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Abstract

Peritoneal adhesions are serious complications of surgery, and can result in pain, infertility, and
potentially lethal bowel obstruction. Pharmacotherapy and barrier devices have reduced adhesion
formation to varying degrees in preclinical studies or clinical trials; however, complete prevention
of adhesions remains to be accomplished. We and others have hypothesized that the limitations of
the two approaches could be overcome by combining their strengths in the context of controlled drug
delivery. Here we review the role of polymeric systems in the prevention of peritoneal adhesions,
with an emphasis on our recent work in developing and applying polymeric drug delivery systems
such as nano-or microparticles, hydrogels, and hybrid systems for peritoneal use.
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1. Introduction

Peritoneal adhesions are bands of tissue that form between structures in the abdomen and pelvis
following surgery, trauma, infection, and other harmful events. The incidence of adhesions
following surgery is very high; some estimate an incidence as high as 80% [1]. The
consequences can be severe. Compression of the viscera can cause severe pain or infertility,
and obstruction of the bowel is potentially lethal. Quite apart from the toll in human suffering
and mortality, the associate health care costs are in the billions of dollars in the United States
alone [1]. Consequently, adhesion prevention has been an area of absorbing interest for many
years among physicians, scientists, and corporations.

Research in this field has taken a number of forms. Possibly the single largest contribution to
preventing adhesions came through the development and adoption of sound surgical practices,
not the least of which was the use of powder-free gloves. The two other principal areas of
research were directed toward the pharmacotherapy of adhesion formation, based on the
understanding at the time of the pathophysiology of the condition, and the creation of
biocompatible barrier devices to keep the injured surfaces separated during healing. The
pathophysiology and more-or-less experimental pharmacotherapy of peritoneal adhesion
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formation have been reviewed extensively, as have the pros and cons of the plethora of
biomaterials and barrier devices that have been employed [1-6].

2. Pharmacological approaches to preventing peritoneal adhesions

A wide variety of compounds which target different pathophysiological contributions to
adhesion formation have been used in attempts to prevent adhesions [7]. Representative drugs
are classified by their therapeutic targets in Table 1. Injury to the peritoneum produces an
inflammatory exudate and fibrin matrix [1]. One major category of drugs attempted to mitigate
the effects of inflammation in promoting adhesion formation. A variety of steroidal [8-11] and
non-steroidal anti-inflammatory compounds [12-16] have been tested, as well as agents that
interfere with specific cytokines [17] or vascular permeability [18], chemotherapeutic agents
[19] and immunosuppressive drugs [20]. In a related vein, many agents that scavenge the free
radicals generated by inflammation have been tested [21,22].

A separate approach targeted the apparent imbalance between the deposition of fibrin and its
destruction (fibrinolysis) in the injured peritoneum. In the course of normal tissue repair, that
matrix would be removed by fibrinolysis in 2-3 days post-surgery [23]. However, in the injured
state, that balance is shifted to favor the formation of fibrinous strands, which eventually are
infiltrated by cells and become organized, creating the nascent adhesions [5,24-28].
Pharmacotherapy of this problem has employed anticoagulants, which prevent the formation
of fibrin strands [29], and fibrinolytics, which destroy them [30-36]. Less specific proteolytic
agents have also been used, to a similar end [37-39]. Beyond these, a bewildering variety of
agents have been used. A much more limited number of authors have incorporated compounds
within hydrogels [30,40-42], microspheres [9] and similar devices. A substantial number of
these investigators have reported success in using drugs to prevent adhesions in animal models.

3. Barrier devices

Ideally, a barrier device should be easy to use via both laparoscopic and open procedures,
provide unrestricted coverage of the affected peritoneum, and remain effective throughout
healing [3]. Barrier devices have been tested or commercialized in various forms including
polymer solutions [43-45], solid membranes [46], pre-formed [47-49] or in situ cross-
crosslinkable hydrogels [41,50,51]. Solutions, mostly consisting of viscous polysaccharides,
are applied by a variety of methods (spraying, pouring, extrusion from a container) at the end
of the surgical procedure. They may then cross-link in situ. Membranes or pre-formed gels are
placed directly on potential sites of adhesions, but then must be fixed to the underlying tissues
(e.g. by suturing). That fixation can act as a focus of adhesion formation. For laparoscopic
applications or situations in which damaged areas are hard to access or predict, in situ cross-
linkable hydrogels are attractive modalities as they can be applied as free-flowing liquids and
subsequently gel in a manner that fits the topography of the injured site. Among the various
devices, five were approved or cleared for sale by the Food and Drug Administration of the
United States of America (U.S. FDA) and are currently in the market: regenerated cellulose
(Interceed®) and expanded polytetrafluoroethylene (Preclude®), both of which are largely used
in gynecological operations; hyaluronic acid-carboxymethycellulose (Seprafilm®) which is
used for general and gynecological surgery in the U.S. and Europe; polylactide membrane
(Surgiwrap®) and, most recently, 4% icodextrin solution (Adept®). Representative barrier
devices that have come as far as eliciting corporate interest are summarized in Table 2; the
total list of materials that have been tested experimentally is much longer.

