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Abstract 
 

Surgical adhesions are caused by tissue trauma and inflammation and present a high clinical burden. 

Nanocrystalline silver is known to be a strong anti-inflammatory and antibacterial material. This thesis 

explores the potential for nanocrystalline silver and silver-gold to be used to treat inflammation in the 

abdominal cavity after surgery, therefore preventing the formation of adhesions. Nanocrystalline silver 

and silver-gold films were sputtered onto HDPE substrates. A novel fabrication process using high current 

and including both oxygen and water as reactive gases was compared to the standard process, and was 

found to create high-efficacy dressings with higher silver content and stability in solution. The novel 

process was found to decrease the grain size and percent of ammonia soluble silver compared to the 

standard process. For nanocrystalline silver-gold films, increasing gold content in the alloy was found to 

decrease the grain size in the standard process, but not consistently with the novel process. Higher gold 

content also increased the total mass sputtered onto the HDPE. An animal study is planned to assess the 

anti-inflammatory properties of nanocrystalline silver-gold film in a pig model of dermatitis. When 

soaked in water, nanocrystalline silver dissolves into solution, releasing only approximately 3% of the 

total silver in the film. These solutions are less effective anti-bacterial materials than direct contact with a 

solid dressing, but have potential to treat inflammation and preventing surgical adhesions. Nanocrystalline 

silver solutions were combined with hyaluronate (HA) and carboxymethyl cellulose (CMC), 

biodegradable and biocompatible polymers, to make viscous solutions. The viscosity, degradation, and 

silver release were studied over a three day period. It was found that increasing the concentration of 

polymers increased the viscosity, but did not affect the rate of silver release or polymer degradation. pH 

was also adjusted, but did not have a significant effect within the range studied. An animal study is 

planned to test the anti-adhesion properties of HA-CMC and nanocrystalline silver viscous solutions in a 

pig surgical model of adhesions.  
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Chapter 1 : Introduction 
Adhesion Prevalence and Abdominal Cavity Anatomy 

Surgical adhesions present a great clinical burden that is the focus of extensive research to understand the 

process of their formation and to find methods of prevention and treatment. Adhesions are fibrous tissue 

growths or scars attaching previously unconnected tissue surfaces in the abdominal cavity that can occur 

after up to 93% of all surgical interventions, depending on the location and procedure [1], [2], [3]. 

Radiation treatment or inflammatory conditions such as endometriosis, pelvic inflammatory disease, or 

Crohn9s disease can also cause or contribute to adhesions[4], [5]. Surgically-induced adhesions are the 

most common [2], [6]. In a post-mortem study of 752 autopsies in 1973, 67% of surgical cases had 

adhesions, compared to 28% of non-surgical subjects[6]. The probability of surgical adhesions is similar 

across age categories, although factors can increase the incidence of adhesions, such as operation 

complexity, comorbidities, hypoxia, dehydration, and foreign object involvement [2], [6], [7].  

The focus of this thesis is on surgical adhesions occurring in the abdominal cavity. The abdominal wall 

that forms the cavity is made up of layers of fat and muscle, providing structural integrity and protection, 

and through which nerve fibers, blood and lymphatic vessels run [8]. The peritoneum is the innermost 

layer; it is thin, single celled and in closest contact to organs, therefore most relevant to adhesion 

formation [8], [9]. A layer of extraperitoneal fascia bonds the peritoneum to the deep fascia or outer lining 

of the gastrointestinal tract [8]. The parietal peritoneum covers the interior wall, diaphragm, and pelvis 

and receives vascular supply from abdominal wall vessels [3], [10]. The visceral peritoneum covers the 

abdominal viscera and abdominal organs[3]. There is a greater risk of adhesions in injuries to the visceral 

peritoneum, compared to the parietal peritoneum [11].  

The peritoneum is very metabolically active, with a large surface area for absorption and rapid transfer to 

vasculature [9]. This rapid absorption is due to stomata and channels between mesothelial cells that drain 

into the underlying lymphatic system[3]. Convection and diffusion are the main transport mechanisms 

across the peritoneum [3]. The peritoneum is covered in microvilli to increase the surface area, and this 

helps to trap proteins in the serosal fluid[3]. The peritoneal cavity maintains homeostatic communication 

with the pleural space, fallopian tubes, vascular system, and lymphatic system[3]. Peritoneal fluid is an 

ultra-filtrate of plasma, containing serum proteins, resident inflammatory cells, carbohydrate, and 

enzymes, and acting as a lubricant[3]. 

