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P
ost-operative adhesions are an unavoidable and serious complication, which

can cause severe pelvic pain, infertility and bowel obstruction. Many pharmaco-

logical and macromolecular polymers have been tested for adhesion prevention.

Recently, physical barriers have greatly attracted people's attention. In this paper, we

study the efficacy of thermosensitive hydroxybutyl chitosan (HBC) in prevention of

post-operative abdominal adhesions, using a rat side-wall defect-cecum abrasion

model. HBC is a new derivative of chitosan whose main character is the intelligent

response to changing temperature. HBC was prepared through chemical modification

of 1,2-butylene oxide, whose molecular weight was higher than other reported prod-

ucts. The lower critical solution temperature was established as 20ºC at a concentra-

tion of 1% (w/w). When injected into the abdomen, HBC solution formed flexible hydro-

gels within 30-60 s. A durable physical barrier was formed between the defective cecum

and the abdominal side-wall. Eight out of 10 animals in the control group developed

adhesions with a score of 3, while only one of 10 animals treated with HBC showed

such adhesions. Compared with non-cross-linked hyaluronic acid, HBC demonstrated

more anti-adhesive activity. Furthermore, HBC was easy to handle during operation.

Therefore, it may be effective in prevention of post-operative adhesions.

INTRODUCTION

Post-operative adhesions are an

unavoidable and serious complica-

tion, which can cause severe pelvic

pain, infertility and bowel obstruc-

tion. Many pharmacological and

macromolecular polymers have

been tested for adhesion prevention

[1-4]. Among these methods, barri-

er-based approaches have attracted

much attention. Polymer solutions

[5-8], pre-formed [9-11] or in situ

cross-linkable hydrogels [12-14],

biological film [15], and pre-

formed solid sheets [16] are

designed to form a physical barrier

between the affected and adjacent

organs. Recently, these barrier

approaches have been effective, to

varying degrees, in preventing

adhesion formation in animal 

models, while the clinical efficacy

of some of these approaches has

been equivocal. Therefore, these

approaches still have some limita-

tions [4]. For polymer solutions,

the residence time at the site of

administration is brief [17].

Furthermore, they are difficult to
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fix in position and they slip easily. With pre-formed

hydrogels or solid sheets [16], it is difficult to cover

the wound sites. Therefore, these materials have not

achieved ideal results, which have greatly compro-

mised their efficacy as barriers. An ideal barrier sys-

tem should be easy to use via both laparoscopy and

open procedures, to provide unrestricted coverage of

the injured peritoneum, and remain in place through-

out the period of healing.

Chitosan is an amino-polysaccharide obtained

from the alkaline deacetylation of chitin, an industri-

al by-product of the exoskeleton of shrimp or crab

processings. Studies of chitosan and its derivatives on

prevention of post-operative adhesion with the main

mechanism of inhibition of fibroblast have already

been reported [18-21]. However, brief residue time

prohibits its further applications. Alternatively, 

chitosan hydrogels have been developed. This type of

hydrogels can be divided into two classes: chemical

hydrogels, formed by irreversible covalent links, and

physical hydrogels, formed by various reversible

links [22]. Covalent cross-linking leads to the forma-

tion of gels showing enhanced mechanical properties.

However, cross-linking agents can interact with

incorporated bioactive compounds and are often

associated with significant toxicity. 

For these reasons, physically cross-linked 

hydrogels have gained increasing attention.

Therefore, many in situ cross-linkable hydrogel 

systems have been developed [23-27]. A recent study

[13] has indicated that a cross-linkable hydrogel,

based on chemically modified hyaluronic acid (HA)

and polyethylene glycol, is effective in a rat uterine

model [13]. However, it has little inherent anti-

adhesive efficacy in the absence of added drugs.

Furthermore, some other studies have indicated that

HA requires careful handling at open operation and it

is difficult to use laparoscopically [5]. Unlike HA and

some chitosan derivatives, hydroxybutyl chitosan

(HBC) is a new type of in situ hydrogel system with-

out any additional agents to induce the transformation

from solution to hydrogels [28]. Its characteristic 

feature of acute response to temperature ensures

manipulation laparoscopically. Although HBC shows

better property, there is seldom any article published

about its preparation and applications.

