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 Post-operative pericardial adhesions pose a risk in cardiac resternotomies and 

may impact cardiac function. 2-6% of reoperations result in catastrophic hemorrhaging, 

causing patient fatality in 39% of these cases (Duncan 1987, Dobell 1984). As 

resternotomies comprise 10% of cardiac surgeries, prevention of pericardial adhesions 

may reduce the incidence of vascular injury and improve surgical outcomes. The 

ultimate goal of this study was to evaluate the effectiveness of a sprayable aldehyde and 
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aminooxy-functionalized poly(ethylene glycol) hydrogel as a barrier against post-

operative pericardial adhesion formation. To accomplish this, a rodent model was 

developed after systematically altering surgical, animal, and material parameters in a 

series of pilot studies. Variables included subject gender, pericardium removal, length 

of study, abrasion method, and material concentration. Adhesions were evaluated 

visually after 2 to 6 weeks and gel retention examined at 1 and 3 days. A model of 

consistent and severe adhesion formation was developed and used to evaluate the 

hydrogel on a larger scale. 200 uL of the hydrogel or saline was sprayed onto the abraded 

epicardial region and allowed to crosslink for 15 minutes before closing. At two weeks, 

the mean adhesion score in the saline and treated groups was .57 ± .54 and .64 ± .44, 

respectively. Hematology, coagulation, and echocardiographic data showed almost no 

difference between the groups. While the hydrogel did not cause inflammation or impair 

cardiac function, the insignificant difference between the means of the two groups 

suggests that further work must be done to develop the animal model or improve the 

material. 



 
 

1 
 

Introduction 

Pericardial adhesions are bridges of fibrous tissue that form between the 

pericardium and the epicardium, surrounding tissue in the thoracic cavity, and even 

implantable grafts. Depending on their severity and origin, these adhesions pose a 

significant risk to cardiac function, potentially worsen surgical outcome during cardiac 

reoperations, and may be linked to graft occlusion (Shapira 1989). Pericardial adhesions 

attributed to constrictive pericarditis have been shown to significantly impair left 

ventricle function and possibly transmitral flow efficiency (Jiamsripong 2010). During 

resternotomy, the dense and occasionally highly vascularized tissue must be carefully 

dissected to uncover the surgical field. In some cases, the surgical field cannot be 

properly accessed due to adhesion formation in close proximity to major blood vessels 

or implanted grafts (Killian 1989). Though catastrophic hemorrhaging due to dissection 

was reported at a relatively low incidence rate of 2-6%, 39% of these cases resulted in 

patient mortality (Duncan 1987, Dobell 1984). Due to technological advancement and 

improved surgical techniques, these previously reported values may no longer be 

representative of current trends; however, post-operative adhesions continue to remain 

a problem in the operating room. Adhesion removal averages between thirty minutes to 

two hours to dissect the tissue, with further time necessary if vascular injuries occur 

(Schreiber 2007). Increased length of time until chest closure has been shown to be a 

factor in worsening adhesion severity while blood products plays a role in adhesion 

formation (Lodge 2008, Roberts 2005). As cardiac resternotomies comprise 

approximately 10% of the overall cardiac surgery workload annually and occur at over 

a 31% incidence rate, it is imperative to establish reliable methods of post-operative 
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adhesion prevention (Ellman 2008, Morales 2008). 

 

Mechanism of Pericardial Adhesion Formation 

While acute myocardial infarction is the most common cause of pericardial 

adhesions, trauma from cardiovascular surgery and other cardiac-related medical 

procedures are the next leading source of adhesion formation (Roberts). Currently, there 

is no data on pericardial adhesion incidence rates. A previous study on open-air 

laparotomies showed peritoneal adhesion formation in 51 and 72% of patients during 

minor and major surgeries, respectively, and rising to 93% for patients undergoing 

abdominal reoperation (Weibel 1973). As cardiovascular surgeries are often time-

consuming and invasive, it is possible to infer that the rate of pericardial adhesion 

formation may follow a similar trend, with moderate adjustments accounting for recent 

medical innovations. 

On the microscopic level, two events occurring during and after surgery may 

account for the primary mechanisms of post-operative pericardial adhesion formation. 

The first incident is the loss of pericardial mesothelial cells (PMCs) and the subsequent 

chain of events that occur due to the denudation (Nkere 1994). During surgery, the heart 

was subject to rough manipulation from several sources: compressive and retractive 

forces, lacerations and blunt force trauma from surgical tools, manual handling, local 

hypothermia resulting from air drying in the cool operating room and the ice water 

poured into the chest cavity, abrasive injuries from packing gauze to staunch blood flow 

and dry tissue, among other factors (Nkere 1994, Ryan 1971). It has been noted in 

pleural adhesion and acute pericarditis studies that surgical trauma causes PMCs to 
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detach, allowing thrombotic material and inflammatory cells to easily adhere the 

basement membrane (Nkere, Leak 1987). The first week post-surgery is characterized 

by significant fibrin deposition and a highly upregulated inflammatory response causing 

cellular infiltration into the thrombotic matrix (Leak). This may be partially attributed 

to the acute response to pericardiotomy, in which the injured pericardium releases fluids 

and fibrin (Roberts). In a healthy person, fibrinolysis would break down thrombotic 

material and prevent tissue growth. However, patients of open chest surgery exhibit 

significant reduction of fibrinolytic activity, which is the second crucial event involved 

in adhesion formation. Patients of open heart and abdominal surgery exhibited 

significantly depressed local fibrinolytic activity for at least 24 hours following surgery 

and lasting up to two months after (Gervin 1975, Nkere 1995, Buckman 1976, Parolari 

2003). As a result, fibrin depositions persist and allow fibrous connective tissue to build 

over the next three weeks post-surgery as collagen fibers act as bridges for inflammatory 

cells infiltration (Cannata 2013).  

 

Primary Pericardial Adhesion Prevention Strategies 

In the early twentieth century, Lehman and Boys developed a broader “classical 

concept of adhesion formation”, in which fibrin was the key modulator in the formation 

mechanism. Based on this foundation was a five step approach to reducing adhesions: 

minimization of surgical damage and therefore cellular denudation, prevention of 

clotting in blood and inflammatory fluids, enhancement of fibrinolytic activity, isolation 

of exposed basement membrane until the mesothelial regeneration occurs, and reduction 

of the inflammatory response (Lehman and Boys 1940). The three primary strategies 
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currently employed for adhesion prevention are simplified reiterations of the concepts 

Lehman and Boys developed half century prior. 

The first method of adhesion prevention is based on improving the surgical 

procedure. Though cardiovascular surgery has historically been extremely invasive, 

recent advancements in medical technology have allowed surgeries such as coronary 

artery bypass and mitral valve replacement to become less surgically invasive for 

patients. However, the benefits of potentially reducing adhesion formation and patient 

trauma must be considered against the drawbacks: the lack of an open surgical field 

which limits entry points and surgical techniques, risks of internal injury, and 

requirement for strong technical expertise (Iribarne 2011). One study of video assisted 

thoracic surgery still resulted in 54% of patients developing adhesions (Tanaka 2010). 

Due to these drawbacks and a classical education in sternotomies, minimally invasive 

cardiac surgery is not yet a widely adopted technology. Another surgical consideration 

is the closing or repair of the pericardium. Despite the role of the pericardium in 

modulating cardiac function and structure, there has been no strong evidence for 

improved clinical outcomes after closing the pericardium (Tyberg 2011, Boyd 2012). 