Adhesions involving the omentum, a mobile, blood-vessel rich fatty accessory organ in the abdominal 

cavity, and the peritoneum are the most common, but adhesions can involve any intra-peritoneal organs 

and the abdominal wall [11]. As reported in 2010, in 50% of cases, the bowel is involved, and the greater 
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omentum is involved in 80% of reported cases of adhesions [2]. In a ten year follow-up of 12 584 patients 

documented in the Scottish National Health Service medical records during 1986, 7.3% of readmissions 

were directly related to adhesions, with similar levels across all participating sites[12]. This affects even 

children, as demonstrated by data from Scotland, following up 5 years post-surgery[13]. Excluding 

appendectomy, which is a large percentage of these pediatric surgeries, there was a 5.3% readmission 

rate[13]. Small bowel obstruction is one of the most challenging consequences of adhesions, and is a 

burden to patients, surgeons, and health care systems[14]. Across a study of 110 admissions for adhesive 

small bowel obstruction over 2 years (1996-1997), all patients admitted under this category had had a 

previous laparotomy[14]. In a meta-analysis of data from global studies published in 1992-2012, 56% of 

small bowel obstructions are related to adhesions[15].  

Dissection of adhesions requires additional operating time in subsequent surgeries (on average an 

additional 20 minutes) and increases the chance of complications such as inadvertent enterotomy, abscess 

formation, bleeding, and organ damage[11], [15]. Adhesions may be symptomatic shortly after the initial 

procedure, but even if not, there is a lifetime risk of later developing complications[16]. Even less 

structured, filmy adhesions can cause significant pain when formed between movable organs and the 

peritoneum [11]. Diagnosing adhesions can be challenging as they are not always visible in conventional 

imaging modes, don9t have any specific lab tests, and a physical examination is not usually conclusive[5]. 

History is a helpful contributor and differential diagnoses include lactose intolerance, fatty liver, 

endometriosis and acalculous cholecystitis [5]. Symptom management is available, but no effective 

pharmacological therapies are available to treat adhesions directly[5]. 

Adhesion Formation 

In abdominal surgeries, the peritoneum is necessarily damaged, leading to an inflammatory response [9], 

[10]. As this occurs, the immediate vascular response is local vasoconstriction, then vasodilation to bring 

in cells and molecules[1], [9]. The early inflammatory response is characterized by leukocyte 

infiltration[17]. In a mouse study, early leukocyte accumulation correlates to the extent, type, and tenacity 

of adhesions [7]. Inflammatory cells can come from vasculature or peritoneal fluid, drawn by 

chemoattractants and biochemical changes [9], [18]. After the initial injury, the coagulation cascade is 

triggered[1], [9]. Cells produce and release a protein-rich exudate, containing high levels of fibrinogen, as 

well as fibronectin, hyaluronic acid, glycosaminoglycans, and proteoglycans[1], [9], [10], [18]. This 

exudate can cause organs to stick to one another, beginning the process of adhesion formation[1]. The 

fibrinogen is converted to fibrin as part of the coagulation cascade[1], [9], [10]. The fibrinolytic system is 

also activated to destroy the fibrin deposits[10]. A balance between the deposition and lysis of fibrin is 
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key to normal healing[10]. Fibrin is necessary to form a temporary matrix for healing damaged tissues, 

but can also be the platform for adhesion formation [9]. If the fibrinolytic system fails, fibrous adhesions 

will form[10]. The main source of adhesion-forming cells is activated local tissue-resident cells, which 

proliferate polyclonally[19], [20]. 

Platelets from megakaryocytes in bone marrow adhere to binding sites exposed by tissue damage, 

physically contributing to the initial fibrin clot that forms[9]. Platelet deposition and degranulation is the 

main pathway in the peritoneum for fibrin deposition[9]. Here, the fibrin forms the initial matrix for 

signalling molecules and inflammatory cells, such as mast cells [1], [18], [21]. This initial cascade phase 

lasts for approximately 6 hours post-injury[9]. 

Plasmin, a protease which is the active form of plasminogen, degrades fibrin [10], [18]. Tissue 

Plasminogen Activator (tPA) is the molecule primarily responsible for plasminogen activation and 

therefore fibrinolysis [10], [22]. tPA is produced by endothelial cells, mesothelial cells, and 

macrophages[10]. tPA is present in tissue and introduced by plasma [23]. Plasminogen Activator 

Inhibitor-1 (PAI-1) is the main inhibitor of tPA, inactivating them by forming 1-1 complexes [1], [18], 

[23]. The ratio between tPA and PAI-1 is important, because traumatized peritoneal tissue has an 

increased concentration of PAI-1 and decreased levels of tPA [10], [22]. From 3 to 6 hours after injury, 

tPA decreases, and PAI-1 increases over 3 to 12 hours[23]. As PAI-1 levels increase, fibrinolytic activity 

decreases. Fibrinolysis is even more depressed when infection is also present [10]. Additionally, 

adhesions can turn into abscesses if bacteria are caught in the clots, protected by fibrin against 

immunological defense [10]. 

In 12 to 14 hours after injury, mostly neutrophils are recruited [9]. TGF-³1 is secreted by fibroblasts and 

promotes chemotaxis of monocytes and extracellular matrix (ECM) production by fibroblasts [24]. After 

24 hours, the cells present are predominantly macrophages, which have a number of roles: tissue 

debridement, phagocytosis of pathogens, releasing bioactive proteins, and directing other cells [9]. 

