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Abstract : Postoperative abdominal adhesion (PAA) causes significant long-term postoperative morbidity.
Although numerous physical anti-adhesion barriers (AAB) are used as therapeutical interventions, none of
them has achieved sustained success. As a potential strategy to overcome the limitations, drug-eluting AAB
have attracted scientific attention. Here, we produced agar films (AF) chemically cross-linked with different
concentrations of citric acid (CA) and we measured the physicochemical properties such as crosslinking strength,
swelling ratio, hydrophilicity, and biodegradability of the yielded CA-AFs. Next, Metformin (MET), an anti-
diabetic drug with anti-proliferative and anti-inflammatory properties, was loaded in the CA-AFs yielding the
MET-loaded CA-AF (MET@CA-AF) and the time-dependent MET release was monitored. Based on their
physicochemical properties, MET@CA-AF containing 20% CA appeared a promising AAB candidate and was
further used in an in vivo study. Mouse models of PAA were established with cecum abrasion and the MET@CA-
AF and CA-AF were applied between the injured interfaces. At postoperative day 14, the therapeutic efficacies
were analyzed by using clinical adhesion scoring and quantification of collagen-I and fibroblasts in adhesion
interfaces. The results showed that applications of MET@CA-AF or CA-AF for 14 days significantly attenuated
the clinical adhesion score and thickness of adhesion interface. Furthermore, when compared with the group with
operation, the groups with MET@CA-AF or CA-AF exhibited the significant attenuation in PAA-associated
myofibroblast activation in adhesion interface. Importantly, these attenuations were significantly more intensified
in the group with MET@CA-AF than in the group with CA-AF. Based on our data, we anticipate that MET@CA-
AF, a novel synthesized drug-eluting AAB, can protect against PAA by exerting the dual role of physical barrier
and MET-based pharmaceutic.
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INTRODUCTION

Postoperative abdominal adhesion (PAA) is an inevitable
consequence of intra-abdominal surgeries [1]. PAA is a ma-
jor cause of morbidity resulting in various complications,
many of which can persist for several years after the initial
operation [2,3]. To date, the PAA-associated complications,
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e.g., acute small bowel obstruction, pelvic or abdominal
pain, and infertility, continue to challenge human healthcare
worldwide without any apparent therapeutic options [3 4].

Up to date, the application of physical anti-adhesion bar-
riers (AAB) has been widely accepted as the optimal strate-
gy against PAA[5]. In particular, polymeric hydrogel-based
AABs have attracted attention in both preclinical studies
and clinical trials [6]. Hydrogels are a special class of
3-dimensional polymeric network, which can retain signif-
icant body fluids while maintaining their physical integrity
[7]. Currently, several commercial hydrogel-based AABs
including Adept® (Baxter) and Sepracoat® (Genzyme)
as solutions and Seprafi1m® (Genzyme) and Surgiwrap®
(MAST Biosurgery) as solid membranes are commercially
available with different degrees of success [3,8,9]. How-
ever, all these pure AABs failed to protect against PAA
because they fail to address the basic biological problems
including the difficulties in the control of their biocompati-
bility and biodegradability [10].

In recent years, researchers in this field have hypothe-
sized that the limitations of AABs could be overcome by
combining their role as a physical barrier with a potential
pharmacological potency [11,12]. As such, the hydrogels
were shown to act not only as a physical barrier at the sur-
gical wound, but also as a drug delivery system [11,13].
Among the various drugs that have been used to target dif-
ferent steps in the PAA pathophysiological mechanism, the
anti-proliferative drug paclitaxel, was shown to attenuate
PAA symptoms in rat model when loaded in a cross-linked
hyaluronic acid film [14]. In addition, Ancrod, a fibrinolytic
agent made from Malayan pit viper venom, in combination
with a hydrogel has been revealed to exert the therapeutic
effect in PAA rat model [15].