As a result, most surgeons opt to leave the pericardium unrepaired before closing up the 

chest due to concerns of cardiac tamponade (Dantas 2010). One study suggested that 

closing or repairing the pericardium provides protection against adhesion formation, 

which may be due to its role in keeping the heart surrounded by pericardial fluid (Rao 

1999). While this approach is potentially viable in the first operation, by the second or 

third resternotomy, the pericardium tends to shrink, requiring the grafting of synthetic 

or xenogeneic materials. ePTFE membranes have been widely used for pericardial 
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substitution and has been shown to prevent sternal adhesion formation, yet significantly 

impaired epicardial visibility and occasionally saw development of mild, filmy 

adhesions over the epicardial surface (Salminen 2010, Jacobs 1996). Synthetic 

alternatives such as PVA membrane and Cova™ CARD were shown to reduce or 

prevent adhesion though further study is necessary on a larger scale and in human 

patients (Oliveira 2014, Bel 2012). Acellular bovine pericardium induced mild to severe 

adhesion formation while heterologous fascia lata exhibited similar protective effects 

when compared to pericardial closure (Shen 2013, Abedi 2012). Overall, the concerns 

associated with pericardial substitution are an increased operating time to suture the 

material to the torn pericardium, limited surgical visibility requiring removal on surgical 

re-entry, and the potential for an inflammatory response or cardiac tamponade (Sohn 

2015). 

 The elucidation of adhesion formation mechanisms allowed researchers to target 

biochemical pathways involved in the inflammatory response, fibrinolysis, and PMC 

loss and regeneration. Many of the studied pharmaceutical agents showed promise in 

reducing adhesion severity significantly, yet had serious side effects when delivered at 

an inappropriate dosage. The inflammatory response is a natural occurrence during 

wound healing. Systemically delivered anti-inflammatory agents posed the risk of 

interfering with the wound healing process and delaying post-operative recovery 

(Vander Salm 1986, Alizzi 2011). Localized delivery from a poly(lactic acid)-

poly(ethylene glycol) hydrogel loaded with dexamethasone improved on this aspect; 

however, prolonged delivery of steroids may cause temporary edema and release 

kinetics must be carefully controlled in vivo (Chorny 2006). Fibrinolytic drugs were 
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shown to drastically reduce adhesion formation when injected into the pericardial 

cavity, but increased the occurrence of post-operative bleeding during clinical trials 

(Wiseman 1992, Seeger 1997). Instead of targeting fibrinolysis, one study attempted to 

prevent cellular infiltration into the fibrin accumulations and collagen synthesis by 

inhibiting fibroblast proliferation using mitomycin C (Orhan 2014). While successful in 

adhesion reduction, mitomycin C may cause bone marrow depression and blood 

disorders, liver damage, and hemolytic uremic syndrome (Verweij 1990). Another 

pharmaceutical strategy is the enhancement of mesothelial regeneration, which has been 

noted to restore fibrinolytic activity (Cannata). However, given that adhesion formation 

begins within the first three days post-surgery, it is difficult to restore PMCs and normal 

fibrinolytic activity during the critical time period. Moreover, an anti-adhesion study 

involving keratinocyte growth factor (KGF), a known promoter of mesothelial 

regeneration, was cautioned against using KGF in cancer patients due to its possible 

role in tumorigenesis (Lopes 2008, 2010). As an alternative to corrective actions, 

preventative measures have been implemented to reduce adhesion formation by 

preventing the denudation of the pericardium and have lesser side effects. During 

surgery, injured endothelial cells release massive amounts of free radicals, inducing 

apoptosis in nearby cells (Colak 2013, Saeidi 2013). N-acetylcysteine and melatonin, 

free radical scavengers, were able to significantly reduce adhesion severity after local 

application during surgery, but tissue fibrosis and inflammatory scores exhibited no 

significant difference between treated and control groups. Melatonin, a natural hormone 

found in many mammals, and N-acetylcysteine both exhibited no toxicity and did not 

elicit an immune response, nor did they impact wound healing (Aktunc 2010, Cakir 
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2004). While these studies provided a cautionary tale against pharmaceuticals, delivery 

of these materials at the appropriate dosage and vehicle may improve resternotomy 

outcomes. Unfortunately, pharmaceutical dosages may vary from patient to patient and 

risk interfering with biochemical functions in other pathways. 

The last approach—the method explored in this study—focuses on the isolation 

of the damaged mesothelial layers by means of a physical barrier. Current research and 

advancements made in this field will be discussed in Chapter 2. Ideally, a physical 

barrier to adhesion formation would possess several characteristics. First, it must be 

bioinert and prevent cellular infiltration into thrombotic material or into the hydrogel 

itself. With fibrin deposition significantly increased in the first week, the material should 

be biodegradable, lasting up to one to four weeks, which is the approximate time span 

for mesothelial regeneration (Cannata). As a degradable material, the degradation 

products and material should be non-cytotoxic and non-immunogenic as an 

inflammatory response may increase adhesion severity due to the increased cellular 

recruitment. In addition, the presence of the barrier device should not affect or prevent 

the wound healing process, as the regeneration of the mesothelial layer is an important 

factor in restoring fibrinolytic activity. As the thoracic cavity is limited in space, the 

material must have a low swelling ratio or minimal thickness to avoid impacting cardiac 

function.  

The material implemented in this project is a sprayable dual component 

synthetic hydrogel. 8-arm aminooxy-poly(ethylene glycol) (AO-PEG) and aldehyde-

poly(ethylene) (PEG: MW 10k) were synthesized according to the protocol described 

by Grover et al. (2015). When mixed, these polymers crosslink to form a bioinert 
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hydrogel that prevents adsorption of cellular protein through steric hindrance and 

thermodynamic principles (Lih 2015). Long, flexible polymer chains are able to adopt 

many different conformations due to the surrounding volume of water. As 

thermodynamic systems tend towards disorder, the polymer chains resist compressive 

forces from protein adsorption which would reduce the number of chain conformations 

and therefore decrease entropy. In Chapter 2, the characteristics of the AO-PEG/Ald-

PEG hydrogel will be further elucidated and compared to other barrier products. 

 

Aims 

 This project largely focused on the implementation of the materials in the in vivo 

phase. The overarching goal of this study was to demonstrate the hydrogel’s ability to 

prevent post-operative pericardial adhesion formation. To accomplish this, the study 

was separated into two sub-aims. 

 

Aim 1. Develop and optimize a small animal model of pericardial adhesion 

formation and material application (Chapter 1) 

The implantation of anti-pericardial adhesion materials has largely been 

performed in large animals such as dogs, sheep, and pigs. This study sought to develop 

a small animal model of adhesion formation, as smaller animals allow for a larger study 

population, shorter study duration, and decreased cost. A large study size increases the 

significance and confidence in the results. The secondary aspect of this aim was to 

develop the optimal method and characteristics of hydrogel application, such as polymer 

concentration, volume, and delivery system. To determine the effectiveness of the 
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animal model and material, macroscopic evaluation of the adhesion severity and gel 

retention was performed between treated and untreated groups in a series of small scale 

pilot studies. 

 

Aim 2. Evaluate the potential of the material in preventing pericardial adhesions 

(Chapter 2) 

After developing a model capable of producing consistent and severe adhesions, 

the AO-PEG/Ald-PEG crosslinked hydrogel was assessed in a larger sample size and 

evaluated macroscopically for adhesion formation. Systemic inflammation and cardiac 

function were also quantified to determine if material application caused adverse effects.  
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Chapter 1 

 

Developing and optimizing an animal model of adhesion generation and material 

application 
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Introduction 

While large animal models tend to be more representative of human conditions 

and offer greater surgical maneuverability, small animal models are significantly 

cheaper to evaluate due to their rapid reproductive characteristics and lesser resource 

requirements. Larger sample sizes can be used due to the reduced expenditure per 

subject, increasing the confidence in study significance as the sample becomes more 

representative of a large population and the effect of outliers becomes minimized. With 

the shorter lifespans and maturation time of small animals, study parameters can be 

evaluated and modified on faster timescale than that of a large animal model.  

Pericardial adhesion models with subjects smaller than rabbits are rare among 

published studies. Of the three rodent studies, the method used to induce adhesion 

formation varied from a vaguely defined subxiphoidal traumatization to electro-

cauterization of the thorax wall to the sprinkling of talc powder (Orhan 2014, Oliveira 

2014, Akerberg 2013). While electro-cauterization is a routinely used surgical technique 

to cut tissue or seal blood vessels, it has not been mentioned significantly in literature 

in conjunction with open chest cardiac surgeries. Application of talc powder, which has 

recently been linked in news reports with the development of ovarian cancer, is even 

less likely to occur in modern operating rooms. Therefore, it was the aim of this study 

to develop a small animal model that more closely imitated the surgical conditions of 

cardiac surgery leading to adhesion formation. Based on a study in which fibrin deposits 

alone did not induce adhesion formation, it was postulated that blood products in 

combination with abrasive forces would be able to induce consistent adhesion formation 

(Roberts). In addition to adhesion generation, these pilot studies sought to determine the 
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optimal material characteristics. 

