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ABSTRACT 
A chitosan/dextran-based (CD) hydrogel has been developed as a post-surgical aid for 

endoscopic sinus surgery, and has been successful in preventing adhesion formation in 

human and animal trials. Interest in extending the use of this hydrogel for abdominal and 

spinal surgeries has prompted the necessity to formulate a gel with reduced cytotoxicity.  

 The CD hydrogel is formed by cross-linking between aldehyde groups present in dextran 

aldehyde (DA) and the amine groups on succinylated chitosan. The active component, DA, 

was formulated with a lower degree of oxidation (DA25) in anticipation of reduced 

cytotoxicity in order to comply with FDA standards prior to approval for use in vivo.  

DA100 (80% oxidised), and DA25 (25% oxidised) and the corresponding CD hydrogels 

(CD100 and CD25) were studied in four distinct phases. The first phase examined the 

antimicrobial activities of DA100, DA25, CD100 and CD25 in vitro against bacteria commonly 

causing post-operative abdominal infections. Broth micro-dilution test and time course 

growth experiments were performed. The reduction in oxidation of DA (from 80% to 25%) 

resulted in a decrease in antimicrobial efficacy in both the DA alone and CD hydrogel. Both 

formulations of DA were more effective against anaerobes than aerobic species. 

The second phase examined the mechanism of action of DA100 and CD100 against the 

anaerobic organism Bacteroides fragilis. Transmission electron microscopy revealed changes 

to the cell wall, i.e. cell wall rippling and disruption of cell septation following incubation of 

DA100 and CD100 at concentrations of 4 mg/mL and 20 mg/mL respectively.  

The third phase consisted of investigations into the chemical changes that occurred in the 

CD hydrogel over time. These studies were performed in order to determine the number of 

free aldehyde groups present. Gel proton nuclear magnetic resonance was performed and 

indicated a clear decrease in both the amine and aldehyde peaks as the gel components 

created cross-links; thereby, reducing the number of free aldehydes available for 

antimicrobial activity. Additionally resazurin reduction revealed that DA100 was more 

chemically active, possessing a greater number of free aldehyde groups than DA25, as 
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indicated by a rapid redox reaction with concentrations of DA100 as low as 10 mg/mL; 

whereas concentrations up to 70 mg/mL of DA25 did not result in any colour changes.  

Lastly, biocompatibility assessments were also performed in order to compare and 

determine the suitability of the new formulation of DA (DA25) for future use in vivo. The 

following aspects were taken into account: the level of cytotoxicity in vitro of CD100 and 

CD25 when co-incubated with human dermal fibroblasts; the effect on cell migration and 

proliferation in in vitro wound healing assays; and the uptake of the CD hydrogel into dermal 

fibroblasts over time.  

To reduce possible issues with regulatory approval regarding cytotoxicity for use in vivo, 

surgical concentrations of the CD hydrogel for endoscopic sinus surgery (40 mg/mL (5% SC + 

3% DA)) were reduced to 25 mg/mL (4% SC + 1% DA). Both proposed surgical concentrations 

of the CD hydrogel (25 mg/mL and 40 mg/mL) were tested in the biocompatibility studies. 

In vitro indirect and direct contact cytotoxicity assays revealed that CD100 demonstrated a 

greater level of cytotoxicity than CD25 at both 40 mg/mL and 25 mg/mL.  The effect of 

CD100 and CD25 hydrogel on the wound healing process with human dermal fibroblasts was 

evaluated using two techniques, scratch assay method and the IBIDI culture insert method. 

The rate of wound closure was unaffected for cells treated with CD25 at both surgical 

concentrations. However, cells treated with CD100 at 40 mg/mL and 25 mg/mL displayed 

impaired cell migration and delayed wound closure with the scratch assay. Additionally, 

fibroblast cells displayed inhibited proliferation and cell migration with no wound closure 

following treatment with CD100 at either surgical concentration in the IBIDI cell culture 

insert system. The inhibition of fibroblast proliferation and migration may prevent an over-

zealous tissue healing response, which would be advantageous following surgery, given that 

this typically results in adhesion formation. 

Taken together, the results of antimicrobial, biocompatibility, and chemical analytical 

studies indicate that the number of free aldehyde groups impact the antimicrobial and 

wound healing efficacy of the CD hydrogel. Ideally, a formulation of DA created with a 

moderate level of oxidation of approximately 40-60%, would create a CD hydrogel that 

reaps the benefits of being biocompatible, haemostatic, and antimicrobial in addition to 

preventing the formation of adhesions. 
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1 

1.1 INTRODUCTION 

Surgery is a procedure that causes a great deal of trauma to surrounding tissues, exposing 

subcutaneous tissue that is normally sterile and protected by skin from the exogenous 

environment. Modern medical practices strive to reduce the risks of post-operative 

complications such as infection, bleeding and adhesion formation. The fundamental 

principles to reduce the incidence of infection are source control and antimicrobial therapy. 

Surgical adhesions pose a significant clinical problem in addition to being a financial burden 

to the health sector [2]. Current therapies to reduce the incidence of adhesions utilise 

barriers [3, 4] and pharmaceutical interventions [5]. To address and overcome these 

potential problems, numerous studies have been conducted to improve surgical outcomes, 

including the development of “smart polymers” such as the chitosan/dextran (CD)-based 

hydrogel. These smart hydrogels have been of increasing interest in the field of biomedicine, 

due to their potential as barriers to prevent post-operative adhesions [6, 7] and their 

potential as a drug delivery system.  

1.2 INFECTIONS 

Surgical site infections (SSI) are the most common type of infection observed post-

operatively and are often caused by micro-organisms of the patients endogenous microflora 

[8, 9]. The most prevalent organisms isolated from SSIs are Staphylococcus aureus, 

coagulase-negative staphylococci, Enterococcus spp. and Escherichia coli [8].  SSIs develop 

when the host immune defence is unable to clear the contaminating pathogen. In addition 

to the patient’s microflora, pathogens may originate from exogenous sources, such as the 

surgical team, the operating theatre environment and surgical equipment. SSIs impose a 

financial and clinical burden, and patients with SSIs are more likely to require readmission 

and are at higher risk of morbidity and mortality [10]. In order to reduce the incidence of 

SSI’s, clinicians employ the standard practice of source control. Source control is defined by 

Schein as “all physical measures undertaken to eliminate a source of infection, control 

ongoing contamination and restore premorbid anatomy and function” [11].  Measures 

include (but are not limited to): drainage of abscesses; debridement of non-viable or 

infected tissue; and antimicrobial therapy. Antimicrobial therapy is normally in addition to 
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the use of appropriate source control in the prevention and/or treatment of infections [11].  

The use of antibiotics is typically for treatment of an infection. However, over half the 

antibiotics prescribed are for prophylaxis in surgery [12]. In the cases where the microbial 

load is very high, i.e. gastrointestinal surgery, antibiotic prophylaxis is a routine procedure; 

where reducing the probability of infection is perceived to greatly outweigh the risk of 

excessive antibiotic use [13].  Broad spectrum antibiotic use adversely affects the normal 

microflora, predisposing the patient to Clostridium difficile colitis and selecting for resistant 

bacterial strains, such as methicillin-resistant S. aureus (MRSA), vancomycin-resistant 

Enterococcus faecium (VRE) and fluoroquinolone-resistant Pseudomonas aeruginosa [14].   

The increasing incidence of antibiotic-resistant organisms has become a growing concern 

and has led physicians to question the use of certain antimicrobials. Rice [15] reported these 

resistant organisms as “ESKAPE” pathogens (E. faecium, S. aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, P. aeruginosa and Enterobacter species) to emphasise the fact 

that these organisms currently cause a majority of infections in US hospitals and evade the 

effects of antimicrobials. The other growing concern for clinicians is the absence of new 

antibacterial agents being approved for use quickly enough to address the issue of these 

resistant organisms [15, 16]. This has focussed scientific attention on producing alternative 

antimicrobial compounds [17, 18] such as antimicrobial polymers [19, 20]. These polymers 

are also known as polymeric biocides that have the ability to inhibit or kill microorganisms. 

For these polymers to be commercially viable they would need to be cost effective, non-

toxic, easily produced, biodegradable and provide effective antibacterial activity long after 

application. In 1984, Ikeda and Yamaguichi describe bactericidal efficacy of a synthetic 

polymeric biocide composed of acrylate monomers with pendant bi-guanide groups [21]. 

More recently, antimicrobial polymers have been incorporated into bandages [22],  as 

coatings for medical devices [23] and as matrices for regenerative medicine [24].  

1.2.1 CONTROL OF BLEEDING 

Haemostasis is of critical importance in all surgical procedures. It is a complex process that 

requires precise co-ordination for the activation of platelets and plasma clotting factors to 

form a fibrin clot [25]. The physiology of haemostasis is well understood and many topical 

haemostatic agents are used in a variety of surgical settings that take advantage of a wide 

range of mechanisms for haemostasis. The current haemostatic agents in use include but 
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are not limited to; fibrin sealants, gelatine-based haemostatic agents, cyanoacrylate 

adhesives and oxidised regenerated cellulose [26].  

Necrotic tissue and blood provide an exceptional environment for microbial growth, 

separated away from circulating phagocytes and antibiotics present in vascularised tissues. 

Goulis’ study described the increased risk of bacterial infection with the failure to control 

bleeding in cirrhotic patients [27].  Studies have also demonstrated that a combination of 

blood products and serosal injury in the peritoneum enhance the formation of peritoneal 

adhesions [28] presumably by creating or contributing to the formation of  fibrin bridges. 

Some studies have implicated the presence of intraperitoneal bleeding in the absence of 

peritoneal injury was able to elicit the formation of adhesion formation [29].  

1.3 ADHESIONS  

Post-operative adhesions represent a serious clinical problem. Adhesion formation is an 

almost inevitable consequence of abdominal surgery, with the incidence of adhesions 

reported to be as high as 95% [30]. Adhesion-related complications include small bowel 

obstruction, infertility and severe abdominal pain. Regardless of the type of surgery 

performed, post-operative adhesions are responsible for most of the morbidity and 

mortality following surgery [31]. 

Adhesions are bands of scar-like tissue that form between two surfaces inside the body, 

typically organs and the peritoneum, causing them to stick together. Adhesions form when 

there is damage to the peritoneal mesothelium by means of operative injury, promoting an 

acute inflammatory response. The processes that occur after peritoneal injury result in 

either normal tissue repair or the formation of adhesion [32]. Cells that are responsible for 

this outcome secrete molecules locally that regulate fibrinolysis activity, tissue remodelling, 

in addition to the synthesis and deposition of extracellular matrix (ECM), which is key to the 

development of adhesions [33].  

While many approaches have been studied to reduce the formation of adhesions by means 

of administration of barriers, pharmacological agents or a combination of the two, no single 

approach has been wholly satisfactory [34]. Research has shown that pharmacological 

agents have limited effectiveness and are only capable of mediating the inflammatory 
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response [35]. However to date, mechanical barrier techniques have be touted to be the 

most effective of the current therapies [36].  

1.4 HYDROGELS 

Since the development of the original hydrogel by Wichterle and Lim in 1960, hydrogels 

have been of great interest to biomaterial scientists; due to their hydrophilic character and 

their biocompatibility [37-41]. Hydrogels are a network of cross-linked hydrophilic polymers 

that are swollen by water or biological fluid. The hydrophilic nature of the polymer network 

make the hydrogels highly absorbent, capable of absorbing 30% or more of their dry weight 

in water [42].  Hydrogels can be synthesised from either natural or synthetic polymers. The 

advantages of using naturally occurring polymers are their low toxicity and that they are 

biodegraded into harmless substances. To form a hydrogel, the polymer chains need to form 

crosslinks either chemically or physically. The method of crosslink formation dictates the 

mechanical strength, the permeability of the hydrogel and the rate of degradation[43, 44].  

1.4.1 HYDROGELS FOR SURGICAL APPLICATION 

The FDA defines a hydrogel wound dressing as “a sterile or non-sterile device that is 

intended to cover a wound, absorb wound exudate, control bleeding or fluid loss, and to 

protect against abrasion, friction, desiccation and contamination [45]”. Before any medical 

device (hydrogel or wound dressing) is permitted for use in vivo its safety must be 

demonstrate its safety by satisfying a number of biocompatibility tests; it must demonstrate 

values of low cytotoxicity, non-mutagenicity and be non-inflammatory. There is an extensive 

range of research utilizing hydrogels in surgery as post-operative aids [46-49]. The majority 

of hydrogels marketed for medical application are targeted at addressing adhesion 

formation. Gel materials and the products currently available for adhesion prevention 

include hyaluronic acid (Sepragel) [50] and block polymers of poly-ethylene-glycol (FocalGel) 

[7].  In the present study, modified CD hydrogels were examined, to verify the suitability of 

the modified active component, dextran aldehyde, for in vivo use in abdominal surgery and 

to assess its antimicrobial efficacy against bacteria commonly isolated from surgical site 

infections. 
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1.5 CHITIN AND CHITOSAN  

Chitosan is prepared by deacetylation of chitin, a polymer that is found in a larger number 

of natural sources such as the exoskeletons of crustaceans and insects. It is a linear 

polysaccharide consisting of (1, 4)-linked 2 amino-deoxy-β-D-glucan. It is the second most 

abundant polysaccharide in nature after cellulose.  Chitosan and chitin have been of 

commercial interest because of their unique multifaceted properties.  Chitosan has been 

well characterised as a non-toxic, biocompatible, biodegradable product with haemostatic 

and antimicrobial activity. It is currently widely used in drug delivery, food additives, and 

tissue engineering [38].  

The chemical characteristics of chitosan can be altered depending on its application, by 

modifying the degree of acetylation and the molecular weight [51]. There have been 

extensive studies on chitosan’s bactericidal and bacteriostatic activity, it has been  shown to 

be effective against the growth of a wide variety of bacteria, such as E. coli and S. aureus 

[51].  

Succinylated chitosan (SC) is a derivative of chitosan, produced by the introduction of 

succinyl groups on the N-terminus of chitosan’s glucosamine units using succinic anhydride 

as shown in Figure 1.  This form of chitosan can be dissolved at a neutral pH under aqueous 

conditions, unlike ordinary chitosan, which can only be dissolved under acidic conditions. 

Unfortunately, this derivative loses chitosan’s antibacterial activity [52]. It is proposed that 

this is due to the loss of chitosan’s usually positive charge, as succinyl chitosan is negatively 

charged.  This loss of antimicrobial activity in the succinyl chitosan has been demonstrated 

in previous work [53]. However, succinyl chitosan retains its haemostatic properties and is 

non-toxic and biocompatible [53].  



21 
 

 

Figure 1.  Synthesis of chitosan to succinylated chitosan by succinylation with succinic 

anhydride and strong base treatment (adapted from Liu et al [54]). 

1.6 DEXTRAN  

Dextran is a complex branched polysaccharide composed of chains of glucose molecules 

with molecular weight ≥1000 daltons. It has a linear backbone of α-linked D-glucopyranosyl 

repeating units with different proportions of linkages and branches. The branched bonds are 

represented as α-(1� 2), α-(1�3), α-(1�4) linkages. This polymer can be synthesised from 

sucrose by various bacterial species, in particular mostly Gram positive, facultative 

anaerobic cocci (i.e. Leuconostoc and Streptococcus strains) [55].  The availability of dextran 

at different molecular weights, its solubility in polar solvents enabling chemical 

modification, and its biocompatibility make it an attractive material for designing functional 

polymers. Dextran has been used extensively in the medical field as a blood plasma volume 

expander [56] and anti-coagulant [57].  Dextran aldehyde (DA) is produced by oxidation with 

periodate, modulating dextran’s hydroxyl groups as shown in Figure 2. Oxidation of these 

groups introduces aldehyde groups into the polymer, enabling dextran to serve as a 

macromolecular cross-linker for polymers with amino groups. These reactions with the 

aldehyde groups and the amino groups are the basis for the formation of a hydrogel 

through imine bonds [58]. Studies performed at the University of Otago, using a CD 

hydrogel, have demonstrated that the DA confers antimicrobial activity, through its 

extremely reactive action towards amine groups [52]. 
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Figure 2. Schematic of the synthesis of dextran to dextran aldehyde by oxidation with 

periodate (adapted from Liu et al [54]) 

1.7 CHITOSAN/ DEXTRAN ALDEHYDE HYDROGEL. 

A novel CD hydrogel developed at the University of Otago for the prevention of adhesion 

formation following endoscopic sinus surgery (ESS) has been tested successfully in animal 

and human trials [59, 60].  This hydrogel is formed by the reaction of an amine-

functionalised SC and the oxidised DA via imine (or Schiff base) bonds, as shown in Figure 3.  

Initially sheep were used as the animal model for endoscopic sinus surgery; the sheep nasal 

cavity is similar in appearance to humans. Sheep heads are widely used as a  training model 

for endoscopic sinus surgery (ESS) [61]. Athanasiadis’ study [62] showed the greatly 

beneficial impact the CD hydrogel had on the prevention of postoperative adhesion 

formation in sheep with chronic sinusitis. The results of the microscopic wound healing 

parameters showed substantial improvement in wound re-epithelisation, cilial maturity and 

cilial beat frequency. In addition to demonstrating strong anti-adhesion properties and 

potentially inhibiting fibroblast migration, proliferation and collagen deposition occurred 

without compromising epithelial cell health [62].  
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Figure 3. Hydrogel network formation by imine bonding between free amines on SC and 

aldehydes groups on DA. Figure adapted from Aziz [53] 

 

Human trials of the CD hydrogel for ESS demonstrated exceedingly good haemostatic 

properties, achieving complete haemostasis within 6 minutes of application [63]. Similarly, 

the CD hydrogel demonstrated effective anti-adhesive properties with no adverse effects on 

normal wound healing.  

More recent studies investigated the efficacy of the CD hydrogel for intra-abdominal 

adhesions. Using an in vivo rat-model, the CD hydrogel was tested as a surgical aid, 

demonstrated effective anti-adhesion properties [64]. The hydrogel was also tested in a 

porcine hemicolectomy model, with similar results [65]. In both studies, the hydrogel 

demonstrated no adverse outcomes.  

However, for any medical device to obtain regulatory approval, it must demonstrate low 

cytotoxicity. In response to this requirement, modifications were made to the hydrogel; the 

concentration of DA was reduced to 3% from the 5% used for ESS. Concerns were raised 

regarding residual iodine levels in the dextran aldehyde that posed a risk of cytotoxicity, 

Imine bond 

CD hydrogel 
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thereby making the CD hydrogel unable to meet regulatory standards. Some early batches 

were reported to have levels of iodine as high as 300 ppm. However, levels of iodine were 

typically reported as 100-120 ppm [53]. In order to resolve this issue, the DA was subject to 

extra dialysis to remove the residual iodine.  

The most recent studies with the CD hydrogel has demonstrated exceedingly good   

biocompatibility and antimicrobial efficacy, using similar techniques as those used in this 

present study [53].  Aziz’s study investigated the cellular interactions of the CD hydrogel in 

vitro [53].  

Early work in Aziz’s study addresses the CD hydrogel and DA’s antimicrobial activity and 

mechanism of action. The DA and SC tested were synthesised at the University of Otago, 

Department of Chemistry, were not dialysed. These experiments were performed to 

evaluate the potential antimicrobial properties of DA, SC and CD hydrogel at varied 

concentrations against microbes of interest. This work tested the efficacy of the CD hydrogel 

at concentrations ranging from 50 mg/mL (5% SC + 5% DA) to 0.125 mg/mL (0.25% SC + 

0.25% DA) and at this stage did not include the proposed surgical concentration for ESS, 

which was 40 mg/mL  (5% SC + 3% DA).  

Subsequent studies performed after 2011, used DA and SC manufactured by New Zealand 

Pharmaceuticals (NZP, Palmerston North, NZ) under GMP conditions. The DA manufactured 

by NZP were subjected to extra-dialysis and were prepared for use suitable for human trials.  

The later studies tested DA and CD hydrogel for their biocompatibility with in vitro studies 

[53].  

In the present study two formulations of DA that were assessed.  Both formulations were 

manufactured and purchased from NZP, and treated with extra dialysis to remove residual 

iodine. The first formulation, dextran aldehyde 100 (DA100), was characterised to have an 

oxidation level of approximately 80%.  The second formulation dextran aldehyde 25 (DA25), 

was developed with an oxidation level of approximately 25% to further reduce cytotoxicity. 

The degree of oxidation of the DA’s were determined by microanalyses performed by the 

Campbell Microanalytical Laboratory, University of Otago. The degree of oxidation was 

primarily determined by titration [66]. It is important to note that with an increased level of 
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oxidation, the greater the number of aldehyde groups attached to the polymer of interest, 

resulting in a greater number of free aldehyde groups available for activity.  

Various concentrations of CD hydrogel were also proposed for use in abdominal and spinal 

surgeries. As a medical device intended for use in vivo, a lower concentration of CD hydrogel 

was proposed, in hopes of further reducing the level of cytotoxicity. 

Previous concentrations proposed for ESS, used CD hydrogel at 40 mg/mL, comprised of 5% 

SC and 3% DA. The concentration of CD hydrogel proposed for abdominal and spinal surgery 

is 25 mg/mL, comprised of 4% SC and 1% DA. Ideally, the intended CD hydrogel for 

abdominal and spinal surgery would be comprised of 4% SC and 1% DA25 in order to 

decrease cytotoxicity and produce a softer gel for internal application.   

1.8 AIMS AND OBJECTIVES 

A great deal of work has been directed towards the prevention of postoperative adhesions. 

A novel CD based hydrogel has been developed at Otago University that is formed by the 

reaction between aldehyde groups present on DA and amine groups present in SC via Schiff-

base formation. The purpose of this work was to determine the importance of free aldehyde 

groups in the efficacy of a chitosan/ dextran based hydrogel surgical hydrogel. Efficacy of 

the postoperative surgical aid was determined by the hydrogel’s biocompatibility and 

antimicrobial activity. Two formulations of DA were tested, DA25 and DA100, with different 

levels of oxidation and subsequently different levels of free aldehyde groups. The DAs were 

also tested as a prepared hydrogel when mixed 1:1 with SC, CD25 and CD100.  

To determine efficacy of the CD hydrogels for use as a postoperative surgical aid, potential 

cytotoxicity and biocompatibility was investigated using human dermal fibroblasts. In 

addition, the antimicrobial activity of DA25, CD25, DA100 and CD100 were investigated 

against clinically relevant bacteria.  

Chemical and physical analysis of the two CD hydrogels was performed to elucidate the 

differences between the gels at a molecular level. These assessments were performed in 

hopes of gain a better understanding of the CD hydrogel’s effectiveness and degradative 

profile.   
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1.8.1 OBJECTIVES 

The objectives of this study are as follows: 

I. Investigate in vitro the antimicrobial effectiveness of CD100, CD25 and their active 

components, DA25 and DA100, on clinically relevant organisms prevalent in post-

operative infections.  

II. Determine the mechanism of action of CD hydrogel on clinically relevant anaerobic 

microbe, B. fragilis,  by transmission electron microscopy 

III. Investigate the differences in chemical and physical characteristics of CD100 and CD25. 

a. Investigate the chemical changes between CD25 and CD100 using 1H NMR 

spectroscopy. 

b. Visually quantify the level of oxidation between DA25 and DA100 chemically 

utilising a modified resazurin reduction assay. 

c. Determine the degradative profiles of CD25 and CD100 using an agar-plate 

chemotaxis assay with the motile organism E. coli. 

IV. Assesses in vitro the biocompatibility of CD100 and CD25. 

a. Determine potential cytotoxicity against human dermal fibroblasts (HDFa) using 

direct contact and indirect contact assays using the proposed surgical 

concentrations for ESS (40 mg/mL) and abdominal and spinal surgery (25 

mg/mL). 

V. Investigate the degradative fate of CD hydrogel in vitro using Lucifer yellow tagged 

DA100 with dermal fibroblasts. 

a. Optimise Lucifer yellow endogenous uptake in dermal fibroblasts as a positive 

control. 

VI. Examine the impact of CD hydrogel on the wound healing process and adhesion 

formation using the in vitro tissue culture models (scratch assay and IBIDI culture 

system) with human dermal fibroblast primary cell line.  