Many devices are derived from polysaccharides such as hyaluronic acid, cellulose, dextran, or
chitosan. Polysaccharides are particularly popular because they either are or resemble naturally
occurring biological compounds, and they have been shown to be compatible with a variety of
tissues in other biomedical applications. Synthetic polymers based on polyethylene glycol or
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polylactic acid have also been used. Advantages of synthetic polymers include the relative ease
with which their properties can be controlled, and the lower cost compared to some (but not
all) natural polysaccharides that have to undergo extraction and purification processes. In many
respects the specific choice of materials is empirical, often driven in part by issues of
intellectual property. At this time there is no clear set of rules relating biomaterial
physicochemical properties to their biological effects and/or responses in the peritoneum,
except in the broadest terms.

Barrier approaches have succeeded to varying degrees in preventing adhesion formation in
animal models and/or clinical studies, although none of them are consistently effective in all
surgical scenarios [6]. Some of the principal limitations of the existing devices include a brief
residence time at the site of administration [52], difficulty in handling or fixation to tissues,
and incompatibility with laparoscopic procedures [41]. Another disadvantage often related to
membrane or pre-formed hydrogel forms is a relative difficulty in determining the size and
shape of the area to be covered a priori. Therefore, the surgeon must, to some extent, predict
the possible location, size and shape of potential sites of adhesion formation [5].

4. Polymers for controlled drug release in the peritoneal cavity

From the above, it will be apparent that dozens of investigators have cured adhesions in one
animal model or another. So why is the clinical problem not solved? It is, unfortunately, not
possible to know that which is not published, and so the reasons for which so many therapies
that were successful in print did not enter clinical practice is not known. However, we have
hypothesized that ultimately the failure of purely pharmacological therapies lay in the rapid
clearance of drugs from the peritoneum. Conversely, the shortcomings of barrier devices —
aside from physical design issues etc.-were that they did not directly address the basic
biological problems. Controlled release technology could provide sustained drug levels, and
if desirable, could also provide a barrier function.

In designing a drug delivery system for the peritoneum, at least two principal approaches were
apparent (Fig. 1 A & B). One would be micro-or nanoparticulate, as such particles would be
easy to disperse throughout the peritoneum if necessary. The other would be hydrogel-based,
since they could be made out of materials that have been used in the peritoneum without
significant adverse effects, such as hyaluronic acid or cellulose. In situ cross-linkability would
make these materials easy to apply, and would make it easy to cover discreet areas of injury
at the discretion of the surgeon. Alternatively, drugs could be loaded in pre-formed films of
such materials. A third approach, that we will describe below, would be to combine particulate
and hydrogel-based systems (Fig. 1 C).

One caveat in developing peritoneal drug delivery systems, which we have found to be a much
greater issue in the peritoneum than in most other anatomic locations, is that drug delivery
platforms must first be evaluated as to their intrinsic potential to elicit adhesions, as that could
offset the positive therapeutic effects from the pharmacological agents being delivered.

4.1. Poly a-hydroxy acids

In designing a particulate drug delivery system, it seemed reasonable to begin with the poly
a-hydroxy acids, specifically the poly(lactic-co-glycolic) acids (PLGAS). These polymers had
an excellent record of biocompatibility and could control the release of a wide range of drugs
very effectively. They were known to degrade to lactic and glycolic acids, then to be
metabolized to carbon dioxide and water. Although they caused an inflammatory response, it
istransient. Even if polymeric residue and its attendant indolent chronic inflammatory response
last for months, eventually tissue reaction in most tissues can resolve completely [53]. Finally,
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there was a large body of experience with them, and they were approved for use in humans by
U.S. FDA.