 

Materials and Methods 

 For these pilot studies, several parameters were varied in order to develop a rat 

model of pericardial adhesion. While the method of surgical entry, closure, and post-

operative care were kept consistent between trials, the gender of the subject, study 

duration, method of abrasion, presence of the pericardium, and applied material 

characteristics were modified in a series of pilot studies to create a reliable model of 

pericardial adhesion formation (Table 1.3). 

 

Subjects 

The pilot studies were evaluated on female and male Sprague-Dawley rats 

(Charles Rivers Laboratories Inc., San Diego, California) weighing approximately 200-

250 and 300-350 grams, respectively. All study procedures were approved by the 

University of California, San Diego Institutional Animal Care and Use Committee and 

performed in an American Association for Accreditation of Laboratory Animal Care 

(AAALAC) accredited facility. Animals were quarantined for at least 48 hours after 

receipt of the animals and had free access to food and water before and after surgery. 

 

Material and Application 

Material  

8-arm aminooxy-poly(ethylene glycol) (AO-PEG) and 8-arm aldehyde-

poly(ethylene glycol) (ald-PEG) were synthesized by a member of the Christman lab 
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according to the protocol described by Grov er et al. Ald-PEG was formed by 

esterification of 8-arm hydroxyl PEG (HO-PEG-OH) with 4-carboxybenzaldehyde via 

carbodiimide coupling. AO-PEG was synthesized in a Mitsunobu reaction. The 

hydroxyl group in 8-arm hydroxyl PEG was displaced by N-hydroxyphthalimide, which 

was then deprotected with hydrazine. The polymer solutions were prepared on the day 

of surgery with sterile water to achieve a concentration of 100, 125, or 150 mg/mL at a 

1:1 AO-Ald ratio depending on the animal trial. In certain pilot studies, .025% w/v 

FD&C Blue No. 1 dye was added to the AO-PEG solution (Santa Cruz Biotechnology, 

Dallas, Texas). The solutions were individually loaded into syringes and connected to a 

gas-assisted dual spray applicator tip (Nordson Medical, Loveland, Colorado). 

 

Applicator System 

A 3 mL dual syringe wielder was initially used for material delivery due to its 

Figure 1.1. 2D schematic of the dual syringe wielder. This is a modified version of the Fibrijet 

applicator system, capable of holding 1 mL syringes. 
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wide availability on the market (Nordson Medical). However, a significant problem 

noted during these studies was poor flow control of the material due to the 100 µL 

graduations in the syringe. With the volume of applied material ranging from 200-400 

µL, the syringe size limited delivery of material over different regions of the heart as all 

of the material is delivered instantaneously. To improve material delivery, a 3-

dimensional schematic with 1 mL syringe dimensions was created in SolidWorks 2016 

and 3-D printed on a MakerBot 2 (MakerBot Industries, Brooklyn, New York) at the 

University of California, San Diego Digital Medical Library (Figure 1.1). This version 

improved on several characteristic of material delivery: improved flow rate and control, 

as the syringe graduations were in 10 µL increments; simultaneous delivery of materials,  

as pressure was applied uniformly between both syringes; and decreased operating 

costs. 

 

Study Design 

The rats were randomly allocated into an untreated group and a treated group. 

The animals were sedated using vaporized isoflurane and weighed. After complete 

sedation, the rats were connected to a small animal ventilator (Kent Scientific, 

Torrington, Connecticut) via endotracheal intubation with a respiration rate of 

approximately 75 breaths per minute and an inspiration pressure ranging from 9-15 Pa. 

The chest area was shaved and sterilized using 70% isopropyl alcohol and Betadine. 

Subcutaneous injections of lactated Ringers were applied to account for fluid loss during 

surgery. A left anterior thoracotomy was performed to expose the pericardium, which  



15 

 

 
 

 

was either torn longitudinally to reach the epicardium or fully removed. Abrasion of the 

epicardial surface was achieved with a variety of tools with the intent of provoking 

minor bleeds and surface clotting (Table 1.1). The chest was left exposed to room air 

for thirty minutes to simulate the operating room conditions and lengthiness of cardiac 

surgery. 200-400 µL total of AO-PEG and Ald-PEG was sprayed onto the exposed 

anterior face of the left and right ventricle in treated animals, and given between 0 to 15 

minutes of time to crosslink further before closing the chest. No intervention was 

provided to the untreated group. The muscle layers were closed with Vicryl 4-0 sutures 

(Ethicon, Somerville, New Jersey) and the chest cavity aspirated using a thoracostomy 

tube. The skin was closed by surgical staples. 100 µL 1% Lidocaine and 300 µL of 5 

mg/kg Buprenex were delivered subcutaneously for local anesthesia and pain 

management, respectively. The rats were then returned to wire cages and monitored 

post-operatively for at least five days. 

 

 

Abrasion Technique Description of method 

Swab Cotton swabs were used to abrade the heart three times for 

20 seconds, using a new swab at each new interval. 

Cytobrush A cytobrush was used to abrade the surface of the heart for 

up to sixty seconds, or until punctate bleeding was 

provoked. 

Pinch prick A pair of forceps with fine teeth were used to pinch and 

prick the surface of the heart for up to sixty seconds, or until 

punctate bleeding was provoked. 

Scalpel nick A disposable scalpel was used to create a 2-3 mm long, 

approximately 1/2 mm deep nick on the epicardial surface. 

Table 1.1. Surgical tools and the protocol used to generate abrasions. 
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Metrics 

The animals were sacrificed at time points ranging from 1 day post to 6 weeks 

after surgery and evaluated for adhesion formation or material retention. The animals 

were then sacrificed by a lethal dose of FatalPlus and the chest cavity entered by 

subxiphoidal incision. Pericardial adhesions were evaluated macroscopically and scored 

on a scale of 0-4 (Table 1.2). Two metrics were used to describe adhesion severity: 

average adhesion score and intensity score. Both values were functions of the adhesion 

score and area, with the heart split into 9 different regions (Figure 1.2). The adhesion 

score was averaged over the total region of the heart while the intensity score was 

calculated only over regions of adhesion formation. Material retention was evaluated as 

present or not present. After evaluation of adhesion formation or material retention, the 

heart was removed en bloc and flash frozen in OCT.  

 

 

Figure 1.2. Division of epicardial area for macroscopic adhesion. The region outlined in red is the 

location of the abrasion. 
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Statistical Analysis 

 Quantification of adhesion severity was expressed in mean ± standard deviation. 

As the data fell into a parametric distribution, a student t-test was performed in Prism 

using a confidence level of 95% and significance when p < .05.  

 

Results 

Pilot studies were conducted with a sample size of 3 animals per treated and 

control group, unless otherwise noted (Table 1.3). Three initial studies were performed 

with standardized surgical conditions while varying the tool of abrasion: a cotton swab, 

cytobrush, and forceps with teeth. While the adhesion scores were very similar due to 

the averaging system, the pinch-prick method generated the most severe adhesions, 

ranging from scores of 2-3 (p > .05). During these studies and subsequent pilot studies, 

no adhesions with a score of 4 were observed. In addition to severe adhesion formation, 

the pinch-prick method was the most consistent technique in generating local bleeding 

and was therefore chosen as the method to continue future pilot studies. One study was 

carried out to four weeks to determine if an increase in time resulted in more severe 

adhesion formation, as this phenomena was clinically noted in human patients, yet did  

Score Physiological condition 

0 No adhesion 

1 Mild and filmy; adhesion can be easily pulled apart 

2 Moderate adhesion; requires dissection with sharp tool 

3 Dense adhesion; requires careful dissection; little to no vascularization 

4 Dense adhesion; requires careful dissection; strong degree of vascularization 

Table 1.2. Grading scale of adhesion severity and explanation of physiological characteristics. 
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not result in more severe adhesions or new tissue growth. Before beginning the next 

studies, the subject gender was changed from female to male due to their much larger 

size, resulting in a wider exposure of the thoracic cavity. 

