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Background. Adhesion formation after operation can result in major complications. We have
previously demonstrated that N,O-carboxymethyl chitosan (NOCC) is an effective inhibitor of
postsurgical peritoneal adhesion formation. However, the optimal form of NOCC (i.e., cross-linked gel
versus solution), as well as the best time of administration for optimal reduction in adhesion
development, was not investigated. In addition, because adhesion formation and normal wound
healing are related events and weakening of wound healing would be a serious drawback to the use of
NOCC clinically, we wished to assess the effect of NOCC on the healing of surgical incisions.
Methods. Three surgical models were used: (1) an abdominal aortic anastomosis, (2) a large bowel
anastomosis, and (3) an abdominal skin incision. In the first model Sprague-Dawley rats received an
abdominal aortic transection and repair. NOCC solution or gel was administered at different time
points throughout the procedure. Control and NOCC-treated animals were killed 14 days after
operation. The condition of the anastomosed vessel was examined, and adhesion frequency and
intensity in the abdomen were scoved. In the second model Sprague-Dawley rats underwent large bowel
transection and repair. Control and NOCC-treated animals were killed on postoperative days 4, 7, and
14, and strength of repair was assessed by removal of the large bowel and measurement of the bursting
strength of the repaired incision. In the third model rats received an abdominal incision and were
immediately closed. Control and NOCC-treated animals were killed 14 days afier operation, and the
skin tensile strength of the wound was measured with a tensiometer.

Results. In all three models studied, NOCC treatment did not adversely affect the strength of the
repaired incision. NOCC solution administered before operation did not greatly reduce adhesion
formation, whereas the delivery of both NOCC gel and solution afier operation was most efficacious.
Conclusions. The administration of both NOCC gel and solution after operation is most efficacious,
and NOCC does not compromise postsurgical healing in rats at doses that prevent peritoneal adhesion

Sformation. (Surgery 1997;121:314-9.)

THE FORMATION OF fibrous adhesions after abdominal
operation is common and can result in significant mor-
bidity for the patient. For example, adhesions are a ma-
jor cause of intestinal obstruction and can lead to fistula
formation, postsurgical reproductive organ complica-
tions, ureteral obstruction, and chronic abdominal-pel-
vic pain. Furthermore, pericardial adhesions after car-
diac operation can result in complications during reop-
erative cardiac procedures.

Supported by Chitogenics Inc., Dartmouth, N. S., Canada.
Accepted for publication August 8, 1996.

Reprint requests: Timothy Lee, PhD, Department of Surgery, Faculty
of Medicine, Dalhousie University, Halifax, N.S., Canada B3H 4H7.
Copyright © 1997 by Mosby=Year Book, Inc.

0039-6060,/97/85.00+ 0 11/56/77190

314 SURGERY

We have previously shown that N,O-carboxymethyl
chitosan (NOCC), a highly charged long chain polysac-
charide with structural similarities to hyaluronic acid,!
significantly reduces the incidence and severity of post-
operative adhesion formation.? These studies were per-
formed with a combination of NOCC gel and NOCC
solution delivered after operation. Because it is possible
that NOCC may influence the early events during oper-
ation (such as initiation of extracellular matrix metab-
olism and dehydration of tissues), we believed it was
beneficial to test the addition of solution both before
and after operation. The method of delivery of NOCC
could also be simplified if only gel or only solution was
sufficient to reduce adhesion formation. We therefore
tested a panel of methods of NOCC administration to
ascertain the most efficacious antiadhesion therapy. In
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addition, because many of the cells and events involved
in adhesion formation are also involved in the normal
healing process,* it is important to ascertain whether
NOCC treatment interferes with wound repair. Poor
wound healing in intestinal surgery presents a consid-
erable risk of peritonitis. Retarded incisional repair can
lead to wound sepsis, dehiscence, mechanical problems
such as wound disruption and hernia formation, and
poor cosmetic healing. Moreover, other antiadhesive
agents have raised concern over poor wound healing®
and excessive postoperative bleeding and swelling.’
Therefore, before clinical trials can be warranted, it
must be confirmed that the use of NOCC to reduce ad-
hesion formation does not adversely affect the normal
healing process necessary for healthy recovery after op-
eration.