It is hoped that this work will demonstrate the importance of free aldehyde groups in the 

efficacy of the CD based hydrogel as a postoperative surgical aid to prevent adhesion 

formation.  
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2 

 ANTIMICROBIAL EFFECTIVENESS OF A CHITOSAN/ 

DEXTRAN BASED HYDROGEL 
 

2.1 INTRODUCTION 

Postoperative infections continue to be a challenging problem for clinicians, made no easier 

with the rising prevalence of antibiotic-resistant organisms. In response to this looming 

threat, clinicians are turning to developing antimicrobial polymers.  This chapter investigates 

the antimicrobial efficacy of the various formulations of CD hydrogel, CD25 and CD100, and 

its active component dextran aldehyde (DA) DA25 and DA100 against microorganisms 

commonly isolated from postoperative infections and against H. pylori.  

Previous work assessing antimicrobial activity was performed using DA105, a formulation of 

dextran synthesised “in house” with a higher content of iodine, a chemical with defined 

antimicrobial activity [53].  The DA used in the present study was manufactured by NZP. 

DA100 underwent extra dialysis resulting in a lowered concentration of iodine. DA25 was 

formulated with a lower level of oxidation.  The modifications to the DA tested in this 

project were made with the expectation of reduced cytotoxicity, as DA105 has previously 

demonstrated some cytotoxic activity [53]. A reduction in cytotoxicity will make CD hydrogel 

more suitable for in vivo implantation for abdominal and spinal surgeries and assist in 

gaining regulatory approval for its use.  

2.1.1 INTRA-ABDOMINAL INFECTIONS 

Intra-abdominal infections are generally a result of the invasion and multiplication of enteric 

bacteria in hollow viscera. These infections compromise a heterogeneous group of diseases 

ranging from somewhat benign acute appendicitis to more serious conditions such as 

pancreatic necrosis and diffuse peritonitis, which are associated with considerable morbidity 

and mortality [67]. Most intra-abdominal infections treated by surgeons involve peritonitis 

or intra-abdominal abscesses. Peritonitis is divided into three classifications; primary, 
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secondary and tertiary. The class that the present study relates to is secondary peritonitis, 

where the infection arises due to a microscopic or macroscopic perforation of the 

gastrointestinal tract from either direct trauma or gastrointestinal surgery.  

2.1.1.1 MICROBIOLOGY OF INTRA-ABDOMINAL INFECTIONS 

The gastrointestinal tract of a normal healthy individual harbours a diverse range of 

indigenous microflora that exist as commensal organisms, whose composition remains fairly 

stable over the lifetime of the individual. This microflora plays a critical role in the 

maintenance of normal metabolic and immunological function [68] in addition to controlling 

the over growth of opportunistic pathogens [69].  

However, it is the resident microflora of the gastrointestinal system that are typically the 

cause of intra-abdominal infections [67]. The causative pathogens isolated from surgical site 

infections are dependent on the type of surgery and the location of the surgical site.  Most 

intra-abdominal infections result from perforations of the gastrointestinal tract from events 

such as gastrointestinal surgery or direct trauma and are polymicrobial [70]. Collections of 

blood or bile within the peritoneal cavity can support the proliferation of bacteria at the 

time of surgery and are known to be the primary predisposing factor in post-operative 

abscesses [71] .  

The predominant pathogens in intra-abdominal infections are enteric Gram negative bacilli, 

Gram positive cocci and anaerobic microorganisms [72].  Escherichia coli is the most 

common organism isolated from intra-abdominal infections; approximately 50% or greater 

of patients are infected with this organism [73].  Obligate anaerobes are important in intra-

abdominal infections despite their low recovery rate in clinical laboratories. Bacteroides 

fragilis is likely to be present in one third to a half of all infections and has been shown to be 

the causative agent in abscess formation [74]. Other anaerobic microbes that contribute to 

infection include Peptostreptococcus, Peptococcus, Fusobacterium and Clostridium [71, 75].  

2.1.2 SPINAL SURGERY COMPLICATIONS 

Surgical site infections following spinal surgeries are not uncommon, cause major morbidity,  

may be associated with serious and prolonged sequelae in addition to increasing financial 

burden on the health sector [76].  As previously mentioned in section 1.2, the microbiology 

of surgical site infections often reflect the patient’s endogenous microflora.  
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2.1.3 MICRO-ORGANISMS USED IN THE STUDY  

The species used in this study were: Escherichia coli, Staphylococcus aureus, Enterococcus 

faecalis, Peptostreptococcus anaerobius, Bacteroides fragilis, Clostridium perfringens and 

Helicobacter pylori. All of these micro-organisms have been found to be clinically relevant in 

post-operative, nosocomial and intra-abdominal infections [77, 78].  

E. coli is a Gram negative, rod-shaped, facultative anaerobic bacterium that typically inhabits 

the intestine. In some instances consumption of particular types of this microbe in 

contaminated milk, water, and food can cause gastrointestinal illness [79]. Some strains, 

under certain conditions, cause infections in wounds, the urinary and biliary tracts. As 

previously mentioned, E. coli is the most common organism isolated from patients with 

intra-abdominal infections [78].   

S. aureus is a Gram positive coccus, facultative anaerobe that is a normal inhabitant of the 

skin and mucosal membrane of the nasopharynx in healthy humans. The carriage rate of S. 

aureus in healthy humans is approximately 30%, as it colonises human hosts 

asymptomatically. It is one of the most commonly isolated organisms in surgical site 

infections and is one of five organisms consistently responsible for nosocomial infections 

[77]. Aside from its prevalence in many infections, S. aureus is of increasing clinical 

relevance due to the development of beta-lactam resistant strains classified as methicillin 

resistant S. aureus (MRSA) [80].   

E. faecalis is a Gram positive coccus that is a facultative anaerobe.  In humans it inhabits the 

large bowel and typically colonises mucosal surfaces of the host as a natural habitant of the 

intestinal microflora. It is an opportunistic pathogen that is a major causative agent in 

urinary tract infections, bacteraemia and infective endocarditis [81]. Enterococci have 

emerged as a leading cause of nosocomial infections and have been of increasing concern, 

due the increased incidence of antibiotic-resistant strains, in particular those strains that are 

vancomycin resistant [15].  

P. anaerobius is Gram positive anaerobe that is part of the normal human gastrointestinal 

microflora.  It has been implicated to be the causative agent in several types of infections, 

including endocarditis and infections of the gastrointestinal tract. Furthermore, it is often 



30 
 

involved in polymicrobial infections, and has been isolated from a wide variety of clinical 

specimens including abscesses of the brain, pleural cavity, and abdominal region [71]. 

 B. fragilis is a Gram negative, non-motile, rod shaped, obligate anaerobe.  Like E. coli, B. 

fragilis is predominantly found the intestine, particularly the colon, of humans and animals. 

Bacteroides species are clinically significant pathogens and are found in most anaerobic 

infections [78]. The residence of Bacteroides species is generally beneficial for the host 

when it remains in the gut, but translocation away from its typical residence is harmful [74]. 

Helicobacter pylori is a Gram negative, spiral shaped, slow-growing microaerophile. It has 

importance as a common human pathogen, being a causative agent of stomach ulcers and 

gastritis [82]. This organism was tested as eradication of H. pylori has been recommended 

for the prevention of metachronous gastric carcinoma following endoscopic resection of 

early gastric cancer [83].  

2.1.4 ANTIMICROBIAL SUSCEPTIBILITY TESTING. 

Antibiotic susceptibility testing (AST) is typically performed to determine which antibiotic 

will be the most effective in treating a bacterial infection.  Most often AST is performed by 

the disk diffusion method (Kirby-Bauer method), but there are other methods, including the 

epsilometer test (E-test) and agar and broth dilution methods, which are used to determine 

minimum inhibitory and minimum bactericidal concentrations.  The advantage of utilising 

broth–micro dilution testing is the generation of a quantitative result, which is accurate 

within one 2-fold concentration. Routinely for broth micro- and agar dilution methods, 

Mueller Hinton (MH) broth and agar are used respectively, as they have properties that 

make them ideal for antibiotic testing. MH medium is a non- selective, non-differential 

medium, and contains starch, which absorbs toxins that could be released from bacteria, 

that could interfere with antibiotic activity [84].  

For the purpose of this project, the broth micro-dilution method was employed and carried 

out as set out in the CLSI (Clinical and Laboratory Standards Institute) guidelines to 

determine the antimicrobial efficacy of the dextran aldehyde formulations with the listed 

organisms in section 2.1.2. [85].  
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2.1.4.1 ANTIMICROBIAL AGENTS AS POSITIVE CONTROLS. 

 There are number of commercially available antimicrobial drugs used to control microbial 

disease. In this project, a number of different antibiotics served as positive controls for DA 

and CD hydrogel MIC and MBC determinations.   

Penicillin G is a type of beta-lactam antibiotic that is still widely used to treat bacterial 

infections caused by beta-lactam-sensitive, typically Gram positive organisms. Penicillin G 

acts by inhibiting the formation of peptidoglycan cross-links in bacterial cells wall and 

rapidly kills dividing cells [86]. Gentamicin is an aminoglycoside antibiotic that is active 

against a wide range of human bacterial infections, mostly Gram negative bacteria. The 

mechanism of action is that the antibiotic irreversibly binds to the 30S subunit of the 

bacterial ribosome, interrupting protein synthesis [87]. Metronidazole is selective for 

anaerobic bacteria due to their ability to reduce metronidazole intra-cellularly to its active 

form. Reduced metronidazole covalently binds to DNA, disrupting its helical structure, 

inhibiting bacterial nucleic acid synthesis and resulting in bacterial cell death [88]. 

2.1.5 AIMS OF THIS CHAPTER 

1) To determine the minimum inhibitory and bactericidal concentration of DA100, 

DA25, CD100 and CD25 against species of bacteria common in post-operative 

abdominal infections using the broth micro-dilution method as outlined in the CLSI 

standards.   

2) To detect the subtle inhibitory or bactericidal effects of DA100 and DA25 on bacterial 

growth with growth inhibition assays.  

3) To determine effect that inoculum density has on MIC values of CD100 using  

S. aureus.   
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2.2 MATERIALS AND METHODS 

2.2.1 PREPARATION OF CULTURE MEDIA  

All culture media were sourced from Becton Dickson, Fort Richard, Auckland, New Zealand, 

unless otherwise stated. All the culture media were prepared according to the 

manufacturer’s instructions using distilled water and were sterilised by autoclaving for 15 

minutes at 121°C. The Mueller Hinton cation adjusted broth (MHB), was sterilised by 

autoclaving for 10 minutes at 121°C. Supplemented Brucella broth (BB) was prepared with 

the addition of 1% hemin and 1% vitamin K, and sterilised for 15 minutes at 121⁰C as stated 

in the CLSI performance standards [89] (Appendix A). BB supplemented with Fetal Calf 

Serum (FCS) was prepared with filter-sterilised serum and added after the autoclaved 

medium had cooled to room temperature.  

2.2.2 BACTERIA AND CULTURE CONDITIONS   

2.2.2.1 BACTERIA AND STRAINS   

The microorganisms used in this present study are listed in Table 1. Cultures were grown 

from either frozen or freeze-dried stocks. Stock cultures of all strains except for H. pylori 

were prepared using the Microbank storage system (Pro-lab diagnostics) and stored at -

80⁰C. H. pylori  was stored in 2% storage agar (Jacqui Keenan-personal communication [90]).  

E. faecalis, S. aureus and E. coli were maintained on tryptic soy agar (TSA, Gibco). Broth 

cultures of E. faecalis, S. aureus and E. coli were prepared in Cation-adjusted MHB, and 

incubated at 35±2°C for 24 hours. P. anaerobius, B. fragilis and C. perfringens were 

maintained on Brucella agar (BD, Difco) supplemented with 1% vitamin K and 1% hemin.  

Both P. anaerobius and B. fragilis Brucella agar plates and broths were incubated at 35±2°C 

in an anaerobic chamber (Coy anaerobic chamber, Michigan, USA) for 24 hours. H. pylori 

cultures were maintained on 5% sheep blood agar (Fort Richard Laboratories, Auckland, 

New Zealand). For antimicrobial titrations, broth cultures were prepared in Brucella broth 

supplement with 5 % FCS (BFCS) and incubated under microaerophilic conditions 35±2 ⁰C for 

72 hours.  
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Table 1. Bacterial strains and their source  

Micro organism 

Culture 

collection 

number 

Source 

Escherichia coli ATCC 25922 
Culture collection, Department of Microbiology 

and Immunology, University of Otago 

Escherichia coli 

(Seattle strain) 

NZCC 916 

ATCC 25922 

New Zealand Reference Culture Collection, 

Environmental Science and Research, Porirua, 

Wellington. 

Staphylococcus aureus NZRM 4549 

New Zealand Reference Culture Collection, 

Environmental Science and Research, Porirua, 

Wellington. 

Staphylococcus aureus 

(Heatley Oxford strain) 

NZCC 87 

ATCC 9144 

New Zealand Reference Culture Collection, 

Environmental Science and Research, Porirua, 

Wellington. 

Enterococcus faecalis 

 

NZCC 2244 

ATCC 29212 

New Zealand Reference Culture Collection, 

Environmental Science and Research, Porirua, 

Wellington. 

Bacteroides fragilis 

(Type strain) 

NZCC 1705 

ATCC 25285 

New Zealand Reference Culture Collection, 

Environmental Science and Research, Porirua, 

Wellington. 

Peptostreptococcus 

anaerobius 

(Type strain) 

NZCC 2843 

ATCC 27337 

New Zealand Reference Culture Collection, 

Environmental Science and Research, Porirua, 

Wellington. 

Clostridium perfringens ATCC 13124 
Culture collection, Department of Microbiology 

and Immunology, University of Otago 

Helicobacter pylori NCTC 11637 
Culture collection, Department of Microbiology 

and Immunology, University of Otago 

 

  



34 
 

2.2.3 PREPARATION OF DEXTRAN ALDEHYDE, SUCCINYLATED CHITOSAN AND CD HYDROGEL 

The 80% oxidised dextran aldehyde (DA100) (Batch no. NZP 9911103) and the 25% oxidised 

dextran aldehyde (DA25) (Batch no. NZP p2011303) were prepared by dissolving in 0.24% 

sodium phosphate buffer, pH 7.4 (NaPB) (Appendix A) with stirring at room temperature 

overnight, and then filter sterilised using a 0.22 μm filter (Millipore, USA).  The stock 

solutions of DA100 and DA25 were prepared at 128 mg/mL and subsequently diluted either 

by 2-fold serial dilutions or to 100 mg/mL with NaPB.  

Succinyl chitosan (SC) (Batch no. 9911110) was prepared at 100 mg/mL by dissolving in 

0.24% sodium phosphate buffer and sterilised by autoclaving at 121⁰C for 15 minutes before 

diluting by 2-fold serial dilutions with NaPB. 

The CD hydrogel was formed by mixing equal volumes of aqueous DA and SC. A variety of 

concentrations of the CD hydrogel were tested, including those above clinical 

concentrations. The CD hydrogel concentrations designated for surgical application were 40 

mg/mL CD hydrogel for ENT surgery and 25 mg/mL for abdominal and spinal surgery.  

The final concentrations are calculated to reflect a dilution in the formation of the CD 

hydrogel, i.e. CD hydrogel 40 mg/mL = 
�� ��� �� /�
 �� � [�� �� /�
 ] 

�
 x

�

�
.  The 

concentrations of the CD hydrogel tested are as listed in Table 2.  
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 CD Hydrogel final concentration 

(mg/mL) 

Concentration of CD hydrogel components 

(mg/mL) 

Succinyl chitosan Dextran aldehyde 

50 50 50 

40* 50 30 

25† 40 10 

20 25 15 

10 12.5 7.4 

5 6.25 3.75 

2.5 3.125 1.875 

1.25 1.56 0.94 

 

Table 2. Concentrations used in the formation of the CD hydrogel. CD hydrogel final 

concentration is calculated to reflect a dilution, as the hydrogel is formed using a 1:1 

mixture of the concentration of SC and DA. (*)Denotes the proposed surgical concentration 

utilised for ENT surgery. (†) denotes the surgical concentration proposed for use for 

abdominal and spinal surgery.  

2.2.4 CONFIRMATION OF IDENTITY OF MICROORGANISMS 

Following recovery from storage, Gram staining and observation of colony morphology 

confirmed the identity and purity of the microorganisms tested.  

2.2.5 STANDARD CURVES OF MICROORGANISMS 

A standard curve of each microorganism was produced by plotting optical density against 

viable count. Doubling dilutions were performed for each organism, where 1 mL of 

overnight culture was mixed with 1 mL of their respective growth media and serially diluted 

with 2-fold dilutions. The absorbance of each dilution was measured at 600 nm using a 

spectrophotometer (Novaspec II Visible, Cambridge, UK).  Bacterial viability counts were 
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determined by preparing serial ten-fold dilutions to 1 x 10-10 and subculturing 10 µL of 

bacterial suspension by spot-plating on to its respective culture medium in triplicate. After 

24 hours incubation, plates containing 30 -300 colonies were counted and colony forming 

units per mL (CFU/mL) were calculated using the following equation. These calibrations 

were repeated in triplicate.  
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2.2.6. ANTIMICROBIAL AGENTS 

2.2.6.1 ANTIBIOTICS AS POSITIVE CONTROLS 

Penicillin and metronidazole (Sigma Aldrich, Auckland, New Zealand) were prepared as per 

the manufacturer’s instructions, dissolved in distilled water and filter sterilised using a 0.22 

μM pore size filter (Millipore, USA). The gentamicin was purchased as a sterile solution 

(Gibco, Life Technologies). All stock solutions were prepared at 250 μg/mL and were stored 

at -20°C. At the time of experimentation, the antibiotics were thawed and serially diluted to 

required concentrations (Table 4) in NaPB, pH 7.4 for each strain as described in Table 3.  

These experiments to establish positive controls were repeated twice in triplicate.  

2.2.7 MINIMUM INHIBITORY CONCENTRATION AND MINIMUM BACTERICIDAL 

CONCENTRATION DETERMINATIONS  

For each organism, minimum inhibitory (MIC) and minimum bactericidal concentration 

(MBC) determinations were performed against the given antibiotics (Table 3). These acted 

as quality controls for the subsequent MIC/MBC determinations with the DA and CD. The 

anti-microbial susceptibly testing was performed using broth micro-dilution method in 96 

well plates as outlined in the CLSI performance standards [91]. 

Each well contained 100 μL of bacterial suspension prepared at 1 x 106 CFU/mL (as 

determined by the standard curves generated in section 2.2.4) in double-strength culture 

medium, and 100 μL of antibiotic to the concentrations listed Table 4. Bacteria and culture 

medium were used as a growth control and uninoculated medium combined with an equal 

volume of NaPB was used as the sterility control. The 96-well plate was incubated at 35±2⁰C 

aerobically or anaerobically according to the requirements of the bacterial strain described 

in section 2.2.2.1. The MIC was determined as the lowest concentration that exhibited no 
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growth.  The MBC was determined by subculturing 10 μL from wells that exhibited no 

growth and plated by the drop plate method. The lowest concentration that did not exhibit 

any growth was the MBC. The MIC and MBC determinations were repeated twice in 

triplicate. 

The checkerboard method was performed to determine a MIC and MBC for E. faecalis using 

the antibiotics gentamicin and penicillin G combined, as a MBC could not be established 

with penicillin G alone. Stock solutions of the antibiotics were prepared at a working 

concentration quadruple the final concentration and were serially diluted two-fold for use.  

Each well contained 50 μL of gentamicin, 50 μL of penicillin G and 100 μL of bacterial 

suspension prepared at 1 x 106 CFU/mL in MHB.  The plate was subsequently incubated for 

24 hours at 35±2⁰C aerobically. The MIC was the lowest concentration that exhibited no 

growth. The MBC was determined by subculturing 10 μL from wells that exhibited no 

growth and plated by drop plate method on TSA. The lowest concentration that showed no 

growth was the MBC of E. faecalis.  These determinations were performed twice in 

triplicate.  
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Figure 4.  Microtitre plate layout for the checkerboard method of determining minimum 

inhibitory and minimum bactericidal concentrations of a two drug combination of Penicillin 

G and Gentamicin.  

From establishing quality control antibiotic testing, it was found that the S. aureus   

previously believed to be the Oxford strain had been misidentified and was subsequently 

deposited into the New Zealand Culture collection as S. aureus NZRM 4549. Work with this 

strain of S. aureus was discontinued and all work was performed using S. aureus ATCC 9144 

obtained from the ESR culture collection. Similarly, E. coli ATCC 25922 obtained from the 

Otago University culture collection, gave unusually high MIC and MBC values inconsistent to 

those as listed in the CLSI document for E. coli  ATCC 25922 [91]. All work was discontinued 

using the Otago University culture collection strain and the proceeding experiments were 

performed using E. coli ATCC 25922 obtained from ESR culture collection.  
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Table 3. Micro-organisms and antibiotic used in MIC and MBC determinations 

Micro organism Antibiotic  

Staphylococcus aureus ATCC 9144 Penicillin G 

Escherichia coli ATCC 25922 Gentamicin 

Enterococcus faecalis ATCC 29212 Gentamicin + Penicillin G 

Bacteroides  fragilis ATCC 25285 Metronidazole 

Peptostreptococcus anaerobius  ATCC 27337 Metronidazole 

Clostridium perfringens ATCC 13124 Metronidazole 

Helicobacter  pylori  ATCC 11637 Metronidazole 

 

The MIC and MBC were determined for the active constituents of the chitosan/dextran (CD) 

gel, with DA oxidised to either 80% (DA100) or 25% (DA25), against aerobic organisms were 

determined using the broth micro-dilution method as outlined by the Clinical and 

Laboratory Standards Institute (CLSI) [85] . SC was not included for MIC and MBC 

determinations as it was already established and found to have no bactericidal or 

bacteriostatic effects [92].  This method was adjusted to use double strength MHB, as 

preparation of the DA required dissolution overnight in buffer, prior to filter sterilisation. 

The DA and SC were prepared at double strength to give the correct final concentrations 

(Table 4) following dilution with an equal volume of inoculum. The range of final 

concentrations was used for the following MIC determinations with the DA and CD hydrogel 

are shown in Table 4. 

2.2.7.1 MINIMUM INHIBITORY CONCENTRATIONS. 

The assays were prepared in 96-well round bottom tissue culture plates (Falcon; BD 

Company) and repeated in triplicate.  Each well contained 100 μL of bacterial suspension 

prepared at 1 x 106 CFU/mL in double strength MH broth and 100 μL of the test compound 

or antibiotic. Uninoculated broth and NaPB was used as a sterility control for the media, and 

the DA combined with uninoculated broth were used as sterility controls for the test 
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compounds. Inoculated broth with no test compound or antibiotic was used as a growth 

control. The plates were incubated at 35±2⁰C aerobically for 24h. The MIC was the lowest 

concentration where it was evident that there was no growth.  

For anaerobic organisms  the MIC and MBC determinations were performed as outlined by 

CLSI,  in the methods for antimicrobial susceptibility testing for anaerobic bacteria  [89]. The 

microtitre plates were prepared as described above for aerobic organisms and incubated for 

24 hours at 35±2⁰ C in an anaerobic chamber (Coy anaerobic chamber, USA).  

The minimum bactericidal concentrations of DA100, DA25 and antibiotics were determined 

by subculturing 10 μL samples from each clear well and culturing on the appropriate 

medium for each organism and incubating in conditions specified for the drop plate method. 

The lowest dilution that did not exhibit any bacterial growth was the MBC. These 

experiments were repeated twice in triplicate.  

 2.2.7.2 MODIFICATIONS TO MIC/MBC METHOD FOR TESTING FOR CD HYDROGEL 

Due to the viscosity of the CD hydrogel, method modifications for confirming the MBC of 

the hydrogel for each bacterium were required.  Observations from earlier experiments 

gave inconsistent results. Bacterial growth often varied when subculturing by means of 

pipetting 10 μL. Growth was often observed in the well, but the bacteria did appear not 

viable on the sub-culture. It was noted that there were inconsistent results due to pipetting 

error, (the correct volume of hydrogel could not be taken up into the pipette tip) and an 

alternative method of subculturing needed to be implemented.  

The MBC determinations for the CD hydrogel were performed by transferring 200 μL of 

inoculated hydrogel into 800 μL of media in a 24 well tissue culture plate and mixed by 

means of aspiration with a pipette. The wells were subcultured by removing 10 μL and 

plating on nonselective agar media by the drop plate method and plates were incubated at 

35±2⁰C aerobically or anaerobically according to the requirements of the bacterial strain. To 

complement the drop plate method sub-cultures, the 24 well plates containing the hydrogel 

slurry, were incubated at 35±2⁰C aerobically or anaerobically according to the requirements 

of the bacterial strain.  
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TABLE 4. Concentrations of antimicrobial agents used in MIC and MBC determinations. 