 While adhesion formation was relatively consistent and severe in the first pilot 

studies evaluating the material, the adhesion scores were comparable between the 

control and treated groups. To evaluate the effectiveness of the material, short-term 

retention and high material concentration studies were performed. During these studies, 

FD&C Blue No. 1 was added to the polymer solution to enhance visualization of 

material application. It was observed in the first treated subject that the 100 mg/mL 

material dissolved due to the exudate on the surface of the heart, despite air drying the 

epicardial surface with applied air. To counteract the exudate, the polymer concentration 

was increased by 25% and 50% from 100 mg/mL. Application of the 125 mg/mL 

polymers reduced the adhesion score from the control group in Pilot 4 by 58% (p = 

.053). While the animals treated with 150 mg/mL material also exhibited a slightly 

lower adhesion score in the treated group (p > .05), the material was stiff and lacked 

flexibility. The 125 mg/mL concentration was evaluated in 1 and 3-day retention 

studies, confirming that the gels were able to be retained for a minimum of 24 hours 

post-surgery. 

The 11th trial was intended as a full study (n = 8 per group), but poor material 

retention in the first subset of treated animals led to a halt of the study. In the first subset 

of animals harvested, several incidents were noted in which the material had fallen off 

the epicardium and became trapped in the loose pericardial tissue or encased by new 

tissue growth on the sternum (Figure 1.3). The method of abrasion was subsequently  
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altered to reduce blood coverage on the surface of the heart as it was suspected that the 

blood clot prevented the amine bonding to the surface of the heart or dislodged the 

material when the clot was resolved. Echocardiogram data at 24 hours post-surgery 

showed that fractional shortening decreased from baseline values by 14.0-42.9% in the 

treated group (n = 3). While the results were not significant between groups, the material 

volume was reduced to 200 uL for the next trial, aided by the modified 1-mL dual 

syringe wielder. 

Reducing the epicardial pinch-prick method to a localized yet more severe 

scalpel nick increased adhesion severity and consistency. While the mean adhesion 

score of .8 in the control group indicated wispy, mild adhesions overall, this averaged 

metric does not reflect the dense, thick adhesions consistently found at the region of 

abrasion (Figure 1.4). Treated groups at the reduced volume also demonstrated a 

significant reduction in adhesion scores when compared to the control group (p < .05). 

Two animals in this group were found to have portions of the gel adhered tightly to the 

sternum or trapped in the torn pericardium, which were reflected in the outlying 

Figure 1.3. Subject in which the hydrogel had become dislodged from the epicardium and trapped in 

the loose pericardium. 
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adhesion scores. Treated groups given 15 minutes extra to crosslink also exhibited 

further reduced adhesion intensity in comparison to the untreated group (p < .05), 

though the reduction difference between 0 and 15 minute groups was negligible (p > 

.05). The intensity scores of one reflected the unavoidable adhesion of the fatty 

pericardium only, which will be discussed in the following section.   

A significant observation noted during harvest was the consistent presence of a 

fatty pericardial adhesion at the apex of the heart, regardless of group allocation. For 

studies in which the pericardium was torn and left in the thoracic cavity, the fatty portion 

of the pericardium attached at the region labeled C2 (Figure 1.2, Figure 1.5) was 

consistently adherent to the sternum. As the apex of the heart was not exposed in the 

surgical field, the loosely hanging pericardial tissue was not coated by the hydrogel. As 

a result, animals in the treated group always scored above zero in adhesion severity and 

at least one in intensity due to this particular region. One pilot study was performed with 

the full removal of the pericardium to prevent this “baseline” adhesion from forming;  

Figure 1.4. Average adhesion and intensity scores at the time of harvest for the scalpel nick abrasion 

study. Treated group A was given 0 minutes of crosslinking time while Treated group B was given 15 

minutes.  
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however, it was noted that the lack of pericardium resulted in almost no adhesion 

formation in the untreated animals. The adhesions observed in the treated group were 

due to lack of material retention, as the dislodged hydrogels were found trapped to the  

sternum in new tissue growths. 

 

Discussion 

 In a survey of recent pericardial adhesion literature, the model of adhesion 

formation has tended toward large animal usage due to their more similar anatomical 

and physiological characteristics in relation to humans. Large animal models use 

significantly more resources to reach maturity and require the services of trained 

veterinary staff, while small animals breed and mature rapidly as well as require less 

resources, allowing researchers to perform small animal studies at a fraction of the cost 

of a large animal study (Traystman 2003). Rodent models in particular offer the benefit 

of genetic homogeneity which may reduce animal to animal variability in response to 

interventions. Due to their shorter, accelerated lifespans, small animal models are 

Figure 1.5. Example of the pericardial adhesions noticed in almost every subject. Though the fatty portion 

appears severe, these adhesions are easily pulled apart by tweezers at the thin, wispy regions. 
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typically performed with shorter study durations while the larger sample size allows 

multiple trials to be run simultaneously (Milani-Nejad 2014). It was therefore the aim 

of this study to develop a small animal model of pericardial adhesion formation based 

on the mechanisms and factors contributing to post-operative adhesion formation. 

 Based on the findings of these pilot studies, a reliable model of severe adhesion 

formation was developed in Sprague-Dawley rats. In this model, dense scar tissue was 

consistently formed over the region of abrasion and occasionally in adjacent regions. 

Several surgical and subject parameters were investigated, in which certain factors were 

observed to be critical to adhesion formation or less involved in the development. 

Variables of significance included the presence of autologous blood and the torn 

pericardium. In a study of pericardial adhesion formation, it was shown that fibrin 

deposition on the injured pericardium did not induce adhesion formation (Cliff 1973). 

It was postulated that the presence of blood products from fluids trapped in pericardial 

spaces during surgery were an important contributing factor to adhesion formation, 

which was reflected in the protocol of several later studies (Roberts, Vander Salm 1986, 

Bel 2012). Based on the literature review as well as clinical observations, local bleeding 

was provoked and allowed to clot in these studies, which may have aided in the dense 

adhesions noted in the latter studies. One disadvantage of this method is the potential 

impact on hydrogel-tissue retention, as the blood clot likely prevents epicardial amine 

residues from bonding to the aldehyde groups on the material. It is also possible that the 

clot will resolve itself or become dislodged from the surface of the heart, removing the 

material in the process. While in humans, a blood clot may be less than 1% of the cardiac 

surface area, the rodent heart is much smaller and is obstructed to a larger degree by the 
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presence of blood clots. With these considerations in mind, the surgical protocol was 

reduced from fully pricking the exposed epicardial surface to a localized, severe nick. 

In the study lacking the pericardium, almost no adhesions were found in the 

untreated group despite the increased study duration. In response to a pericardiotomy, 

the injured pericardium may release pericardial fluids, deposit fibrin, and detached 

pericardial mesothelial cells (PMC) (Roberts). In addition, the pericardial cavities may 

trap the blood products believed to induce adhesion formation. While the destination of 

the detached PMCs have not yet been elucidated, it is possible to infer from this study 

that these detached cells eventually infiltrate the thrombotic material and contribute to 

pericardial adhesion formation (Cannata 2013). The fluid exuded by the injured 

pericardium also affects the applied material concentration. As mentioned previously, 

the material at 100 mg/mL was diluted by the exudate present on the heart. After the 

heart was air dried, the surface of the heart was coated with fluids within three minutes. 

This problem may be counteracted by increasing material concentration, bearing the 

mechanical and biochemical characteristics in mind. 

 While pericardial adhesions have been clinically noted to worsen over time, a 

study conducted over twice the typical duration did not result in significantly stronger 

adhesions. The lack of severity over time may be attributed to the rapid recovery of 

rodents, which required more damaging methods of abrasion to achieve adhesion results 

similar to humans. During post-operative recovery, the rats were mobile within hours 

and expressed no obvious discomfort after 24 hours. Within one week, the rats exhibited 

pre-surgery behavior and exhibited no apparent signs of pain when standing or 

running—movements that would stretch the surgical site. In humans, cardiac surgery 
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recovery ranged from four to twelve weeks, depending on the invasiveness of the 

surgery. The rapid regenerative ability of rodents may prevent or reduce the severe 

depression of fibrinolytic activity observed in humans or restore normal activity at an 

earlier time point. 