In line with the hypothesis described above, this study
tested the therapeutic potential of a “drug-eluting” hydro-
gel-based AAB, which consists of agarose and Metformin
(MET). Agarose, originating from specific algae, is a highly
hydrophilic polymer, which has a unique gel property and
favorable biocompatibility. Therefore, agarose is attracting
considerable interest with its economic and environmental
benefits [16]. On the other hand, the drug for diabetes mel-
litus, MET has anti-proliferative [17] and anti-inflammatory
effects [18].

In this study, we enhanced the physical strength of aga-
rose, thereby forming agarose films (AF) by using citric
acid (CA) as a cross-linking agent. The cross-linking oc-

curred by reaction between the carboxyl groups in CA and
the hydroxyl group in ethylene glycol present in the aga-
rose [19]. We characterized the physicochemical properties
of the resulting CA-AFs, which contained different con-
centrations of CA. Next, we loaded MET in the CA-AFs,
yielding MET@CA-AF, and obtained the releasing profiles
of MET from MET@CA-AF. To test whether the applica-
tion of MET@CA-AF can confer the prevention against the
PAA pathogenesis, we employed the in vivo PAA models,
which was established with mice with cecal abrasion op-
eration. By quantification of the clinical adhesion severity
and the histopathological changes at postoperative day 14",
we examined the preventive effect of MET@CA-AF and
the possible mechanisms in relation to inhibition of myofi-
broblast activation, a major culprit of PAA pathogenesis.

MATERIALS AND METHODS

Chemicals

Agarose (Analytical grade) was purchased from Prome-
ga (Madison, WI, USA). Glycerin was purchased from
Daejung (Busan, Korea). Hematoxylin and Eosin (H-E)
staining kit, citric acid, and Metformin hydrochloride were
purchased from Sigma Aldrich (St. Louis, MO, USA). Mas-
son’s trichrome staining kit, rabbit polyclonal anti-collagen
I (Cat. #ab34710) and mouse monoclonal anti-vimentin
(Cat. #Ab8978) antibodies were purchased from Abcam
(Cambridge, UK).

Synthesis of CA-AFs

In 250 mL Erlenmeyer flasks, 3 g agarose and 0.9 g
glycerin were dissolved in 30 mL of phosphate-buffered
saline (PBS, pH 7.4). A viscous solution was obtained by
complete dissolving in a microwave generator set at 800
W for 10 min. Mechanical cross-linking was performed by
freezing the solution at around —2°C for 30 min. Next, the
mixture was heated again in a microwave. For chemical
cross-linking, the viscous solution was mixed with differ-
ent concentrations of citric acid (CA) (0, 10, and 20% w/
w to amount of agarose) by using a spatula. Different CA-
AFs were obtained by casting 2 g of the resulting mixtures
in films and air-drying them. The CA-AFs were named CO,
C10, and C20 according to the % content of CA.
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Fourier transform infrared spectroscopy

To confirm the existence of ester-bond formation, an in-
dicator of crosslinking, Fourier transform infrared (FT-IR)
spectra of dried CA-AFs were recorded using FT-IR Cary
630 (Agilent, Santa Clara, CA, USA) in wavenumber range
from 400 cm™' to 4000 cm .

Swelling properties

Swelling behavior of C0O, C10, and C20 was studied as
follows. Small strips of each film (1 X2 cm in size) were
cut and their initial weights (Wy) were measured. The strips
were immersed in PBS maintained at 37°C and pH 7.3. Af-
ter 24 h, the strips were taken out, wiped with filter paper,
and their weights after swelling (W;) were measured. The
swelling ratio was obtained using the following equation:
Wil Wo.

Contact angle measurement

A contact angle meter (PheonixMini-10; Suwon, Gyeo-
nggi-do, Korea) was used to measure the hydrophilicity
of the CO, C10, and C20. Using a zoom microscope, the
image of the surface was enlarged to an optimum magnifi-
cation and the contact angle was measured by dropping 2
mL of water droplets on each surface of the samples.