Macrophages recruit new mesothelial cells to the site of injury[18]. Macrophages secrete various 

chemokines and signalling molecules, including IL-6, TNF-α, PGE2 and IL-1[18]. In the normal healing 

process, after 4 days, normal premesenchymal cells are proliferating, but in adhesions, macrophages still 

dominate [9]. After five days, there are primarily organized fibroblasts in adhesions, which express 

myofibroblast markers like α-SMA [9]. Resident peritoneal macrophages accumulate and form a barrier 

to shield fibrin clots; the macrophages are cleared by the fifth day when the mesothelial barrier returns 

[20]. 
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Normally, within 7 to 10 days there is a complete new sheet of mesothelium and the healing rate is the 

same regardless of wound size, which is not limited by cell migration[1], [9]. The wound surface is 

reperitonealized by multiple foci of proliferating mesothelial cells and then these foci merge [9]. The 

matrix is strengthened and remodeled over 1 week to 1 month as temporary ECM molecules are replaced 

by more permanent proteins, such as collagens, and water is reabsorbed [9]. Mesothelial cells are key 

mediators of this process[9], [18]. In adhesions, the protein matrix becomes populated by clusters of 

inflammatory cells and with time, the composition changes to mostly collagen and fibroblast-like cells[9]. 

Cellular adhesions are harder to break down than acellular adhesions [9]. 

Adhesion fibroblasts are different than regular fibroblasts. They have lower apoptotic rates, have 

decreased tPA/PAI-1 ratio, are slow to replicate, and have higher levels of mRNA for inflammatory 

markers, matrix metalloproteinases, and matrix molecules [3], [19]. For example, adhesion fibroblasts 

have an increase in mRNA levels for ColI, fibronectin, MMP-1, TIMP-1, TGF-³1 and 2, COX-2, IL-

10[3]. α-SMA is a marker of fibroblast activation [25]. COX-2 is induced by hypoxia, and is involved in 

adhesions[25]. PGE2 content is increased in the peritoneum where adhesions are present [25]. Adhesions 

also increase the tissue expression of MMP-9[26].  

Adhesion Treatment History 

Treatments for adhesions have a five to seven day window for success, which is the timeframe in which 

the normal healing process progresses and the chance of adhesion formation is low- after this time there is 

less need for ongoing treatment[9]. The risk of adhesion formation significantly decreases even after 36 

hours [27], [28]. Many treatments have been tested over the years to find a product that would be 

effective in preventing adhesions. Carboxymethyl cellulose treatment, known commercially as 

Seprafilm® when modified with hyaluronate, is bioabsorbable, and has been shown to reduce adhesions, 

but does not consistently completely prevent them [27], [28], [29], [30], [31], [32], [33]. This is one of the 

most well studied treatments. A 2016 study showed a reduction in severity, but not incidence, by 

Seprafilm® compared to controls, but Seprafilm® had a worse performance compared to other novel 

treatments[34]. It was found to be effective in a rat model of colon surgery[35]. It does not seem to reduce 

fibrosis, but does reduce inflammation and overall adhesions[36]. Seprafilm® has also been homogenized 

into a slurry with similar results to the unmodified film[37]. It can also be modified with glycerol to 

improve membrane flexibility[38]. It is safe for use in humans, but not overwhelmingly effective[38]. 

Still, it is one of the best available products and has evidence of some efficacy from human trials[39]. 

Hyaluronic acid has also been used for its anti-adhesive properties as part of a bilayer electrospun 
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membrane with poly(ε-caprolactone), improving the stability and mechanical properties over 

Seprafilm®[40]. Normally, Seprafilm® loses its structure as a film within 24 hours, turning into a gel-like 

substance [41]. 

N,O,-carboxymethyl chitosan 1% gel and 2% solution in combination had equal efficacy if applied near, 

as opposed to on, the defect site in rabbits[42]. It also prevented fibroblast adhesion in vitro[42]. Adhesion 

re-formation was also evaluated for this treatment, demonstrating success in reducing the incidence of 

adhesion re-formation after surgical lysis[42]. Interceed®, an oxidized regenerated cellulose barrier, 

caused local inflammation, and blood in the area reduced the efficacy of the treatment[27]. In particular, it 

was unable to prevent re-formation of surgically lysed adhesions[43]. Zwitterion functionalization of 

polymer membranes can prevent adhesion of cells and proteins, which prevents adhesions when the 

material covers the wound site[44], [45]. 

SurgiWrap® is a polylactic acid (PLA) film that can reduce the incidence rate and severity of adhesions, 

but does not entirely prevent them in rats[46]. It is biodegradable and its properties can be changed by 

varying the co-polymer contributions, but it cannot adhere well without suturing[29], [46]. In a 2008 test, 

this barrier method did not show a significant difference to Seprafilm® in inflammatory scoring or 

adhesion scores[36]. It did not reduce fibrosis, but did reduce inflammation and adhesions compared to 

controls[36], [47].  