Compound Concentration ( mg/mL) 

DA100 64, 50, 32, 16, 8, 4, 2 

DA25 64, 50, 32, 16, 8, 4, 2 

CD100 50, 40, 25, 20, 10, 5, 2.5, 1.25  

CD25 50, 40, 25, 20, 10, 5, 2.5, 1.25 

Compound Concentration (μg/mL) 

Penicillin G (32),16,8, 4,2, 1, 0.5, 0.25, 0.125 

Gentamicin (32), 16, 8, 4, 2, 1, 0.5, 0.25 

Metronidazole 16, 8, 4, 2, 1, 0.5, 0.25, 0.125  

Penicillin G + gentamicin 32/32, 16/16, 8/8, 4/4, 2/2, 1/1, 0.5/0.5 

Additional concentrations used in antibiotic MIC/MBC determinations in parentheses 

2.2.8 DETERMINATIONS OF MIC AND MBC INOCULUM EFFECT 

 To address MIC and MBC values which were found to be inconsistent with previous work 

[52], determinations were performed with S. aureus ATCC 9144 with a series of inoculum 

densities. It has been well established that the size of the inoculum exerts an effect on the 

outcome of the MIC values [93, 94]. The bacterial suspension was made to a working 

concentration of 5 x 105 CFU/mL, as opposed to 1 x 106 CFU/mL as recommended in the CLSI 

standards [85].  

Overnight cultures of S aureus ATCC 9144 were resuspended into double strength MH broth 

to the inoculum densities of: 1 x 106, 5 x 105, 2.5 x 105, and 1.25 x 105 CFU/mL. The 

MIC/MBC determinations were performed in triplicate as described in section 2.2.6.1. To 

ensure bacterial numbers were accurate, viable counts of each concentration prepared 

were performed.  

2.2.9 DETERMINATIONS OF MIC AND MBC UNDER ANAEROBIC CONDITIONS 

To investigate the difference in MIC and MBC values between the aerobic and anaerobic 

species following treatment with DA100 and DA25, broth micro-dilutions were performed 
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under anaerobic conditions (Forma Scientific Anaerobic chamber) with the facultative 

anaerobes E. coli ATCC 25922 and S. aureus ATCC 9144. The MIC/MBC determinations were 

performed as described in section 2.2.6.1 and cultures prepared under anaerobic 

conditions. Media prepared for all anaerobic work was all prereduced in an anaerobic 

chamber 24 hours prior to experimentation. The assay was performed using MH broth and 

supplemented BB to determine whether the anaerobic conditions and media affected 

MIC/MBC values.   

2.2.10 BACTERIAL GROWTH INHIBITION ASSAY 

The broth micro-dilution assay is an endpoint assay so to further investigate any 

bacteriostatic or bactericidal effects; a growth inhibition assay for DA was performed with S. 

aureus, E. coli, B. fragilis and P. anaerobius. This experiment was not replicated using CD 

hydrogel as the measurement for bacterial growth, optical density, could not be recorded 

accurately with a gel state material in the equipment used. 

For the aerobic species, S. aureus and E. coli, the assay was performed in a 96-well plate 

format and the optical density was read in an automated plate reader (Varioskan Flash, 

Thermo Fisher Scientific, Finland). Each well contained 100 μL of bacterial suspension 

prepared at 1 x 106 CFU/mL in double strength culture medium, and 100 μL of DA100 or 

DA25 prepared at 64 mg/mL, 50 mg/mL and 25 mg/mL in NaPB. The plate was incubated at 

37 ⁰C with shaking and the optical density (600 nm) was read every 30 minutes for 16 hours. 

This experiment was repeated twice in triplicate.  

For the anaerobic species P. anaerobius and B. fragilis, the assay was performed in Hungate 

tubes to maintain anaerobic conditions. Each tube contained 3.5 mL of bacterial suspension 

prepared at 1 x 106 CFU/mL in double strength BB and 3.5 mL of pre-reduced DA100 or 

DA25 prepared at 4 mg/mL and 8 mg/mL in NaPB. The selected concentrations were used as 

these were the MIC and MBC of both organisms as determined in section 2.2.6.1. The sealed 

tubes were incubated at 35±2⁰C and the optical density read every 1 hour for 13 hours in a 

spectrophotometer at 600 nm (Spectronic 20D+, Milton Roy). This experiment was repeated 

twice with triplicate tubes for each dilution.  
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2.3 RESULTS 

2.3.1 STANDARD CURVES OF MICRO-ORGANISMS 

Standard curves of each organism are as shown in Appendix B.  

2.3.2 ANTIMICROBIAL EFFECTIVENESS OF CD HYDROGELS WITH DA25 AND DA100 

2.3.2.1 EVALUATION OF MIC AND MBC DETERMINATIONS 

The antimicrobial activity of CD100, CD25, DA100 and DA25 was determined against a 

variety of organisms that are prevalent in post-operative infections. The MIC and MBC 

values of CD25 hydrogel and DA25 against all the tested organisms are described in Table 5. 

The MIC and MBC values of CD100 hydrogel and DA100 against all the tested organisms are 

described in Table 6.  DA25 and CD25 were found to be ineffective at inhibiting growth of 

the aerobic species, S. aureus, E. coli and E. faecalis at the highest tested concentrations of 

64 mg/mL and 50 mg/mL respectively. The anaerobic species, P. anaerobius, B. fragilis and 

C. perfringens were more susceptible to DA25 than the aerobic bacteria and gave MIC 

values of 50 mg/mL, 50 mg/mL and 32 mg/mL respectively. CD25 was also found to be 

ineffective at inhibiting growth at the highest tested concentration of 50 mg/mL with the 

anaerobes. H. pylori was the organism most susceptible to DA25 with a MIC value of 8 

mg/mL. However, CD25 was ineffective at inhibiting the growth of H. pylori even at the 

highest concentration of 50 mg/mL, which has the activity of 25 mg/mL DA25.  

DA100 and CD100 were more effective than CD25 and DA25, as indicated by lower MIC and 

MBC values with all the tested organisms (Table 5  and  6). Of the aerobic species, E. faecalis 

was the most susceptible to DA100 and CD100 with a MIC of 8 mg/mL and MBC of 25 

mg/mL for DA100; however S. aureus   was the most susceptible facultative anaerobe with 

incubation with CD100 ,with an MIC of 40 mg/mL and MBC of 40 mg/mL . A similar trend 

was observed in the anaerobic species which were more susceptible to DA100 and CD100 

than the aerobic species. CD100 hydrogel at 40 mg/mL was found to exert bactericidal 

activity against the anaerobes (Table 6) the concentration proposed for ESS surgery. The 

CD100 was found to exert an inhibitory effect on B. fragilis and C. perfringens at 20 mg/mL 

(25 mg/mL SC + 15 mg/mL DA100), but not at 25 mg/mL (40 mg/mL SC + 10 mg/mL DA100). 
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For these experiments, the antibiotic controls all gave MIC/MBC values within the expected 

range (Appendix C).  

TABLE 5 MIC and MBC of DA25 and CD25 hydrogel against all tested organisms 

Organism 
Concentration (mg/mL) Antimicrobial 

(μg/mL) * DA25 CD25 

 MIC MBC MIC MBC MIC MBC 

E. coli >64 >64 >50 >50 8 8 

S. aureus >64 >64 >50 >50 0.0625 1 

E. faecalis >64 >64 >50 >50 0.5 1 

P. anaerobius 50 50 >50 >50 0.5 1 

B. fragilis 50 50 >50 >50 0.5 1 

C. perfringens 32 32 >50 >50 1 1 

H. pylori 8 8 >50 >50 1 1 

 

TABLE 6 MIC and MBC of DA100 and CD100 hydrogel against all tested organisms 

Organism 
Concentration (mg/mL) Antimicrobial 

(μg/mL)* DA100 CD100 

 MIC MBC MIC MBC MIC MBC 

E. coli 32 50 >50 >50 8 8 

S. aureus 8 32 40 40 0.0625 1 

E. faecalis 8 25 >50 >50 0.5 1 

P. anaerobius 4 8 40 40 0.5 1 

B. fragilis 4 8 20 40 0.5 1 

C. perfringens 2 2 20 20 1 1 

H. pylori 2 2 20 20 1 1 

• Refer to Appendix C for antimicrobial control values 
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2.3.2.2 DETERMINATIONS OF INOCULUM EFFECT OF MIC AND MBC DETERMINATIONS. 

The determination of inoculum effect assay indicated that the size of the S. aureus inoculum 

affected the MIC values of CD100 as shown in Table 7. With the inoculum density greater 

than 2.5 x 105 CFU /mL the MIC increased from 20 mg/mL to 40 mg/mL. The MBC values did 

not appear to be affected at the inoculum densities tested, and all the MBC values were 40 

mg/mL.  

 

Table 7. Evaluation of inoculum effect on MIC and MBC determinations with S. aureus with 

CD100 hydrogel  

Concentration of CD100 
CFU/mL 

1 x 106 5 x 105 2.5 x 105 1.25 x 105 

MIC (mg/mL) 40 40 20 20 

MBC (mg/mL) 40 40 40 40 

 

 

2.3.2.3 DETERMINATIONS OF MIC AND MBC UNDER ANAEROBIC CONDITIONS 

The results of the effect of anaerobic conditions indicated no change in MIC and MBC values 

when tested with E. coli 25922 in either MHB or BB; the MIC and MBC were consistent those 

reported in Table 5  and Table 6.  

 The MIC and MBC determinations with S. aureus under anaerobic conditions in MH or BB 

were not established as findings were inconsistent between experiments.  

2.3.2.4 BACTERIAL INHIBITION ASSAY 

In order to observe the more subtle effects of inhibition that DA exerts on bacterial growth, 

bacterial inhibition assays were performed.  The results of these assays revealed that DA100 

exerted an inhibitory and bactericidal effect upon all the microbes tested at all the tested 

concentrations: E. faecalis (Figure 5); E. coli (Figure 7); S. aureus (Figure 9); B. fragilis (Figure 

11 ) and P. anaerobius (Figure 13). Whereas DA25 only exerted, an inhibitory effect, albeit in 

a dose-dependent manner with all microorganisms tested in these assays, as described in 
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Figures 6, 8, 10 and 12.  It was noted that with the anaerobic organisms, B. fragilis and P. 

anaerobius the MICs with incubation with DA100 were higher than 4 mg/mL as previously 

reported in section 2.3.1.1. This was determined by optical densities proportional to the P. 

anaerobius and B. fragilis growth controls, as the reported final optical densities would have 

been interpreted as growth in the broth micro-dilution assay. 
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E.faecalis 29212 vs DA100

Time (hours)

0 5 10 15 20
0.0

0.2

0.4

0.6
MH broth

MH + NaPBS

E.faecalis growth control

E.faecalis + 64 mg/mL DA100

E.faecalis + 50 mg/mL DA100

E.faecalis + 25 mg/mL DA100

E. faecalis + Gentamicin +

Peniciliin G

 

Figure 5. E. faecalis incubated at 35±2⁰C aerobically with agitation over 16 hours with 

Dextran Aldehyde 100 at 64 mg/mL, 50 mg/mL and 25 mg/mL. The positive control used 

was a combination of 8 mg/mL Gentamicin and 8 mg/mL Penicillin G.  

 

Figure 6. E. faecalis incubated at 35±2⁰C aerobically with agitation over 16 hours with 

Dextran Aldehyde 25 at 64 mg/mL, 50 mg/mL and 25 mg/mL. The positive control used was 

a combination of 8 mg/mL Gentamicin and 8 mg/mL Penicillin G.  
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Figure 7. E. coli incubated at 35±2⁰C aerobically with agitation over 16 hours with DA100 at 

64 mg/mL, 50 mg/mL and 25 mg/mL. The positive control used was 16 mg/mL of 

Gentamicin. 

 

 

 

Figure 8. E. coli incubated at 35±2⁰C aerobically with agitation over 16 hours with DA25 at 

64 mg/mL, 50 mg/mL and 25 mg/mL. The positive control used was 16 mg/mL of 

Gentamicin. 
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Figure 9 . S. aureus incubated at 35±2⁰C aerobically with agitation over 16 hours with DA100 

at 64 mg/mL, 50 mg/mL and 25 mg/mL. The positive control used was 1 mg/mL of penicillin 

G. 

  

 

 
 

Figure 10  S. aureus incubated at 35±2⁰C aerobically with agitation over 16 hours with DA25 

at 64 mg/mL, 50 mg/mL and 25 mg/mL. The positive control used was 1 mg/mL of penicillin 

G 
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B. fragilis vs DA100

Time (hours)

0 5 10 15 20 25
0.0

0.5

1.0

1.5

B. fragilis  growth control

Media only

B. fragilis +16 ug/mL Metronidazole

B. fragilis + 4 mg/mL DA100

B. fragilis + 8 mg/mL DA100

 

Figure 11. B. fragilis incubated at 35±2⁰C anaerobically in hungate tubes over 24 hours with 

DA100 at 64 mg/mL, 50 mg/mL and 25 mg/mL. The positive control used was 16 mg/mL of 

Metronidazole. 

 

Figure 12 B. fragilis incubated at 35±2⁰C anaerobically in hungate tubes over 24 hours with 

DA25 at 64 mg/mL, 50 mg/mL and 25 mg/mL. The positive control used was 16 mg/mL of 

Metronidazole. 
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Figure 13. P. anaerobius incubated at 35±2⁰C anaerobically in hungate tubes over 24 hours 

with DA100 at 64 mg/mL, 50 mg/mL and 25 mg/mL. The positive control used was 16 

mg/mL of Metronidazole 

 

Figure 14 P. anaerobius incubated at 35±2⁰C anaerobically in hungate tubes over 24 hours 

with DA25 at 64 mg/mL, 50 mg/mL and 25 mg/mL. The positive control used was 16 mg/mL 

of Metronidazole 
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2.4 DISCUSSION 
 

In this chapter the antimicrobial efficacies of DA100, DA25, CD100 and CD25 were evaluated 

with a variety of organisms that are prevalent in post-operative infections. To determine the 

success of an antimicrobial polymer hydrogel, it must be inhibitory long after its application. 

In this chapter, it was revealed that the DA100 and CD100 were more efficacious in 

inhibiting and killing all the tested microbes than DA25 and CD25. The MIC and MBC 

determinations showed that at the highest tested concentrations of DA25 (64 mg/mL) and 

CD25 (50 mg/mL) (Table 5) were less effective than DA100 and CD100 at the same 

concentration with all the tested microbes (Table 6).  Additionally the difference in 

antimicrobial efficacy was observed in the growth inhibition assays, where the DA100 

exhibited a strong inhibitory and bactericidal effect with the organisms tested. Whereas, 

DA25 primarily exhibited an inhibitory effect with the organisms tested.  The difference in 

antimicrobial efficacy between formulations of DA is thought to be due to the difference in 

oxidation levels. As previously mentioned in section 1.7, the DA100 was characterised to 

have a level of 80% oxidation, and consequently a greater number of aldehyde groups than 

DA25, which was characterised to have a degree of 25% oxidation. It is believed that it is the 

aldehyde groups on the DA, that exerts the antimicrobial activity [92]. This activity is 

suggested to be similar to what is observed with other aldehyde containing biocides such as 

glutaraldehyde and formaldehyde, where the aldehyde groups are reported to react with 

primary amine group present on bacterial cell walls, resulting in a strong adhesive effect [95, 

96].   

The results of the MIC and MBC determinations, in addition to the results of the inhibition 

assays, clearly show that the number of available aldehydes determine the antimicrobial 

efficacy of the DA and subsequently the CD hydrogel. The greater the degree of oxidation 

i.e. greater number of aldehyde groups, the more efficacious DA was in antimicrobial 

activity.  
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It was also noted that with the inhibition assays, that at bactericidal concentration of 

DA100, there was no change in optical density at any time point with all the organisms 

tested suggesting that DA100 exhibited rapid bacteriostatic activity. 

Interestingly, incubation of E. coli with DA25 resulted in bacterial growth greater than the 

growth control (Figure 8). This is in stark contrast to the inhibitory effect observed with the 

other organisms tested in the study (Figures 6, 10, 12 and 14), suggesting that E. coli could 

potentially be utilising the DA25 as a carbon source.  

Additionally it was shown in the growth inhibition assays that the MICs reported were 

inconsistent to the findings in the MIC / MBC determinations. It had been noted that the 

MIC and MBC determinations demonstrated limited inhibition of the DA unlike the growth 

inhibition assays. The broth micro-dilution assay is an endpoint assay, so the more subtle 

effects of inhibition of growth are not easy perceived. This is a known limitation of the broth 

micro-dilution assay [97].  

DA100 and CD100 had demonstrated their antimicrobial efficacy with all of the organisms 

tested despite some discrepancy in MIC and MBC values for S. aureus and E .coli when 

compared to Aziz’s study [52]. In Aziz’s study it was reported that the MIC and MBC values 

for S. aureus and E .coli with dextran aldehyde were: 4 mg/mL and 32 mg/mL respectively. 

In addition to this, the MIC and MBC values for CD hydrogel were reported to be 8 mg/mL 

against S. aureus and for E. coli values of 32 mg/mL and 50 mg/mL respectively. It was found 

that there were minor dissimilarities in protocol and the elimination of iodine between 

batches DA used. The DA used in Aziz’s study assessing its antimicrobial properties, was 

synthesised as described in section 2.2.3.2 of Aziz’s dissertation [53] and had been noted to 

have a higher content of iodine which would contribute to a lower MIC and MBC values than 

those reported in Tables 5 and 6. The DAs used in this study were manufactured by NZP and 

were formulated with substantial reduction in iodine content to reduce its cytotoxicity. It 

has been well established that iodine has antimicrobial properties and is commonly used as 

an antiseptic in dermatology [98]. However, the safety of the use of iodine as povidone-

iodine in vivo is still widely debated due to its cytotoxic nature in vitro [99].  

Another difference noted that could attribute to disparities in MIC and MBC values, was the 

size of the inoculum used in the broth micro-dilutions; Aziz’s study used a smaller inoculum, 
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half the size, recommended in the CLSI standards. In this chapter, the matter of inoculum 

density was addressed with S. aureus broth micro dilutions of CD100, and it was reported 

that the size of the inoculum did alter the MIC and MBC values. However the MIC and MBC 

values were not affected until the size of the inoculum used was a quarter of the 

recommended size, 2.5 x 105 CFU/mL (Table 7). It has long been known that inoculum 

density affects MIC values [100] with antimicrobial testing. Stevens et al, demonstrated  that 

the size of the inoculum was a major factor in determining the efficacy of penicillin in the 

treatment of deep-seated streptococcal infections, and there was a marked decrease of 

penicillin efficacy with their in vivo studies [101]. Studies have gone to shown that the 

inoculum size also affects the growth rate of the organisms and subsequently their 

susceptibility to antimicrobials; a larger inoculum resulting in a slower the growth rate and 

reduced sensitivity to antimicrobials [102].   

Nevertheless, it was not possible to determine for certain whether inoculum density or the 

absence of iodine contributed more significantly to the disparities in MIC and MBC values.  

This was due to the unavailability of the same DA, DA105 from Aziz’s study to perform 

comparative studies.  

Other minor discrepancies noted between Aziz’s study and this present study were the 

antibiotic control MIC and MBC values for the organisms E. coli and S. aureus. The values 

stated in Aziz’s study reported the MIC and MBC values for E. coli 25922 were 1 μg/mL of 

gentamicin and the values for S. aureus 9144 MIC and MBC values to be 1 μg/mL of 

penicillin. These  values were noted to be inconsistent with the with the values stated in the 

CLSI standards [91], and were unable to be replicated following the method stated in the 

standards. It was found that these strains used in this study were potentially mislabelled 

and consequently were no longer used in this study. In this study, the strains of E. coli 25922 

and S. aureus 9144 were obtained from ESR and were used for subsequent experiments. As 

a result of obtaining fresh cultures the MIC and MBC values for S. aureus 9144 were 

reported to be 0.0625 μg/mL and 1 μg/mL respectively; and the MIC and MBC values for 

E.coli 25922 was 8 μg/mL; all values that fit with the CLSI performance standards [91]. 

It was originally proposed, that the CD hydrogel was more effective against Gram positive 

organisms, than Gram negative organisms [52]. However, this trend was not clearly evident 
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with the anaerobic species, B. fragilis a Gram negative microbe and P. anaerobius a Gram 

positive microbe, presenting similar MIC /MBC values.  

The other main observation in this chapter was the marked reduction in MIC and MBC 

values between the facultative anaerobes and obligate anaerobes in this study, tested 

against the DA and CD hydrogel, as described in Table 5 and Table 6. It has been proposed 

that the enhanced sensitivity of these obligate anaerobes to the DA and CD hydrogel was 

due to their metabolism; resulting in either oxygen toxicity (present on reactive aldehyde 

groups) or intolerance  of elevated redox potential (Eh.)  Generally, a low Eh is favoured for 

the growth of anaerobic bacteria, i.e. in the colon the Eh values can be as low as -250 mV. 

Whereas higher Eh values such as -50 mV, are inhibitory to anaerobes such as  B. fragilis, C. 

perfringens and Peptostreptococcus magnus [103].  

In an attempt to separate the variables of oxygen toxicity and altered Eh, MIC/MBC 

determinations were repeated using the facultative anaerobic organisms E. coli and S. 

aureus. Both types of culture medium; MH broth and BB supplemented with hemin and 

vitamin K were used to culture the organisms for the broth micro-dilutions to rule out and 

verify any inhibitory components in the supplemented Brucella broth medium.  

Despite inconsistent findings with S. aureus, these experiments using these facultative 

anaerobic organisms indicated no difference in MIC/MBC values when tested under 

anaerobic conditions regardless of the growth media used.  The reason being, these 

organisms, being facultative anaerobes, can tolerate the oxygen present in the DA; which 

would be toxic to obligate anaerobes.  

There are conflicting opinions regarding the importance of redox potential in supporting the 

growth of anaerobic bacteria [104-107] and many endogenous anaerobes can survive 

prolonged periods of exposure to air, persisting  in cultures isolated from mixed aerobic-

anaerobic infections [108]. Studies have described the inhibitory effects of Eh (reduction 

potential) and dissolved oxygen on anaerobic bacteria [104, 105]. Unfortunately, it is 

difficult to define the role of Eh in the inhibition of anaerobes due to the inter-relationship of 

Eh and oxygen.  
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While it has not been possible to provide definite answers on effects of that DA and CD 

hydrogel has on oxygen availability, or its effect on local reduction potential, it stills remains 

evident that DA and CD hydrogel are more efficacious against obligate anaerobic bacteria 

than facultative anaerobes.  

The majority of dermal wounds and intra-abdominal infections are most likely to be 

colonised by a polymicrobial population. Bakker describes the inter-relationship between 

the facultative aerobic organisms and anaerobic organisms in soft tissue infections [109]. In 

hypoxic tissues, where there is a decreased Eh and the activity of polymorphonuclear 

leukocytes is diminished, the proliferation of facultative aerobes consumes the residual 

oxygen and further reduces the Eh, promoting the growth of fastidious anaerobes such as 

the Bacteroides species.  Such a relationship has been long known, from 1915 by Alexander 

Fleming’s studies on gunshot wounds during the First World War [110]. 

Bearing this in mind, it does force one to consider the implications of a polymicrobial 

population in wounds with respect to the varied antimicrobial efficacy of the CD hydrogel. 

Facultative anaerobes, S. aureus, E. coli and E. faecalis all reported  MIC and MBC values 

greater than the surgical concentrations of the CD hydrogel of 40 mg/mL (ENT surgery) and 

20 mg/mL (abdominal and spinal surgery). This is of particular concern, as the proposed 

formula of hydrogel intended for use in vivo is CD25 at 20 mg/mL, which has demonstrated 

to be ineffective in killing all the tested microbes in this study. 

However, DA25 (the active component of CD25) has shown to exhibit some inhibitory 

activity with all the tested microbes in the growth inhibition assays. This activity may be 

sufficient to impede bacterial proliferation, and support immune cell clearance of bacterial 

contamination. Conversely, should there be an event of gross faecal contamination at the 

surgical site in abdominal surgery, the inhibitory activity of CD25 would not be sufficient to 

assist in bacterial clearance.  