In vitro biodegradation assay

To speculate the in-body decomposition behavior of the
CA-AFs, in vitro biodegradation assay was performed. In
brief, the CO, C10, and C20 (n= 14 per each) were cut into
1 X2 cm pieces and each Wy was measured. Then, the films
were immersed in 10 mL of PBS maintained at 37°C and
pH 7.3 while stirring continuously. In the course of 14 days,
every day 1 film was withdrawn from PBS and dried for
24 h in an oven kept at 37°C. The completely dried films
were weighed. The resulting data were plotted as means of
weight loss (%) per Wy of each films.

Synthesis of MET@CA-AF and drug release assay

MET was loaded in the hydrogel films using the swell-
ing equilibrium method [20]. In brief, pre-weighed CO,
C10, and C20 films (~2 g) were mixed with 50 mg MET
dissolved in 20 mL PBS. After 2 h, the films were dried in
an oven at 40°C for 24 h to yield the MET@CA-AFs with
different concentrations of CA. To determine the amount

of the loaded drug, the films were cut into small pieces,
weighed, and immersed in 50 mL PBS. The dispersion
was stirred on a magnetic stirrer at 100 rpm for 24 h and
the amount of MET was determined using a UV/Vis spec-
trophotometer (Shimadzu, Kyoto, Japan) at Amax 234 nm.
To determine that amount of released MET, we kept the
MET@CA-AFs with different concentrations of CA (~2 g)
in 50 mL PBS (pH 7.4) at 37°C. At different time points, 2
mL were withdrawn and 2 mL fresh PBS were added. The
amount of released MET was determined using a UV/Vis
spectrophotometer at Amax 234 nm up to 1500 min.

Animals

A total of 32 C57BL/6 mice (male, 10 week old) were
purchased from Samtako (Osan, Korea). The mice were
housed under constant temperature (23°C) and humidity
(45~55%) with a 12 h light/dark cycle and free access to
food and water. Experiments were carried out according to
the Guide for Care and Use of Laboratory Animals (2011,
National Institutes of Health, Bethesda, MD, USA) [21]
and were approved by the Institutional Animal Care and
Use Committee IACUC) of Konyang University.

Surgical procedures and drug application

Mice were divided in 4 groups (n=28 per each) as fol-
lows: CTRL, the group of controls; OP, the group operated
with cecal abrasion, a surgical method for modelling PAA
[22]; CA-AF and MET@CA-AF, the groups with the oper-
ations and concomitant applications of CA-AF or MET@
CA-AF, respectively. At that time, concentration of CA
for both CA-AF and MET@CA-AF were chosen as 20%
based on the revealed physicochemical properties (See
“Results™). For the operation, the mice were anesthetized
with 3% isoflurane in a mixture of N>O : O, (70:30). The
body temperature was maintained at 37.0+0.5°C using a
heating pad. The abdomen was shaved and sterilized with
iodine and alcohol solution. Then, the peritoneal cavity
was opened with a 3 cm long-abdominal midline incision
and the cecum was identified and abraded with a 1 cm’-de-
fect by rubbing with a sterile toothbrush. When petechial
was visualized, abrasion was stopped. Subsequently, for
the MET@CA-AF or CA-AF groups, cecal surfaces were
covered by 2 X 2 cm-sized rectangular films with an aids of
normal saline spray. The same procedures were executed
for the OP group except the lack of the film application. Pri-
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or to the closure of the operation wound, the starch powder
was poured on abrasion site for encouraging the firm adhe-
sion. For the suture of the wound, 4~0 black silk was used.
After the operation, all mice were transferred to home cages
and maintained with ad libitum throughout the experiment.