Polyethylene glycol (PEG) has been physically mixed with Poly(lactic-co-glycolic acid) (PLGA) in 

electrospun nanofibrous membranes[48]. The combination of these polymers gave good mechanical 

properties and thermal stability, and the nanofibrous morphology prevented cell attachment[48]. A study 

of this material noted that a superhydrophilic surface was good for cell attachment, but a hydrophobic 

surface absorbed fibrous proteins[48].  PolyactiveTM, a bilayered mesh made of PEG and 

poly(butyleneterephthalate) co-polymer did not stay attached well in vivo and was therefore not effective 

[30]. PEG was also included with PLA in varying ratios to tune degradation time to make films that gelled 

within several days, while allowing healing and preventing adhesions at 5 and 12 days[32]. PEG hydrogel 

coating was used in another bilayer mesh with gelatin as an antifouling layer[49]. 

Solution washes or injections are rarely successful because of the fast absorption rate of the peritoneum. 

Surprisingly, one study found a reduction in adhesions from a saline or taurolidine wash, but this has not 

been confirmed by other studies[50]. Ringer9s lactate, while a popular choice for washes during surgery, 

was ineffective at preventing adhesions [27], [30], [37]. A single dose of simvastatin, a fibrinolytic agent, 

administered intraperitoneally at the time of surgery, was found in one study to reduce adhesion 

scoring[51]. Fucoidans also inhibit fibrin clot formation and have been administered as a bolus or 
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continuously through an implanted pump[52]. A subcutaneous pump was also used to administer 

trametinib, a drug that inhibits the mesothelial-mesenchymal transition that occurs at a cellular level in 

adhesion tissue[53]. These may be effective in theory, but the implantation of a subcutaneous pump is not 

ideal clinically[52].  

Another previously common treatment is a 4% icodextrin solution, commercially called Adept®, a high 

molecular weight glucose polymer[54]. It has not been shown to be effective when tested in rabbits or rats 

[34], [55]. It  reportedly lasts for 3-5 day before being absorbed into the lymphatic system, but it has 

questionable biocompatibility[55]. Still, human trials have proved safe use and indicated reduced the 

severity of adhesions and the recurrence of adhesive small bowel obstruction [54]. 

Tamoxifen citrate solution, a synthetic antiestrogen treatment used in breast cancer treatment, was 

administered by orogastric lavage and showed reduced collagen production and decreased TGF-³1[56]. 

Orogastric lavage was also used to administer pirfenidone, which is an anti-fibrotic and anti-inflammatory 

agent easily absorbed in the gastrointestinal tract[57]. This agent can also be administered directly to the 

peritoneum in a gel, but didn9t have a beneficial effect[35]. Gallic acid is also used as a solution treatment 

to inhibit the inflammatory reaction from surgery[58]. Another daily administered gavage treatment, 

nintedanib, a lung fibrosis treating drug, showed some reduction in adhesion incidence[59]. 

Rats treated with the systemic antibiotics cefepime and metronidazole for 5 days showed a delay in 

adhesion formation and less collagen[60]. Preventing infections is beneficial as they worsen 

adhesions[10]. COX-2 inhibitors are another pathway for adhesion prevention, as COX-2 is expressed in 

adhesion fibroblasts, supporting angiogenesis and fibroblast proliferation[61]. Injections to recruit stem 

cells can reduce severity, but not incidence, of adhesions[62]. Another drug, mesna, with fibrinolytic 

properties, was applied topically in a single dose, which was enough to show a significant effect with a 

sufficiently high dose[63]. Berberine injections inhibit TIMP-1, an inhibitor of MMP-3 and MMP-9, 

which breaks down the adhesion components fibrin and collagen [43]. 

There is another series of materials that were specifically intended to be hemostatic agents that could also 

reduce adhesion formation. While these had the potential to cause a foreign-body inflammatory reaction, 

two of these products, activated starch microspheres and PEG polymers, reduced adhesion scores over 

seven days[64]. 4DryField® PH is a plant-derived polysaccharide powder that can be mixed in situ or 

premixed with saline solution to form a gel, with a promising ability to reduce adhesions[34], [65]. It is 

also beneficial for hemostasis[34].  
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Gels are a promising treatment method. They are easier to apply than solid barriers but aren9t absorbed as 

fast as non-viscous solutions. Their efficacy is related to viscosity, ability to coat the wound area, and 

ability to stay at the site of application [27]. The gels must have sufficient viscosity and stability to stay in 

place, not be absorbed too fast, and potentially act as a physical barrier[29]. Viscosity must be high 

enough, or the treatment will be absorbed too fast[66]. Longer retention is associated with higher 

viscosity, which is related to the molecule weight of the polymers forming the gel[67]. Volume applied 

and pH must also be considered. 

Many gel treatments have PEG included as an inert and bioabsorbable polymer, as it is easily modified to 

adjust the properties of the gel[28]. PEG alone, however, was found to be only minimally effective[29]. 

However, collagen mixed with polyethylene created a neutral solution that gelled on tissue contact, 

reducing adhesion formation[28]. 