Three rat models were developed to study the effect
of NOCC on the healing process after operation: (1) an
aortic anastomosis model, (2) a large bowel anastomo-
sis healing model, and (3) an abdominal skin healing
model. All three models examined the quality of wound
repair in control animals and in animals in which NOCC
was applied to the site of the incision. Our data indicate
that NOCC, applied to the wound site, does not com-
promise normal wound healing after operation and that
NOCC solution applied before operation is not as
effective as postoperative application.

MATERIAL AND METHODS

NOCCis a derivative of chitosan, which isa long chain
polysaccharide. The addition of carboxymethyl groups
to chitosan’s nitrogen and oxygen centers produces a
water soluble, negatively charged, biocompatible poly-
mer (MW, greater than 2 Md) that is hydrophilic, lubri-
cious, and viscoelastic. NOCC is nontoxic, either in vitro
in fibroblast culture assays or in vivo in experimentation
with intraperitoneal, oral, or subcutaneous treatment at
concentrations higher than described in this experi-
mentation. NOCC was administered as a sterile 2% so-
lution initially spread evenly over the peritoneal con-
tents in the area of the incision and then over the en-
tire peritoneal area before closure. NOCC was also
administered as a sterile, cross-linked gel directly to the
site of the incision.

Models

Aortic anastomosis healing. Adult male Sprague-Dawley
rats (Harlan Sprague-Dawley) weighing 250 to 300 gm
were anesthetized with an intraperitoneal injection of
sodium pentobarbital (60 mg/kg). A midline incision
was made in the abdomen, and the animal was exposed
with a stainless steel retractor. Under an operating mi-
croscope the animal was eviscerated to the left, and the
abdominal contents were covered with saline-soaked
gauze for the duration of the operation. The inferior
vena cava and aorta were exposed proximal to the lum-
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bar outflow, and the vessels were carefully teased apart.
Microvascular clamps were used to pinch the aorta
proximal and distal to the future site of transection. The
aorta was severed with microsurgical scissors, and the
free ends were flushed immediately with heparinized
saline. Sutures (10.0) were placed at the 9 o’clock and
3 o’clock positions, and end-to-end anastomosis was ac-
complished with running sutures first on the back, and
then the front wall of the vessel. The microvascular
clamps were removed, and pressure was maintained on
the vessel until bleeding subsided (approximately 1
minute). The viscera were replaced, and the retractor
was removed. The muscle and skin were closed sepa-
rately with running sutures (4.0 Dexon and 3.0 Derma-
lon, respectively). Animals were permitted to feed ad Ii-
bitum immediately after operation.

Seven groups of eight animals were used in the study.
One group served as the untreated control. In the
treated groups NOCC was applied at three time points
throughout the operation: 3 ml 2% NOCC solution
spread evenly throughout the abdomen before transec-
tion, 1 mI NOCC gel applied to repaired aorta after suc-
cessful anastomosis, and 3 ml 2% NOCC solution spread
throughout the peritoneum before closure. The groups
are described as follows: (1) 0/0/0, no NOCC treatment
(control); (2) N/0/0, 3 ml NOCC solution before
transection; (3) 0/N/0, 1 ml NOCC gel after anasto-
mosis, (4) 0/0/N, 3 ml NOCC solution before closure;
(5) N/N/0, 3 ml NOCC solution before transection and
1 mINOCC gel after repair; (6) 0/N/N, 1 ml NOCC gel
and 3 ml NOCC solution after repair; and (7) N/N/N,
3 ml NOCC solution before transection and 1 mINOCC
gel and 3 ml NOCC solution after repair.