Adhesion scoring

At postoperative day (POD) 14, the animals were sacri-
ficed with an intraperitoneal injection of urethane (2 mL/
kg). The abdominal cavity was opened via a U-shaped
abdominal incision. The severity was assessed by the stan-
dard adhesion scoring system in accordance with Lauder’s
method [23]. The assessment was performed by the 2 in-
vestigators blinded to the operation. Adhesions were graded
from O to 5:0, no adhesion; 1, one thin filmy adhesion; 2,
more than one thin adhesion; 3, thick adhesion with focal
point; 4, thick adhesion with planar attachment or more
than one thick adhesion with focal point; and 5, very thick
vascularized adhesion or more than one planar adhesion.

Histologic procedure

For histological examination, specimens were collected
from the sacrificed mice immediately after macroscopic
examination. The obtained specimen, a sandwich of tis-
sue that consists of skin and abdominal wall on one side,
bowel on the other side, and adhesive tissue connecting the
two in between, were then cut into small pieces by 1 X 1
cm and fixed for 24 h in 4% paraformaldehyde diluted in
PBS. Then, the fixed tissue was dehydrated with increasing
concentrations of alcohol and embedded in paraffin wax.
The paraffin blocks were cut into 5 um-thick sections with
tissue microtome (RM2255; Leica, Nussloch, Germany).
Randomly selected 2 tissue sections of different groups
were deparaffinized with xylene and rehydrated with
decreasing concentrations of alcohol. The sections were
stained with H-E and Masson’s trichrome staining in accor-
dance with the methods described elsewhere [24-26]. The
tissue sections were acquired at 200 X magnification using
a digital camera connected with a light microscope (DM4;
Leica). The mean of adhesion interface thickness was mea-
sured with random selection of foci of examination (n =20
per high power field), followed by calculation with an aid
of an image analysis system (Image J software Ver. 1.37,
National Institutes of Health).

Immunofluorescence

Randomly selected, 2 tissue sections of different groups
were deparaffinized and rehydrated. The sections were sub-
jected to an antigen retrieval step using the Target retrieval
solution” (DAKO, Glostrup, Denmark) in accordance with
the manufacturer’s protocol. After 3-times wash in PBS,
the tissues were incubated with primary antibodies (mouse
anti-collagen-I and rabbit anti-vimentin), diluted in PBS at
a ratio of 1:250, for 24 h at 4°C. The tissues were washed
with PBS and incubated with secondary antibodies (goat
anti-mouse Cy2 and anti-rabbit Cy3), diluted in PBS at
a ratio of 1:250, for 2 h at 24°C. All the secondary anti-
bodies were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). The tissues were mounted with 4', 6-
diamidino-2-phenylindole (DAPI)-contained mounting me-
dium (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and examined with a confocal laser scanning microscope
(LSM700, Zeiss, Munchen, Germany). The resulting
DAPI- and vimentin-immunopositive cells, surrounded by
collagen-I fluorescence, were considered as activated my-
ofibroblast and were counted in the captured images show-
ing randomly selected high power fields (n=3 per tissue)
and averaged per individual group.

Statistical analysis

All the results are expressed as mean * standard deviation
(SD). Comparisons of the data from the different groups
were performed with one-way analysis of variance (ANO-
VA, PASW Statistics v. 18, SPSS Inc., Chicago, IL, USA).
Differences with p<0.05 were considered statistically sig-
nificant.

RESULTS

General characteristics of MET@CA-AF

The manufactured MET@CA-AF was transparent, mod-
erately flexible, and rigid (Fig. 1A). The resulting chemical
formula of MET@CA-AFs after crosslinking reaction and
predicted releasing dynamics of MET are illustrated in Fig.
1B. With increased crosslinking (from CO to C20), the films
became less flexible and more rigid in the manual exam-
ination. Upon water spraying, the films became soften and
sticky, thus enabling their attachment on biological surfaces
like skin of dorsal hand and injured cecal surface.
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Fig. 1. The novel synthesized MET@CA-AF. (A) The macroscopic appearance of MET@CA-AF. (B) Chemical formula of MET@CA-
AFs after cross-linking reaction and the predicted releasing dynamics of MET from MET@CA-AF.