Hyaluronic acid (HA) is a natural linear polysaccharide[29]. Hyaluronate gels are effective for adhesion 

prevention at sufficiently large volumes, likely due to hydroflotation of organs to keep surfaces separate, 

but low concentrations[66]. These gels can also be embedded with other substances like Keratinocyte 

Growth Factor (KGF) to improve the effect[68]. In one study, the HA gel performed poorly compared to 

films like Seprafilm® or PLA[29]. In another study, a hyaluronate gel, Hyalobarrier®, seemed to work 

well until after 5 days, but adhesions formed by evaluation at 12 days[32].  Modified hyaluronic acid 

hydrogels were crosslinked when co-extruded at the time of application and fully gelled in 3 minutes, 

which is advantageous for application and handling in a clinical setting[69].  

Carboxymethylcellulose (CMC), independent of volume, has been found to reduced adhesions[66]. CMC 

is a major component of Seprafilm®. Polyvinyl alcohol (PVA) can also be combined with CMC to form a 

gel that is resorbed within 3-4 weeks for significant reductions in adhesion incidence and area [55]. 

Oxidized dextran/N-carboxyethyl chitosan is another biocompatible gel treatment, which crosslinks at 

physiological conditions when mixed and injected, which allows it to be easily applied to wounds[70]. 

However, it did not fully degrade at 21 days, although authors suggested that degradation could be 

modified by concentration[70]. A hydrogel of the same composition was degraded within 21 days, and 

had good bioadhesion, self-healing, and adhesion prevention[71]. ChitogelTM is a chitosan gel product, 

but only had a minimal effect in one study[29]. However, it was also mixed with a drug to reduce reactive 

oxygen species and proliferation of fibroblasts, that was released over 48 to 72 hours for an improved 

effect[72]. 
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Gels are more beneficial if used not only as a physical barrier, but also provide another aspect of 

promoting healing or preventing adhesions. HA and CMC hydrogels were created, then loaded with 

oxaliplatin, a platinum complex that acts as a chemotherapeutic agent for colorectal cancer[67]. More HA 

and more crosslinking slowed degradation[67]. Release of oxaliplatin could be controlled, showing 31-

34% release of total oxaliplatin over one hour, with a cumulative 56-62% release after 12 hours, which 

then plateaued after this[67]. Oxaliplatin hydrogels treatment reduced the formation of adhesions[67].  

Self-healing polyacrylic acid and gelatin hydrogels crosslinked with Al3+ have been created with silver 

chloride nanoparticles inside that have a promising antibacterial effects and minimal cytotoxic 

effects[73]. Silver nanoparticles have also been included in poly(vinyl alcohol) and chitosan hydrogels 

with the intended application as antibacterial wound dressings[74]. Concentration was shown to effect the 

silver nanoparticle release profile to release gradually over several days [74]. Chitosan-PVA films were 

used to encapsulate silver-doped titanium dioxide nanoparticles with a release time of over 24 hours and 

antibacterial effectiveness[75].  

Nanocrystalline Silver 

Ag0 is chemically inert and ionic silver is most commonly found as Ag+, but can also be ionized to Ag2+ 

and Ag3+[76], [77]. Metallic silver is inert in the presence of human tissues, but when it is present in 

inorganic compounds, it ionizes to release Ag+[77]. Its uptake at mucosal surfaces is proportional to the 

concentration of free ions and is active-carrier mediated[77]. Between the Ag0, Ag+, and Ag2+ states, 

silver is able to accept or donate an electron, depending on the reaction conditions, which has implications 

for radial quenching [78].  

There have been studies on the mechanisms of the antibacterial properties of silver. Compounds with thiol 

groups are able to neutralize the activity of Ag+, indicating that part of the antibacterial mechanism is 

through binding to thiol groups[79],[80]. In vitro, silver ions interacted with the respiratory chain of 

E.coli and inhibited oxygen uptake of substrates [81]. After 24 hours in a silver solution, E.coli showed 

cell death by plasmolysis, loss of membrane, and release of the cytoplasm [82]. Silver9s bactericidal 

activity against E.coli was primarily via interactions with cytoplasm, not the cell membrane, where silver 

denatured ribosomes, impairing synthesis functions that led to cell death [82]. Another study found that 

ionic silver must be in direct contact with the cells to have an effect [83]. 

It is also suggested that the mechanism of action of silver ions is related to the generation of reactive 

oxygen species (ROS), likely by inhibition of respiratory enzymes by silver ions[83] [84]. Lower 
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oxidation states of silver can act as reducing agents by reducing oxygen to ROS and also disrupting 

mitochondrial functions, leading to ROS production[85]. Cytotoxic effects are related to concentrations of 

Ag+, as well as cell type and cell membrane thickness[86] [85] [87].  

A solid nanocrystalline silver material can be created by magnetron sputtering to deposit a layer of 

nanocrystalline silver on a substrate. Nanocrystalline materials are a class of materials with grain sizes in 

the nanometer range, typically 20 nm or less [76], [88]. A physical vapor deposition process, magnetron 

sputtering, yields nanocrystalline silver and silver oxide coated materials due to the combination of inert 

argon and reactive oxygen in the sputtering chamber[88], [89]. Argon is inert and efficient at sputtering 

and with low oxygen partial pressures it forms a biphased film of metallic Ag and ionic silver in the form 

of Ag2O[89], [90]. At high oxygen concentrations, between 10 and 20 atomic percent, metallic silver is 

not present and the film consists solely of Ag2O. Without oxygen present, the result is only metallic silver 

[90].  