2.5 CONCLUSION 

The purpose of this chapter was to evaluate the antimicrobial activity of DA25 and CD25 

against DA100 and CD100 in vitro against a range of bacterial pathogens. The minimum 

inhibitory and bactericidal concentrations were determined using the broth micro-dilution 
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method. According to the obtained results, CD25 was found to be ineffective at inhibiting 

and killing any of the microbes in this study at any of the proposed surgical concentrations 

(40 mg/mL and 25mg /mL). CD100 was variably effective in inhibiting and killing the 

organisms used in this study. The anaerobic organisms, B. fragilis, P. anaerobius and C. 

perfringens and microaerophilic H. pylori were more susceptible than the facultative 

anaerobic microbes; E. coli, S. aureus and E. faecalis, being inhibited at much lower 

concentrations of DA100 of 4 mg/mL and 2 mg/mL, and CD100 at 20 mg/mL.  

To detect the more subtle inhibitory effects of the DA formulations time course inhibition 

assays were performed.  From these assays it was found that DA25 did exert an inhibitory 

effect on all of the organisms tested and in a dose dependent manner. It is proposed that 

despite the insufficient bactericidal effect of the DA25 and CD25, the impediment of 

bacterial growth in an in vivo situation may be sufficient to allow for the immune clearance 

of the pathogens.  
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3 

MECHANISM OF ACTION OF CD HYDROGEL 

3.1 INTRODUCTION  

The antimicrobial and anti-adhesive activity of DA and CD hydrogel has been well 

characterised in the studies performed at Otago and by medical collaborators in Australia 

[52]. However, the mode of antimicrobial action has not been fully elucidated. 

Understanding the mechanism(s) of action of an antimicrobial has become crucial, as this 

can provide insight into whether there is potential for the development of antimicrobial 

resistance.  In Aziz’s study, they proposed a mode of action of the CD hydrogel acts as a 

biocide, owing to the free reactive groups present on the DA component of the hydrogel 

[53]. The primary site of action of the CD hydrogel was indicated to be at the bacterial cell 

envelope, in particular at the cell membrane. In this chapter, transmission electron 

microscopy was utilised in order to determine the mechanisms of action of DA and CD 

hydrogel and complement the results described in Aziz’s study [43].  

3.1.1 MECHANISMS OF ACTION 

The bacterial cell wall is crucial for maintaining the cell integrity by protecting it from 

external pressures of a physical and chemical nature and allowing survival in a diverse range 

of niches from the gastrointestinal tract of animals, to deep sea vents [111]. This cell wall is 

typically the target of many antimicrobials, as peptidoglycan, the building block of cell walls, 

is conserved among bacteria [112].  Disruption of the bacterial cell wall results in cell lysis 

[111].  

Antimicrobial action generally falls into one of four mechanisms, three of which involve the 

inhibition or regulation of enzymes involved in cell wall biosynthesis, nucleic acid 

metabolism and repair, or protein synthesis. The fourth mechanism involves the disruption 

of the membrane structure [113]. Different antibiotics have different modes of action, each 

dependent on the nature of the structure of the antimicrobial and its affinity to certain 

target sites within microbial cells [112].  
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Resistance to a particular antimicrobial can either be an inherent property of the microbe or 

a property acquired by mutation or by acquisition of mobile genetic elements such as 

plasmids, transposons or bacteriophage encoding resistance genes. Inherent properties of 

resistance can include the composition of the cell wall, efflux pumps, or the production of 

targeted enzymes such as β-lactamase. Inherent resistance is demonstrated in Gram 

negative microbes, bacterial spores and mycobacterium [114].  

There are an abundant number of techniques available to study the mechanism of action of 

an antimicrobial on micro-organisms. These include examination of uptake of the 

antimicrobial into cells, the lysis and leakage of intracellular contents, distress to cell 

homeostasis and cell membranes, and inhibition of enzymes, among many others.  

3.1.1.1 PROPOSED MECHANISM OF ACTION FOR DA AND CD HYDROGEL 

In Aziz’s study, the proposed mechanism of action of DA and CD hydrogel was the reaction 

of the aldehyde groups with amino groups in proteins of the cell membrane or the breakage 

of peptide bonds in the cell wall component, peptidoglycan [53]. This was characterised in 

their EM images with bacterial cells. The authors also go on to suggest that the mode of 

action is similar to that seen with the use of aldehydes as antiseptics.  

Aldehydes have long been in use as biocides, in the forms of glutaraldehyde and 

formaldehyde [115]. Both of these substances are commonly used as disinfectants in clinical 

settings. The mechanism of action for glutaraldehyde involves the strong association of the 

compound with the outer layers of bacterial cells [96]. The free aldehyde groups on the 

glutaraldehyde react to the primary amines on the cell surface producing a strong adhesive 

effect  [95].  

3.1.2 TRANSMISSION ELECTRON MICROSCOPY 

Transmission electron microscopy (TEM) is a technique where a high voltage beam of 

electrons is partially transmitted through a very thin specimen. The electrons interact with 

the specimen as they partially pass through, allowing for an image to be formed. Areas of 

the specimen that are more electron dense allow fewer electrons to transmit and scatter, 

producing regions that appear darker; conversely the thinner areas allow for more 

transmission and appear lighter.  The final image formed is two dimensional and 
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monochrome. This image can provide the morphology of the specimen analysed, showing 

the sample’s size, shape and arrangement. TEM can produce images with greater resolution 

than traditional light microscopy, with the capability to magnify small objects at x10000 

distinguishing objects of 2 nm in size. 

TEM was performed to infer a mechanism of action of the CD100 hydrogel with the 

anaerobic organism B. fragilis.  The secondary aim of performing TEM with B. fragilis was to 

determine if the mechanism of action observed, was similar to the action described in Aziz ‘s 

study;  damage to the bacterial cell wall [53] in clinically relevant anaerobic organisms to 

assist in the validation of using DA and CD hydrogel following  abdominal  surgery.   

3.1.3 AIM OF THIS CHAPTER 

1) To determine the mechanism of action of DA and CD hydrogel in the anaerobic 

organism B. fragilis using TEM.  
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3.2 MATERIALS AND METHODS 

3.2.1 Transmission Electron microscopy: 

B. fragilis was prepared for TEM as previously described [116]. Overnight cultures of B. 

fragilis were grown in supplemented Brucella broth. In each test, 1 mL of overnight bacterial 

suspension was added to 500 μL of either CD100 hydrogel, DA100, 0.24% NaPB and 0.02% 

Triton X-100 (prepared in NaPB).  The concentrations of CD100 and DA100 were determined 

from the MIC values obtained for B. fragilis as shown in section 2.3.1.1. The final 

concentrations that B. fragilis was tested against was 20 mg/mL (2.5% SC + 1.5% DA100) of 

CD100 hydrogel, 4 mg/mL of DA100;  0.01% (v/v) Triton X-100 that served as the positive 

control and 0.24% NaPB served as the negative control.  After incubation for 4 hours at 

35±2⁰C in an anaerobic chamber the cells were washed twice with 5mM  Sodium phosphate 

buffered saline (NaPB pH 7.2) by  centrifugation  at 9,800 x g for 5 minutes (Eppendorf 

centrifuge 5415). The supernatant was removed and replaced with 2.5% glutaraldehyde in 

0.08 M phosphate buffer (PB) and fixed on a rotator at room temperature for 2 hours. The 

cells were washed in 0.08 M PB thrice and fixed in 1% osmium tetroxide in 0.08M PB buffer 

overnight at 4⁰C. The cells were washed thrice in PB and dehydrated by an ethanol gradient, 

5 minutes each of 50%, 75%, and 95% and twice with 100% ethanol. The cells were 

subsequently treated by Infiltrating with Spurrs epoxy resin. Infiltration was initially 

performed using ethanol diluted resin (1:1) for approximately 8 hours and continued 

overnight with 100% resin. Three changes of 100% resin were performed prior to 

embedding.   

 

  



62 
 

3.3 RESULTS 

3.3.1 TRANSMISSION ELECTRON MICROSCOPY 

TEM images for B. fragilis incubated with DA100 are shown in Figure 15, and B. fragilis 

incubated with CD100 are shown in Figure 16.  Untreated B. fragilis cells appeared round 

with clear and discrete membranes (Figure 15A and Figure 16 A). B. fragilis cells incubated 

with 0.02% Triton X-100 served as a positive control (Figure 15B and Figure 16 B). These 

cells appear to have completely lost cell wall integrity and appear lysed. 

 A general observation of the bacterial cells treated with DA100 at 4 mg/mL was the 

disruption of the cell membrane characterised by the appearance of cell wall rippling and 

blebbing as shown in Figure 15 C1. Another notable observation seen in the cell treated with 

DA100 was the appearance of greatly enlarged and elongated individual cells measuring at 

approximately 9 nm in length, suggesting the B. fragilis cells were incapable of completing 

cells division, as shown in Figure 15 C2.  Treatment with DA100 also gave rise to the 

appearance of bacterial ghosts, as shown in Figure 15 C3.   

 A similar effect was observed with cells incubated with 20 mg/mL of CD100, as shown in 

Figure 16. Bacterial cells showed signs of cell membrane disruption, with cell wall rippling 

and blebbing, in addition to the cell wall separating from the cell membrane as shown in 

Figure 16 C2 and C3. As observed in cells treated with DA100, bacterial ghosts were seen 

with treatment with CD100 as shown in Figure 16 C1.  
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FIGURE 15. TEM images of B. fragilis (A) B. fragilis untreated, (B) B. fragilis treated with 

0.02% Triton X-100 (C1, C2, and C3) B. fragilis treated with 4 mg/mL of DA100. Red arrows 

indicate cell membrane rippling. Purple arrows indicate blebbing. Blue arrows indicate areas 

of incomplete cell division. Green arrows indicate bacterial ghosts.   
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Figure 16 TEM images of B. fragilis (A) B. fragilis untreated, (B) B. fragilis treated with 0.02% 

Triton X-100 (C1, C2, and C3) B. fragilis treated with 20 mg/mL of CD100. Red arrows 

indicate cell membrane rippling and separation of the cell wall from cytoplasmic contents. 

Purple arrows indicate blebbing. Green arrows indicate bacterial ghosts.  Blue arrows 

indicate an area of reduced electron density. 
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3.4 DISCUSSION  

The results of the transmission electron microscopy with B. fragilis provided some insight 

into the mode of action DA100 and CD100 have on bacterial cells.  As previously reported, 

the DA and CD hydrogel’s primary site of action is at the cell membrane [53]. 

However, the general observations described in Aziz’s study were not seen in the same 

manner with the anaerobic organism B. fragilis. In the present study, the bacterial cell 

membrane of B. fragilis appeared visibly rippled with DA100 and CD100 treatment. This was 

unlike the TEM results reported in Aziz’s study, where bacterial cell membranes appeared 

evidently smooth in both E. coli and S. aureus following treatment with either DA105 or CD 

hydrogel (composed with DA105) [52].  

The cell wall rippling was evident, but to a lesser degree, in the B. fragilis only control in 

addition to uneven distribution of cytoplasmic contents. It was considered that the 

additional wash steps with 5mM NaPB may have resulted in unnecessary cell stress and cell 

shearing [117]. 

For B. fragilis incubated with DA100 or CD100, blebbing was seen at the cell wall. In 

eukaryotic cells cytoplasmic blebbing is indicative of apoptosis, or necrosis [118, 119]. In 

numerous studies, investigating the antimicrobial activity of their product of interest, the 

manifestation of blebbing at the cell surface was indicative of bacterial lysis [120-122].  

A notable observation seen in B. fragilis cells incubated with DA100 was the appearance of 

greatly enlarged and elongated rods with cells measuring to approximately 0.7 nm wide and 

9 nm long. Bacteroides cells are typically reported to be 1.8- 2.5 μm long  and 0.2-0.3 μm 

wide [123]. Disruption of cell division resulting in elongated cells has been well 

characterised with treatment with beta-lactam antibiotics [124].  

Bacteria undergo morphological transformations as part of their normal life cycle. These 

transformations can be due to environmental stressors such as starvation, or upon moving 

from one host to another. The most frequent morphological change that bacterial cells 

undergo is cell division. It is already known, that the bacterial cell wall is composed of a 

peptidoglycan layer. Transport of the peptidoglycan precursors from the cytoplasm to the 

surface of the membrane is regulated by penicillin-binding proteins (PBPs) [125]. Bacterial 
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cell shape is determined by the regulation of timing, localisation and assembly of 

peptidoglycan polymerisation by the PBPs. During a bacterial cell cycle, new peptidoglycan 

must be synthesised at the site of division, i.e. the septum, and along the side walls for the 

process of elongation [126]. These two processes require timely and precise localisation of a 

variety of essential proteins in addition to PBPs on specific sites of the cell wall [127]. 

Disruptions of these PBPs or essential proteins in the process of cell division result in either 

cell death, or abnormal cell morphology as shown in Figure 17, which is why many 

antimicrobials target the cell wall.  In this study, it appears that the protein that may be 

affected in B. fragilis regulating cell division could be a Class B PBP3; resulting in an 

elongated cell, incapable of septation.  

 

FIGURE 17  Morphological effects of the bacterial penicillin binding proteins (PBPs). The wild 

type (centre of image) shape is altered by mutations in (A) Class A PBPs or (B) Class PBPs or 

(C) Low molecular weight PBPs. Deletion of PBP 1 (a) from B. subtilis results in long thinner 

cells (∆PBP 1) and deletion of Class A PBP (∆ Class A PBP) gives rise to even longer cells. (b) 

Deletion of PBP2 from E. coli (∆ Class B PBP2) causes cells to grow as spheres whereas 

deletion of Class B of PBP3 (∆ Class B PBP 3) result in filamentous cell, as these cells are 

incapable of septation. (c) Deletion of a combination of low molecular weight PBPs (∆ LMW 

PBPs) resulting in cells with random shapes, length and diameter.  Figure adapted from 

Popham. D. L [128] . 

 

Another observation noted with the B. fragilis cells, was the appearance of bacterial ghosts 

as shown in Figure 15 C3 and Figure 16 C1.  Bacterial ghosts are cell envelopes derived from 

Gram negative bacteria and are devoid of cytoplasmic content as shown in Figure 18; they 

preserve the cellular morphology in addition to retaining all of the cell surface structures 
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[129]. Bacterial ghosts are currently in  wide use for biomedicine, as vaccine vehicles [130, 

131] as they retain their immunogenicity . However, the transformation of bacteria to 

bacterial ghosts and their relationship to the bactericidal activity of antimicrobial agents is 

not very well understood as all recent work has focused on generating bacterial ghosts using 

bacteriophage [132] or lysozymes [133, 134] . This cell morphology type was  also observed 

in Aziz’s’ study with E. coli cells treated with 32 mg/mL of DA105 [53] as shown in Figure  19, 

however this observation was never noted. The conversion of Gram negative bacteria to 

bacterial ghosts has been well characterised with penicillin [135, 136].  Unfortunately, the 

detection of bacterial ghosts can only imply, rather than prove, that the mode of action of 

DA on B. fragilis was at the bacterial cell wall. 

Aziz also reported mesosome-like structures and uneven distribution of cytoplasmic content 

with E. coli and S. aureus cells treated with DA-105 [53].  However these mesosome-like 

structures or any evident changes to the distribution of cytoplasmic contents were not 

observed with the B. fragilis cells treated with DA or CD hydrogel in comparison to the cells 

only control.  

Unfortunately, investigations on the mechanism of action of DA and CD hydrogel could not 

be further pursued. In Aziz’s study, it had been clearly established that the highly reactive 

nature of the DA resulted in degradation of potential probes such as propidium iodide, Nile 

red, 1-N-phenylnaphthylamine (NPN) [53]. Thus, further investigation is unfeasible, until a 

probe is identified that will not react with DA.  
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FIGURE 18 Predominant bacterial forms of Gram negative rods produced with incubation 

with serum (B- I) and bacterial forms of Gram negative rods incubated with penicillin (J –M), 

wild type cell is shown as (a). Figure adapted from Starkey D. Davis [137]. 
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FIGURE 19  TEM images of E. coli 25922 treated with DA105. (A)  E. coli treated with 16 

mg/mL DA105. (B) E. coli treated with 32 mg/mL DA105. Black arrows indicate blebbing. 

Blue arrows indicate bacterial Ghost cells and rod pre-ghosts. Adapted from Aziz [53]. 

 

3.5 CONCLUSION 

In this chapter, transmission electron microscopy was used to elucidate the mechanism of 

action of DA100 and the corresponding CD hydrogel in the bactericidal activity against B. 

fragilis. TEM was performed to determine if the mechanism of action on an anaerobic 

organism was comparable to the aerobic organisms tested in Aziz’s study.  

In this project, it was shown with TEM that the mechanism of action of DA and CD hydrogel 

on the anaerobic organism B. fragilis appears to be directed at the bacterial cell wall. The 

observed changes to the bacterial cell morphology appear similar to those seen with Gram 

negative cells treated with penicillin, i.e. cell elongation, disruption of cell septation.  

As to how DA aldehyde groups specifically react with bacterial cell wall still remains elusive. 

It is possible that DA may have multiple sites of action, including intracellular sites.   

Unfortunately, in this present study, a clear mechanism of action could not be derived from 

TEM alone. Further investigation would be required utilising probes that are not reactive 

with DA, in order to determine definitively that damage to cell wall integrity is the main 

mode of action of DA and CD hydrogel.   
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4 

CHEMICAL ANALYSIS OF CD HYDROGEL 

4.1 INTRODUCTION: 
 

In this chapter a general overview of the chemical and physical nature of the CD hydrogel 

was studied. Analysing these characteristics is important, as they affect the rate of gelation 

and degradation, as well as the hydrogel’s biocompatibility. This study utilised chemical 

analysis techniques such as proton nuclear magnetic resonance (1H NMR) spectroscopy to 

track the amount of reactive functional groups over time. Resazurin reduction assays were 

performed to measure a change in redox potential exerted by the hydrogel. Lastly agar plate 

chemotaxis assays were performed to investigate the fate of degraded hydrogel products 

when co-incubated with the motile microorganism E. coli.   

4.1.1 PROTON NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Nuclear magnetic resonance (NMR) spectroscopy is a research technique that exploits the 

phenomenon that occurs when the nuclei of certain atoms are immersed in a static 

magnetic field and exposed to a secondary oscillating magnetic field. Nuclei within the 

magnetic field absorb and re-emit energy as electromagnetic radiation. The energy emitted 

from the nuclei does so at a specific resonance frequency, dependent on the strength of the 

magnetic field and the magnetic property of the isotopes. The frequencies emitted are 

characteristic to specific isotopes.  The peaks of the NMR spectra are studied to determine 

the chemical structure of many compounds.  

Proton (1H) NMR is an application of NMR spectroscopy, interpreting protium (hydrogen-1) 

nuclei within molecules of interest in a substance, to determine the chemical structure. 

NMR spectra are recorded in a solution where the solvents’ protons must not interfere (i.e. 

overlap) with the substance of interest. Most often deuterated solvents are used, for 

instance deuterated water (D2O) or solvents without hydrogen such as carbon tetrachloride. 

To date there have only been investigations in the 1H NMR spectra of the individual 

components of the CD hydrogel, DA  and SC, but never the constituted CD hydrogel. 
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Typically for 1H NMR, samples are processed in a liquid state in order to produce a clear 

spectra result. Semi-solid or solid state samples are analysed using solid state NMR, with a 

technique called Magic-angle-spinning (MAS). Attempts to produce a 1H NMR spectra for 

the CD hydrogel were performed to elucidate changes at a molecular level. These were 

performed to justify the difference in antimicrobial efficacy between the two formulations 

of CD hydrogel, CD100 and CD25. 

Formation of the gel occurs by polymerisation of the amine groups on the succinyl chitosan 

and the aldehyde groups on the DA. The difference between batches of DA100 and DA25 is 

the level of oxidation. The level of oxidation corresponds to the number of free reactive 

aldehyde groups.  Our hypothesis, regarding the substantial decrease in antimicrobial 

activity in the CD25 hydrogel in relation to the CD100 hydrogel, was that the presence of 

free reactive aldehyde groups on DA25 were much less and used primarily for gel cross-

linking instead of antimicrobial activity. 

4.1.2 RESAZURIN COLOURMETRIC STANDARD 

Resazurin is a blue dye that is weakly fluorescent until it is irreversibly reduced to the pink 

coloured resorufin. Resazurin is routinely used as an oxidation-reduction indicator in cell 

viability assays for eukaryotic and prokaryotic cells, and as an indicator for measuring 

aerobic respiration to detect environmental contaminants.  The colour change of the blue 

resazurin to the pink coloured substrate resorufin, occurs when resazurin is reduced to an Eh 

of + 0.10 volts [138] and undergoes the chemical changes as shown in Figure 20. 

 

Figure 20. Schematic of resazurin reduction to resorufin and dihydro-resorufin.  Figure 

adapted from Guerin [139] 
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A colourmetric standard was produced using the DA reacting with resazurin to visually 

quantify the change of redox potential that the DA may exert in media.  The assay used in 

this study to test DA was adapted from the resazurin reduction test traditionally used to 

assess the quality of semen [140, 141], which measures the metabolic capability of semen to 

reduce resazurin to resorufin.  

4.1.3 DEGRADATION CHARACTERISTICS OF CD HYDROGEL 

In order for a hydrogel designed as a medical device to be applicable and successful, its 

stability, biodegradability, and antimicrobial activity, if any, must be determined. 

Additionally, if antimicrobial, the hydrogel’s efficacy against as range of microorganisms’ 

should be tested.   

Concerns were raised regarding the degradation of the CD hydrogel and the fate of the gel 

components. Broth micro-dilution tests revealed that the clinical concentrations of the CD 

hydrogel (40 mg/mL and 25 mg/mL) were ineffective at inhibiting the growth of clinically 

relevant bacteria, in particular E. coli and E. faecalis as previously reported in section 

2.3.1.1.  

To determine if the degradative products of CD hydrogel could be a potential carbon source 

for bacteria; a chemotaxis assay using the agar plate technique was performed with the 

motile and clinically relevant bacterium E. coli.  

4.1.4 OBJECTIVES OF THIS CHAPTER 

1) Using 1H NMR spectroscopy, analyse chemical changes of the CD hydrogel. 

a. Determine differences between CD25 and CD100 hydrogel. 

2) Determine the differences in chemical activity between DA100 and DA25 using a 

modified resazurin reduction assay.  

3) Determine the degradative fate of CD25 and CD100 co-incubated with motile 

organism E. coli using an agar plate chemotaxis assay.  
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4.2 MATERIALS AND METHODS 

4.2.1 PREPARATION OF DEXTRAN ALDEHYDE AND SUCCINYL CHITOSAN 

The 80% oxidised DA (DA100) (Batch no. NZP 9911103), the 25% oxidised DA (DA25) (Batch 

no. NZP p2011303), succinyl chitosan (SC) (Batch no. 9911110) and CD25 and CD100 were 

prepared as previously described in section 2.2.3, unless otherwise stated.  

4.2.2 PROTON NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

The 80% oxidised DA (DA100) (Batch no. NZP 9911103) and the 25% oxidised DA (DA25) 

(Batch no. NZP p2011303) were prepared by dissolving in deuterated water (D2O) with 

stirring at room temperature overnight.  The working concentrations of DA100 and DA25 

and were prepared at 30 mg/mL and 10 mg/mL. 

Succinyl chitosan (SC) (Batch no. 9911110) was prepared at 50 mg/mL and 40 mg/mL by 

dissolving in deuterated water with stirring at room temperature overnight. 

The concentrations of CD hydrogel prepared for analysis were 40 mg/mL (50 mg/mL SC + 30 

mg/mL DA) and 25 mg/mL (40 mg/mL SC + 10 mg/mL DA). The CD hydrogel was formed for 

1H NMR analysis by mixing equal volumes of the dissolved DA and succinyl chitosan in to a 

NMR tube to reach a final volume of 700 μL. The 1H NMR spectra were measured on a 

Varian Unity Inova 400 MHz spectrometer with D2O as solvent and chemical shifts (δ) were 

given in ppm.  

Analysis of the CD100 hydrogel was unable to be performed, due to the insolubility of 

DA100 in deuterated water.  