The experience in the peritoneum was quite different. We injected 10 to 100 mg of particles
composed of a high molecular weight (MW) poly(lactic-co-glycolic) acid into the murine
peritoneum, covering a thousand-fold range of sizes from 250 nm to 250 um [54]. In the
microparticle size range, all groups were capable of producing adhesions, although the
incidence varied. Adhesions occurred most frequently on the anterior parietal peritoneum,
which is the dependent portion of the peritoneum in the quadruped mouse. These findings
raised the concern that in the bipedal human, even small quantities of particles would
accumulate in the relatively confined lower abdomen and pelvis, causing adhesions.
Nanoparticles of the same material caused almost no adhesions, but that was only because they
left the peritoneum and migrated to the reticuloendothelial system, particularly the spleen.
Microparticles made of lower MW PLGA caused less adhesions than those with higher MW
PLGA. We speculated that the reason for the decrease in adhesions related to the more rapid
degradation, with a resulting shorter tissue dwell time. Others have reduced peritoneal
adhesions by using PLGA microspheres to release dexamethasone, a potent steroidal anti-
inflammatory drug [9]. Interestingly, in that study, microspheres with a low loading of
dexamethasone worsened adhesions, while microspheres with a high loading reduced
adhesions. This suggests that the vehicle itself promoted adhesions formation, a tendency that
was partly offset by the adhesion-preventing action of the drug. In furthering our work, we
decided that it was best to select vehicles that had little intrinsic adhesion-forming tendency,
and so decided not to use polymeric particles alone.

4.2. Polysaccharide-based matrices

Others had previously used hydrogels in the peritoneum to release low [41] and high MW
compounds [30], with varying degrees of effectiveness. In particular, we were interested in
developing a system that would be easy to use, in addition to being biocompatible and providing
adequate control of drug release.

4.2.1. Chitosan—One initial approach was to use a UV cross-linkable chitosan hydrogel
[55], based on the view that chitosan was generally considered to be biocompatible [56,57].
We demonstrated in vitro that it had excellent properties in terms of cohesiveness and
macromolecule release kinetics (data not shown). The formulation was also attractive in that
it would be possible to apply in situ. In vitro cytotoxicity of cross-linked chitosan was minimal.
Chitosan itself and the modified chitosan precursor to the cross-linked gel were minimally
toxic to mesothelial cells. Chitosan itself, but not the modified chitosan was quite toxic to
macrophages at a relatively high concentration (2 mg/ml). The cytotoxicity of some cationic
polymers (e.g., polyamines) in phagocytic cells has been documented [58]. The greater toxicity
of chitosan compared to the modified chitosan in macrophages may be related to the degree of
deacetylation of chitosan (i.e. the number of primary amines) [55]. However, this did not seem
worrisome since the cross-linked chitosan would contain no unmodified chitosan. The in
vivo experience was quite different. Rabbits treated with the UV-cross-linked formulation
developed exuberant adhesions, even in the absence of prior peritoneal injury. The causative
factor was not the UV irradiation but the material itself. Both modified and unmodified chitosan
could induce adhesions. In investigating the cause of the adhesions, we found that the modified
chitosan and the cross-linked gel increased the expression of proinflammatory cytokines or
chemokines such as TNF-a and MIP-2 (a murine IL-8 analogue). Whether this explained the
formation of adhesions is unclear, given that unmodified chitosan caused adhesions but did
not increase cytokine release in vitro - although the latter could be due its effect on cell viability.
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4.2.2. Cross-linked hyaluronan matrices—We therefore turned to materials with an
established track record of biocompatibility in the peritoneum [59]. We chose hyaluronan (HA)
as the base material for this reason; it had also been used extensively for intraperitoneal
applications. We employed a previously described synthetic method [60] to produce a cross-
linkable HA hydrogel. In brief, we produced one HA derivatized to have a hydrazide moiety,
and another HA derivatized to have an aldehyde. These cross-linked upon mixing, forming a
slowly hydrolysable hydrazone compound. This method had the advantage of allowing in
situ cross-linking without the use of initiators, cross-linking chemicals, or extra equipment for
cross-linking such as a light source. We had prior experience with this approach for drug
delivery [61]. One early concern was whether the derivatized HAs, particularly the aldehyde
derivative, would be reactive with biological components and cause toxic side effects. It was
reassuring to find that the cross-linked HA gels (HAX) showed minimal or no cytotoxicity in
mesothelial cells in vitro, and showed excellent intraperitoneal biocompatibility in a murine
screening test. This formulation was very effective in preventing adhesions in a rabbit cecal
abrasion-sidewall defect model [59] (Fig. 2). Interestingly, the cross-linked matrix itself caused
amodest increase in the expression of tissue-type plasminogen activator, raising the possibility
that its effectiveness in preventing adhesions might be due to an intrinsic biological effect in
addition to the barrier effect.