In the present paper, we prepared a new thermo-

sensitive polymer based on chitosan. During this

process, some methods are modified according to tra-

ditional methods. At first, before reaction, chitosan is

treated by KOH at low temperature with the protec-

tion of N2, which ensures the attainment of high

molecular weight chitosan. Then, during reaction,

sodium dodecyl sulphate (SDS) is used as phase

transfer agent, which accelerates the transformation

from heterogeneous to a homogeneous reaction

process and enhances the reaction speed. Finally, the

pressure of reaction system is sustained at 0.5 mPa by

introducing N2 into the autoclave, which greatly

decreases the degradation of chitosan chains and

accelerates the reaction. Through these modifications

mentioned above, we have obtained water soluble

HBC samples of higher molecular weight than ever

reported. 

As a result of its thermosensitivity characteristics,

HBC is a promising polymer for future application as

an injectable material. However, to our knowledge, it

has never been investigated for prevention of post-

operative adhesions.  

EXPERIMENTAL

Materials

Chitosan (1000 kD, degree of deacetylation 90%) and

HA (490 kD) at a concentration of 1% (w/w) were

purchased from Qisheng Biological Agent Co. Ltd.

(Shanghai, China). 1,2-Butylene oxide was purchased

from Sigma Co. Ltd. Other reagents were commer-

cially available.

Preparation of HBC 

In order to obtain HBC with a high molecular weight,

it was synthesized using a previously reported

method with some modifications [29]. Briefly, 10 g

chitosan was alkalinized by 100 mL KOH (50%,

w/w) under the protection of N2 at 15ºC. After the

removal of additional KOH solution, chitosan was

dispersed in 200 mL isopropanol/water (8:1) and

mixed in an autoclave with 200 mL 1,2-butylene

oxide and 0.5 g SDS. After a reaction time of 96 h at

room temperature, the excess alkylating agent was

removed by means of bubbling through nitrogen.

After pressure filtration to remove the unreacted 
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portions, the filtrate was reduced in a rotary evapora-

tor. Finally, the precipitation was collected on a glass

sintering suction filter, thoroughly washed with 

8-10 times of its quantity of acetone, and dried at 50ºC

in a vacuum drying closet. 

Characterization of HBC 

FTIR spectra of chitosan and HBC were taken with

potassium bromide pellets on Nicolet Nexus 670

spectrometer at different wavelengths from 4000 cm-1

to 500 cm-1. 1H NMR analysis was performed on 

500 MHz NMR spectrometer (Ultrashield 500 MHz,

Swiss) in order to characterize HBC accompanied

with FTIR data.

The rheological analysis of HBC was performed

on a strain-controlled ARES-2000 rheometer (TA

Instruments, New Castle, DE, USA), according to a 

previously described method [30].

Molecular Weight Determination

Each chain of HBC contains only two reducing sugar

groups at the terminal ends. Due to the unique

response to temperature, the molecular weight was

not determined by traditional method. We used the

modified Schale’s method to determine molecular

weight of HBC by calculating the reducing sugars

present in a given solution of known concentration.

Elemental Analysis of HBC and Degree of

Substitution Determination

Elemental analysis of HBC samples was performed to

determine the degree of substitution of HBC. The 

percentages of each element (C, H, O, N) and known

molecular formulae were used to calculate the degree

of HB substitution per residue.

Purification of HBC and Gel Solution Preparation

To prevent any potential polymer degradation, conven-

tional methods of purification were not used [31,32].

Prior to HBC addition, a new method was carried out

to deal with the raw polymer according to a previous

method [33]. Purified HBC was dissolved in deionized

water and a 1% (w/w) solution was prepared.

In Vivo Evaluation of HBC for Prevention of

Abdominal Adhesions

Thirty Sprague-Dawley rats were used as model 

animals. All rats were treated humanely throughout

the experimental period.

Before operation, the rats were randomly assigned

to three groups of 10 rats each: (i) control group, rats

without any treatment; (ii) HBC group, rats treated

with HBC solutions; and (iii) HA group, rats treated

with HA gels. Anesthetic was applied through 

Figure 1. Operation procedures: (a) exposure of cecum, 

(b) HBC and HA applied, and (c) formation of hydrogel 

over cecum.
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intraperitoneal injection of 10% chloral hydrate 

(300 mg/kg). A midline incision was made along the

linea alba, and the peritoneum was opened. After

exposure of the cecum, the distal 3 cm of the cecum

and the opposing abdominal wall were scraped with

gauze until the serosal surface was disrupted and

hemorrhaged, but not perforated (Figure 1a). Two

milliliters of 1% (w/w) HBC and 1% (w/w) HA were

applied to cover the injured cecum (Figure 1b).

Within less than 60 s, HBC solution quickly formed

hydrogels over cecum (Figure 1c).  