4.2.3 RESAZURIN COLOURMETRIC ASSAY 

In order to try and quantify the change of reduction potential between DA100 and DA25 a 

modified resazurin reduction assay was performed [142]. The data was subsequently 

calculated and expressed as relative absorbance i.e. RA600 nm and RA570 nm; where the  

absorbance of specific wavelengths of resazurin and resorufin are 600 nm and 570 nm 

respectively [143]. Samples of DA25 and DA100 were prepared at the following 

concentrations: 70, 60, 50, 40, 30, 20, 10, 1, 0.5 mg/mL. Sodium phosphate buffer (0.24%, 

pH = 7.4) was used as the diluent and as the 0 mg/mL dilution. In each test, 2.5 mL of each 
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DA dilution was aliquoted into 15 mL tubes (Falcon, BD Company). To each tube, 30 μL of 

Resazurin solution (1 mg/ mL) was added and mixed thoroughly. The tubes were incubated 

at room temperature for 1 hour. To each tube 1 mL of 1-butanol was added, and mixed 

thoroughly by vortexing. Following centrifugation at 2000 x g for 5 minutes, 200 μL of the 

butanol layer was transferred into a 96 well plate. This assay was performed in duplicate, 

and the OD of the supernatant was measured at 570 nm and 600 nm using a plate reader 

(Varioskan Flash, Thermo Fisher Scientific, Finland).  

The relative absorbance (RA) at 570 nm and 600 nm was defined as RA570 =  
(0�10�)

0�   and 

RA600 =
(0�10�)

0�
, where A0 represents the specific absorbance of 0 mg/mL DA, and A1 

represents the absorbance of the DA concentration tested.  

4.2.4 CD HYDROGEL CHEMOTAXIS ASSAY 

To determine if the CD hydrogel degraded products would become a potential carbon 

source for microbes, a chemotaxis assay was performed [53]. This chemotaxis assay utilises  

colourless triphenyltetrazolium tetrachloride  (TTC) dye that is converted to a red coloured  

triphenyl formazan (TPF) with succinate dehydrogenase, and was used to assist in visualising 

motility in bacteria [144].  

Motility non-nutritive agar plates (PBS with 0.3% agar and 0.1% TTC) were prepared. 

Circular plugs (5mm in diameter) of firm PBS agar (3% agar) and CD hydrogel were inserted 

at a distance of 44 mm apart from each other, as measured between the centres of each 

plug.  Concentrations of the CD100 and CD25 that were tested were 40mg/mL (5 %SC + 3% 

DA) and 25 mg/mL (4% SC + 1% DA). The positive control used for chemotaxis was a circular 

5 mm plug of MacConkey agar.  Overnight broth cultures of E. coli 25922 were prepared and 

assessed microscopically for motility by the hanging drop method [145]. The E. coli was 

injected to the centre of each plate between the two plugs and incubated at 35±2⁰C for 72 

hours. At every 24 hour time point, photos of the plates were taken as the hydrogel has 

been reported to degrade after 3 days. Observation of motility was reported by the 

production of a red precipitate.  
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4.3 RESULTS 

4.3.1 PROTON NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Analysis of the 1H NMR spectra of CD25 at 25 mg/mL and 40 mg/mL was performed using 

MestReNova software (Mestralab Research, Spain).  A study of the change of gel 

composition and availability of the free aldehydes were investigated by comparing the 

signal intensity of the aldehyde groups present on the DA against the signal intensity of 

succinyl groups present on the SC.  

The regions of interest that were chosen in this study to analyse CD hydrogel were, 3.00 – 

2.20 ppm for the succinylated chitosan groups and 6.00- 5.00 ppm for the DA groups. The 

data has been expressed as relative intensity; were the signal intensity of the succinyl 

groups has been normalised to equal 10 and DA intensity was determined relative to the 

succinyl content.  

The analysis of the CD25 hydrogel by proton NMR revealed a trend of progressive decrease 

in aldehyde content over 36 hours as shown in the 1H NMR spectra in Figure 21. 
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Figure 21 1H NMR spectra of CD25 hydrogel observed over 36 hours. Peaks to the left, 

(bracket) correspond to peaks of DA.  Peaks to the right correspond to amine (green), 

succinyl (blue), acetyl (red) groups present on SC. Green brackets correspond to calculated 

area beneath reported peaks. 
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4.3.2 RESAZURIN REDOX ASSAY 

The results of the resazurin reduction assay showed that DA100 was more reactive (had a 

higher content of reactive free aldehyde groups) than DA25. This was shown by the 

observable and instant colour change of resazurin (blue) to resorufin (pink) as shown in 

Figure 22.  With DA100, a colour change was observable with as low as 10 mg/mL. No colour 

change was observed at any of the tested concentrations up to 70 mg/mL of DA25.  

Relative absorbance, RA600 and RA570 (Figure 23), was calculated for both DA25 and 

DA100. DA100 reported higher relative absorbance values than DA25 at all the tested 

concentrations, demonstrating greater oxidative activity.  DA25 displayed no colour change 

with any of the tested concentrations; similarly this was shown through the calculations of 

relative absorbance values as shown in Figure 22. A minor discrepancy was observed in the 

calculations for obtaining the relative absorbance values for DA25 at 60 mg/mL as shown in 

Figure 23; indicating a change in relative absorbance. However, no visible colour change was 

observed from the butanol extract, as shown in Figure 22. The calculated change in relative 

absorbance of DA25 was deemed to be inconsistent with visual findings and subsequently 

rejected.  
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Figure 22. Resazurin redox assay measuring the reductive capacity of DA100 and DA25. 

Reduction of resazurin to reduced product resorufin is indicated by a colour change from 

blue to pink.  O mg/mL (buffer control) was the diluent, NaPBS with resazurin. 
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Figure 23. A comparison of the free aldehyde content of DA25 and DA100 determined by 

resazurin reduction. The relative absorbance reported for DA100 and DA25 in the presence 

of resazurin. Relative absorbance is calculated by RA570 =  
(23124)

24    and RA600 =  
(24123)

24
  

Where A0 is the absorbance at 0 mg/mL of DA and A1 is the absorbance of the tested DA 

concentration.  

 

4.3.3 CHEMOTAXIS ASSAY 

The chemotaxis of E. coli to CD25 and CD100, as seen in Figure 24, was evaluated by 

inoculating E. coli between a non-nutritive plug and a CD hydrogel plug. The positive control 

used for chemotaxis was a MacConkey agar nutrient plug. In the positive control, E. coli 

migrated towards the MacConkey plug after 24 hours as shown in Figure 24 (A1 and A2). At 

both CD100 and CD25  concentrations tested (40 mg/mL and 25 mg/mL), E. coli did not 

migrate to the CD hydrogel plugs after 24 h as seen in Figure 24 (B, C, D, E 1) or after 72 h as 

seen in Figure 24 (B, C, D, E 2). It was determined that the degraded components of the 

CD100 and CD25 did not promote chemotaxis.  
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FIGURE 24 
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4.4 DISCUSSION 

4.4.1 PROTON NMR 

In the proton NMR of CD25 hydrogel, it was shown that over the course of 3 days, a greater 

number of Schiff base bonds were produced, resulting in a greater number of crosslinks, and 

a reduction in free aldehyde groups available for antimicrobial activity.  

Analysis of the CD100 was unable to be performed due to the insolubility of the DA100 at 

the required concentrations of 30 mg/mL and 10 mg/mL. Multiple efforts were made in 

order to solubilise DA100 for NMR analysis, such as the application of heat, adjusting pH to 

assist dissolution, and sonication.  However, despite these efforts DA100 was unable to be 

dissolved successfully without hydrolysing the polymer, or turning to a solvent with 

overlapping spectra. Carbon 13 NMR was proposed to analyse CD100. However, finding an 

appropriate solvent to dissolve DA100 was not successful. 

1H NMR results revealed the dynamic nature of the CD hydrogel with temporal increase in 

the number of crosslinks. Many studies to date focus on the concepts of hydrogel design 

where hydrogels exhibit dynamic complexity and the impact on cellular interaction, thereby 

elucidating the manner in which hydrogels may control cell behaviour [146, 147].  

It is well established that hydrogels display impressive biocompatibility and are designed 

with a varying range of mechanical stiffness and topological features analogous to biological 

microenvironments. Studies have demonstrated the ability of hydrogels to alter the fate of 

cells and the subsequent nature of newly generated tissue [148, 149]. Related studies, 

explored the critical role of hydrogel stiffness on skeletal muscle stem cells [150] and 

fibroblasts [147]  where the rigidity of the hydrogel was associated with the elasticity of the 

resulting tissue. More recent studies stress the significance of designing hydrogels to 

recapitulate important biomechanical cues in native tissues for more desirable clinical 

outcomes, i.e. reduction of scar tissue formation and maintaining elasticity of healed tissue 

[147, 151].  

Biological processes such as wound healing are dynamic in nature and a growing amount of 

evidence suggests that matrix stiffening alone has been implicated in processes such as cell 

proliferation, migration and contraction. Presently, a great number of matrixes that are 
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available which are static in nature and lack the dynamic nature observed in cellular 

processes.  

The cellular microenvironment provides physical support, regulates cellular adhesion and 

signalling.  It is composed of extracellular matrix (ECM, the biological matrix), soluble 

chemical factors and neighbouring cells. The ECM acts as more than just a scaffold, but 

instructs cells to their definitive fate through biochemical and biophysical cues. For example; 

as a result of ECM stiffening, resident fibroblasts acquire a myoblast phenotype and begin 

depositing excessive  amounts of ECM and collagen, amplifying fibrosis and “stiffening” the 

tissue [149]. Recent evidence suggests that matrix stiffening is contributing factor in some 

disease development primarily in instances where tissue elasticity is drastically hindered, i.e. 

valve stenosis.  

Emerging technology in the hydrogel design has been inspired by the regulation of tissue 

formation and modelled to mimic the natural ECM and its interactions with cells. In some 

instances, creating hydrogels capable of sequestering cell secreted growth factors [152], or 

gels that can be temporally manipulated [148, 151].  

Temporal manipulation of dynamic matrix stiffness has been shown to have an effect on the 

mechanical changes and the resultant fate of mesenchymal stem cells [148]. Guvendiren’s 

study stresses the importance of timing matrix stiffening on the mesenchymal stem cells 

and the differentiation of the cells at the time of matrix stiffening. Guvendirin et al showed 

that differentiation of cells to soft tissue (adipose) was favoured in softer gels and 

differentiation to rigid tissues (osteocytes) was favoured in stiffer gels [148]. Temporal 

manipulation of hydrogel rigidity has been explored in Young’s study, exploiting the dynamic 

rigidity of their substrate to mimic the changes that occur naturally in the maturation of 

cardiomyocytes from the mesoderm to adult myocardium [153]. There is much attention 

has been given to the role of matrix stiffening, and its potential to alter fibroblast 

morphology, proliferation, TGF-β signalling and myofibroblast activation [149].  

It could be postulated, that the dynamic nature of the CD hydrogel could contribute to the 

reported favourable clinical outcomes i.e. reduction in adhesion formation, and 

development of elastic tissue in place of fibrotic tissue. The temporal change of the CD 

hydrogel stiffening (increase of crosslinks) could mimic the natural biological state of 
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appropriate ECM deposition and development in the wound healing process. The softer 

hydrogel promoting differentiation of fibroblasts that produce elastic tissue, and the gradual 

firming of the hydrogel promoting strengthened tissue.  

It was noted that during preparation of the CD hydrogel for a majority of the experiments it 

was found that hydrogels composed with DA25 (CD25), had a longer gel setting times than 

the gels composed of DA100 (CD100). This would be due to fewer reactive aldehyde groups 

present in DA25 compared to DA100 relative to the amine groups present on SC in the 

mixture.  

Unfortunately, spectra of the CD25 hydrogel did not provide high resolution and resulted in 

small undefined peaks in the regions of interest. This would be a result of the physical 

nature of the hydrogel as 1H NMR is typically performed with fluid state compounds. Better 

resolution and analysis could be performed using MAS, a technique specifically used for 

solid state NMR. However, this present study lacked the appropriate equipment and 

resources to perform MAS.  

4.4.2 IMPACT OF EH AND IMPORTANCE TO BACTERIAL GROWTH AND INHIBITION.   

Resazurin reduction was performed in order to visually quantify the change in reduction 

potential (EH) of media between DA25 and DA100, and subsequently visually enumerate the 

difference in the degree of oxidation i.e. number of free aldehyde groups.  

A resazurin reduction assay is typically used to assess the quality of semen and hygienic 

quality of milk. It is on the basis that metabolically active organisms reduce resazurin to 

resorufin, resulting in a colour change from blue to pink. The activity of the substance (or 

compound) of interest can be expressed as relative absorbance, (RA600 and RA570), the 

greater the absorbance value, the greater the reported activity. 

Unfortunately this assay was unsuccessful in providing a definitive value of redox potential 

of DA100 or DA25. This was due to the unavailability of the necessary equipment (a redox 

probe).  However, comparison in chemical reactivity was observed between samples of 

DA100 and DA25. A colour change was observed in samples of DA100 from 10 mg/mL after 

1 hour incubation period as shown in Figure 22. However no colour change was observed in 

all samples of DA25, even at the highest tested concentration of 70 mg/mL.  
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It was observed that after a 1 hour incubation, concentrations of DA100 below 10 mg/mL, 

have similar activity (proportional to the number of free aldehyde groups), as DA25 up to 70 

mg/mL. This is consistent to the growth inhibition assays preformed, where DA100 

demonstrated a greater antimicrobial effect than DA25 at lower concentrations. This 

difference in activity would be attributed to the stark difference in degree of oxidation, and 

consequently the number of free aldehydes. DA100 has been demonstrated to have a 

greater number of reactive free aldehyde groups than DA25 as previously mentioned in 

section 1.7. DA100 has been demonstrated to be a strong oxidising agent.  

As described in section 2.4, it has been proposed that an elevation of reduction potential 

can impact bacterial growth. Microbial respiratory pathways are made up of 

oxidation/reduction(redox) reactions [154]. Briefly, a redox reaction is where electrons 

move from an electron donor to an electron acceptor. The transfer of electrons between 

donor and acceptors release energy that fuels the bacterial cell.  These reactions are 

referred to as a conjugate redox pair.  This process is mediated by the electron transport 

chain. The electron transport chain is in plasma membranes and intra-cytoplasmic 

membranes in bacteria and generates energy for the cell. In bacterial cells, electrons are 

readily transferred from their donor (i.e. from glucose catabolism) and shuttled along the 

bacterial membrane until it reaches the terminal electron acceptor.  For aerobic organisms 

the terminal electron acceptor is oxygen, for anaerobic organisms the terminal electron 

acceptor is one other than oxygen, such as Fe+2. The function of the electron transport chain 

is to produce a transmembrane proton electrochemical gradient [155], passing protons back 

and forth between the membrane and  powering the microbial cell and  for functions such 

as rotating bacterial flagella.  

The movement of electrons between the donors and acceptors is a spontaneous reaction. 

Conjugate redox pairs with more negative reduction potentials will spontaneously donate 

electrons to pairs with more positive potentials and with a higher affinity for electrons. This 

can be expressed visually with an “electron tower” (Figure 25).  
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Figure 25. Potential electron donors and acceptors: a redox tower. Theoretical Eh (volts) 

values for reduction-oxidation couples. The redox tower is an effective way to visualise the 

potential electron donors and acceptors utilised by microorganisms. It measures the 

tendency of a compound to interact with the electron donor/acceptor. An electron donor 

will have a greater negative potential than the electron acceptor. The direction of flow of 

electrons is always down the scale.  Figure adapted from Weber et al. [156]   

 

Redox potential is an important selective factor for microbes in all environments [157]. The 

importance of the redox potential to microbial growth has briefly been discussed in section 

2.4.  Anaerobic organisms are particularly sensitive to change of redox potential and often 

require the reduction of redox potential in the growth medium as a requirement for growth. 

This is to lower the extracellular redox potential, to allow for electrons to “flow” down the 

electron transport chain to power the cell. Should the extracellular redox potential become 
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too positive; the anaerobic bacterial cell would become incapable of generating energy 

against the electrochemical gradient.  

Additionally it could be suggested that the presence of oxygen species, would result in 

“rerouting” electron flow from the electron transport chain. Oxygen species are more 

electro-positive, than the appropriate terminal electron acceptor for anaerobic metabolism 

e.g.  Fe3+/Fe2+, resulting in inhibition of bacterial growth, due to the inability to produce a 

electrochemical gradient to drive energy production. These changes to reduction potential 

could possibly explain the increased susceptibly of the tested anaerobic organisms to the DA 

and the CD hydrogel. 

4.4.2 DIFFUSION OF CD HYDROGEL 

The degradation of dextran based hydrogel products have been investigated for concerns of 

enteric organisms utilising the hydrogel as a carbon source [158]. It has been long known, 

that organisms of enteric origin, are capable of hydrolysing dextran polymers and utilise 

them as an energy source [159, 160].  In this study the agar plate technique was utilised to 

assess the chemotaxis of E. coli incubated with CD100 and CD25. 

The result of the chemotaxis assay had shown that E. coli cells were not attracted to either 

of the CD hydrogel plugs. This would be due to a number of different causes; the CD 

hydrogel degradation products did not release into the agar and did not create a chemical 

gradient, the degraded products were inhibitory to E. coli, or the CD hydrogel did not 

degrade under the current assay conditions.  

In preliminary studies performed at the University of Otago, it has been reported that the 

CD hydrogel does not release or diffuse its degraded products in in vitro assays evaluating 

cytotoxicity of CD25 and CD100 extracts with mouse L929 fibroblasts (Personal 

communication [161]). Studies performed by Aziz had previously established that the  DA 

(DA105) component of the CD hydrogel, retained excellent stability and retained 

antimicrobial activity  at room temperature beyond 2 weeks [53].  

Using chemotaxis assays and scanning electron microscopy (SEM) Aziz et al. demonstrated 

the effects of DA (DA105) and CD105 hydrogel treatment on bacterial motility. Using SEM, 

Aziz observed the clumping of flagella in E. coli cells treated with CD105. In agar plate 
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chemotaxis assays; the inhibition of E .coli motility after treatment with DA105 gave results 

that confirmed SEM observations showing motility loss. It could be implied that, the 

absence of motility observed in this present study, could be due to the inhibitory nature of 

the CD hydrogel(s) (i.e. flagellum clumping) and their degraded products. However, in this 

present study and in Aziz’s study a specific mode of action of the CD hydrogel and DA was 

unable to be elucidated.   

In the agar plate chemotaxis assay, the ability of the test compound to diffuse into the semi-

solid agar determines if a concentration gradient is established.  As mentioned previously, 

the DA demonstrates excellent stability, and has demonstrated that it does not readily 

release its degraded products. However investigations, performed later in this present study 

(section 5.3.1.2.2), had shown that the CD hydrogel may diffuse into cell culture media and 

exert a cytotoxic effect.  

Presently, there have been no investigations in the size or the characterisation of the 

degraded products of the CD hydrogel.  

It has been long understood that agar concentration impacts the migration of motile 

bacteria [162] due to the physical constraints impacting cell motility [163, 164]. However 

the diffusion and dissolution characteristic of a compound of interest can also be impacted 

by the medium composition. In soft agar the size of pores are estimated to  ~1 μm in size 

[165]. It is understood that the size of the a particle can impact its ability to diffuse in a gel 

[166], if the particle was too large it would not pass the pore, and subsequent a 

concentration gradient would be established.  

 Unfortunately without further investigations in the characteristics of the degraded products 

of the CD hydrogel, it is not possible to ascertain a clear mechanism of justification in the 

absence of motility observed in the agar-plate chemotaxis assay.  

4.5 CONCLUSIONS  

The purpose of this chapter was to elucidate the chemical and physical nature of the CD100 

and CD25 hydrogel. 1H NMR spectroscopy revealed the dynamic nature of the CD hydrogel, 

where the number of crosslinks formed, and increasing rigidity of the hydrogel increased 

over time. This temporally induced change in the hydrogel could possibly be a mechanism 
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that bolsters the desirable clinical outcome in wound healing following surgical procedures; 

promoting the production of elastic tissue and reducing adhesion formation; in addition to 

serving as a physical barrier to keep opposing raw tissues separated long enough during the 

duration of wound healing. 

It was shown that DA100 was a strong oxidising agent, resulting in a rapid and permanent 

colour change in the redox indicator resazurin. Through the resazurin reduction assay, it was 

evident that DA100 demonstrated a stronger effect to changing redox potential than DA25. 

This is consistent to previous findings, where the amount of “free” aldehyde groups 

correlates to the activity of the DA and subsequently the CD hydrogel.  

The chemotaxis assay had demonstrated that the CD hydrogels (CD25 andCD100) do not 

degrade to compounds that elicit chemo-attractant properties. However, the properties of 

the CD hydrogel degraded products are yet to be evaluated. Further investigation is 

required to characterise the products of CD hydrogel degradation.   
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5 

BIOCOMPATIBILITY OF CD HYDROGEL AND 

WOUND HEALING PROCESS 
 

5.1 INTRODUCTION  

Biomaterials science is a relatively new field of study that has greatly expanded in the past 

few years, with many companies showing great interest in the development of new 

products for application in a variety of medical uses, such as joint replacements, heart 

valves and drug delivery systems to name a few. However, the success of a biomaterial’s 

application is dependent on its biocompatibility. Ideally the biomaterial should be 

completely inert. Extensive biological testing must be performed in order to demonstrate 

the safety and biodegradation of the materials and their components. In this study assays 

assessing cytotoxicity, cellular uptake and wound healing were performed on CD100 and 

CD25 hydrogel using human dermal fibroblast cells.  

5.1.1 IMPORTANCE OF BIOCOMPATIBILITY 

For medical devices to be successful there is a need to demonstrate their safety. This is 

determined by evaluating their cytotoxic effects by one of three tests, a direct contact test, 

extract test and indirect-contact test [167].  Viability assays are routinely performed to 

evaluate cell health after treatment with a substance of interest for a designated amount of 

time. Cytotoxicity determination is broken up into categories of evaluation type; assessment 

of cellular viability, biological activity and cellular structure and morphology [168].  

5.2.1.1 CYTOTOXICITY ASSESSMENT 

Cytotoxicity assays are often utilised to determine the toxic effects of materials on living 

cells. Toxic materials may effect cell morphology, proliferation, and specific aspects of 

cellular metabolism or trigger the process of apoptosis or necrosis [168].  
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5.2.1.1.2 CRYSTAL VIOLET ASSAY 

The crystal violet assay is not traditionally used to assess cell viability, but is conventionally 

used for Gram’s staining in bacteriology. However in some instances crystal violet staining is 

used to assess cytotoxicity [169-171] and is typically used as a supravital stain with 

eukaryotic cells. This assay was first employed to quantify the number of cells in a 

monolayer by measuring the absorbance of the dye taken up by cells. Crystal violet binds to 

DNA in eukaryotic cells, and the amount of the bound dye correlates with a linear 

relationship to the number of cells [172].   

5.2.1.3 MTT ASSAY 

The MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) tetrazolium 

reduction assay is used to detect viable cells. Positively charged MTT penetrates the cell 

membrane of eukaryotic cells.  Viable cells with an active metabolism convert the MTT to an 

insoluble purple formazan product [173]. Cells that are dying lose the ability to convert the 

MTT to formazan, serving a useful colorimetric marker for cell viability [174]. The exact 

mechanism of cellular conversion of MTT to formazan is not well understood, but is 

proposed to involve a reaction with NADH or a similar reduction molecule that donates 

electrons to MTT  [174]. Various methods have been used to solubilise the formazan crystals 

formed in cells, such as acidified isopropanol, dimethyl sulfoxide (DMSO), 

dimethylformamide, sodium dodecyl sulphate (SDS) and combinations of detergents and 

organic solvents [175].  It is important to note that the MTT assay is only useful in reflecting 

cell metabolism i.e. health, not cell proliferation [176]. 

5.1.2 WOUND HEALING  

Wound healing is achieved by four precise phases, and for proper wound healing to occur 

these phases must occur in the correct sequence and time frame. These phases of wound 

healing are haemostasis, inflammation, proliferation and remodelling. Optimal wound 

healing involves: rapid haemostasis; appropriate inflammation; mesenchymal cell 

differentiation; proliferation and migration to the wound site; suitable angiogenesis; prompt 

regrowth of epithelial tissue over the wound surface; and the proper synthesis, cross-linking 

and alignment of collagen to provide strength to healing tissue [177] as described in Figure  

27  
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A number of different cells are involved in the wound healing process, including 

macrophages, neutrophils, and fibroblasts [1, 178]. Neutrophils and macrophages are vital 

in the inflammation phase of wound healing [179].  Optimal wound healing cannot occur 

without appropriate clearance of inflammatory foreign bodies. Neutrophils clear the wound 

of cellular debris and bacteria, in addition to secreting proteolytic enzymes, cytokines and 

growth factors. Macrophages are recruited to the wound site by neutrophil-secreted growth 

factors, such as transforming growth factor β (TGF-β). These cells are involved in the 

phagocytosis of neutrophils, and in the production of growth factors (such as fibroblast 

growth factor, vascular endothelial growth factor (VEGF) and tumour necrosis factor (TNF) 

that act to recruit fibroblasts to the wound site. Fibroblasts have a role in the synthesis, 

deposition and remodelling of ECM [180]. They are recruited from regional connective 

tissues by macrophages, where they deposit additional extracellular molecules into the 

wound matrix. Shortly after collagen synthesis begins, collagen initially deposited by 

Figure 26 . Image summarising the four stages of acute wound healing; haemostasis, 

through vasoconstriction and fibrin clot formation, inflammation (infiltration and activation 

of immune cells) new tissue formation and new tissue remodelling. Image adapted from 

Williamson[1] 
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fibroblasts is done so in a haphazard manner that is later reoriented to form a basket weave 

pattern.  Re-epithelialisation occurs shortly after and aims to cover the wound surface with 

a layer of epithelium [178]. 