 While gender has not been a factor associated with post-operative pericardial 

adhesion formation, the use of male rats versus female rats provided several benefits to 

the surgical procedure. With their larger size (300-350g versus 200-250g), the male rats 

had a wider surgical field that allowed for greater visibility of the epicardial surface for 

abrasion and material application. The thoracic cavity was also slightly larger in the 

male rats. As the delivery device was initially a 3 mL syringe, this allowed for greater 

flexibility in the amount of material that could be delivered without adversely affecting 

cardiac function. With the 3-D printing of the 1 mL syringe holder, this became less of 

an issue as the material volume could be reduced from 400 µL total to 100-200 µL total. 

With the reduction of material volume as well as reduction in blood coverage, the 

occurrence of material dislodgement in treated animals decreased. The occurrence of 

these events may be a limitation of the rodent model. Given that rats are quadrupeds, 

both gravity and the dynamic motion of the heart push the hydrogel towards the sternum. 

With a rodent heart rate of 250-493 beats per minute, the hydrogel is also subjected to 

significantly more movement that may dislodge the material (Milani-Nejad).  

Given the lack of small animal models for post-operative pericardial adhesion 

formation, it was the intent of these studies to develop a rodent-specific model. Surgical 

parameters, animal subjects, and material application characteristics were studied 

systematically to determine which variables provoked severe adhesion formation. The 
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consistency of this model in generating severe adhesions implies that these set of 

procedures have the potential to become a standard small animal model of post-

operative pericardial adhesion formation. Furthermore, a small scale pilot demonstrated 

a significant difference between the treated and untreated group. With an established 

model and positive material results, the next step was to evaluate the material fully in a 

large sample size.
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Chapter 2 

 

Examining the effect of the oxime-crosslinked hydrogel barrier on the prevention 

of pericardial adhesions 
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  Introduction 

While physical barrier devices have been extensively studied to reduce adhesion 

formation, only the film-based device REPEL-CV has been approved by the Food and 

Drug Administration (FDA) for post-operative pericardial adhesion prevention. Another 

film-based deviced approved for peritoneal adhesion prevention, Seprafilm, has been 

widely used clinically. Film-based devices, both FDA-approved and experimental, have 

had success in reducing sternal adhesion severity in animal and clinical trials; however, 

REPEL-CV failed to reduce dissection time significantly according to the Summary of 

Safety and Effectiveness (P07005). Moreover, clinicians have noted difficulties in 

applying the material as the films must be cut to shape and possibly sutured to cardiac 

tissue, and provide spotty coverage due to the complex geometry of the heart and 

surrounding blood vessels (Haensig 2011, Okuyama 1999). Application of Seprafilm 

requires multiple steps—the sheets are first cut into smaller pieces after approximating 

the size of the heart, and then hydrated in physiological solutions. Hydrated sheets were 

found to be difficult to handle due to their brittleness and had problems adhering to 

moist tissue (Suzuki 2011). The film is applied in multiple segments to the heart, 

including the bifurcated aortic root (Lefort 2015). In a large-scale clinical study of 

pericardial adhesion prevention using Seprafilm, 29.7% of cases found it only 

moderately easy to apply, while 5.1% experienced difficulties due to unintended 

adhesion and 1.4% required another package to apply (Walther 2005). Seprafilm was 

difficult to place in laparoscopic surgeries due to film breakage, which would limit its 

use in minimally invasive surgery (Suzuki). Film-based devices that require suturing to 

the pericardium, such as REPEL-CV and Cova™ CARD, must have the appropriate 
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mechanical properties to avoid tearing or causing cardiac tamponade. 

As pericardial adhesions can form on almost any surface in the thoracic cavity, 

a sprayable barrier provides improved coverage over irregular geometries and ease of 

application. Sprayable devices are not without their challenges—the material must gel 

almost instantaneously to avoid running off the surface of the heart and may be diluted 

by wound exudate and surgical fluids. PEG-based sealant CoSeal was able to reduce 

adhesion severity in pediatric patients. However, the material swelled to four times its 

original volume, causing cardiac tamponade in a small portion of treated patients 

(Napoleone 2009). SprayGel was successful in reducing adhesions in a canine model, 

but has yet to enter the market or publish clinically significant results after entering 

clinical trials in 1999 (Bennett 2003, Mettler 2004). 

The AO-PEG/Ald-PEG hydrogel used in this study exhibited several key 

characteristics of a barrier system (Grover 2015). Upon mixing, the polymer solutions 

crosslinked into a hydrogel via oxime bonding within 1-3 seconds, thus reducing the 

risk of runoff during application. Aldehyde functionalization theoretically enhances 

hydrogel bonding with amine residues on the epicardial surface, improving long-term 

material retention. Though aldehydes have been associated with toxicity, cell survival 

was comparable in gels formed with a 1:1 AO-PEG/Ald-PEG ratio to the PBS control, 

and only significantly affected when doped with a high concentration of 1:3 AO-

PEG/Ald-PEG gel elution product (Grover, O’Brien 2005). When cultured on the 

hydrogel for 24 hours, fluorescent-labelled cells covered less than 2% of the area in 

comparison to 30-40% of tissue culture plastic, as the cells were likely unable to adhere 

and spread. The in vitro swelling percentage of 125% suggests that the material is 
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unlikely to impair cardiac function when applied at the ideal thickness of one to three 

millimeters in human patients. Overall, bench top testing of mechanical characteristics, 

biocompatibility, and retention time demonstrated the materials’ potential for 

pericardial adhesion prevention.  

While preliminary studies suggested that this material is capable of reducing 

adhesion formation, it remained to be seen if the hydrogel would be able to consistently 

prevent or reduce pericardial adhesion formation. This study implemented the AO-

PEG/Ald-PEG hydrogel in a larger sample size and evaluated success based on two 

factors: reduction of adhesion severity and formation and absence of adverse effects due 

to hydrogel application. Based on the material’s performance in the pilot studies, the 

AO-PEG/ald-PEG hydrogel was expected to reduce adhesion severity while 

maintaining cardiac function and avoiding an inflammatory response. 

 

Materials and Methods 

Subjects 

This study was evaluated on 24 male Sprague-Dawley rats (Charles Rivers 

Laboratories Inc., San Diego, California) weighing approximately 300-350 grams. Due 

to their larger size and therefore wider range of surgical maneuverability, male rats were 

exclusively used for the pericardial adhesion model. All study procedures were 

approved by the University of California, San Diego Institutional Animal Care and Use 

Committee and performed in an American Association for Accreditation of Laboratory 

Animal Care (AAALAC) accredited facility. Animals were quarantined for at least 48 

hours after receipt and allowed free access to food and water before and after surgery. 
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Material and Application 

 8-arm aminooxy-poly(ethylene glycol) (AO-PEG) (PEG MW 10k) and 8-arm 

aldehyde-poly(ethylene glycol) (ald-PEG) (PEG MW 10k) were synthesized by a 

member of the Christman lab according to the protocol described in Chapter 1. The 

polymer solutions were prepared on the day of surgery with sterile water to achieve a 

concentration of 125 mg/mL. AO-PEG was mixed with water containing .025% w/v 

FD&C Blue No. 1 (Santa Cruz Biotechnology, Dallas, Texas) to enhance visibility of 

the gel during application. The solutions were individually loaded into 1 mL syringes 

and connected to a gas-assisted dual spray applicator tip and a 3-D printed dual syringe 

holder (Nordson Medical, Loveland, Colorado). 

 

Study Design 

The rats were randomly allocated into the control group (n = 12) and the treated 

group (n = 12). The animals were sedated using vaporized isoflurane and weighed. After 

complete sedation, the rats were connected to a small animal ventilator (Kent Scientific, 

Torrington, Connecticut) via endotracheal intubation with a respiration rate of 

approximately 75 breaths per minute and an inspiration pressure of 9-15 Pa. The chest 

area was shaved and sterilized using 70% isopropyl alcohol and Betadine. Subcutaneous 

injections of Lactated Ringer’s solution were applied to account for fluid loss during 

surgery. A left anterior thoracotomy was performed to reach the pericardium, which was 

then torn longitudinally. Using a sterile scalpel, the exposed epicardium was nicked by 

a sterile, disposable scalpel to provoke local bleeding and damage the epicardial surface. 