4.2.3. The hybrid system—Although the cross-linked HA performed very well, there was
still room for improvement. As stated above, one hypothesis underlying our work was that
barrier devices would work better if supplemented by controlled release technology. We had
found that the HA-based hydrogels controlled the rate of release of proteins and other drugs
[61] only slightly. While that slight difference might yet prove to be important, the release
kinetics could be improved by incorporating a more hydrophobic polymeric delivery system
such as PLGA micro-or nanoparticles into the hydrogel system. Thus we would be able to
marry the relative strengths and weaknesses of hydrogels (excellent peritoneal
biocompatibility, poor drug release kinetics) and polymeric particles (poor peritoneal
biocompatibility, excellent control of release kinetics) [62]. Polymeric particles can, depending
on the formulation, release drugs for days to weeks. The exact duration will depend on the
characteristics of the drug (hydrophilicity, hydrophaobicity, charge, molecular weight, etc.), the
polymer (type, molecular weight, etc.), and the specifics of the encapsulation method. Drug
release for days to weeks has been achieved with both small molecules and macromolecules.
The hybrid system is prepared simply by mixing the hydrogel precursors and nanoparticle
suspensions then co-injecting them. The nanoparticles (Fig. 1A) were distributed
homogeneously throughout the hydrogel matrix (Fig. 1C). We chose nanoparticles over
microparticles for our initial work in this direction because they would leave the peritoneum
without causing adhesions if they broke free of the gel, whereas microparticles might stay and
cause adhesions [54]. These hybrid gels showed minimal cytotoxicity in mesothelial cells.
Furthermore, they showed excellent biocompatibility in the murine peritoneum, with minimal
adhesion formation even though nanoparticles entrapped within the hydrogel could not leave
the peritoneal cavity. In a rabbit model of adhesion formation, the hybrid gels were at least as
effective (and statistically significantly better) than HAX in preventing adhesions, even in the
absence of any active payload (released drug). It remains to be seen whether this formulation
is even more effective when loaded with active agents.

4.2.4. Cellulose derivatives—HA-based systems have two major drawbacks: they are
costly, and they could be degraded too rapidly in vivo by endogenous hyaluronidase. We have
hypothesized that hybridization of HA with other biocompatible polysaccharides that are not
degraded enzymatically in humans could slow degradation while preserving HA’s excellent
biocompatibility. We synthesized aldehyde derivatives of cellulose derivatives
(hydroxypropylmethylcellulose, carboxymethylcellulose, and methylcellulose), and cross-
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linked them to HA-dihydrazide [63]. The aldehyde-cellulose derivatives were somewhat more
cytotoxic in vitro to mesothelial cells and peritoneal macrophages than HA-aldehyde, but
showed no toxicity or adhesion formation in a murine intraperitoneal screening test. It is
possible that the lack of toxicity in vivo reflects the rapidity of in situ cross-linking, which may
leave little free gel precursor. All three HA-cellulose derivative gels were effective in reducing
adhesions. HA-methycellulose was slightly more effective than the others, perhaps because it
degraded more slowly.

4.2.5. Effect of polymeric drug delivery systems in the peritoneum—To date, there
are relatively few published reports where drugs were delivered via vehicles that clearly
controlled the rate of drug release, and even fewer where that control was demonstrated.
However, there are studies that give reason to be optimistic in this regard. As mentioned above,
polymeric microspheres containing a high loading of steroids mitigated adhesion formation
[9]. Some success has also been achieved with a number of anticoagulant and fibrinolytic
compounds delivered via hydrogels [29,30,42]. In the latter cases, the hydrogels themselves
had independent effectiveness as barrier devices, but less than the hydrogel and drug together.