Nanocrystalline silver dressings have exceptional antibacterial and anti-inflammatory properties and are 

used commercially as wound dressings[91], [92], [93], [94]. In chronic ulcers, nanocrystalline silver 

reduced levels of MMP9s, which are part of the inflammatory process in adhesion formation and 

promoted healing [93]. It is clinically effective for acute and chronic wounds[95]. Nanocrystalline silver 

dressings are superior to other forms of silver dressings because of its large quantity of silver release over 

time and the variety of silver species released, although its efficacy of release is best within the first day 

of use[96], [97]. Nanocrystalline silver is significantly a better antimicrobial than silver nitrate, even for 

lower concentrations of Ag+[98]. There are many silver dressings and treatments, but nanocrystalline 

silver has superior silver release and antibacterial properties compared to other silver compounds 

including silver sulphate, silver alginate, silver foams, and silver collagen[98]. 

When moistened and applied directly to skin, nanocrystalline silver releases and deposits various silver 

species, including higher oxidation state silver clusters[99]. Nanocrystalline silver reduces clinical 

observations and biomarkers of inflammation, as measured by reduced edema, erythema, MMP levels, 

and inflammatory cytokines TGF-³, TNF-α, and IL-8 [94]. These effects occur for nanocrystalline silver, 

but not silver nitrate, where the only silver species is Ag+ [94]. Not only does nanocrystalline silver have 

an effect when applied directly to wounds or areas of inflammation, but it also has an indirect effect by 

inducing apoptosis in inflammatory cells and reducing levels of inflammatory markers distant to the site 

of application [99].  
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Smaller grain sizes are associated with a greater percentage of silver oxide, because nanocrystals of silver 

oxide disrupt the growth of metallic silver crystals, stabilizing the grain sizes at the time of sputtering 

[100]. This grain size effect was confirmed in a study where heat treatment of nanocrystalline silver 

caused diffusion of oxygen, then the grains would anneal, increasing the grain size and decreasing the 

quantity of soluble silver released, leading to decreased antibacterial effects [100].  

Silver solutions can be made by soaking nanocrystalline silver films in water[91]. The dissolution profile 

is rapid at first, then slower until a plateau is reached[91].  The rate and total release depend on the 

surface area, composition, and film thickness[91]. Further to this, nanocrystalline silver solutions still 

have anti-inflammatory properties when tested in a pig dermal model of inflammation [102]. They 

reduced MMP expression and levels of TNF-α and IL-8[102]. The anti-inflammatory properties are not 

necessarily correlated with the total quantity of silver, because only some silver species are anti-

inflammatory[102].   

Silver nanoparticles have been more broadly studied than nanocrystalline silver and can contribute to the 

understanding of the anti-inflammatory effects of silver. One study shows an increased release of pro-

inflammatory cytokines such as IL-8, IL-6, ICAM-1 and MCP-1 when treated with silver nanoparticles in 

vitro[103]. Silver nanoparticles were also embedded in polyvinyl alcohol and tetraethoxysilane polymer 

gel matrix materials, and while they showed antibacterial properties, they also showed strong cell 

attachment[104]. Silver nanoparticle-polymer combination is also used in a multi-layer polyelectrolyte 

wound dressings to reduce the bacterial load on contaminated wounds in mice by five log reductions 

[105].  

During in vitro tests with keratinocytes and fibroblasts, the inflammatory cytokines TNF-α and VEGF, 

and inflammatory mediator COX-2 decreased when cells were treated with high concentrations of silver 

nanoparticles[106]. In porcine retinal endothelial cells, silver nanoparticles inhibit VEGF and IL-1³, 

particularly at increasing concentrations; both of these increase cell permeability and proliferation [107]. 

In these same cells, cytotoxicity depended on silver concentration[107]. Silver nanoparticles in solution 

were used in a limited study for preventing peritoneal adhesions in rats, although the effectiveness may 

have been limited by the delivery mechanism[108]. An increase in bioavailable silver comes with 

decreasing nanoparticle size, which increases the total surface area, and is one of the most important 

factors in determining nanoparticle antibacterial effectiveness[109]. The delivery mechanism is especially 

important for bacterial toxicity, as the surface charge and coating change how bacteria interact with the 

particle [109]. Silver nanoparticles were used to decrease adhesion scoring and the presence of 
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macrophages and neutrophils after 14 days, decreasing IFN-´ production and decreasing TNF-α [110]. 

Silver nitrate did not reduce adhesions, and even increased adhesion scores compared to controls[110]. 

Biological Properties of Gold 

Gold is the most noble metal and is therefore less reactive than silver, and is resistant to oxidation or 

ionization [77], [89]. Gold is used most commonly in medical applications as a component of anti-

inflammatory rheumatoid arthritis drugs auranofin and gold sodium thiomalate (GST). 