Two weeks later, the rats were euthanized by pen-

tobarbital overdose until there was no sign of heart

beat. Adhesions were scored as follows: 0: no adhe-

sion; 1: tissue adherence that separates with gravity;

2: tissue adherence separable by blunt dissection; and

3: adhesion that requires sharp dissection [4]. The

injured cecum was removed and fixed in 10% forma-

lin solution. The tissues were processed by standard

procedures for histological examination, and the sec-

tions were examined after hematoxylin and eosin

(HE) staining. 

RESULTS AND DISCUSSION

Preparation of HBC

HBC is a new thermosensitive polymer derived from

chitosan. Recently, its applications have been broad-

ened to include drug delivery and tissue engineering.

Dang et al. have found that 3.8% (w/w) HBC solution

forms a gel within 60 s when it is exposed to a 37°C

environment, which indicates the future potential of

HBC gel as an injectable drug carrier. This encour-

ages a biologically relevant reconstruction of the

degenerated disk [28]. Previous study [33] has indi-

cated that modification of chitosan does not alter the

biocompatibility of HBC. 

HBC preparation processes are shown in Scheme I.

Molecular weight, lower critical solution tempera-

Scheme I. Illustration of HBC preparation processes.

ture (LCST), and degree of substitution of HBC are

summarized in Table 1. Compared with all reported

products, our samples inhibit higher molecular

weight and lower LCST. After purification, the prod-

ucts with lower molecular weight were rejected and

the molecular weight range of the products was

improved. 
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Average molecular weight

(raw HBC)

Average molecular weight 

(after purification)

Degree of substitution

780,000±1010 900,000±1500 1.23±0.04

Table 1. Molecular weight, LCST and degree of substitution of HBC.
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High molecular weight and high substitution can

enhance hydrophobic interactions and therefore

improve gel strength. However, during the prepara-

tion of chitosan from chitin, high temperature and

strong base greatly influenced the molecular weight

of HBC. This may accelerate the degradation of

hydrogel in vivo, which inhibits its further application

for prevention of post-operative adhesions. In this

paper, chitosan was alkalized under the protection of

N2 at low temperature, which greatly inhibited the

formation of decreased molecular weight. During

reaction between chitosan and 1,2-butylene oxide, the

reaction condition was adjusted to 0.5 mPa by intro-

ducing N2 to ensure higher molecular weight. On the

one hand, high pressure can accelerate the reaction

speed; and on the other hand, N2 can inhibit breakage

of chitosan chains towards oxidization. Through these

methods, a high molecular weight product was

obtained. 

Characterization of HBC

Figure 2 shows the FTIR spectra of chitosan and

hydroxybutyl chitosan. After chemical modification,

the FTIR spectra of HBC exhibited sharp differences

from that of the chitosan. A new absorption band at

2966.9 cm-1 appeared. The characteristic band of 

6-OH in chitosan at 1030 cm-1 became weaker and

almost disappeared in HBC. These differences 

Figure 2. FTIR spectra of chitosan and hydroxybutyl 

chitosan.

Figure 3. 1H NMR spectrum of HBC.

indicated that the reaction mainly happened at 6-OH,

which was also characterized by 1H NMR analysis

(Figure 3). 

Rheological Analysis of HBC

The gel temperature is defined as the temperature at

which storage modulus (G′) and loss modulus (G″)

are equal. At 20°C, the HBC solution began to form

gels (Figure 4). When the temperature was increased,

more and more solution was transformed into hydro-

gels. The process was reversible, and when the 

temperature was decreased, the gels returned into

solution again (Figure 5). When hydrogels began to

Figure 4. Rheological analysis of HBC (1%).
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Figure 5. The reversible processes of HBC from gels to 

solutions (1%).

transform into solution, G′ decreased slightly com-

pared with the original data before being heated. The

mechanism for this difference is not clear and remains

to be studied further. 

As known, hydroxy polymer can stabilize certain

compounds and promote the formation of a shield of

water around some macromolecules in aqueous solu-

tion [34]. When hydroxybutyl groups were added to

chitosan chains at low temperature hydrogen bonds

appeared not only between the OH group of hydroxy-

butyl groups and the OH and NH2 groups of chitosan

chains, but also between the hydroxybutyl groups and

water due to the high hydrophilicity of hydroxybutyl

moieties. At the same time, the low temperature can

also reduce the mobility of HBC, which further pre-

vents the association of HBC chains. So it is a poor

conformation or shape to build up a 3D network struc-

ture because of the difficulty of creating contacts

between the junction chains. When temperature is 

elevated, the intermolecular hydrogen bonding inter-

actions are reduced and the energized water molecules

surrounding the HBC are removed. The dewatered

hydrophobic HBC chains associate with each other.