5. Conclusions

Despite the number of animal studies and the human experience involving biomaterials in the
peritoneum, and even though we have some sense of what does work, it is difficult to point to
specific material properties as explaining why some materials are biocompatible and effective
in preventing adhesions and others are not. Although most materials that prevent adhesions are
hydrophilic, it does not follow that hydrophobic materials cannot be used (e.g. Teflon or
polylactide). Perhaps, as with some other biological properties, there is a U-shaped relation
between the propensity toward adhesions and hydrophobicity. Similarly, it is difficult to make
general statements about what physical properties are best. The hydrogels used in our studies
have significantly lower shear moduli than that of Teflon, but both hydrogels and Teflon can
be used as adhesion barriers. Quite apart from the direct physicochemical effects of the
materials on their environment, little is known about the tissue responses elicited by them and
the potential indirect mechanisms of injuring or healing surrounding tissues. The design of
ideal materials is complicated by the fact that our ignorance of the important parameters
governing anti-adhesion devices extends to such basic questions as: How long should they
persist in the peritoneum? How much of the peritoneal cavity should be covered? If controlled
release of drugs is to be used, what drug or drug combination is best? Until these and other
issues are resolved, a sub-optimal empiricism is going to drive research and practice.

Many materials have been tested within the peritoneum. While there can be little doubt that
some materials control the rate of drug release more effectively than others, what little has been
published on drug delivery in the peritoneum suggests that most materials that have been used
as barriers have the potential to be used as drug delivery systems. As we have seen, some have
been tried [29,30,42], although so far none have into translated clinical practice. Whether the
converse is true, i.e. whether the more hydrophobic polymers used for conventional drug
delivery are suitable as intraperitoneal barriers, remains to be proven.

Since the initial efforts to prevent post-surgical adhesions were made more than a century ago
[6], a number of anti-adhesion devices have been developed and used, but their efficacy and
scope of use still remain limited. Adhesion formation continues to be a challenge in peritoneal
surgery. However, given the accumulated knowledge from research and clinical experience,
and with recent advances in tissue engineering and drug delivery technology, there is reason
to be optimistic that complete prevention of post-surgical adhesions is an achievable goal.
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Fig. 1.

Drug delivery systems for post-surgical adhesion prevention. Drugs can be delivered in a
particulate system (A), a coating or barrier device such as a hydrogel (B), or a combination of
a particulate system and a barrier device (‘hybrid’) (C). Scanning electron microscopic (SEM)
images of nanoparticles (A, middle panel) and microparticles (A, right panel). Picture of
chitosan gel cross-linked by UV irradiation (B, middle panel) and SEM of lyophilized cross-
linked hyaluronan hydrogel (B, right panel). SEM images of lyophilized hybrid gel (C, middle
panel) and magnified view of lyophilized hybrid gel (C, right panel). Note the roughness of
the hybrid gel surface, indicating embedded nanoparticles.
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Abdominal wall

Fig. 2.

Adhesion formation [59]. (A) Normal cecum (200x) and abdominal wall surface (400x). (B)

Healed cecum surface (200x) and abdominal wall (100x) treated with cross-linked hyaluronan
gel (HAX) one week post-surgery. Note the mesothelial layer on the treated cecum comparable
to that of normal cecum, and bluish HAX residue on the treated abdominal wall (Inset in right
panel shows higher magnification of gel in area denoted by rectangle.). (C) An adhesion (200x)
found inan injured, untreated animal. SM: smooth muscle; Me: mesothelial layer; SK: skeletal
muscle of abdominal wall.
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Selected pharmacological agents for adhesion prevention
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Therapeutic targets Drug category Examples Referencej
Reduce inflammation Steroidal anti- Dexamethasone; progesterone; hydrocortisone; [8-11]
inflammatory druas prednisone
Non-steroidal anti- Ibuprofen; flurbiprofen; indomethacin; tolmetin; [12-16]
inflammatory drugs nimesulide
Inhibitors of proinflammatory Antibodies to transforming growth factor (TGF)-p1 [17]
cytokines
Antihistamine Diphenhydramine; promethazine [18.64]
Free radical scavengers Melatonin; vitamin E; superoxide dismutase [22.65.66]
Prevent fibrin clot formation Anti-coagulants Heparin; ancrod [29.42]
Stimulate fibrinolysis Proteolytic agents Tissue-type plasminogen activator; streptokinase; [30-39,67]
urokinase; pepsin; trypsin; Neurokinin 1 receptor
antagonist
Inhibit fibroblast proliferation Antiproliferative agents Mitomycin C [19.41]
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