In the instance of peritoneal injury, mesothelial cells have a role in wound healing  [181]. In 

the peritoneum there is the serous membrane; this is a smooth membrane that is made up 

of a thin layer of mesothelial cells that secrete serous fluid. This fluid is a phospholipid-

based surfactant that provides lubrication to allow the viscera to slide past one another. 

These mesothelial cells are crucial as they produce a surfactant that has fibrinolytic activity 

to protect against adhesion and thrombus formation [182] . In addition to this, the 

mesothelial cells secrete cytokines that regulate tissue repair and extracellular matrix 

turnover. When the mesothelium suffers injury, the coagulation cascade is activated and 

causes fibrin deposition. The fibrin forms a matrix that acts as a template for wound healing 

or a tissue for adhesion development.  Inflammatory cells are recruited to the site of injury, 

in particular macrophages that become the predominant cell-type in the peritoneal fluid. 

The macrophages adhere to the wound surface and are subsequently covered by 

mesothelial cells. If normal healing progresses, the site of injury is restored to a continuous 

sheet of mesothelial cells.  

Many factors can interfere with the wound healing process, either locally or systemically. 

Local factors are those that directly influence the characteristics of the wound itself, such as 

oxygenation and infection [183]. The systemic factors are those that are dependent on the 

status of health of the patient that may affect their ability to heal.  

The oxygenation of the wound, contributes to the outcome of wound healing [183]. Oxygen 

is crucial for cell metabolism thereby important for the wound healing process. Sufficient 

oxygenation can prevent infection, induce angiogenesis, enhance fibroblast proliferation 

and collagen synthesis, and promote wound contraction [184] . In the early stages of wound 

healing, the microenvironment is quickly depleted of oxygen due to high consumption by 

metabolically active polymorphonuclear leukocytes (PML) involved in the clearance of 

debris and pathogens. Temporary hypoxia in acute wounds is beneficial, as this serves as a 

signal to stimulate growth factor production from cells such as macrophages and fibroblasts. 

However, prolonged hypoxia, can alter the levels of superoxide production in PML, affecting 
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both pathogen clearance and the proportions of reactive oxygen species [185].  This balance 

of appropriate oxygenation determines the outcome of either appropriate wound healing or 

additional tissue damage. Proper levels of oxygenation are crucial for optimal wound 

healing.  In addition to its role in wound healing, hypoxia has also been implicated in the 

pathogenesis of adhesion formation [186].   

In the event of inadequate clearance of bacteria and debris, the resulting infection leads to 

prolonged inflammation at the wound site [187].  The sustained pro-inflammatory response 

can lead to an increased level of matrix metallo-proteases (MMP) that could degrade ECM.   

This can result in defective wound matrix and a failure of wound re-epithelisation leading to 

the development of chronic wounds [188].  

In the case of irregular peritoneal healing, mesothelial cells, fibroblasts and macrophages 

can signal for excessive ECM deposition [189]. In addition to this, fibroblasts develop a 

myofibroblast phenotype, which secretes massive amounts of ECM molecules, such as 

fibronectin, hyaluronic acid, glycosaminoglycans and proteoglycans [189]. This process 

produces a weak fibrous bridge between two tissues, and vascularisation and collagen 

strengthen this bridge forming an adhesion. However, the exact mechanism that shifts 

normal wound healing to adhesion formation still remains unclear [190].  

5.1.2.1 FIBROBLAST IMPORTANCE IN ADHESION FORMATION. 

 There is some evidence supporting the importance of fibroblasts in the formation and 

maturation of adhesions.  Following trauma, the contents of the wound induce  a dramatic 

influx of fibroblast cells, followed by the inclusion of vessel structures and connective tissue  

[191, 192]. Rout et al isolated fibroblasts from the normal peritoneum and from adhesions 

and noted marked differences in their phenotype [193]. Previous studies have indicated that 

the altered phenotype of fibroblasts in adhesions show a reduction in plasminogen activator 

(PA) activity [186], increased angiogenesis, increased ECM deposition, increased production 

of  the cytokine transforming growth factor β1 (TGF-β1) and reduced apoptosis. All of these 

changes contribute to the “adhesion phenotype”. Studies have also attributed hypoxia to 

the conversion of fibroblasts to the “adhesion phenotype” through inflammatory signalling 

by macrophages [189].  
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5.1.2.2 PREVENTION OF POST-OPERATIVE ADHESIONS 

Traditionally, good surgical technique was advocated as the approach to reduce post-

operative adhesion formation. More recently, pharmacological agents and barriers are used 

to prevent the formation of adhesions [7, 34, 46, 194, 195]. 

 The ideal adhesion barrier should meet the following criteria: achieves effective tissue 

separation; have a long half-life to remain active in the crucial 7-day healing period; is 

absorbed or metabolised without initiating a pronounced pro-inflammatory response; 

remains active in the presence of blood; does not compromise wound healing; does not 

promote bacterial growth [194].  

However despite the increased availability of adhesion barriers in clinical practice, there 

have been drawbacks in their use. These include, difficultly in their preparation and 

application, the need for absolute haemostasis, inadequate pliability, complicated fixation 

techniques and their incompatibility with laparoscopic surgical procedures [58].  

5.1.2.2.1 CHITOSAN/ DEXTRAN ALDEHYDE HYDROGEL 

Earlier studies on a novel CD hydrogel showed it had promising potential  as a post-

operative aid in  ESS in vivo in both animal and human trials [64, 65]. As mentioned in 

section 1.7 the CD hydrogel demonstrates great ability to significantly improve surgical 

outcomes assisting in wound healing and reducing adhesion formation.   However the 

previous experiments performed with a CD hydrogel used a DA of a greater degree of 

oxidation and higher iodide content i.e. DA105 [53]. This present study uses DA and CD 

hydrogels prepared with lower iodide content and a lower degree of oxidation, DA25/ CD25 

and DA100/ CD100. This chapter focuses on the comparison of two CD hydrogels, CD100 

and CD25 and assesses the differences and the suitability of the hydrogels for future use as 

a postoperative surgical aid to prevent adhesion formation in abdominal and spinal 

surgeries. Assessment of CD25 and CD100 for their suitability as post-operative aids for 

adhesion prevention require investigations regarding biocompatibility and the ability to 

prevent adhesion formation.  
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5.1.3 AIMS OF THIS CHAPTER 

1. Determine in vitro the biocompatibility of CD100 and CD25. 

a. Determine the potential cytotoxicity of CD100 and CD25 on human dermal 

fibroblasts (HDFa) using direct contact and indirect contact assays using the 

proposed surgical concentrations for ESS (40 mg/mL) and abdominal and 

spinal surgery (25 mg/mL). 

2. Determine the degradative fate of CD hydrogel in vitro using Lucifer yellow tagged 

DA100 with dermal fibroblasts. 

a. Optimise Lucifer yellow endogenous uptake in dermal fibroblasts as a 

positive control. 

3. Examine the potential impact of CD hydrogel on the wound healing process and 

adhesion formation using the in vitro tissue culture models (scratch assay and IBIDI 

culture system) with human dermal fibroblast primary cell line. 
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5.2 METHODS AND MATERIALS 

5.2.1 PREPARATION OF CD HYDROGELS FOR WOUND HEALING ASSAYS AND EVALUATION OF 

CYTOTOXICITY  

For the wound healing tests and cytotoxicity assessment, 40 mg/mL (50 mg/mL SC + 30 

mg/mL DA) and 25 mg/mL (40 mg/mL SC + 10 mg/mL DA) CD100 and CD25 were prepared 

as described in section 2.2.2.1. 

5.2.2 CELL CULTURE 

Human adult dermal fibroblast cell line (HDFa) was purchased from Biologics TM Company 

(Portland, OR, USA) and cultured in Medium 106 (Med 106) (Life Technologies) with 1% low 

serum growth supplement (LSGS) (Gibco/BRL Life Technologies).  

Fibroblast stocks were cryopreserved in liquid nitrogen at a concentration of 1 x105 cells/mL 

in supplemented Med 106 and 6% DMSO.  

For the resuscitation of cells, a vial was thawed and the contents transferred drop-wise into 

a 25 cm2 cell culture flask (Falcon; BD Company) (T25) with 5 mL of supplemented Med 106 

and incubated at 35±2⁰C in a humidified 5% CO2 atmosphere. Seventy two hours after 

resuscitating the cells the culture medium was replaced, and for subsequent feeding, the 

medium was replaced after 48 hours until the cell culture reached approximately 80% 

confluency, after which the medium was replaced every day.  The cells were routinely 

subcultured at a confluency of 70-80% by seeding a new 75 cm2 cell culture flask (Falcon; BD 

Company) (T75) with 3.75 x 105 cells, maintained with the feeding schedule aforementioned 

and incubated at 35±2⁰C in a humidified 5% CO2 atmosphere. At approximately 80% 

confluency, the cells were harvested for experimentation. To detach the fibroblasts from 

the culture flasks, cell were trypsinized with Tryp-LE solution (Tryp-LETM Express Enzyme (1x) 

(Gibco, Life Technologies), 1 mL for T25 and 2 mL for T75 flasks. The cells were incubated for 

3 minutes at room temperature. During this time the cells were observed with an inverted 

microscope (x10 objective) to confirm detachment and the flask gently tapped to dislodge 

cells from the surface of the flask. Trypsin neutralisation solution (Appendix A) was added to 

the flask, 1 mL for T25 and 2 mL for T75 flasks, when the cells were transferred to a sterile 

15 mL conical tube. Additional trypsin neutraliser was added to the flask, 1 mL for T25 and 2 
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mL for T75, to remove any remaining cells. Following centrifugation of the cells at 180 x g 

for 7 minutes, the supernatant was removed and the pellet was resuspended in fresh 

supplemented Med 106. Cell viability and enumeration was assessed using trypan blue on a 

haemocytometer[196].  

5.2.3 EVALUATION OF CELL VIABILITY AND CYTOTOXICITY. 

5.2.3.1 EVALUATION OF CYTOTOXICITY BY DIRECT CONTACT TEST  

This experiment was carried out with an ‘in-house’ developed method, utilising a coverslip 

to mount the CD hydrogel and allowing direct contact to the fibroblast cells. The purpose of 

this method was to evaluate the effects of the CD hydrogel on the cell monolayer, such as 

cytotoxicity or cell internalisation of the hydrogel.  

The ‘coverslip method’ was carried out by seeding 6-well tissue culture plates (Falcon; BD 

Company) with 1 x 105 HDFa cells in each well and topped up with Med 106 for a final 

volume of 2 mL in the well. The cells were incubated for 3 hours at 35±2⁰C in a humidified 

5% CO2 atmosphere to allow the cells to adhere to the plate. During this incubating step, the 

CD hydrogel was prepared on sterile coverslips. On separate coverslips, 200 μL of CD25 and 

CD100 were prepared at 40 mg/mL and 25 mg/mL and placed into the wells hydrogel side 

down and submerged.  The cells were incubated for 24 hours at 35±2⁰C in a humidified 5% 

CO2
 atmosphere. At 24 hours the cells were inspected and photographs were taken using an 

inverted microscope (Olympus 1×71 Ltd., Osaka, Japan) at 10x magnification. Cell viability 

was assessed using the crystal violet method, which gave results contradictory to the 

photographs. The MTT assay was employed and optimisation assays were executed for 

optimal cell seeding density. The work utilising the coverslip method was shortly 

discontinued for a standardised method using transwell cell culture inserts (section 

5.2.3.2.2). 

Crystal violet staining was used to assess the viability of fibroblast cells for the ‘coverslip 

method’. The crystal violet assay was performed as outlined in Chiba et al [176].  The 

amount of stain retained in each well is proportional to the number of adherent cells. After 

observing the plates by microscopy, supernatant was gently removed from the wells using a 

pipette and discarded. The cells were washed twice by adding approximately 1 mL of PBS 

drop wise and removing the supernatant. To each well, 1 mL of methanol was added and 
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incubated at room temperature for 60 minutes. After this incubation step, methanol was 

flicked out of the wells and the plate left to air dry on absorbent paper. To each well, 1 mL 

of 1% crystal violet was added and incubated at room temperature for 5 minutes, followed 

by a washing step as previously mentioned. Subsequently, 1 mL of 33% glacial acetic acid 

was added to each well to solubilise the crystal violet stain, and thoroughly mixed by 

manual pipetting. From each well, quadruplicate sets of 100 μL were transferred into a 96-

well plate. The absorbance of the plate was read using a plate reader (Varioskan Flash, 

Thermo Fisher Scientific, Finland) at an OD of 595nm. The positive controls used for the 

crystal violet assay were untreated cells and the negative controls were wells without cells 

that had undergone staining. These assays were performed in duplicates of triplicate 

experiments.  

5.2.3.2 CYTOTOXICITY ASSESSMENT BY INDIRECT CONTACT TESTING 

5.2.3.2.1 CELL SEEDING OPTIMISATION FOR 24 WELL PLATES 

Dermal fibroblasts were seeded in quadruplicate into 24-well cell culture plates (Falcon :BD 

company) at concentrations of 0.25 x 105, 0.5 x 105, 0.75 x 105  and 1 x 105  cells per well. 

The plates were incubated for 24 hours at 35±2⁰C in a humidified atmosphere with 5% CO2. 

After the incubation step, the cell viability was assessed by an MTT assay. This assay was 

repeated twice.  

5.2.3.2.2 INDIRECT CONTACT TEST  

Dermal fibroblasts were seeded in triplicate into a 24 well culture plate at 0.5 x 105 cells per 

well. This cell seeding concentration was determined from optimisation assays for cell 

seeding density section 5.2.4.2.1. Cells were incubated for 24 hours at 35±2°C in a 

humidified atmosphere with 5% CO2. After this incubation step, the cell medium was 

changed and cells were treated with CD25 and CD100 hydrogel at 40 mg/mL. The hydrogels 

were prepared in Transwell cell culture inserts (8.0 μm pore size; BD Bio sciences, 

Invitrogen) by mixing 100 μL of SC (50 mg/mL) with 100 μL of DA (30 mg/mL). Cells 

incubated alone served as a growth control. When the hydrogel had fully gelled, the inserts 

were transferred into the 24-well tissue culture plate using sterile forceps. The fibroblasts 

were incubated for 48 hours at 35±2⁰C in a humidified atmosphere with 5% CO2. At the end 

of the incubation period the Transwell inserts were removed and the cell morphology 

observed by light microscopy. Cell viability was assessed by an MTT assay and performed as 
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outlined in Chiba et al [175]. This experiment was only carried out only once in triplicate 

wells due to time constraints.  

After the observing the plates by light microscopy, the supernatant was removed from each 

well and discarded. For death cell controls, 100 μL of 10% SDS (Sigma-Aldrich, USA) was 

added to the well, giving a final concentration of 1% SDS.  To each well 250 μL of 1 mg/mL 

MTT was added, and incubated for 2 hours at 35±2⁰C in a humidified 5% CO2 atmosphere. 

After the incubation step, the MTT was removed and discarded and 1 mL of 100% 

isopropanol was added to each well. To solubilise the formazan crystals the plate was gently 

rocked. From each well, 100 μL was transferred into a 96-well plate. This was repeated in 

triplicate for each well.  The absorbance was read in a plate reader (Varioskan Flash, Thermo 

Fisher Scientific, Finland) at an OD of 570 nm.   

5.2.4 BIOCOMPATIBILITY ASSESSMENT: UPTAKE OF LUCIFER YELLOW-TAGGED HYDROGEL 

In order to analyse the degradation process and the mechanism of action of the CD 

hydrogel, the hydrogel was tagged with the fluorescent dye Lucifer Yellow (Molecular 

probes®, Life technologies). This dye enables the measurement of CD hydrogel uptake by 

HDFa cells. In anticipation of confocal microscopy as a means of visualising the uptake, 

preliminary experiments determining the uptake of the Lucifer yellow in HDFa cells were 

performed with a plate reader.  

5.2.4.1 PREPARATION OF LUCIFER YELLOW-TAGGED CD HYDROGEL 

The preparation of  Lucifer yellow-tagged CD100 hydrogel was performed as outlined in 

Moller [197]. Coupling of Lucifer yellow to the DA was achieved by hydrazone formation 

between the aldehyde groups on the DA and the hydrazide moiety in the Lucifer yellow. 

DA100 (NZP batch no. 9911103) (50 mg, 306 μmoL, 1.0 equiv.) was dissolved in phosphate 

buffer (15 mL, pH = 7.0, 0.1M) at 50°C.  Lucifer Yellow (13.8 mg, 30 μmoL, 0.10 equiv.) was 

added to the reaction and the mixture stirred for 6 hours at 50°C. To prevent the hydrazine 

bond from hydrolysing, this linkage was selectively reduced by treatment with sodium cyano 

borohydride (1.88 mg, 30 μmoL, 0.10 equiv.) for 12 hours at 4°C. The reaction was dialysed 

against distilled water. The reaction dialysate was investigated by measuring its absorbance 

at 430 nm and fluorescence intensity (excitation 425 nm and emission 528 nm) in a plate 

reader, in order to determine the amount of dye released into the dialysate.  The dialysate 
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was sampled and analysed each day for 5 days. Finally, the Lucifer yellow tagged DA100 was 

freeze dried and stored in the dark at – 20 °C.  

5.2.4.2 HDFA CELL UPTAKE OF LUCIFER YELLOW 

The purpose of this experiment was to determine if dermal fibroblasts took up the degraded 

products of the CD hydrogel by measuring fluorescence intensity of the cell monolayer in a 

plate reader.  

The Lucifer yellow was prepared at 100 μM in PBS, and serially diluted by two-fold to 7.8 

nM. Dermal fibroblasts were seeded into a 96 well plate at 1x 105 cells/mL and incubated at 

35±2⁰C in a humidified atmosphere with 5% CO2 for 24 hours. After the incubation step, the 

supernatant was removed and cells were incubated with 50 μL Lucifer yellow and 50 μL of 

Med 106 at 35±2⁰C in a humidified atmosphere with 5% CO2 for 24 hours. At the end of the 

incubation step, the supernatant was removed transferred into a separate 96 well plate, and 

the cells were washed twice in PBS and resupplied with fresh cell culture medium. The cells 

and supernatant were analysed for by measuring fluorescence intensity in a plate reader at 

an excitation of 425 nm and emission of 528 nm. Experiments were performed in triplicate. 

The optimal concentration was determined by the greatest difference in OD570 nm compared 

with the 1% SDS death control while maintaining subconfluency after 24 hours of incubation 

as determined by microscopy as defined in ISO-10993-5 [167].  

5.2.5 IN VITRO WOUND HEALING ASSAY 

Two techniques were utilised to assess cell migration and proliferation for wound healing; 

the traditional scratch assay and the IBIDI culture insert system.  

5.2.5.1 IBIDI CULTURE INSERT SYSTEM 

This experiment was carried out using petri μ-dishes (IBIDI GmbH, Am Klopferspitz 

Martinsried, Germany) with inserts that allow cells to grow in two designated areas ( x 0.22 

cm2) with a predetermined gap size of 500 ± 50 μm. To each well, 70 μL of fibroblast cells 

were seeded at a concentration of  3 x 105 cells/mL and incubated at 35±2⁰C in a humidified 

5% CO2 atmosphere for 24 hours or until the cells were 70-80% confluent. After the removal 

of the insert, the cell free gap was filled with 10 μL of either CD100 or CD25 hydrogel. The 

concentrations of the CD hydrogel’s tested were 40 mg/mL and 25 mg/mL. The cells without 

test samples served as a negative control.  The cells were subsequently covered with 2 mL of 
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supplemented Med 106 and incubated at 35±2⁰C in a humidified 5% CO2 atmosphere over a 

total period of 72 hours. The proliferation and migration of the cells over the cell-free gap 

was investigated by taking photographs at designated time points (0, 24, 48 and 72 hr) using 

an inverted microscope (Olympus 1×71 Ltd., Osaka, Japan) at 10x magnification. The 

digitalised images were analysed by ImageJ software (National Institute of Health, 

http://rsb.info.nih.gov/ij/). The percentage of wound closure at various times was 

calculated by the equation, as written below. At least three different images were analysed 

for each sample and for each time point.  

5ound  closure % * (1 A 5B-CD EFGE EH I! J 5B-CD EFGE EH I�) ( 100% 

Tt is the time afer wound ing . T0 is the time immediately after wounding.  

 

 

 

 

 

5.2.5.1.1 DATA ANALYSIS 

FIGURE 27. Principle for wound healing and migration assays with IBIDI culture inserts. (1) 

Cells are seeded in the insert and incubated for 24 hours (2) the silicon insert is removed (3) 

observation of an internal reference is formed, cell fronts and a cell free gap following 

removal of the insert. Figure adapted from www.Ibidi.com 
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Image J software was used to measure the wound closure gap over time. The results have 

been expressed as mean±SD for two independent experiments. Statistical analysis was 

performed using two-way ANOVA followed by Bonferroni’s multiple comparisons test. 

Significant differences were set at *P < 0.1, **P< 0.01, ***P <0.001, ****P< 0.0001.  

5.2.5.2 SCRATCH ASSAY  

The scratch assay was carried out by seeding a 24 well tissue culture plate (Falcon; BD 

Company) with 1 x 105 cells for each well and incubating at 35±2⁰C in a humidified 5% CO2 

incubator for 24 hours to allow the cells to form a monolayer. After the incubation period, 

the supernatant was removed from each well and the cell monolayer was scraped in a 

straight line with a p200 pipette tip. The wells were washed with 1 mL of growth medium to 

remove cellular debris. The “scratch” was filled with 10 μL of CD100 and CD25 at 40 mg/mL 

and 25 mg/mL. The cells without test samples served as a control. The cells were 

subsequently covered with 2 mL of growth medium and incubated at 35±2⁰C in a humidified 

5% CO2 atmosphere. The proliferation and migration of the cells over the cell-free gap was 

assessed by taking photographs at designated time points (0, 24, 48 and 72 hr) using an 

inverted microscope (Olympus 1×71 Ltd., Osaka, Japan) at 10x magnification. The digitalised 

images were analysed by ImageJ software (National Institute of Health, 

http://rsb.info.nih.gov/ij/). This assay was repeated in triplicate.  
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5.3 RESULTS 

5.3.1 CYTOTOXICITY ASSESSMENT 

5.3.1.1. DIRECT CONTACT TEST 

Assessment of morphological changes and cell viability of dermal fibroblasts following 

treatment of CD100 and CD25 hydrogel were investigated with a direct contact test. 

Untreated cells served as a control. In crystal violet assays, the CD100 and CD25 at all tested 

concentrations were not cytotoxic, as indicated by no comparable decrease of OD against 

the cells only control, as shown in Figure 28. It was determined by statistical analysis that 

the differences observed with cells treated with CD100 at 40 mg/mL and 25 mg/mL (****P < 

0.0001) and CD25 25 mg/mL (***P < 0.001) was deemed statistically significant as 

compared with the cells only control.  

The untreated dermal fibroblasts appeared long, thin and transparent in phase contrast 

micrographs (Figure 29 A). Morphological changes were observed in cells incubated with 

CD100 (Figure 29 B); cells appeared to be floating, round and reduced in size. No apparent 

change in cell morphology was observed in fibroblasts treated with CD25 (25 mg/mL) 

(Figure 29 C).   

