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Background: Postsurgical peritoneal adhesion is a major clinical problem. Numerous anti-

adhesion products have been studied, but none could be easily used to provide a phys-

ical barrier. In this study, we developed a “phase change” anti-adhesion barrier for

reducing peritoneal adhesion by cross-linked copolymerization of O-carboxymethyl chi-

tosan (CMC) and CaCl2 and addition of cyclosporin A (CsA).

Materials and methods: The CMCeCaCl2eCsA compound was characterized by equilibrium

swelling rate, weight loss, releasing effect, and coagulation test, and its biosafety was

characterized by acute oral toxicity, hemolysis, and cytotoxicity. Intestinal adhesion model

was applied on 64 SpragueeDawley rats, which received CMC, CMCeCaCl2, or CMCeCaCl2
eCsA treatment. At postoperative days 7 and 14, the rats were euthanized, and adhesions

were graded by an investigator blinded to the treatment groups, using a predetermined

adhesion scoring system. The cecum and adhesion tissue were stained with hematoxylin

and eosin and antibodies for matrix metalloproteinase-9 and TIMP-1 for further histo-

pathologic examination.

Results: The phase change anti-adhesive material exhibited effective blood clotting and

were nontoxic in clotting experiments and acute toxicity test. The degradation rate could

be adjusted using phosphate-buffered solution with varying pH. Adhesions were signifi-

cantly reduced in the CMCeCaCl2eCsA treatment group compared with the control group

(P < 0.001). Expression of matrix metalloproteinase-9 was stronger in CMCeCaCl2eCsA

treatment group at 7 days after surgery.

Conclusions: “Phase-change” adhesive can undergo changes after application, and it inhibits

the formation of abdominal adhesions after surgery. The material is convenient for using

by surgeons and provides an effective tool for intestinal adhesion prevention.
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1. Introduction

In clinical studies of patients who had surgeries, the incidence

of intra-abdominal adhesions was shown to be about 90% [1].

Postsurgical peritoneal adhesions may cause inflammation,

chronic pain, bowel obstruction and even female infertility,

and other complications [2]. Therefore, many tools, such as

nonabsorbable spacers, absorbable spacers, viscous solutions,

and other, have been studied to prevent postsurgical adhe-

sions [3e5]. Significant amount of research has been con-

ducted on mechanical barriers [6], such as hyaluronic acid/

carboxymethyl cellulose [7], oxidized regenerated cellulose

[8], expanded polytetrafluoroethylene [9], bioabsorbable gels

[10], and fluid agents.

In theory, inert materials that prevent contact between the

damaged serosal surfaces during the first few critical days

after surgery allow separate healing of the injured surfaces

and may help to prevent adhesion formation. However, such

materials are inconvenient to use, and their stiffness and

hydrophobicity limit their application. Solutions are more

convenient to use, but their efficacy of preventing adhesion is

poor. Thus, the current approaches cannot prevent formation

of postsurgical adhesions completely. It is worthwhile there-

fore to develop an easy-to-use postoperative adhesion pre-

vention solution, which would change to a solid acting as a

mechanical barrier, and decompose after adhesion recovery.

Chitosan is used to prevent postsurgical adhesion forma-

tion due to its numerous qualities, such as being biocompat-

ible, biodegradable, hemostatic, nontoxic, and capable to

reduce fibroblast adhesion [11,12]. O-carboxymethyl chitosan

(CMC) is a deacetylated derivative of chitin with multiple

important biological characteristics, such as antimicrobial

activity, regulation of immune function, promotion of wound

healing, and inhibition of scar formation. In vivo studies have

demonstrated that CMC can effectively inhibit the prolifera-

tion of fibroblasts although it does not have an effect on the

growth of epidermal cells [13]. As CMC is water-soluble, it

could not accumulate in injured area after abdominal surgery,

which affected the efficacy of its anti-adhesion action.