Physicochemical properties of MET@CA-AF

The FT-IR spectroscopy was employed to confirm the
cross-linking reaction. As shown in Fig. 2A, although the
FT-IR spectra of CO, C10, and C20 were similar, the indi-
cator of ester linkage (C=0), visible trough at 1730 cm_l,
was only present in the spectrogram of the C10 and C20,
but not CO. In addition, the trough of C20 was deeper than
that of C10. These results demonstrated that esterification
reaction had indeed occurred during the crosslinking pro-
cess and its strength depended on the CA concentration.
Next, we quantified the water retention abilities by calcu-
lating the swelling ratio of different CA-AFs. When aga-
rose chains are cross-linked, their freedom of movement is
reduced, thereby reducing the amount of water absorbed
upon soaking [27]. As shown in Fig. 2B, reduction in the
water absorption after 24 h was observed in the films cross-
linked with CA, which occurred in a concentration-de-
pendent manner. Subsequently, we evaluated the in vitro
biodegradability of different CA-AFs by immersing into
PBS while maintaining 37°C, measuring the mechanical
resistances against the environment inside the peritoneal

cavity. The time-dependent weight reduction was reduced
in the C20 when compared with either the CO or C10 (Fig.
2C). We postulated that C20 composition is able to keep
structural stability maintaining over 70% of the weight
estimated at the time of implantation. In addition, the hy-
drophilicity of CA-AFs was elucidated as a function of
cross-linking strength. As shown in the results of contact
angle measurement (Fig. 2D), the films became less hydro-
philic with increased cross-linking (from CO to C20). How-
ever, the level of hydrophilicity of C20 was still higher than
that of Surgiwrap® used as a positive control. Given that
the Surgiwrap® lacks hydrophilicity and frequently renders
the fixation suture on wound site to be needed in clinic [8],
all of CA-AFs, even a C20 composite, are expected to exert
higher biocompatibility. Finally, as the prepared films could
be used as implants, in vitro drug release study was per-
formed at pH 7.4. The in vitro MET release profile is pre-
sented in Fig. 2E. An initial burst of ~20 to 60% release of
MET was observed from all films until up to 30 min. After
that, controlled releasing dynamics of MET were observed
from all composites. Consistent with the fact that the swell-
ing of hydrogel film increased its thickness, retardation of
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Fig. 2. Physicochemical properties of the CA-AFs with different concentrations of CA and MET@CA-AF. (A) FT-IR spectra with indicat-
ed esterification, (B) swelling properties, (C) in vitro degradation properties, (D) hydrophilicity, and (E) in vitro MET-releasing properties
of CA-AFs cross-linked with different concentrations of CA. In graphs of (B) and (D), data were represented as mean+S.D (p***<0.001

between the indicated samples).

MET release was more apparent in C20 than in other com-
posites. Hence, C20 was chosen as the best composite of
MET@CA-AF for in vivo studies.

Preventive effect of MET@CA-AF in rat model of
PAA

At POD 14, all survived mice received laparotomy as
described at the methods section. The mean adhesion
scores for all groups are shown in Table 1. With an excep-
tion of 7 mice that did not recover from anesthesia or died
after surgery, all animals were in a good health during the
follow-up period. Overall, the comparison of all studied

groups revealed statistically significant differences. In con-
trast to the CTRL group that showed no adhesions at all,
severe adhesions (grade 4 and 5) were generated in the OP
group. However, CA-AF group and MET@CA-AF group
were associated with significantly lower adhesion scores
when compared to the OP group (2.3+0.82 and 0.33+0.52
vs. 441+0.55, p***<0.001). Interestingly, the MET@CA-
AF group showed significantly lower adhesion scores when
compared to the CA-AF group (pm<0.001). Represen-
tative laparoscopic images (Fig. 3A) demonstrated a gen-
eration of wide and well-developed adhesions in between
the abdominal wall and the cecum in the OP group, an ap-
parent minimization of the adhesion in the CA-AF group,
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CA-AF