Despite the statistical significance reported for the crystal violet viability assay, this 

technique discontinued due to the great discrepancy between the cell viability results 

(Figure 28) and observed morphological changes in the dermal fibroblasts (Figure 29).  
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Figure 28.  Comparison of the cytotoxic effects of CD100 and CD25 hydrogel on human 

dermal fibroblasts. Cells were treated with CD25 and CD100 at concentrations of 40 mg/mL 

and 25 mg/mL and incubated for 24 hours. Cell viability was determined by the crystal violet 

assay.  Statistically significant differences among means were performed using one-way 

ANOVA followed by Bonferroni’s multiple comparison (***P< 0.001), (****P< 0.0001) as 

compared to the cells only control. 
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Figure 29. Phase contrast micrographs of human dermal fibroblasts in a direct contact assay 

following 24 hours incubation.  Dermal fibroblasts were treated with (B) 25 mg/mL CD100 

and (C) 25 mg/mL CD25, (A) cells only served as a control; Images were taken using a 

Olympus IX70 microscope magnification at 4x. 

  



106 
 

5.3.1.2 INDIRECT CONTACT TEST 

5.3.1.2.1 MTT CELL SEEDING CONCENTRATION OPTIMISATION 

In order to determine the optimal cell seeding concentration for a 24 well tissue culture 

plate; for use in the indirect contact test, the MTT assay was performed with varying cell 

seeding concentrations. It was determined that a cell seeding concentration 0.5 x 105 cells 

per well was the optimal concentration, as this provided the greatest difference in OD570 nm 

compared with the 1% SDS death control while maintaining subconfluency after 24 hours of 

incubation Figure 30.  

5.3.1.2.2 CYTOTOXICITY ASSESSMENT OF CD100 AND CD25 WITH HDFA CELLS 

The cytotoxic effects of CD25 and CD100 on human dermal fibroblasts cell were evaluated. 

The HDFa cells were incubated with the CD hydrogel for 48 hours and the cell viability 

assessed by MTT assay as shown in Figure 31. Cells only were used as the viability control. 

1% SDS was used as a cytotoxicity positive control. Treatment with 40 mg/mL of CD100 was 

shown to be cytotoxic resulting in 30% cell viability and deemed statistically significant, 

(***P <0.001) against the cell only control. Cells treated with 40 mg/mL of CD25, displayed a 

minor reduction in cell viability, resulting in 90% cell viability, however this difference was 

considered as not significant as compared to the cells only control.  

However, with observation microscopy, the cell morphology of cells incubated with CD100 

appeared healthy and comparable to the cells only control, cells were long thin and 

elongated (images not shown).  
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Figure 30. In vitro cytotoxicity cell density optimisation assay with human dermal fibroblasts 

using MTT. Data are presented as mean±SD performed using one-way ANOVA followed by a 

Bonferroni’s multiple comparison (**** P< 0.0001) as compared to the SDS positive control.     
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Figure 31. In vitro cytotoxicity evaluations of CD100 and CD25 hydrogel at 40 mg/mL. Cells 

only serve as a negative control and 1% SDS served as the cytotoxic positive control. Data 

are presented as mean±SD and were analysed by one-way ANOVA followed by a 

Bonferroni’s multiple comparison. (***P<0.001), (**** P< 0.0001) compared to the cells 

only control.    
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5.3.2 UPTAKE OF LUCIFER YELLOW IN HDFA CELLS 

5.3.2.1 PREPARATION OF LUCIFER YELLOW CD HYDROGEL 

In order to determine the progression of Lucifer Yellow dye release from the tagging 

reaction, fluorescence intensity and absorbance of the dialysate was measured each day. By 

day 3, no more Lucifer yellow dye was released into the dialysate as indicated by no change 

of fluorescence intensity or absorbance, as shown in Figure 32 and Figure 33. The dialysis 

reaction was considered to be complete by day 3 with no change in fluorescence signal in 

the following days. 

5.3.2.2 OPTIMISATION OF LUCIFER YELLOW POSITIVE CONTROL IN HDFA CELLS. 

In order to determine a positive control of endogenous dermal fibroblast uptake of the 

Lucifer yellow dye, an optimisation assay was performed. The result of this assay revealed 

that the HDFa cells did not readily take up Lucifer yellow as demonstrated with the low 

reported fluorescence signals at all tested concentrations, as shown in Figure 34. At the 

highest tested concentration of Lucifer yellow tested (10 μM), the maximum fluorescence 

intensity observed was 13 arbitrary units, a very low signal in respect to the concentration 

utilised which was reported to produce a fluorescence intensity of greater than 1000 

arbitrary units (data omitted).  
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Figure 32.  Monitoring reaction completion of Lucifer yellow binding to DA100.   Florescence 

of Lucifer yellow dialysate measured over the course of 6 days measured at excitation 

425nm, emission 528 nm in an automated plate reader (Varioskan Flash, Thermo Fisher 

Scientific, Finland).A change in fluorescence intensity was no longer detectable after 3 days.  
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Figure 33. Monitoring reaction completion of Lucifer yellow binding to DA100. UV- 

Absorption of Lucifer yellow dialysate  from dextran Lucifer yellow reaction, was measured 

over the course of 6 days at 430 nm  in an automated plate reader (Varioskan Flash, Thermo 

Fisher Scientific, Finland)..  A change in reported absorption was no longer detected after 2 

days. 
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Figure 34. Florescence intensity readings for optimisation of endogenous uptake of Lucifer 

yellow by human dermal fibroblasts following 24 hour incubation. Data are presented as 

mean±SD performed using one-way ANOVA followed by a Bonferroni’s multiple 

comparison. (**P<0.01), (**** P< 0.0001) as compared to the cells only control.    
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5.3.3 IN VITRO WOUND HEALING ASSAY 

Decreasing wound size is an important aim in the mechanism for wound healing. It is 

expected that cytotoxic material will inhibit the migration of cells.  

5.3.3.1 IBIDI CULTURE INSERT SYSTEM 

Images of the HDFa cells at various incubation times (0, 24, 48, 72 hrs) show the migration 

of the fibroblast cells across the 500 μm gap created by the IBIDI inserts containing either 

CD100, CD25 or cells only (negative control) as shown in Figure 35 and Figure 36 

respectively.  The percentage of wound closure of dermal fibroblasts for each treatment is 

shown in Figure 37.  

In the cells only control, fibroblast cells appear to begin migrating (Figure 35) resulting in 

approximately 45% wound closure (Figure 35)  at 24 hours, 80% wound closure at 48 hours 

and by 72 hours the wound is completely closed, as shown in the light micrographs in  

Figure  35A and 36A.  

For cells incubated with CD100 at both 40 mg/mL and 25 mg/mL, there is no observable 

fibroblast cell migration at any time point (Figure 35), and no wound closure (Figure 37) and 

was considered statistically significant at all tested time points (****P <0.0001) 

Cells incubated with 25 mg/mL CD25 showed some reduction in the speed of cell migration 

and wound closure (Figure 36). Wound closure was revealed to be 10% at 24 hours (**P < 

0.01), 65% closure at 48 hours (****P < 0.0001), and 85% closure at 72 hours (*P < 0.1) as 

described in Figure 37. 

With treatment of 40 mg/mL of CD25, fibroblasts also showed impaired cell migration 

compared to the cells only control (Figure 36). There was no observable cell migration at 24 

hours (****P < 0.0001), 35% wound closure at 48 hours (****P 0.0001), and approximately 

90% - 100% wound closure at 72 hours (Figure 37). By 72 hours, near complete wound 

closure (90%) was observed, as shown in Figure 36. 
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Figure 35. Migration of dermal fibroblast cells co-incubated with (B) 40 mg/mL and (C) 25 

mg/mL of CD100 using an IBIDI cell culture insert system. Cells only (A) served as a control. 

Images were captured at time 0, 24 hours, 48 hours and 72 hours incubation time using an 

Olympus IX70 microscope. 
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FIGURE 36. Migration of dermal fibroblast cells co-incubated with (B) 40 mg/mL and (C) 25 

mg/mL of CD25 using an IBIDI cell culture insert system. Cells only (A) served as a control. 

Images were captured at time 0, 24 hours, 48 hours and 72 hours incubation time using an 

Olympus IX70 microscope. 
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Figure 37.Wound healing assay evaluating  percentage of wound closure in dermal 

fibroblast cells in an IBIDI insert cell culturing system at 24, 48 and 72 hours. HDFa cells were 

treated with (red) 40 mg/mL CD100, (green) 25 mg/mL CD100, (purple) 40 mg/mL CD25 and 

(orange) 25 mg/mL CD25. Untreated cells served as a control. Data are presented at mean ± 

sd. statistically significant groups were determined by 2-way ANOVA followed by a 

Bonferroni’s multiple comparisons test. (*P < 0.1), (**P < 0.01), (***P < 0.001), (****P < 

0.0001) as compared to control.  
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5.3.3.2 SCRATCH ASSAY  

Images of the wounds generated in fibroblast monolayers by the scratch technique 

captured after 0, 24, 48 and 72 hours incubation with CD25 and CD100 are shown in Figures 

39 and 38 respectively. Percentage of wound closure was not calculated as a consistent area 

of wound could not be reproduced between assays and replicates.  

As observed with the IBIDI insert culture system, the cells only control showed fibroblast 

migration at 24 hours (Figure 38 A2) and a majority of complete wound closure by 72 hours 

(Figure  38 A4).   

Contrary to the observations in the IBIDI insert system, cells incubated with CD100 displayed 

migration, the cells elongating and traversing the wound gap. With treatment at 40 mg/mL, 

cell inhibition was observed, characterised by lack of complete wound closure at any time 

point. However, initiation of fibroblast migration was observed at 24 hours (Figure 38 B2) 

and there was partial closure of the wound by 72 hours (Figure 38 B4).  

Cells incubated with 25 mg/mL of CD100, exhibited migration and wound closure 

comparable to the cells only control. Observable migration at 24 hours and complete wound 

closure at 72 hours occurred (Figure 38 C1-4).  Similarly, fibroblasts treated with CD25 did 

not exhibit any inhibition; cell migration and wound closure being comparable to the cells 

only control (Figure 39).  
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Figure 38. Migration of dermal fibroblast cells co-incubated with (B) 40 mg/mL and (C) 25 

mg/mL of CD100 using the scratch assay technique. Cells only (A) served as a control. 

Images were captured at time 0, 24 hours, 48 hours and 72 hours incubation time using an 

Olympus IX70 microscope at 10 x magnifications. 
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Figure 39. Migration of dermal fibroblast cells co-incubated with (A) 25 mg/mL and (B) 40 

mg/mL of CD25 using the scratch assay technique. Images were captured at time 0, 24 

hours, 48 hours and 72 hours incubation time using an Olympus IX70 microscope at 4 x 

magnification. Circular bodies in B1 are air bubbles trapped in CD25.  
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5.4 DISCUSSION 

It is widely accepted that the general definition of biocompatibility is ‘ability to exist in 

contact with tissues without causing an unacceptable degree of harm to the body’ [198]. 

Biocompatibility has been of concern for implanted devices intended to persist in the body 

for an extended period of time.  

Recent studies on the CD hydrogel (CD105), demonstrated its biocompatibility [199]. CD105  

did not exhibit mutagenicity or elicit a strong immunogenic responses and had low 

cytotoxicity [53].  CD105 is considered a pilot formulation for the CD hydrogel, for use 

following ESS. CD105 is a formulation that has not undergone extra dialysis and therefor has 

a higher content of the cytotoxic component iodine.  

In this chapter, CD100 and CD25 were evaluated for their biocompatibility through 

cytotoxicity assays using direct and indirect contact tests, in addition to cell migration assays 

(wound healing assay).  In order to observe the fate of the CD hydrogel, it was proposed to 

use a Lucifer yellow tagged CD hydrogel (CD100) to track the internalisation of the degraded 

hydrogel components in cell culture. In addition to demonstrating the biocompatibility of 

CD100 and CD25 hydrogels, the in vitro wound healing assays were expected to provide 

some information on the ability of the hydrogels to potentially inhibit adhesion formation in 

vivo. 

5.4.1CYTOTOXICITY ASSESSMENT 

5.4.1.1 DIRECT CONTACT TEST 

In the direct contact assay, where crystal violet was used as a supravital stain, there was no 

apparent reduction of cell viability after incubation with CD100 and CD25 as shown in Figure 

27. Conversely, observation by light microscopy revealed cells treated with CD25 and CD100 

had altered cell morphology and exhibited some cytopathic effects, i.e. cells had become 

rounded, as shown in Figure 28.  

A similar finding had been reported in Aziz’s study using CD hydrogel, where crystal violet 

data gave results that were not representative of cell viability [53].  However Li’s  study has 

controversially  reported that  cell toxicity does not directly result in a change in cellular 

morphology [200]. It is generally accepted that an alteration in cell morphology is indicative 

of cytotoxicity [201, 202].  
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Chiba has briefly reviewed the use of crystal violet staining for cell viability assessment, 

supporting the concept that it is a simple and easily reproducible assay to test 

cytotoxicity[176]. However, they had noted that the absorbance of stained cells often does 

not correspond to the number of viable cells. This would be in the instances where cells are 

not growing uniformly on the bottom of a well and adherent cells that are stained include 

dead cells. Crystal violet binds to the DNA of eukaryotic cells but is not a specific for viable 

cells [172]. 

In addition to the inconsistencies between crystal violet staining and cell morphology, it was 

noted that there was variation and difficulties maintaining absolute direct contact of the 

hydrogel to the cell monolayer at the bottom of the wells. Often, coverslips holding the 

hydrogel would not remain submerged, the hydrogel would dislodge from the coverslips, or 

lastly, the hydrogels would dissolve in the cell culture media.  

In light of the many inconsistencies revealed in the direct contact test and use of crystal 

violet staining, it was decided that cytotoxicity evaluation of CD100 and CD25 would be 

performed by an indirect contact test and cell viability evaluated by a MTT assay, to 

eliminate any variation between tests.  

5.4.1.2 INDIRECT CONTACT TEST 

The main findings of the indirect contact test were that the cells incubated with 40 mg/mL 

CD25 hydrogel exhibited a mild cytotoxic effect, showing only a 10% reduction in cell 

viability after 48 hours incubation. However, following statistical analysis using one-way 

ANOVA followed by Bonferroni’s multiple comparisons, the differences between treatments 

with CD25 as compared against the cells only control has been deemed not significant.  Cells 

incubated with 40 mg/mL CD100 appeared to exhibit marked cytotoxic effects, revealing a 

significant reduction in cell viability (***P< 0.001) as compared with cells only control, as 

shown in Figure 31.  

Results of the cytotoxicity of CD100 in the indirect contact test followed by MTT appear 

more consistent with results with the direct contact test and the observed cytopathic effects 

by light microscopy. The cytotoxicity of CD100  is also similar to the findings by Aziz, where 

cytotoxicity assays revealed that DA formulations tested, with levels of oxidation higher 

than DA25/CD25 were reported to be cytotoxic to fibroblasts [53].  Conversely the level of 
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cytotoxicity observed when fibroblasts were treated with 40 mg/mL CD25 was lower than 

previously reported findings in mouse L929 fibroblast cells under the same culture 

conditions. In the latter study, a 30% reduction in viability was seen compared to the 

negative (cells only) control [199]. According to the International Organisation for 

Standardisation, Part 5: Tests for in vitro cytotoxicity of medical devices,( ISO 10993-5:2009 

guidelines ), CD25 would be considered non-cytotoxic as cell viability values greater or equal 

to 70% of the cells only control were obtained with both L929 mouse fibroblasts and HDFa 

human dermal fibroblasts in indirect contact tests.  

Early studies performed by our collaborators in Australia, Athanasiadis et al. reported the 

cytotoxic nature of the CD hydrogel component, DA ( Formulation of DA unknown) on nasal 

fibroblasts [63]. It is important to note that these studies were performed prior to 2009, 

before the development of DA105 as used by Aziz and the current formulations of DA 

(DA100 and DA25) that are extra dialysed to reduce the iodine content.  

The Athanasiadis study reported a reduction in cell proliferation with fibroblast cells 

incubated with the CD hydrogel. However, despite initial cytotoxicity observed with cells 

incubated with and in the CD hydrogel, cells were reported to remain viable and eventually 

adapted to the CD hydrogel environment and replicate [63, 203].  

Multiple studies have described the cytotoxic nature of oxidised dextran [204, 205].  

However the safety of dextran-based hydrogels has been validated as there are a variety of 

compositions currently in widespread use [206-208].  Studies are in agreement that the 

cytotoxicity of oxidised dextran is ameliorated when a large proportion of the free aldehyde 

are bound in imine (Schiff) bonds [203, 205].  

However, mild cytotoxicity is not necessarily considered detrimental, particularly with 

respect to adhesion prevention. It has long been suggested that delaying fibroblast 

migration, organisation and collagen deposition, to allow for serosal re-epithelialisation  can 

assist in the prevention of adhesion maturation [209].  Additionally in Lauder’s study, they 

suggest that the prevention of adhesion formation observed with a CD hydrogel, was due to 

the specific  inhibition and mild cytotoxic effects towards fibroblasts that assisted in 

adhesion prevention [64] . This specific cytotoxicity  of CD hydrogel  and  DA was also 

observed in Aziz’s study [53] in addition to work performed by Athansiadis [63], both 
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reported specific inhibitory and cytotoxicity effects directed at fibroblast cells, with equal 

and promising success in adhesion prevention following ESS in animal and human trials. 

5.4.1.2.1 LUCIFER YELLOW UPTAKE 

The CD hydrogel must demonstrate its biocompatibility and thorough knowledge of its 

potential cytotoxicity is crucial for approval for use in biomedical applications, especially for 

an implantable in situ medical device.  Preliminary investigations into the endogenous 

uptake of Lucifer yellow dye in dermal fibroblasts were performed.  

In order to obtain a positive control of fibroblast internalisation of Lucifer yellow, 

optimisation assays were performed. It was found that the dermal fibroblasts did take up 

the fluorescent dye, however at very low quantities, as indicated by low fluorescence 

readings (Figure  33), despite the high concentrations of Lucifer yellow the cells were 

treated with (10 uM).  

Previous studies have demonstrated that Lucifer yellow can be internalised endogenously 

by mammalian cells by endocytosis or passive diffusion. This is due to the small size of the 

dye molecule (521.6 g/mol) [210, 211]. Many studies that utilise Lucifer yellow dye typically 

covalently attach the dye to the molecule of interest. Cell internalisation of the dye is either 

induced or occurs through permeabilising the cell using techniques such as scrape loading 

[212], bio-injection [213] or electroporation [214].  

In this study, Lucifer yellow internalisation was not assisted by permeabilisation techniques 

and this resulted in low endogenous internalisation. The Lucifer yellow-tagged CD hydrogel 

internalisation assay with dermal fibroblasts was not performed due to time constraints and 

the low level of endogenous internalisation. 

5.4.2 WOUND HEALING 

Decreasing wound size is the principal aim in the mechanism of wound healing. However, 

precise timing and cell signalling in the phases of wound healing (haemostasis, 

inflammation, proliferation and remodelling) are crucial to resolving a wound [179, 183].  It 

is generally accepted that fibroblasts have a key role in the development of adhesions. 

Fibroblasts invade the wound within the first few days of healing and are responsible for 

many functions involved in the wound-healing process, such as collagen synthesis and the 
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deposition and reorganisation of ECM [193]. However external factors, such as hypoxia at 

the site of injury, the presence of a fibrin clot and excessive inflammation can modulate 

signalling to fibroblasts for ECM deposition or degradation [215, 216].  

Athanasiadis et al. reported that the use of the CD hydrogel (CD105) significantly improved 

the outcomes of nasal endoscopic surgeries performed in sheep, presenting decreased 

adhesion formation, potentially due to the inhibition of fibroblast cells whilst supporting the 

growth of epithelial cells necessary for re-epithelisation  [62].  

5.4.2.1 SCRATCH ASSAY VS IBIDI CULTURE SYSTEM 

There were stark differences observed in fibroblast migration and wound closure between 

the two wound healing assay techniques with when cells were treated with CD100. Cells 

treated with CD25 at both 25 mg/mL and 40 mg/mL in both assays showed wound closure 

and cell migration similar to the cells only controls.  

Fibroblast cells treated with CD100 in the IBIDI inserts displayed no migration and no wound 

closure. Fibroblasts treated with CD100 in the scratch assay displayed some cell migration 

across cell-free gaps filled with 40 mg/mL of CD100, although migration was clearly impaired 

as wound closure was incomplete. In contrast, cell migration and wound closure 

comparable to the cells only control occurred following treatment with 25 mg/mL of CD100.  

A key difference between the traditional scratch wound assay and the IBIDI insert system is 

the method of generating a cell-free region i.e. the wound. With the scratch assay, the cells 

are mechanically removed from the monolayer. This scraping process results in injury to the 

cells, resulting in the release of cellular contents. Mechanically removing the cells will also 

result in residual ECM. As described in Section 4.4.2, ECM is an extracellular part of a 

multicellular structure, which acts as more than just a passive scaffold for cells. It is a 

structure that can instruct cells through biochemical cues [147]. Hyaluronan, the simplest 

glycosaminoglycan that composes ECM, is thought to facilitate cell migration during tissue 

morphogenesis in addition to repair [217].  

ECM can also serve as a reservoir or a provisional matrix for growth factors and other 

proteins deposited from cell injury [218]. Growth factors, such as fibroblast growth factor 

(FGF-2), that induce the growth of fibroblasts and endothelial cells during wound healing 

[219], and transforming growth factor-β (TGF-β), which promotes reorganisation or matrix 
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molecules [220] interact with the ECM in a multitude of ways that ultimately results in 

mutual regulation. This mutual regulation;  the sequestration and release of growth factors  

by the ECM ultimately has several consequences, including prolonged localised expression 

of growth factors or variations in intensity [221]. Additionally, sequestration of growth 

factors to the ECM can protect them from degradation that may have an important role in 

chronic wounds that exhibit increased protease activity [222]. The differences observed 

between the wound healing assays, for fibroblast migration may be due to the presence (in 

the scratch assay) and the absence (IBIDI cell culture system) of ECM in the micro-

environment of the in vitro system.   

In the IBIDI cell culture system, the cell-free gap is produced by a physical barrier, removal 

of which initiates the cell migration process. It minimises cell injury and retains a cell free 

region for the deposition of ECM. This allows for the study of different molecular 

mechanisms and the elucidation of specific functions of the ECM components. Additionally 

it allows for the study of cell migration that does not involve cellular damage, such as 

inflammation and angiogenesis [223]. Unlike the scratch assay, there is no residual ECM in 

the cell-free gap.  

With regard to fibroblast migration in the present study, the variation observed between 

the IBIDI and scratch assays is likely to be due to the presence of residual ECM in the latter, 

assisting fibroblast cell migration across the cell free gap. However, it was not possible at 

the time to assess the potential ECM content from the scratch assay due to time constraints 

and without the availability of a suitable reporting florescent probe for immuno-fluorescent 

staining of the ECM. In past experiments and in Aziz’s study, it has been well established 

that the DA component of the hydrogel is reactive to many cell and bacterial stain’s and 

labels, such as propidium iodide and resulted in their degradation [53]. Future investigations 

of a similar nature could include assessing ECM content of the cell-free gap in the scratch 

assays prior to CD hydrogel application, in addition to the effects of pre-coating tissue 

culture surfaces with ECM prior to “wounding” of cells in the scratch assay.  

In Aziz’s study, it was reported that the use of SC alone in wound healing assays accelerated 

wound closure by enhancing epithelial cell proliferation and migration [53]. Chitosan itself 

has been reported to assist in accelerating the rate of wound healing [224-226]. The 
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acceleration of wound contraction is proposed to be due to the chitosan behaving as a 

scaffold for cells mimicking native ECM [227]. However, a number of studies have also 

reported that chitosan exerts inhibitory effects on fibroblast proliferation [180]. Most of 

these studies were performed using N-O carboxymethyl chitosan (NOCC) which has been 

shown to be an effective inhibitor at concentrations as low as 0.1% [228]. Unfortunately it 

still remains unclear as to what mediates fibroblast inhibition observed in some studies and 

the acceleration of fibroblast proliferation in others.  

Unfortunately wound healing assays performed in Aziz’s study did not include fibroblast 

cells, so a direct comparison with CD105 and its effects on cell migration and proliferation 

could not be made with CD25 and CD100. However Aziz’s study did succeed in establishing 

the cytotoxic component of the CD hydrogel which was the DA and it has been reported 

that DA is specifically cytotoxic and inhibitory to fibroblast cells [53, 63]. Other studies 

utilising oxidised dextran in hydrogels, also report varying degrees of cytotoxicity. 