Animals were killed by cervical dislocation 14 days
after operation. The repaired aorta was examined for
degradation of suture site and presence of aneurysm-
pseudoaneurysm. Two sites were examined for the
presence of adhesions. Generalized postoperative ab-
dominal adhesions were assessed by examining adhe-
sions involving the liver. Specific adhesions were as-
sessed by examining the retroperitoneum at the site of
the aortic anastomosis. Adhesion intensity was scored
on a scale of 0 to 5 as previously described.?

Large bowel anastomosis healing. Adult male Sprague-
Dawley rats weighing 200 to 250 gm were anesthetized
with an intraperitoneal injection of sodium pentobar-
bital (60 mg/kg). A midline incision was made in the
abdomen, and the contents were exposed by using a
stainless steel retractor. Under an operating microscope
the animal was eviscerated to the left, and the viscera
were covered with saline-soaked gauze. The descending
colon was located, and, after milking any material in the
colon downward, a site approximately halfiay down the
colon was chosen for transection. The transected colon
was anastomosed by using six single sutures (6.0 Max-
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Fig. 1. Effect of NOCC on frequency (A) and severity (B) of
liver adhesions in aortic anastomosis model. 0/0/0, No treat-
ment (control); 0/0/N, 3 ml NOCC solution after repair;
0/N/N, 1 ml NOCC gel and 3 ml NOCC solution after repair;
N/N/N, 3 ml NOCC solution before transection, 1 ml NOCC
gel and 3 ml NOCC solution after repair; N/0/0, 3 ml NOCC
solution before transection; N/N/0, 3 ml NOCC solution be-
fore transection, 1 ml NOCC gel after repair; and 0/N/0, 1 ml
NOCC gel after repair.

on). After replacement of the viscera, the muscle and
skin were closed separately with running sutures (3.0
Dexon). Animals were allowed to feed ad libitum imme-
diately after operation.

Rats were randomly separated into two groups of 18
animals. Control rats received no NOCC treatment.
NOCC-treated animals received 3 ml 2% NOCC solu-
tion spread evenly over the viscera immediately after
opening the abdomen, 1 ml NOCC gel applied directly
to the site of transection after repair, and an additional
3 ml NOCC solution spread over the viscera before
closure.

Six animals from each group were killed on each of
postoperative days 4, 7, and 14. After en bloc removal of
the colon, adherent tissue was carefully removed, and a
5 c¢m section including the anastomosis was obtained.
Intestinal sutures remained in place to best approxi-
mate the normal clinical situation. One end of the co-
lon section was ligated with suture material, and the re-
maining end was intubated with a small catheter held in
place by ligatures. The catheter was connected to an in-
fuser with an attached manometer. The specimen was
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Fig. 2. Effect of NOCC on frequency (A) and severity (B) of
retroperitoneal adhesions in aortic anastomosis model. See
descriptions of treatment groups in Fig. 1.

placed underwater, and air was infused into the section
until bubbles could be detected in the water. The pres-
sure required to produce this perforation was recorded
as bursting strength in millimeters of mercury.

Abdominal skin healing. Adult male Sprague-Dawley
rats weighing 250 to 300 gm were anesthetized with an
intraperitoneal injection of sodium pentobarbital (60
mg/kg). The abdomen was shaved with standard animal
clippers, and the skin was swabbed with 70% ethanol. A
longitudinal abdominal incision approximately 6 cm in
length was made, and a plane was developed between
the skin and the underlying muscle. The muscle was
then opened to a similar length. Abdominal muscle and
skin were closed separately with running sutures (3.0
Dexon).

Rats were randomly separated into two groups. Ten
animals received no NOCC treatment, serving as the
control group. The remaining 10 animals received 3 ml
2% NOCC solution immediately after opening. The so-
lution was spread evenly throughout the peritoneal cav-
ity and the area of the skin incision.