Fig. 3. Attenuation of gross findings associated with postoperative abdominal adhesion by MET@CA-AF. (A) Representative laparoscopic
images obtained at POD 14. The wide and well-developed adhesions are indicated with black arrowheads, the abdominal wall is indicated
as AW, and the cecum is indicated as C. (B) H-E stained tissue samples involving the adhesive lesion. Scale bar =100 um.

and the further exaggeration in this extent in the MET@
CA-AF. To give a histopathological insight for preventive
role of these films on PAA, tissue samples consisting of ab-
dominal wall and cecum were stained with H-E (Fig. 3B).
While the space between abdominal wall and cecum was
visible in CTRL group, the space was occupied by thick
fibrous tissues in the OP group. The adhesion was also
observed in the CA-AF group, although the foci was tiny
and partial. More interestingly, none of the adhesions was
observed in the MET@CA-AF group, indicating that the
injured abdominal wall and cecum were fully recovered. To
measure the adhesion interface, Masson’s trichrome stain-
ing was adopted for clear discrimination of collagen fiber.
As shown in Fig. 4A and 4B, the adhesion interface of the
CA-AF group was significantly narrower than that of the
OP group (142.6+31.7 vs. 375.3£90.1 pm, p*** <0.001).
Remarkably, the adhesion interface was further diminished
thus reaching nearly zero in the MET@CA-AF group (4.0+
0.6,p " <0.001 vs. CA-AF group).

Attenuation of myofibroblast activation by
MET@CA-AF

To evaluate whether activation of myofibroblast, a key
cellular culprit of extracellular matrix (ECM) deposition,

Table 1. Attenuation of PAA severity by MET@CA-AF. Adhe-
sions are graded from O to 5:0, no adhesion; 1, one thin filmy
adhesion; 2, more than one thin adhesion; 3, thick adhesion with
focal point; 4, thick adhesion with planar attachment or more than
one thick adhesion with focal point; and 5, very thick vascularized
adhesion or more than one planar adhesion. Data are represented
as ameanxS.D.

Adhesion CTRL OP CA-AF MET@CA-AF
0 8 0 0 4
1 0 0 1 2
2 0 0 2 0
3 0 0 3 0
4 0 3 0 0
5 0 2 0 0
Death 0 3 2 2
Mean+SD 0 441055 2.3+£0.82%%*% (.33 +£0.52%%*7%

*#4p<0.001 vs OP, ""'p<0.001 vs CA-AF

can be attenuated by the MET@CA-ATF, thereby facili-
tating prevention, IF using antibodies against collagen-I
and vimentin was employed (Fig. 4C and 4D). The result
showed that the activated myofibroblasts (DAPI" vimen-
tin* cells surrounded by collagen—IJr fluorescence; Fig. 4C)
were abundant in the OP group. However, the number of
activated myofibroblasts was markedly reduced in the CA-
AF group compared to the OP group (25.2+2.6 vs. 51.3%
14.3, p**<0.01). Moreover, this reduction was bigger in
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Fig. 4. Inhibition of the adhesion interface formation and myofibroblast activation by MET@CA-AF. (A) Representative Masson’s tri-
chrome-stained tissue samples involving the adhesive lesion. Scale bar = 100 um. (B) Quantitative graphs showing the averaged thicknesses
of adhesion interface of different groups. Data are represented as mean=+ S.D (p***<0.001 vs. OP group. pTTT <0.001 vs. CA-AF group). (C)
Representative images of immunofluorescence for detecting activated myofibroblast, which is depicted as DAPI" vimentin® cells surround-
ed by collagen-l+ fluorescence (indicated with white arrows). Scale bar =50 um. (D) Quantitative graphs showing the average number of
activated myofibroblasts of different groups. Data are represented as mean+S.D (p**<0.01 and p*** <0.001 vs. OP group; pTT<O.01 Vs.