There are limitations in the interpretation of in vitro wound healing assays. The events of 

successful wound healing involve the collective effort of multiple cell types: mesenchymal 

cell, fibroblasts and immune cells, in addition to appropriate cell signalling, interactions with 

the ECM and expression of growth factors.  The wound healing assays performed in this 

study, however, only utilised one single cell type and the effect of the CD hydrogels on cell 

migration was tested without pre-coating tissue culture plates with either ECM or poly-

lysine to assist in cell migration. However, utilising the wound healing/migration assays can 

demonstrate the potential inhibitory nature of the compounds tested. 

5.5 CONCLUSION 

In this chapter, CD25 and CD100 hydrogels were assessed for their cytotoxicity using human 

dermal fibroblasts. This assessment was performed through the use of direct contact and 

indirect contact assays where viability was subsequently measured by either crystal violet or 

MTT. The results of these assays showed that CD100 at 25 mg/mL and 40 mg/mL 

concentrations exhibited cytotoxicity to dermal fibroblasts resulting in altered cell 

morphology and a decrease in measurable metabolic activity as determined by light 

microscopy and MTT assays respectively. CD25 was considerably less cytotoxic than CD100, 
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as no changes in cell morphology were observed and only a 10% reduction in cell viability 

with MTT.  

Additionally, wound healing assays were performed utilising human dermal fibroblasts to 

assess the effects CD25 and CD100 may exert on cell migration and cell proliferation. Two 

techniques were utilised for wound healing, the scratch assay and the IBIDI cell culture 

insert system. It was found that fibroblasts co-incubated with 40 mg/mL of CD100 in both 

scratch assays and IBIDI culture systems exhibited inhibited proliferation and migration, 

resulting in incomplete wound closure after 72 hours. Whereas with 25 mg/mL of CD100, 

cell migration and complete wound closure was observed after 72 hours in the scratch 

assay; however, in the IBIDI culture system, cell migration was absent with no resolution of 

the wound. Treatment with CD25 at both tested concentration of 40 mg/mL and 25 mg/mL, 

neither impaired or inhibited cell migration or proliferation, and resulted in wound closure 

in comparable to observations of the cells only controls.  

Taken altogether, this chapter surmises that CD100 at 40 mg/mL demonstrates some 

cytotoxicity and the capacity to inhibit fibroblast migration and proliferation. At the 

proposed surgical concentration, 25 mg/mL, CD100 demonstrates some inhibitory activity 

towards fibroblasts however this inhibition is only observed in an ECM-free model, i.e. IBIDI 

culture insert system. CD25 at both tested concentrations (40 mg/mL and 25 mg/mL) display 

good biocompatibility and is neither inhibitory nor cytotoxic.  However, CD25 also lacks the 

ability to hinder fibroblast migration or proliferation; a feature proposed to assist in 

preventing adhesion formation.   
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6 

GENERAL DISCUSSION AND FUTURE PERSPECTIVES 
 

6.1 INTRODUCTION 

Postoperative complications such as adhesion formation and infection are the main cause of 

morbidity following surgery. Adhesion formation following surgery is due to fibrous bands of 

scar tissue formed between two opposing surfaces, which can lead to major concerns for 

patient health. The development of adhesions postoperatively is also the main cause for 

revision surgery. 

Polymers have been of great interest for use in the medical field, in particular for use in a 

barrier-based system to prevent the formation of adhesions. However to date there is no 

commercially available product that behaves ideally, due to issues regarding 

biodegradability, bio-adhesiveness and ease of manipulation for use in surgery. Additionally, 

no available hydrogel barrier has yet been approved by the Food and Drug Administration 

(FDA) for use in the health sector [229].  The novel CD hydrogel developed at Otago has 

demonstrated promising results in the prevention of adhesion formation in human [59] and 

animal [60] studies following endoscopic sinus surgery, in addition to success in animal trials 

for adhesion prevention following abdominal surgery [6].  

The aim of this study was to determine the importance of free aldehyde groups in the 

efficacy of a chitosan/ dextran-based surgical hydrogel.  In this study ’efficacy’ of a 

postoperative aid for the prevention of adhesions has been defined as having the following 

characteristics: (1) preventative for the formation of adhesions, (2) biocompatible, (3) 

antimicrobial. Comparative studies evaluating antimicrobial efficacy were performed with 

the two formulations of DA, DA25 and DA100, with varying levels oxidation, 25% oxidation 

and 80% oxidation respectively. In addition to assessing the antimicrobial efficacy of the CD 

hydrogel formulations, comparative studies were performed to determine which of the CD 

hydrogel formulations, CD25 and CD100, would be potentially more suitable as a 
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postoperative surgical aid for the prevention of adhesions. This was evaluated through 

biocompatibility assessments measuring cytotoxicity, and wound healing assays that 

observed cellular inhibition and cell migration.  

In chapter 2, the antimicrobial activity of DA25, CD25, DA100 and CD100 were assessed 

using microbroth dilutions and growth inhibition assays against a number of clinically 

relevant organisms most prevalent in post-operative infections.  One of the prerequisites 

required for a successful hydrogel, is its ability to inhibit the growth of pathogenic organisms 

at the surgical site.  The broth micro-dilution assays were used to determine MIC and MBC 

values of various facultative and obligate anaerobes that were Gram negative and Gram 

positive. Additionally, growth inhibition assays were performed to elucidate the more subtle 

inhibitory and bactericidal effects that DA100 and DA25 exerted.  

The results of the broth micro-dilutions of DA25, CD25, DA100 and CD100 revealed that 

DA100 and CD100 exerted a greater antimicrobial effect than DA25 and CD25. According to 

the obtained results, CD25 was ineffective at either of the proposed surgical concentrations 

(25mg/mL and 40 mg/mL) at killing or inhibiting any of the tested organisms. CD100 was 

found to be variably effective against the clinically relevant organisms tested.  Additionally it 

was found that the anaerobic bacteria tested in this study were significantly more sensitive 

to the DA and CD hydrogel than the facultative anaerobes. B. fragilis, P. anaerobius, C. 

perfringens and the microaerophilic H. pylori were inhibited and killed at 4 mg/mL and 2 

mg/mL of DA100 respectively and with 20 mg/mL of CD100.  

The growth inhibition assays revealed the more subtle bactericidal and bacteriostatic effects 

exerted by DA100 and DA25. The results of these assays revealed the bacteriostatic effects 

of DA25 previously not observed in the broth micro-dilutions, which are an end point assay. 

The bacteriostatic effects of DA25 were exerted in a dose dependant manner. It was also 

noted that the bactericidal effects of DA100 occurred rapidly resulting in no observable 

growth at the MBC.  

In chapter 3, the mechanism of action of DA and CD hydrogel on the clinically 

relevant anaerobic organism B. fragilis was investigated using transmission electron 

microscopy. Incubation of DA and CD hydrogel at the MIC with B. fragilis resulted in a 

change in the bacterial cell wall. Changes reported include disruption of the cell wall and cell 
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septation, resulting in cell wall rippling and incomplete cell division leading to the 

development of enlarged cells. Additionally, ghost cell structures were reported following 

treatment of DA and CD with the B. fragilis cells. 

Changes at the cell wall and the development of ghost cells are consistent with the previous 

work performed by Aziz. It was found that the mechanism of action was similar to changes 

reported for beta-lactam antibiotics, where cell division is disrupted resulting in 

dysfunctional cell septation. However, the exact mechanism of action still remains unclear, 

due to unavailability of probes to label cell wall components or label DNA (i.e. propidium 

iodide) that do not react with DA. In order to definitively determine that cell wall damage is 

the primary mode of action of DA and CD hydrogel, alternative methods are needed.  

In chapter 4, chemical and physical characterisation was performed on the DAs and 

CD hydrogels, in order to verify the anticipated differences between DA25/CD25 and 

DA100/CD100. 1H NMR spectroscopy performed with CD25 and CD100 revealed that over 

time the proportion of aldehyde groups in the formed CD hydrogel decreased over time. 

This suggests that these reactive aldehyde groups were being utilised to make up the 

crosslinks, Schiff base bonds that form the hydrogel. Resazurin reduction assays showed 

that DA100 was more active, and contained a greater number of free aldehyde reactive 

groups than DA25. This was shown by a rapid change of blue coloured resazurin to pink 

coloured resorufin with concentrations of DA100 as low as 10 mg/mL. Concentrations of 

DA25 up to 70 mg/mL did not result in any reduction of resazurin to Resorufin. Lastly, agar 

plate chemotaxis assays were performed to study the degradative properties and fate of the 

CD hydrogel co-incubated with the motile organism E. coli over time. This assay showed that 

the CD hydrogels, CD25 and CD100, did not promote E. coli migration. However, it is not 

apparent whether the absence of migration was due to retained antimicrobial properties of 

the degraded CD hydrogel or the inability of the degraded components to diffuse into agar 

resulting in the absence of a concentration gradient.  

In chapter 5, the biocompatibility of CD25 and CD100 hydrogels were assessed. This 

was achieved by measuring their potential cytotoxic effects on human dermal fibroblasts in 

direct and indirect contact assays, and subsequently measuring cell viability by crystal violet 

and MTT assays. It was found that CD100 hydrogel was considerably more cytotoxic than 
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CD25, as determined by both direct and indirect contact assays, with fibroblasts displaying 

cell morphology changes and reduced cell viability.  Cells incubated direct and indirectly 

with CD25, displayed no morphological changes, and cell viability was 90% as determined by 

the MTT assay.  

Two wound healing/ cell migration assays were employed; the traditional scratch assay and 

the IBIDI cell culture insert system.   Wound healing assays revealed that CD25 neither 

inhibited nor enhanced the migration of dermal fibroblasts in either form of wound healing 

assay. However, varying results for cell migration were obtained for CD100 between assays. 

With the IBIDI cell culture system, fibroblast migration was inhibited for up to 3 days with 25 

mg/mL and 40 mg/mL of CD100. In the scratch assays, cell migration and wound closure 

after 72 hours was observed for fibroblasts incubated with 20 mg/mL of CD100. Cells 

incubated with 40 mg/mL of CD100 were inhibited during the 72 hour period and no wound 

closure occurred, however cell migration was observed at 48 hours.  

6.1.1 COMPARISON OF DEXTRAN ALDEHYDES: DA25 AND DA100  

The number of free aldehyde groups available on the polymer chain of DA is expected to 

affect the gel formation process i.e. altering the speed of gel formation. The number of the 

aldehyde groups formed on the polymer can be controlled by the amount of oxidising agent; 

periodate is used in the process of synthesising the polymer. It has been previously reported 

that the number of free aldehyde groups also correlates to the speed and firmness of the 

composed gel [53]. In addition to affecting gel times, it has been found in the present study 

that the number of free aldehyde groups also has an effect on antimicrobial efficacy.  

One of the objectives in this study was to assess the differences in the antimicrobial efficacy 

and chemical reactivity between DA25 and DA100. The microbroth dilution and growth 

inhibition assays revealed that DA100 exhibited greater antimicrobial activity than DA25 

with the clinically relevant organisms tested in this study, as shown in Table 5 and Table 6. In 

the chemical analysis of DA25 and DA100 using resazurin reduction assays, DA100 

demonstrated greater reactivity than DA25, as shown in Figure 22.  

It has been suggested that the differences in antimicrobial activity and chemical reactivity 

may be due to the differences in the degree of oxidation of the DA. DA100 is approximately 
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80% oxidised and was shown to demonstrate greater antimicrobial efficacy than DA25, 

which is reported to be approximately 25% oxidised.  

6.1.2 SUITABILITY OF CD25 AND CD100 AS POSTOPERATIVE SURGICAL AIDS 

The development of a surgical hydrogel that is haemostatic, antimicrobial and prevents 

adhesion formation would be of immense benefit leading to reduced healing times, lowered 

rates of infections and subsequently eliminating the need for second look surgeries to 

remove adhesions. Numerous agents have been tested for the prevention of adhesions and, 

amongst them; barrier-based techniques have been shown to be the most successful [35, 

229]. In this study, CD25 and CD100 hydrogel were assessed for their suitability for use as 

post-operative aid to prevent adhesion formation.  Desirable characteristics for an ideal 

barrier based postoperative aid for adhesion prevention include antimicrobial and 

haemostatic activity, biocompatibility and inhibitory to fibroblasts. 

Taken together the results of the antimicrobial efficacy, cytotoxicity and effect on wound 

closure show that CD100 may in some instances possess more desirable qualities for an in 

situ post-operative surgical aid to prevent adhesion formation. CD100 hydrogel is 

antimicrobial and is capable of inhibiting fibroblast migration within the crucial time frame 

of 3-5 days, when the development of adhesion formation begins. However the reported 

cytotoxicity from the indirect contact test implies that the formulation of CD100 could not 

be approved by the ISO standard, where the acceptable level of cytotoxicity is only a 30% 

decrease in cell viability [167]. Contrary to the cytotoxicity reported from the MTT assay, 

CD100 hydrogel has demonstrated in the wound healing assays, which require direct 

contact of the hydrogel to the cells, no observable cytotoxic effects to the co-incubated 

cells. However it is apparent that the CD100 hydrogel had inhibitory effects to the 

proliferation and migration of dermal fibroblast cells. This inhibitory behaviour towards 

fibroblasts is desirable for the prevention of adhesion formation. Fibroblasts are reported to 

play a large role, in the deviation of normal wound healing towards adhesion formation.  

Lauder has suggested the anti-adhesion activity of the CD hydrogel used in their study is 

likely due to the inhibition of fibroblast cells [6, 64]. Additionally the anti-fibroblastic activity 

has been reported in Athanasiadias’s work and shown that the inhibitory nature of the CD 

hydrogel was not fatal to fibroblasts, but instead impaired cell proliferation, hindering their 

growth during the initial stages of wound healing [63]. This inhibition is thought to dampen 
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overzealous fibroblast proliferation and excessive collagen deposition in response to 

trauma.  

As reported in this study, CD25 hydrogel did not possess the same level of antimicrobial 

activity or anti-fibroblast proliferative activity as CD100. It has been considered that CD25 

hydrogel is inadequate in comparison to CD100 as a postoperative aid to prevent adhesions, 

with reduced activity due to the lowered amount of the active free aldehyde groups. This 

reduced activity of CD25 compared to CD100 is of concern especially as, at the proposed 

concentration for abdominal surgery (25 mg/mL), CD25 is neither antimicrobial nor effective 

at inhibiting fibroblasts.  However in some barrier-based techniques used to prevent 

adhesion formation, simply the separation of opposing surfaces was sufficient to prevent 

the formation of adhesions [36, 48]. Nevertheless, the limitations to physical barriers alone 

without the inhibitory properties are solely due to uneven coverage of the opposing 

peritoneal surfaces and the degradative properties of the gel.   

6.2 FUTURE DIRECTIONS: 

In this thesis, the biological characteristics of CD25 and CD100 hydrogel were assessed in 

vitro by antimicrobial and biocompatibility assays. Additionally the physical and chemical 

characteristics of the CD hydrogels were assessed using chemical analytical techniques and 

in vitro diffusion assays. These properties are important in evaluating the suitability and 

efficacy of the CD hydrogels as a postoperative aid for abdominal and spinal surgeries. 

Although this thesis includes the most up to date information regarding the CD hydrogel 

formulations’ antimicrobial efficacy and biocompatibility, further investigations are still 

required for in vitro performance prior to progressing to in vivo testing in humans.  

With the ever looming threat of antibiotic-resistant organisms (ESKAPE pathogens) and a 

shortage of new antimicrobials being approved for use, it would be of great benefit to the 

medical community to develop alternative antimicrobial compounds to treat antimicrobial 

resistant organisms.  It has been shown that the antimicrobial activity of the DA and CD 

hydrogel is broad spectrum and it has been suggested that the mode of action is similar to 

that seen with glutaraldehyde[53]. Assessments of the antimicrobial activity of the DA and 

CD hydrogel on antibiotic-resistant organisms such as MRSA or VRE could be performed 
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using the same methods as those described in Chapter 2 and 3; broth- micro dilutions, 

growth inhibition assays and transmission electron microscopy.  

Additionally, the exact mechanism of action of CD hydrogel requires further investigation.  

TEM analysis performed in this present study and in Aziz’s work revealed the CD hydrogel 

and DA mode of action appeared to be directed at the bacterial cell wall. However a sound 

understanding of exactly how the free aldehydes present on DA and the CD hydrogel react 

with the cell walls is yet to be determined.  The observed morphological changes are similar 

to those reported in bacterial cells treated with beta-lactam antibiotic that demonstrate 

activity towards to bacterial penicillin-binding proteins, in particular Class B PBP3, which is  

associated with cell division. Acquiring a fluorescent probe or dye that does not react with 

the DA could allow for further investigation of DA activity on bacterial cell wall integrity and 

its impact on cell division measuring either the release of nucleic acids (for loss of cell 

integrity) or intracellular proteins; i.e. by binding green fluorescent protein (GFP) to 

bacterial protein [230] .  

Furthermore, the mechanism of action could be studied using confocal microscopy or cryo-

electron microscopy. However, with confocal microscopy the issue still posed is the 

identification of a fluorescent probe that does not react with the DA. With confocal 

microscopy and a fluorescent probe the mechanism of action of DA can be visualised at a 

cellular level with both prokaryotic and eukaryotic cells.  

With cryo-electron microscopy, the mechanism of action can also be visualised. However, 

unlike traditional transmission electron microscopy, it does not utilise the fixative 

glutaraldehyde [231]. It has been implied that the mechanism of action of DA / CD hydrogel 

is analogous to reactive aldehydes used as antiseptics such as glutaraldehyde [95, 96].  

Elimination of glutaraldehyde in the study of mechanism of action would allow for 

visualisation of the treated cells without any potential masking by the fixative. Cryo-electron 

microscopy techniques use liquid nitrogen and freeze the samples allowing cells to be 

visualised in their hydrated, native state [232].  

As previously mentioned a secondary mechanism of action has been proposed for anaerobic 

organisms that involves the alteration of cellular redox state. However, due to time 

constraints and inaccessibility to specific resources such as a redox meter or fluorescent 
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probes that did not readily react with DA, further investigations could not be performed in 

this study. It has recently been proposed that a number of antibiotics also have a secondary 

mode of action (aside from interfering with core bacterial processes) that involve the 

alteration of the cellular redox state [233].  

Dwyer goes on to suggest that, in addition to antibiotics contributing lethality, the 

generation of reactive oxygen species contributes to physiological stress resulting in 

antibiotic lethality. It could be possible to further investigate this phenomenon with the 

identification of fluorescent probes to produce an assay to measure the production of 

reactive oxygen species produced by bacteria [234] treated with DA and CD hydrogel’s. 

Alternatively, microarrays could be performed to measure expression of cellular stress 

molecules [233] following treatment with antimicrobials, DA and the CD hydrogel’s. 

However, investigations such as these cannot be performed until fluorescent probes that do 

not react with DA are identified.  

For medical applications where the biomaterial is to be implanted in vivo, the 

biodegradability of the material is of utmost importance.  Further study is required to fully 

understand the degradative behaviour of the CD hydrogel in vivo. This could be performed 

using fluorescently labelled CD hydrogel in an animal model. This would allow for the 

determination of the biodegradation, distribution and clearance of the CD hydrogel from 

the animal. In addition to studying the fate of the hydrogel, immunological responses can 

also be measured in parallel, accompanied by histology of the tissue surrounding the 

hydrogel.  

Furthermore, analysis is required for the cytotoxicity of the CD hydrogel formulations. Due 

to time and material constraints, additional repeats of direct and indirect contact tests of 

dermal fibroblasts with CD25 and CD100 could not be performed. Future work could 

validate the reported cytotoxicity for CD100 and the biocompatibility of CD25 with the 

indirect contact test using MTT as a cell viability reporter.  

Cytotoxicity for the cells can also be investigated by techniques such as flow cytometry and 

light microscopy. Such techniques can indicate changes in cell attachment due to co-

incubation with CD hydrogel resulting in apoptosis or the inhibition of cell attachment 

and/or a reduction in cell proliferation.  
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Another technique that could be utilised to measure cell viability is the tritiated (3H) 

thymidine incorporation assay [235], in which the radio nucleoside, 3H-thymidine is 

incorporated into new strands of DNA during cell division. A scintillation beta-counter is 

used to measure the magnitude of radioactivity recovered from cells. This assay is 

particularly useful as it gives a direct measure of cell proliferation, which could reveal the 

potential inhibitory nature of the CD hydrogel for cell proliferation, in particular for 

fibroblast cells. More detailed investigation could be performed regarding the interactions 

of the CD hydrogel with cells such as macrophages and fibroblasts using SEM and TEM [236].   

An acknowledged limitation of this study was the use of in vitro single cell-based wound 

healing assays. As iterated in chapter 5, wound healing requires the collective effort of 

multiple cell types. Future investigations on cell migration with co-incubation of CD hydrogel   

could be performed using fibroblast infiltration [237]. 

6.3 CONCLUSION 

In conclusion the in vitro studies carried out in this project demonstrate the importance of 

the level of oxidation of DA in the efficacy of a chitosan dextran based hydrogel for use as a 

post-operative surgical aid for the prevention of two common postoperative complications, 

adhesion formation and infection. DA100 and CD100 hydrogel showed greater antimicrobial 

activity and inhibition for fibroblasts than DA25 and CD25 hydrogel. However, DA25 

demonstrates some antimicrobial activity, which was largely bacteriostatic, and 

demonstrated low levels of cytotoxicity well within acceptable levels as defined by ISO 

standards. It is most likely that the differences between DA100 and DA25 and their 

corresponding hydrogels detected in this study reflected the availability of free aldehyde 

groups. Ideally, if a formulation of DA were created with a moderate level of oxidation of 

approximately 40-60%, it may be possible to create a CD hydrogel that reaps the benefits of 

being biocompatible, haemostatic, and antimicrobial in addition to preventing the formation 

of adhesions.  
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APPENDIX A 
All chemicals were from Sigma unless otherwise stated. 

0.24% Sodium phosphate buffer 

Sodium dihydrogen phosphate    0.40 g 

Disodium hydrogen phosphate     1.6 g 

All the ingredients were dissolved in 700 mL distilled H2O and the pH adjusted to 7.2 with 

0.2% sodium dihydrogen phosphate solution (pH 4.2). Top up with distilled H2O to reach a 

final volume of 1000 mL.  Autoclave the solution at 121⁰ C for 15 minutes.  

Brucella broth + supplement 

Brucella broth powder (BD, Fort Richard)    28 g 

Hemin stock solution  (1 mg/mL)    1 mL 

Vitamin K1 working solution (1 mg/mL)   1 mL 

The media was mixed in 1000 mL distilled H2O and boiled to dissolve, and autoclaved at 

121⁰C for 15 minutes. The media was stored at 2 -8⁰ C, in the dark.  

Trypsin neutralising solution  

Phosphate buffered saline     475 mL 

Heat inactivated fetal calf serum (Life Technologies) 25 mL   

The ingredients were mixed and sterilised using a syringe driven 0.22 μm pore sized filter. 

The media was stored at -20⁰C, and thawed at 2-8⁰C prior to use.  
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APPENDIX B 
Standard curves of E. coli ATCC 25922 and S. aureus ATCC 9144 

A. Standard Curve for S. aureus ATCC  9144 

 
 

 

B. Standard Curve for E. coli ATCC 25922 
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Standards curve of E. faecalis ATCC 29212 and C. perfringens ATCC 13124 

 

A. Standard curve of E. faecalis ATCC 29212 

 

 

 

 

B. Standard curve of  C. perfringens ATCC 13124 
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Standard curves of P. anaerobius ATCC 27337, B. fragilis 25285 and H. pylori NCTC 11637 

 

A. Standard curve of P. anaerobius ATCC  27337 

 

 

B.  Standard curve of B. fragilis ATCC 25285. 
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C.  Standard curve of H. pylori NCTC 11637  
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APPENDIX C 

Minimum Inhibitory Concentration Interpretive Standards. 

 

Microorganism Antimicrobial agent 

MIC (μg/mL) 

interpretive Standard 

S I R 

Escherichia coli  ATCC 

25922(*) 
Gentamicin ≤ 4 8 ≥ 16 

Staphylococcus aureus 

ATCC 25913 (*) 
Penicillin ≤ 0.12 - ≥ 0.25 

Enterococcus faecalis 

ATCC 29212 (*) 
Penicillin ≤ 8 - ≥ 16 

Bacteroides fragilis ATCC 

25285 (ᶲ) 
Metronidazole ≤ 0.25 - ≥ 2 

     

 

(*) Adapted from CLSI Performance standards for Antimicrobial Susceptibility testing  [91]  

(ᶲ) Adapted from CLSI Methods for Antimicrobial Susceptibility Testing of Anaerobic Bacteria [238] 
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