The chest was exposed to room air for thirty minutes to simulate the lengthiness of 
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cardiac surgery and conditions of the operating room. In the control group, 200 µL of 

sterile saline was instilled over the exposed epicardium. 200 µL of AO-PEG and Ald-

PEG (1:1) was sprayed on the epicardium of the treated animals (Figure 2.1). After 

application of material or saline, a wait time of 10 minutes was given to allow the 

material to crosslink and strengthen sufficiently before closing. The muscle layers were 

closed with Vicryl 4-0 sutures (Ethicon, Somerville, New Jersey) and the chest cavity 

aspirated using a thoracostomy tube. The skin was closed with surgical staples. 100 µl 

of 1% Lidocaine and 300 µl of 5 mg/kg Buprenex were delivered subcutaneously for 

local anesthesia and pain management, respectively. The rats were returned to wire 

cages and monitored post-operatively for at least five days. No animals died during this 

study.  

 

Metrics 

Cardiac Function 

At 24 hours post-surgery and the day prior to sacrificing the animals, a trained 

cardiac sonographer acquired m-mode echocardiograms and evaluated images on the 

short axis for left ventricular dimensions and fractional shortening.  

 

Systemic Inflammation 

On day 13, 200 µL of whole blood was collected from the lateral tail vein and 

immediately mixed well in EDTA microtubes (Becton Dickinson, Franklin Lakes, New 

Jersey). Samples were sent to a trained hematologist to assess complete blood count  
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(CBC), white blood cell (WBC) differential, and platelet count. On the day of harvest, 

the rats were fully sedated under isoflurane and underwent a subxiphoidal incision to 

expose the diaphragm. 1 mL of whole blood was drawn from the thoracic arteries into 

a syringe pre-loaded with buffered citrate and mixed with a microtube containing the 

citrate, maintaining a 9:1 ratio of whole blood to buffered citrate. This mixture was spun 

down at 2000 rcf for 15 minutes at 22 °C to collect the plasma and measure coagulation 

metrics: Prothrombin Time (PT) and Activated Partial Thombroplastin Time. 

 

Adhesion Severity 

The animals were sacrificed on day 14 and evaluated macroscopically for 

adhesion formation. After blood collection, the diaphragm was cut to expose the chest 

cavity. The average adhesion and intensity scores were evaluated independently by two 

blinded observers (see Chapter 1). After evaluation of adhesion formation, the heart was 

removed en bloc and flash frozen in OCT. Samples were placed on dry ice and then 

Figure 2.1. Example of a treated animal. The blue material is the AO-PEG/Ald-PEG hydrogel. 
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stored at -80 °C for future histopathological examination. 

 

Statistical Analysis 

 Quantification of adhesion severity, cardiac function, and hematology was 

expressed in mean ± standard deviation. Data on Prothrombin time (PT) and Activated 

Partial Thromboplastin Time (aPTT) was the average of assays performed in duplicate. 

For data falling into a parametric distribution, a student t-test was performed in Prism. 

For non-parametric data, a two-tailed Mann-Whitney test was performed. Statistical 

analyses was performed with a confidence level of 95% and significance when p < .05. 

 

Results 

Cardiac Function 

 To assess the occurrence of cardiac tamponade, parameters reflecting cardiac 

function were acquired from an echocardiogram performed on the short axis (Table 2.1). 

Fractional shortening (FS%), left ventricular internal diameter end systole (LVIDs) and 

diastole (LVIDd) were measures of cardiac contractility and in particular, left ventricle 

performance for the latter measurement. As the hydrogel is applied over the left 

ventricle, this metric is of noteworthy concern. As normal values of FS% are 28-44%, 

the application of the hydrogel did not impact cardiac function (Guenthard 1995). The   

  Control     Treated     

 LVIDd (mm) LVIDs (mm) FS (%) LVIDd (mm) LVIDs (mm) FS (%_ 

24 hours 7.2 ± .39 4.2 ± .22 41 ±1.4 7.3 ± .60 4.4 ± .41 41.6 ± 1.2 

2 weeks 8.1 ± .47 4.7 ± .31 42 ± 1.3 8.3 ± .41 4.8 ± .30 41.8 ± 1.0 

% change 10 ± 6.0 12 ± 10 2.6 ± 5.5 14 ± 8.0 8.0 ± 10 .75 ± .40 

Table 2.1. Echocardiogram data collected at 24-hours post and prior to harvest. The percent change 

is defined as the change from the 24-hour post reading. 
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average FS% and left ventricular dimensions were well within the normal ranges,  

differing by less than 1% between groups at both the 24-hour post and harvest time 

points. Between the two time points, in which the gel is expected to be partially or fully 

degraded by the time of harvest, the average FS% had percent changes of .89 ± 2.18 in  

the control and treated groups.  

 

Systemic Inflammation and Bloodwork 

 Blood collected at the time of harvest was analyzed to determine if the material 

elicited an inflammatory response. While the hematology analysis included a wide 

variety of blood factors, the cells of interest were those in which change was potentially 

associated with inflammation (Table 2.2). The white blood cell (WBC) count, indicating 

the presence of immune cells, included lymphocytes, monocytes, neutrophils, 

eosinophils, and basophils. The hematology and coagulation results showed minor 

variation between the two groups, indicating a low systemic inflammatory response to 

the material. The total WBC count as well as individual counts was slightly higher in 

the treated group, though platelet count was minimally higher in the control group (p > 

.05). PT and aPTT in both groups were similar to control values seen in another study 

(Zhu 2008). A rat strain from the same vendor exhibited similar hematology and  

 

 WBC# NE# MO# BA# PLT PT (s) aPTT (s) 

Control 12.15 ± 2.21 3.61 ± .72 .608 ± .16 0.003 ± .004 1114.7 ± 132.1 16.16 ± .39 12.48 ± 1.73 

Treated 13.66 ± 1.79 4.22 ± .94 .638 ± .13 .022 ± .038 1020.4 ± 80.61 15.9 ± .41 14.1 ± 1.41 

 Table 2.2. Bloodwork analysis to assess systemic inflammation. WBC, white blood cell; NE, 

neutrophil, MO, monocyte; BA, basophil; PLT, platelet; PT, prothrombin time; aPTT, activated 

partial thromboplastin time 
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coagulation values without any interventions performed (Lang 1993). Based on the 

insignificant differences between groups, the bloodwork indicates a lack of systemic 

inflammation due to material application at the time of harvest.  

 

Adhesion Severity 

 The mean adhesion and intensity score was .57 ± .54 and 1.42 ± .75, 

respectively, for the control group (Figure 2.2). The treated group exhibited similar 

levels of adhesion severity with adhesion and intensity scores of .64 ± .44 and 1.59 ± 

.55, respectively. These scores indicate adhesions ranging from mild and wispy to 

moderate adhesions, though several animals in both groups had dense, thick adhesions 

directly over the abraded region (Figure 2.3). In terms of the highest degree of adhesion 

severity observed in each animal, both the saline control and treated animals displayed 

similar distributions of mild and severe adhesions (Figure 2.4). Surgical site infection 

in the skin and muscle layer occurred in two subjects—one treated and one control— 

Figure 2.2. Average adhesion and intensity scores at the time of harvest for the large scale evaluation 

of the AO-PEG/Ald-PEG hydrogel barrier. 
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after removal of the surgical staples one week after the surgery. However, the adhesion 

and intensity scores between the affected and healthy animals showed no significant 

difference (p > .05). The affected animals only had adhesions of the fatty pericardium, 

which may be due to the post-operative recovery time before set in of the infection. 

Three animals experienced material dislodgement in the treated group. Portions of the 

hydrogel were either tightly bound to the sternum by the growth of new tissue or trapped 

in the portion of pericardial adhesion as previously discussed in Chapter 1. 