It was first reported in 1977 publications that gold salts such as GST inhibited lymphocyte proliferation 

and cellular functions[111], [112]. When cultured with GST, monocyte functions like adherence and 

spreading were affected, although not cell viability[113]. Lysosomal enzyme activity was also suppressed 

in monocytes[113]. Monocytes also have a reduced responsiveness to lymphokines, and without 

functional monocytes, the lymphocytes are unable to respond to antigens[111], [114]. Markers of 

monocyte maturation were inhibited by GST, including a loss of peroxidase activity[115]. B-cell 

functions are suppressed by gold compounds at lower concentrations than would be needed to suppress T-

cells by interfering with their activation[116]. Auranofin derivatives decreased lymphocyte proliferation 

and ROS production by neutrophils[117]. 

There is a dose and time dependent effect of gold drugs in vitro, with greater effects seen with addition 

earlier in the cell culture period and at higher doses[114], [118]. Another study suggested a bimodal 

effect, at least for in vitro isolated cultures[119]. On isolated neutrophils, a concentration of 1 µM 

auranofin enhanced oxygen radical formation and encouraged apoptosis, while 5 µM auranofin inhibited 

oxygen radical formation and necrosis was prevalent[119].  

Auranofin had a greater effect than GST at suppressing polymorphonuclear cell lysosomal release, as well 

as reducing cell aggregation, degranulation, and glucose oxidation[120]. Auranofin alone, compared to 

other available gold salt compounds, was able to have a significant effect on edema[118]. Auranofin had a 

greater effect on increasing superoxide production[118]. Auranofin and its derivatives have a dose-

dependent suppression of COX-2[117], [121]. Auranofin also has bactericidal activities. It is especially 

potent against Gram positive organisms, such as S. aureus, that lack a conventional redox couple and are 

therefore more susceptible to the thiol reactivity of auranofin[39]. Auranofin reacts with cysteine groups 

and sensitizes S. aureus to oxidizing agents[122].  
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When GST was injected intramuscularly in human patients with rheumatoid arthritis, biopsied tissue 

showed a reduction in inflammatory monocytes and macrophages[123]. By 12 weeks, IL-1α, IL-1³, IL-6, 

and TNF-α were reduced, and clinical symptoms improved[123]. In later weeks, there was a decrease in 

macrophages, but not monocytes, suggesting that monocyte differentiation or adhesion to endothelial cells 

is disrupted[123]. Another study on patient blood recognized that CD14+ monocytes were required for 

gold to have an effect on IL-10 [124]. In that study, IL-10 and IL-6 increased, and IL-2 and IFN-´ were 

reduced, with no change in TNF-α[124]. Auranofin also induced IL-6, and inhibited protein expression of 

fibrinogen, haptoglobin, C3 complement, and VEGF[125]. As a cancer treatment drug, auranofin 

increased intracellular calcium, which is part of the pathway for apoptosis[126].   

Concerns of side effects and cytotoxicity seem to be mostly associated with Au(III), which is a strong 

oxidizer and causes T cell sensitization[127], [128], [129]. Au+ is unstable in physiological conditions, 

and is able to be reduced to Au0 or oxidized to Au3+ [127], [130]. Gold (III) complexes with chloride were 

found to be very reactive with proteins, binding non-specifically to free cysteine residues on albumin, or 

remaining in the III oxidation state to bind to DNA[130], [131].[132] 

Gold and silver-gold nanoparticles are a more recent application of gold9s anti-inflammatory properties. 

In vivo and in vitro, gold nanoparticles reduced markers of oxidative stress such as IL-6, IL-8, and TNF-

α[133], [134]. Gold nanoparticles had the smallest nanoparticle size compared to silver-gold or silver-

only nanoparticles and reduced leukocyte proliferation and migration[132]. Gold nanoparticles also had 

an effect on oxidative stress markers, such as TNF-α, IL-1³, COX-2, and fibrosis, which is also 

recognized as an effect of auranofin and GST [135], [136].  

Gold may also have promising effects for adhesion prevention because of these anti-inflammatory 

properties. Gold has been incorporated into nanocrystalline materials by sputtering with silver-gold 

alloys[137]. When compared to nanocrystalline silver, nanocrystalline silver-gold films have smaller 

grain sizes, reduced anti-bacterial properties, and may encourage silver release into solution[137].  

Animal Models of Adhesions 

Animal models are useful for developing and testing medical treatments, although results from animal 

models may not translate directly to human responses. Variation in results can depend on the species of 

animal used and the design of the study. As such, it is important to understand the anatomical and 

physiological differences between humans and the chosen animal model. The best choice of animal model 

has results that will translate most closely to humans. In adhesion research, the intention is to use an 
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animal model and adhesion production method that will form adhesions consistently and with similar 

severity, appearance, or pathophysiology to humans. When comparing possible methods to create 

adhesions, greater tissue trauma and foreign material involvement increase the consistency and extent of 

adhesions [138].  