Fourteen days after operation animals were killed by
cervical dislocation. Any remaining sutures were re-
moved, and a portion of the skin including exactly 2 cm
in length of the incision was removed and attached to
a tensiometer. Upward pressure was applied directly
along the incision, and breaking strength of the incision
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Fig. 3. Effect of NOCC on bursting strength of large bowel anastomosis repair model. One group received
3 ml NOCC solution before large bowel laceration and 1 ml NOCC gel plus 3 ml NOCC solution after re-

pair. Second group served as untreated control.

was recorded. A small piece of the incision just superior
to the sample used to assess rupture strength was pro-
cessed for routine histologic examination with hema-
toxylin-eosin and trichrome stains.

Statistics. Because the data obtained followed a nor-
mal distribution, data were analyzed by using the
Student # test. Results were considered nonsignificant
when p values were greater than 0.05.

RESULTS

Aortic anastomosis. The first series of experiments
examined the effects of NOCC given either before or
after the operation, both in addition to or in the absence
of the cross-linked NOCC gel. These experiments used
the aortic surgery model. There were two types of adhe-
sions examined: (1) those that were generally distrib-
uted and resulted from the abdominal operation and
(2) those that were at the site of the aortic repair (i.e.,
retroperitoneal adhesions). The results of these exper-
iments are shown in Figs. 1 and 2. We used adhesions
involving the liver as an adhesion characteristic of
abdominal surgery. These adhesions generally involved
one or more liver lobes and the site of the incision in the
abdominal wall. We found that all treatments that used
the NOCC solution distributed evenly throughout the
viscera significantly reduced the incidence (Fig. 1, A)
and severity (Fig. 1, B) of adhesions of this sort. The best
results were found when the NOCC solution was applied
after the operation (i.e., before closure). We found no
significant benefit of administering NOCC solution be-
fore and after operation (group N/N/N) when com-
pared with administering it only after operation (group
0/N/N).

The frequency of adhesions at the site of the aortic
anastomosis (retroperitoneal adhesions) was reduced
only in those groups that received NOCC solution after
operation. Administration of NOCC solution before
operation but not after (group N/N/0 in Fig. 2, A) re-

sulted in adhesions in 100% of the animals tested,
although the severity of the adhesions was less than
control (Fig. 2, B). Both the frequency and the severity
of retroperitoneal adhesions were most reduced by the
use of the NOCC gel and the solution before and after
aortic operation (group N/N/N), but the severity of the
adhesions in this group was not significantly different
than the group receiving NOCC solution only after op-
eration (group 0/N/N, f=0.59).

In addition to assessing adhesions, we examined the
suture site of the aortic repair for evidence of pseudo-
aneurysms resulting from a weakening of the vessel as
a result of NOCC treatment. No evidence of pseudo-
aneurysm formation could be seen, suggesting that the
NOCC had no deleterious effect on the healing of the
aortic repair.

Large bowel anastomosis healing. The bursting
strength of NOCC-treated and untreated anastomosed
intestinal segments is presented in Fig. 3. On postoper-
ative day 4 there was considerable variation in the pres-
sure required to rupture the intestinal segments. None-
theless, no significant difference was noted between the
bursting strength of NOCC-treated versus untreated
animals at postoperative day 4 (p=0.41). There is less
variation in bursting strengths at both postoperative
days 7 and 14. Consistent with the results above, no sig-
nificant difference was noted between the pressures re-
quired to rupture the wound in NOCC-treated and un-
treated animals (p = 0.46 and 0.07 for postoperative days
7 and 14, respectively).

Abdominal skin wound healing. The tension re-
quired to rupture repaired incisional skin wounds is
presented in Fig. 4. Although there was considerable
animal to animal variation, no significant difference was
noted between NOCC-treated and untreated animals at
14 days after operation with respect to wound strength
(p=10.87). When slides of the incision site were exam-
ined blindly by a registered pathologist (Dr. J. Wright,
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Fig. 4. Effect of NOCC on healing strength of postsurgical
abdominal incision. One group received 3 ml NOCC solution
before closure, and other group served as untreated control.