 

Discussion 

Despite the breadth of research in peritoneal and pericardial adhesion 

prevention, a consistent and satisfactory solution has yet to be found. Given that 

pericardial adhesions reduce surgical visibility and outcome in resternotomies, 

potentially impair cardiac function, and significantly drive up healthcare costs, it is 

Figure 2.3. Example of the dense adhesions seen in several subjects. This level of severity reflects a 

score of 3 as it is dense and hard to dissect, yet lacks significant vascularity. 
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imperative that a method of adhesion prevention or reduction is developed (Duncan 

1987, Dobell 1984, Jiamsripong 2010, Ray 1993). Building on the classical concept of 

adhesion formation, one strategy to prevent post-operative pericardial adhesion has been 

to protect the damaged epicardial and pericardial tissue from fibrin deposition and cell 

infiltration. While most barrier methods are film-based, sprayable materials offer 

improved coverage over the irregular geometries in the chest cavity and can be easily 

applied. Despite the benefits associated with a sprayable system, only CoSeal has been 

CE marked for approval in Europe. A poly(glycolic acid)-based sealant, DuraSeal 

(Covidien, Waltham, Masssachusetts), failed to reduce adhesion severity (Patila 2008). 

Guardix SG, a thermosensitive polymer that gels at physiological temperature, was 

explored as a physical barrier, but caused mild effusion in 50% of animal subjects 

Figure 2.4. The distribution of animals according to the highest degree of adhesion severity. Animals 

from the final pilot studies (A, B) and large scale study (FS) were compared to the saline control and 

untreated groups. Treated group A, B, and FS were given 0, 15, and 10 minutes of crosslinking time, 

respectively. 



39 

 

 
 

immediately after application (Hong 2011). Though the material reduced adhesion 

severity, no data was available on the gelation time—an important parameter for a 

topical hydrogel. The sprayable hyaluronan derivative Carbylan-SX appeared to have 

similar adhesion scores to the control group of which several animals exhibited the 

highest rating of adhesion severity (Connors 2007).  

PEG has been widely studied as a surface coating against cell adhesion in human 

implants, as the bio-inert material prevents non-specific protein adsorption (Michel 

2005). By functionalizing 8-arm PEG with two strongly reactive functional groups, 

aldehydes and aminooxy groups, the polymer system in this study crosslinks within 1-

3 seconds, allowing the material to be delivered as a dual-component spray. Possessing 

a low swelling ratio, the AO-PEG/Ald-PEG hydrogel did not alter cardiac function in 

the treated animals. Due to the small surgical field and inability to spray volumes less 

than 100 µL, the thickness of the applied hydrogel was approximately .5-1 mm. Given 

that this thickness did not impair cardiac function in a small animal model, the hydrogel 

would be unlikely to affect cardiac function in humans. However, one limitation of 

echocardiogram data is the sensitivity of quantification to measurement location as well 

as heart rate and loading conditions (Klein 1994, Kitzman 1991). As the animals are 

placed under isoflurane for echocardiogram collection, the heart rate of animals slows 

down over time, which has been shown to be correlated to cardiovascular parameters 

(Wu 2010). Fractional shortening, as a function of end-diastolic and end-systolic 

diameter, can be changed by moving closer to the apex or base of the heart. Due to the 

unrepaired pericardiotomy, the heart was noted to be angled upon harvest, potentially 

affecting the echocardiogram results. 
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While PEG has been extensively studied for its biocompatible properties, the 

addition of aminooxy- and aldehyde-functionalization posed a potential risk due to the 

latter’s known cytotoxicity. However, the hematology and coagulation metrics were 

similar between the control and treated groups. PT and aPTT have been known to 

increase after an inflammatory response due to the usage of clotting factors, therefore 

increasing the time required to form clots in the coagulation assay (Inoue 2006). The 

blood counts and coagulation metrics were found to be in the normal range of a healthy 

rat, indicating a low risk of systemic inflammation due to material application. Despite 

the expected degradation time of two to four weeks, upon harvest, no animal subjects 

had gel present on the hearts or in the thoracic cavity except in the case of material 

dislodgment. Future studies using this material should evaluate the route and time scale 

of excretion as the material was degraded sooner than expected, as the 3-day pilot study 

demonstrated. In in vitro studies, the 100 mg/mL formulation exhibited a 19.7% mass 

loss after 18 days (Grover). While the hydrogel degrades via hydrolysis, the movement 

of the hydrogel against the sternum may have contributed to physical fracturing. Rapid 

degradation may not pose a problem to adhesion prevention as long as the barrier 

remains during the first three days when fibrin deposition dominates the local 

environment (Pados 2013, Campeau 2001). However, depending on the excretion route, 

rapid hydrogel degradation risks causing blockages or tissue damage due to aldehyde 

cytotoxicity. In addition to characterization of degradation kinetics, the animals should 

be evaluated for hematology and coagulation metrics one day post-surgery determine 

the immediate systemic immune response to the surgery and material application while 

histopathological analysis should be performed to assess local inflammation. As these 
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metrics require significant amount of blood collection, this data was not collected in the 

present study due to the difficulties of collecting a large amount of blood while 

remaining a non-terminal and humane procedure. 

In a survey of pericardial adhesion prevention studies, no method has been able 

to entirely avert adhesion formation; instead, studies with positive results have resulted 

in reductions in adhesion severity. The AO-PEG/Ald-PEG hydrogel was similarly 

unable to prevent fully adhesions, though it was capable of reducing adhesions severity 

to mild and wispy tissue formations. Due to issues in material retention, the difference 

between the mean adhesion score between the control and treated groups was 

insignificant (p > .05). While dense adhesions were consistently observed in the 

untreated animals of the pilot studies and not seen in the treated group, the adhesion 

scores of the full study fell into a bimodal distribution, in which approximately half of 

the animals developed fatty pericardial adhesions only or formed severe adhesions. The 

mixed success seen in the control group may be due to the saline removing blood 

products from the epicardial surface and pericardial cavities. As mentioned in Chapter 

1, the presence of blood products was thought to be instrumental to adhesion formation. 

Alternatively, the saline may have lubricated the heart in a manner similar to pericardial 

fluid. In the pilot study, the epicardial surface was dried during the thirty minute 

exposure to room air and subsequent fifteen minute period allowed for material 

crosslinking. The desiccated epicardium may have been more prone to tissue damage 

without a fluid barrier between the heart and sternum. It is possible that the application 

of saline did not fully remove the clots or that the fluid was not sufficiently aspirated in 

certain animals, resulting in the severe adhesions seen in a subset of the animals. In the 
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treated group, two of the severe adhesions scores were a direct result of material 

dislodgment. Dense adhesions over the abrasion site were observed in two subjects, 

possibly due to insufficient material coating. When given extra time to crosslink, a 

minor portion of treated subjects developed significant volumes of exudate in that period 

of time, possibly due to pericardial injury or compensatory mechanisms working against 

tissue desiccation. This may have caused partial dissolution of the material. As the 

difference between the zero and fifteen minute crosslinking studies was insignificant, it 

is advised that future studies remove the extra time to prevent this occurrence. However, 

this may not present a problem in human patients as continual fluid drainage occurs 

during cardiac surgery. Though macroscopic evaluation was inconclusive, 

histopathological and immunohistochemical analysis is currently being performed to 

detect if the hydrogel is able to reduce the inflammatory reaction and macrophage 

infiltration in the abraded cardiac tissue.  

 In conclusion, while the AO-PEG/Ald-PEG hydrogel was able to reduce 

adhesion severity overall when compared to an untreated animal, the hydrogel 

performed similarly to a saline control. The occurrence and potential causes of material 

dislodgment in 25% of the treated animals implies that further work is needed to 

improve the model or material retention. These incidents may be reduced by changing 

the model to a slightly larger animal with slower heart rates and wider surgical fields, 

such as the rabbit. 
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Concluding Remarks 

 While post-operative pericardial adhesions are not univariate factors leading to 

patient mortality or other major cardiac conditions, their significant impact on 

resternotomy outcomes makes their prevention a worthwhile investigation. The 

prevalence of childhood and adult-onset congenital heart disease steadily increased 

from 1985 to 2000 while cardiovascular disease (CVD) has remained the number one 

cause of death worldwide (Marelli 2007, Kelly 2010). These statistics, along with the 

increasing life expectancy and generally high rates of obesity and CVD, are reflected in 

the increasing number of resternotomies performed (Morales 2008). During these 

reoperations, patients with pericardial adhesions require more time in surgery for 

adhesion dissection, risking fatal vascular injury in severe cases.  