Therefore, hydrophobic interactions among HBC are

assumed to be the main driving force to form gel. 

Prevention of Abdominal Adhesions

Before manipulation, HBC and HA were all in the

state of solution. When HA was dropped onto the

defected sites, it flowed over cecum. Due to its 

viscous property, little amount of HA was left over

cecum. While in less than 60 s, HBC was transformed

into solid-like hydrogels between the cecum and

abdominal walls. 

Two weeks later, in the control group, eight rats

developed score 3 adhesions (Figure 6a, Table 2).

Figure 6. Anti-adhesion observations: (a) control group, (b)

HA group, and (c) HBC group.
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Among these rats, adhesions apposed directly to the

abdominal wall. In the HA group, only two rats devel-

oped score 3 adhesions, and six showed no adhesions

(Figure 6b). Two had adhesions which separated with

gravity (score 1). However, in the HBC group, only

one animal developed score 3 adhesions, which were

adhesion layers formed between the cecum and side-

wall. These layers could only be separated by cutting.

Eight out of 10 rats in the control group developed

score 3 adhesions within 14 days. The cecum could

be separated clearly from the abdominal wall. Only

one rat developed score 1 adhesion (Figure 6c). 

The above results indicate that HBC plays a more

effective role in adhesion prevention than HA gels.

However, there are some modifications remain to be

improved to prolong the residual time of HBC.

Comparing with HA, HBC has some superior fea-

tures. Namely, it is a thermosensitive polymer and it

is also a reversible property. This feature makes HBC 

suitable for laparoscopic application. Unlike some

HA-based materials, HBC can be easily used as an

injectable material for preventing adhesions. The

other attractive feature is that gelation can occur in a

short time (30-60 s depending on the concentration of

the polymer solution), without any additional agents

such as initiators or light sources. Also, the gelation

time can be regulated by altering the concentration or

content of salts (data not shown). Its other important

aspect is that, once formed, HBC gels take shape into

a durable physical membrane over the surface of the

cecum. Finally, HBC with high molecular weight

forms a durable barrier between the defected site and

surrounding tissue.

Histological Observations 

Under light microscopy, samples taken from the

adhesion sites in the control rats showed clear thick

Figure 7. Histological observations (100×): (a) control

group, (b) HA group, and (c) HBC group.
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Grades
Control (n=10) HA gels (n=10) HBC (n=10)

Frequency Percentage Frequency Percentage Frequency Percentage

Score 3

Score 2

Score 1

No adhesion

8

1

1

0

80

10

10

0

2

0

2

6

20

0

2

60

1

0

1

8

10

0

10

80

Table 2. Evaluation of adhesions.



adhesion layers. The injured serosa was greatly

impaired in part (Figure 7a). In the HA group, adhe-

sion layers could still be seen after HE staining.

However, there were fewer adhesion layers and the

injured serosa was repaired to a great extent (Figure

7b). Compared with the control and HA groups, HBC

solutions were ideal for adhesion prevention (Figure

7c). There were hardly any adhesion layers and the

injured serosa was repaired completely.

Hypothetical Mechanism of HBC on Operative

Adhesions Prevention

As it is known, chitosan without chemical modifica-

tion has some unique properties such as antifungal

activity [35], accelerating wound healing [36-38],

induction of cell differentiation [39], etc. As previous

studies have indicated [40,41], -NH2 is the main

group which is responsible for the property of induc-

ing wound healing. After chemical modification, there

still remain many -NH2 groups in HBC. Therefore,

we cannot conclude exactly whether HBC can accel-

erate healing process by the same mechanism as 

chitosan rather than hydroxybutyl substitution.

However, it is likely that it is partially the result of the

barrier function of HBC gels. We cannot exclude the

possible effect of HBC degradation on fibroblast pro-

liferation. Therefore, whether HBC can inhibit fibrob-

last proliferation remains to be further investigated.

CONCLUSION

High-molecular-weight HBC was prepared by modifi-

cation of a previous known method. In a rat side-wall-

defect-cecum abrasion model, HBC was effective in

preventing abdominal adhesions. The HBC hydrogel

system provides substantial advantage over existing

barrier systems. It is easy to handle and has great flex-

ibility, and can provide a durable physical barrier

between the injured cecum and abdominal side-walls.

Clinically, HBC can provide a new choice for surgeons

for prevention of post-operative adhesions. 
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