IL.W.K./Grace Hospital, Halifax, N.S.), no differences
could be identified (for example, in collagen deposi-
tion) that could discriminate between the experimental
(NOCCreated) and the control groups.

DISCUSSION

We have previously demonstrated that NOCC de-
creases both the incidence and intensity of abdominal
adhesions in two surgical models.? The first was a gyne-
cologic model that entailed damage to the uterine horn
of female rats. The second was an intestinal incision
model that involved repair of an ileal transection. In
both of these models the application of 1% cross-linked
NOCC gel and 2% NOCC solution after operation re-
duced adhesion formation. The cascade of events that
results in adhesion formation is characterized by the re-
cruitment of neutrophils, macrophages, and subse-
quently fibroblasts™ and the local production of various
cytokines and growth factors.>? The initiation of these
events is complex and involves factors released at the
time of trauma, particularly extracellular matrix pro-
teins from the wound site. Moreover, the clotting path-
way results in immediate events that facilitate the initi-
ation of adhesion formation. For these reasons it
seemed reasonable to assume that coating the viscera
with a NOCC solution before surgical manipulation
could be of significant importance with respect to
inhibiting postsurgical adhesion formation. On the
other hand, because NOCC is lubricious, pretreatment
could lead to difficulties in fine surgical procedures. It
was therefore important to examine when NOCC solu-
tion and gel should be applied to maximize the benefit
and minimize adverse effects on surgical procedure.
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The results with the aortic sectioning model clearly
demonstrated that the best antiadhesion effects are ob-
tained when NOCC gel is applied directly after opera-
tion in combination with NOCC solution applied before
closure (Figs. 1 and 2). There was no significant benefit
in adding NOCC solution before surgical manipulation.
The effects of the NOCC solution were most obvious in
the adhesions associated with abdominal operation.
The liver was used as an example because it is often in-
volved in peritoneal adhesions in rats. The use of NOCC
solution before closure had a dramatic effect on both
the incidence and severity of adhesions involving the liver
in this model. At the site of the anastomosis the effect of
the combination of both gel and solution was better than
gel alone but not as pronounced as the difference seen in
the case of the adhesions occurring in response to the ab-
dominal trauma in general. These data suggest that the
applicaton of NOCC gel at the site of anastomosis,
followed by NOCC solution spread throughout the viscera,
is the most efficacious manner to use NOCC preparations
to inhibit peritoneal adhesion formation.

Because the events that precede adhesion formation
are common to both adhesion development and wound
healing,® * it was necessary to confirm that NOCC does
not adversely affect normal wound healing and healthy
recovery after operation. Other antiadhesion agents
have been found to have such limitations.'>'% We dem-
onstrated here that the application of NOCC gel and
solution does not decrease the strength of a large bowel
anastomosis when compared with control animals. No
significant difference was noted in the strength of the
repaired incision at postoperative days 4, 7, and 14. This
indicates that NOCC, applied at doses shown to de-
crease the incidence and severity of peritoneal adhe-
sions,” will not result in increased risk of perforation af-
ter intestinal operation. This corroborates the experi-
mentation above examining the healing of high pressure
aortic anastomosis in the rat. The fact that no aneurysms
or pseudoaneurysms were seen at the repair site of this
high pressure model confirms that the aortic healing
was not compromised by treatment with NOCC. Like-
wise, the healing of the abdominal skin incision ap-
peared normal both morphologically and as assessed by
strength of the healed wound.

The mechanism of action by which NOCC reduces
the incidence and severity of adhesions after abdominal
operation is unclear. Many of the inflammatory events
that initiate adhesion formation are also involved in the
wound healing process. The fact that NOCC is able to
prevent adhesion formation while not affecting the
wound healing response suggests that there are funda-
mental differences in the early events that lead to these
two related processes. NOCC may provide a tool to ex-
plore these differences in future experimentation and
may be of significant clinical benefit.
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