesions in
a pig model (12). Moreover, the in vivo results of plain
films suggested that the application of a physical barrier
device was not enough to provide the complete protec-
tion of postsurgical adhesion. Additionally, compared to
PC-free implants, PC-enriched plain and drug-loaded for-
mulations had lower adhesion grades reinforcing the anti-
adhesion and anti-inflammatory effects of phospholipids
on postoperative tissue adhesion as described by previous
studies (40, 41). The aforementioned results showed that
the controlled delivery of indomethacin, barrier proper-
ties of films, and PC enrichment had a role in the suppres-
sion of abdominal adhesion in the rat animal model by the
complete recovery of injured abdominal wall without any
fibrosis in drug-loaded PC and PCL blend film.

5.1. Conclusion

This study developed and characterized a sustained re-
lease polymeric-lipidic membrane to prevent postsurgi-
cal abdominal adhesion. The current study demonstrated
the potent anti-inflammatory and anti-adhesion effects of
indomethacin-eluting, PCL-PC membrane in a rodent cecal
abrasion model by macroscopic scoring and histological,
SEM, and PCR analyses. There was a significant suppression
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in adhesion severity and extent with the maximal efficacy
observed in the combination of indomethacin, PC, and PCL
in a drug-eluting film. Such a multifunctional barrier of-
fers a practical approach for future clinical applications.
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