CA-AF group).

the MET@CA-AF compared to the CA-AF group (10.3
8.87, p' ' <0.01). This result suggests that MET, conferred
the additive role on CA-AF-mediated PAA prevention by
inhibiting myofibroblast activation.

DISCUSSION

To date, PAA remains a common and serious postsur-

gical problem, which results in considerable morbidity,
mortality, and economic burden [1,28]. The most serious
complication of PAA is bowel obstruction, chronic or re-
current abdominal pain, and infertility in women [3,29]. A
variety of pharmaceutical treatments have been proposed to
reduce the PAA risks, including systemic or intraperitoneal
glucocorticoids [30], anticoagulants [31], antihistamines
[32], nonsteroidal anti-inflammatory agents [33], high mo-
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lecular weight dextran [34], and fibrinolytic agents [35].
Unfortunately, none of them has proven to be sufficiently
efficacious in humans.

Despite the complexity of PAA pathogenesis, accumulat-
ing evidences have revealed that fibrin formation derived
by multi-organ irritation is the key initial step [36]. The
endogenous fibrinolytic system inside the peritoneal cavity
inhibits the fibrin deposition, thus maintaining the balance
between coagulation and fibrinolysis in normal condition.
However, once abdominal surgery is performed, the bal-
ance might be disrupted and a coagulation process may
occur. The resulting fibrin deposits become a scaffold of
fibrotic tissue. In fact, fibroblasts migrates to and prolifer-
ates in the fibrin matrix, producing ECM components such
as collagen-I [37]. Generally, if compensatory fibrinolysis
does not occur within POD 7, the temporary fibrin matrix
can be consolidated and gradually organized with the aids
of accompanying angiogenesis and neurogenesis [38].

As the fibrin formation has been known to be an initial
key step towards PAA pathogenesis, many studies have
been performed in an attempt to block the fibrin formation
[39]. The most commonly used strategy is site-specific or
broad-coverage barriers. The barriers, which are commonly
produced as hydrogels, supply temporal physical interface
preventing adhesions between the parietal and the visceral
peritoneum [40]. Despite all efforts, all purely physical
barriers failed to protect against PAA because they fail to
address the basic biological problems including the diffi-
culties in the control of their biocompatibility and biode-
gradability.

We envisioned that a multi-functional agent locally de-
livered by a biocompatible, biodegradable, and muco-ad-
hesive barrier material could be useful in reducing PAA
severity. Here, we report the novel form of agarose-based
barrier for the prevention of PAA. In detail, chemically
crosslinked AF were first fabricated with the different
concentrations of CA yielding the CA-AF and their physi-
cochemical properties were measured. Next, MET, a com-
mercially available anti-diabetic drug, was loaded inside,
thus yielding the MET@CA-AF. MET has been shown to
reduce transforming growth factor-p-induced extracellular
matrix protein production in fibroblasts derived from nasal
polyps [41]. Furthermore, MET prevented airway remod-
eling in mouse models of bronchial asthma, suggesting a
potential anti-fibrotic property [42]. We therefore selected
MET as a candidate drug to be loaded within the novel syn-

thesized barrier, which was used in mouse models of PAA.
The results showed that applications of CA-AF or MET@
CA-AF for 14 days significantly attenuated the severity of
PAA. Importantly, the MET@CA-AF produced better pro-
tection against PAA then the CA-CF.

A major limitation of this study is that we could not rule
out the possibility that MET might exert protective effect
on PAA by another mechanism. In fact, numerous possible
targets of MET exist in the pathogenesis of PAA. For ex-
ample, various experimental studies have shown that MET
has antioxidant [43], anti-inflammatory [44], and fibrinolyt-
ic properties [45], all of which are related to PAA formation
and prevention. Thus, based on the diverse biological prop-
erties of MET, approaches for unveiling other therapeutic
mechanisms and specific molecular targets might be need-
ed in the context of preventive effects of MET@CA-AFs
on PAA.
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