Three primary strategies, based on Lehman and Boys “classical concept of 

adhesion formation,” have been utilized to prevent adhesion formation: surgical 

adjustments, pharmaceutical agents, and barrier devices. While technological 

advancement may replace traditional sternotomies with minimally invasive techniques, 

surgeons are likely to also use the latter two approaches to actively prevent adhesion 

formation. Due to the serious side effects of pharmaceuticals, synthetic and natural 

barrier devices have been the preferred clinical method of prevention. Most barrier 

devices, both experimental and approved, have shown success in lessening adhesion 

severity though they lack the ability to fully prevent tissue growth. In the United States, 

the only FDA-approved barrier devices—film-based REPEL-CV and Seprafilm—had 

have clinical success reducing adhesions, though their difficulty in handling and 

application in the operating room suggest that a better device is needed. In this respect, 
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sprayable barrier devices are the optimal choice as they offer full coverage over the 

complex geometry of the heart and surrounding organs and are much easier to apply. 

As minimally invasive cardiac surgeries become more common, sprayable materials can 

also be delivered through laparoscopic devices as minimally invasive abdominal 

surgeries were shown to be susceptible to adhesion formation, though with reduced 

incidence and severity (Depree 2003, Kavic 2002). 

In previous in vitro and ex vivo studies by the inventor of the material, the AO-

PEG/Ald-PEG hydrogel displayed the necessary characteristics of a barrier device. The 

purpose of this study was to evaluate this rapidly crosslinking, sprayable material in 

vivo for the prevention of pericardial adhesions. To do so, a small animal model of post-

operative adhesion formation was developed by systemically altering surgical and study 

parameters in Sprague Dawley rats. This model was successful in generating severe, 

consistent adhesions in the untreated state, and exhibited a significant difference 

between the treated and untreated groups during the final pilot studies (p < .05). During 

large scale implementation in a treated versus control (physiological saline) study, both 

the AO-PEG/Ald-PEG and saline-treated groups had insignificantly reduced average 

adhesion scores in comparison to the untreated state (p > .05). However, both groups 

had mixed individual results due to the material retention and the current model 

limitations. Blood analysis and echocardiogram data showed that the material 

application did not cause systemic inflammation or impair cardiac function, implying 

that the material may be appropriate for a barrier device. 

The relatively low adhesion scores observed in these studies, despite the 

presence of severe adhesion formation, is a limitation of the adhesion scoring system 
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used in this study. Instead of assessing this metric, the intensity score provides a more 

accurate reflection of adhesion severity, though the inevitable pericardial adhesion 

reduces the differences in the intensity means between groups. Two other metrics that 

may be more clinically relevant would be the distribution of animals by the highest 

severity adhesion noted in each subject, as seen in Figure 2.4, or by the area of adhesion 

coverage. The adhesion scoring system and grading scales vary from study to study, 

making it difficult to compare the efficacy of different materials due to the different 

methods of evaluation. The lack of consistency in adhesion grading prevents the 

comparison of adhesion development in these animal models to clinically observed 

results. While the grading scales between studies are described with similar 

physiological characteristics, the actual scoring is often interpreted differently by each 

grader as this method of evaluation is highly subjective. Certain studies assess adhesion 

coverage in addition to severity, while others assess the maximal severity among 

animals. The abraded regions may be compared to the undamaged tissue as the control, 

while many other studies compare treated animals to control animals. It is imperative 

that a standardized and universal method of adhesion scoring and data analysis that 

reflect clinical parameters is used so that these studies can provide accurate assessments 

of the adhesion prevention method. 

The mixed results seen in the large scale study suggest that revisions should be 

made to the model and potentially the material. One significant limitation of the small 

animal model was the rapid regeneration rates exhibited by the Sprague Dawley rat. 

While larger animal models, including rabbits, have seen success in using gauze to 

abrade the heart, the Sprague Dawley rats required more damaging abrasions to generate 
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results similar to those seen in humans (Okuyama 1999, Colak 2013, Hong 2011, 

Chorny 2006, Iliopoulos 2004). As discussed in Chapter 1, rodent healing properties 

may result in the key mechanism of adhesion formation, depression of fibrinolytic 

activity, occurring to a lesser degree in the rat model. As the regeneration of the 

mesothelial layer likely occurs faster, fibrinolytic activity will be restored sooner in this 

model. One way to assess this limitation is to quantify tissue plasminogen activator 

(tPA) and plasminogen activator (PAI). As the thoracic cavity does not contain fluids, 

the assay for tPA and PAI quantification must have high sensitivity as the measurements 

will be due to systemic changes rather than local fluctuations. Interestingly, a rodent 

study of peritoneal fluid after abdominal abrasion showed no correlation between 

surgical damage and tPA and PAI activity (Van Goor 1994).  

Another limitation of the small animal model was the small surgical field. With 

the female rats, the view of the epicardium was limited to a square less than one 

centimeter by one centimeter while the opening on the male rats was slightly larger. As 

mentioned in Chapter 1, the surgical exposure was limited to the anterior face of the 

ventricles—the apex of the heart and aortic root were unable to be treated with the 

material, leading to the ubiquitous fatty pericardial adhesions. The limited exposure also 

impacted material-tissue bonding, as there was a smaller surface area for the material 

application. In addition, the surgical retractors were often coated with material due to 

their close proximity to the treated region in the thoracotomy. When the retractors were 

removed, this movement and fluid aspiration may have contributed to the dislodgment 

of the hydrogel. With the left anterior descending artery and occasionally other vessels 

branching out in this small field, it was difficult to consistently nick the animals severely 
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and in the same location due to the risk of a catastrophic vascular event. Due to these 

problems as well as the dissimilarities in rat physiology and anatomy, pericardial 

adhesion formation may be better assessed in a slightly larger animal or by entering the 

thoracic cavity via sternotomy.  

Once a satisfactory small animal model of adhesion formation is developed, a 

study of the targeted populations should be conducted, as the current model of healthy, 

mature animals likely exhibit different responses to the surgery and material than 

subjects of different ages and health conditions. In a survey of a European database, the 

average age of patients undergoing cardiac surgery was found to be 62.5 ± 10.7 years 

old (Roques 1999). With the aging of the baby boomers, the average age has likely 

increased in the intervening years. While overall cardiac surgeries tend to occur in the 

aged population, resternotomies occur at a high rate in children due to the presence of 

congenital cardiac defects requiring multiple surgeries to correct. In a study of 

resternotomies at a children’s hospital, 35% of patients were 3-10 years old with the 

overall median at 3.6 years old (Morales 2008). It is estimated that 36,000 children are 

born with congenital heart defects (CHD) annually in the European Union with the 

prevalence of CHD increasing over time (Dolk 2011, Botto 2001). With the risk factor 

increasing for resternotomies in these two subpopulations, barriers against adhesion 

formation should be assessed in both aged and pediatric models of adhesion formation. 

However, due to the small size of rodents, it would be prudent to develop a pediatric 

model using larger animals. In addition to altering the subject’s age, the material 

performance should also be assessed in multiple resternotomies as adhesion severity 

and incidence tend to increase after the second resternotomy.  
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Successful development of this anti-adhesion barrier impacts not only cardiac 

surgery patients, but potentially those undergoing abdominal, pelvic, spinal and 

tendinous surgeries who are similarly prone to fibrous tissue formations. With its 

adjustable mechanical properties and amine tissue bonding, the AO-PEG/Ald-PEG 

hydrogel also has potential as a tissue sealant and hemostatic agent. While further 

evaluation of the material must be done in more human-like subjects, it is feasible that 

this materials-only device may be used to prevent pericardial adhesion formation in 

human patients in the future. 
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