Cyclosporin A (CsA) is a potent immunosuppressive drug,

and previous studies have found that it also has effects on the

cell proliferation and collagen synthesis of human fibroblasts

[14]. At appropriate concentrations, CsA can effectively sup-

press proliferation of a variety of cells, including conjunctival

fibroblasts. As it is important to control fibroblast proliferation

and collagen synthesis as soon as possible after abdominal

surgery to prevent adhesions, CsA represents a major anti-

adhesion material.

In this study, a type of “phase change” material for use in

postoperative adhesion prevention was prepared by cross-

linked copolymerization of O-CMC and CaCl2 and addition of

CsA. This material is liquid when applied, then cross-links to

form a colloidal compound providing a physical barrier in

intra-abdominal space, and decomposes on healing. We

assess the effect of “phase change” adhesive on adhesion

formation in awidely accepted rat intestinal injurymodel. Our

results demonstrate that the “phase change” adhesive can

undergo a phase change after application, and it inhibits the

formation of abdominal adhesions.

2. Materials and methods

2.1. Materials

O-CMC (deacetylation degree � 90%) was purchased from

BoMei Chemicals (China). Cyclosporin A (CsA) was provided

by YuanYe Chemicals (China). CaCl2 was purchased from

Tianjin GuangFu Fine Chemical Research Institute. Methyl-

thiazolyldiphenyl-tetrazolium bromide (MTT) was provided

by the Beyotime Institute of Biotechnology, China. All other

chemicals used were of analytical grade. Mouse fibroblast cell

line L929 was purchased from Shanghai Boye Institute of

Biotechnology, China.

2.2. Preparation of CMCeCaCl2eCsA solution

At room temperature, 20 mL of 2% physiological saline solu-

tion of CMC was added into a three-neck flask, which was

placed on a magnetic stirrer for 30 min. Then, 36 mg of CsA

was added under constant stirring for 5e10min. The resulting

solution is referred to as solution A. The solution B was pre-

pared by dissolving 3.31 g of CaCl2$2H2O in 100-mL physio-

logical saline at a concentration of 2.5%. The solutions A and B

were disinfected using CO60 radiation. To contrast the adhe-

sion prevention effect, CMCeCaCl2 was prepared as

mentioned previously without adding CsA.

2.3. Characterization of CMCeCaCl2eCsA solution

The CMCeCaCl2eCsA compound was made by adding 16 mL

of solution B to the 20 mL of solution A, mixing by shaking for

5 min and letting stand for 15 min, at which point the white

suspension formed a compound.

Equilibrium swelling ratio (ESR) of the compound was

assessed according to the protocol described by Li et al. [15].

Briefly, 2.0 g of dry compounds (Wdry) was immersed in sealed

tubes containing PBS with the pH of either 5.0, 7.4, or 8.0 and

then placed in a thermostatic shaker maintaining 37�C and

weighed (Wwet). ESR was calculated using the following

equation: ESR¼ (Wwet � Wdry)/Wdry.

CMCeCaCl2eCsA compound was dried and weighed (W0).

Then, it was immersed in 10mL of PBS with the pH of either 5.0,

7.4, or 8.0. At different time points, the samples were dried and

weighed(Wt).Theweight losspercentage (DW%)wasdetermined

using the following equation: DWð%Þ ¼ ðW0 �WtÞ=W0 � 100%.

In vitro release was tested as follows: triplicate 1.0 g sam-

ples of compound were weighed into vials, and 100 mL of

saline solution was added as the release buffer. The vials were

then placed into an electric-heated thermostatic water bath

and kept at 37�C. Aliquots were taken and replaced with fresh

saline solution. The content of CsA at each time point was

determined using high performance liquid chromatography.

Coagulation in vivo was tested as follows: 1 mL of test

sample and 0.5 mL of saline were added into every tube. Ob-

tained from the carotid artery of rabbits, 2 mL of rabbit blood

was sequentially added to each tube, and each tubewas placed

in a 37�C water bath. We stopped tube incubation once the

blood clotted and recorded the clotting time of each sample.
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