Both rats and mice are generally considered to be good animal models for general use anatomy, surgery, 

and pathology. Particularly, rats are most commonly used in surgical adhesion research, partly because 

they are small, easy to manipulate, and inexpensive. Rats have similar anatomy in the abdominal cavity as 

described for humans [139]. They have a single layer of parietal peritoneum lining the abdominal cavity 

as do humans [139]. Small numbers of resident macrophages, lymphocytes, and neutrophils exist in 

tissue[139]. There are relatively fewer neutrophils and more lymphocytes in the blood of rats when 

compared to humans[140]. Rats don9t have a cecal appendix or gall bladder, and have a different colon 

shape to humans[140]. Rats have a more rapid coagulation system compared to humans[141]. They have 

similar levels of fibrinogen and more platelets and those platelets are less responsive to thrombin, 

supporting the faster clotting time[141]. They have a lower risk of wound infection and they heal wounds 

by contraction, unlike humans[141]. 

Pigs are anatomically and physiologically similar to humans, making them good anatomical and surgical 

models, with fixed skin and a tight attachment to subcutaneous tissues[140]. In some cases, pigs are used 

as models for adhesion research, and while they have similar anatomy, size, genetics, and healing 

processes to humans, they are larger and more challenging to handle and more expensive than rats, which 

explains their limited use. Pigs are used to study adhesions in models including hernia mesh repair, 

laparotomy, uterine horn injury, and ileocecal resection[142], [143], [144], [145]. One study used a 

laparoscopic technique to create an abdominal wall defect on one side, where each pig acted as their own 

controls because of their size[31]. Another study used nine pigs, with four test materials per pig, 

following up over 30 days [146]. Pigs and rats have also been directly compared for the tolerance and 

degradation of polymer scaffolds, finding that degradation occurred faster in pigs, but the procedures 

could be successfully used for both animal models[147]. No other discussion of model difference is 

mentioned, except to note that pigs are a superior animal model for their similarity to humans[147]. 

The most common method of inducing adhesions is some variation of the cecal-sidewall method. In brief, 

after an open midline incision into the abdominal cavity, the cecum is removed, rubbed or abraded with 

gauze or a scalpel until bleeding occurs, and the corresponding surface of the abdominal wall peritoneum 

is most often excised, including a layer of the superficial muscle[27], [28], [34], [46], [57], [70], [138], 

[148], [149], [150], [151]. This area is fixed, usually 2 cm2 for rats[27], [28], [149]. Sometimes they are 
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left to dry for 5-10 minutes in open air [27], [28], [68]. Some studies use abrasion of the peritoneum 

instead of removing tissue[46], [68], [138], [148], [152]. Additional suturing in the abdominal cavity can 

also be included to generate a foreign body response, increasing the inflammatory reaction[30], [34], [56], 

[149], [153]. Meshes are sometimes also included[65], [154]. A powdered chalk, Kaolin, is also used 

during the simulated surgery for this same reason[72], [155]. Another common method for inducing and 

studying adhesions is the use of ischemic buttons. Abdominal tissue is stapled or sutured, resulting in an 

inflammatory response[23], [41], [156], [157]. Ischemic buttons can be ineffective for sufficiently 

challenging the adhesion treatment, as this method creates inflammation only, and does not include 

wound healing [41], [138], [156]. Most often groups of between 6 and 35 rats are used for each 

experimental condition[27], [28], [29], [35], [56], [57], [152]. Most studies assess adhesions after 7 or 10 

days, which corresponds to the expected timeline for abdominal trauma healing[27], [28], [154], [156], 

[157]. Some studies extend beyond this timeline[30], [57], [60], [152], [154].   

A number of rating systems exist to assess adhesions. All are semi-quantitative scales, from 0-3 or 0-4 to 

address various aspects of adhesions such as number, extent, area of coverage, strength, and location. 

While some studies will develop their own scale to include some or all of these criteria, others will use the 

scales developed by other researchers. The Lauder score uses one number to take into account the 

quantity, strength, and distribution [34], [65], [149], [158]. The Hoffmann score includes a rating for the 

area of formation, strength required to break, and extent, then provides the final sum of these categorical 

scores [64], [65], [149]. The Zuhlke score includes both the extent of adhesion coverage and their 

tenacity[33]. The Leach scoring method has scores for percent of wound area involved, vascularity, and 

traction strength for a total score out of ten [32], [159]. Nair scoring grades adhesions with a scale that 

accounts for the number and location of adhesions [33], [58], [68], [160]. Fibrosis and inflammation can 

also be semi-quantitatively scored from histological images of tissue[47], [56], [58], [150]. Adhesions can 

be quantitatively scored by force required to break[27], [28].  

 

Research Hypothesis 

As discussed above, there is a significant clinical burden of surgical adhesions. Polymer-based gel 

treatments are a promising avenue for preventing adhesions at the time of surgery. In the literature, the 

most commonly used polymers are hyaluronic acid and carboxymethyl cellulose. The combination of 

these polymers and nanocrystalline silver will prevent adhesions by protecting tissue surfaces in the 

abdominal cavity and reducing inflammation. Nanocrystalline silver is a proven antibacterial and anti-

inflammatory material. Tuning the sputtering conditions for creation of the film will increase the amount 
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of silver deposited, and therefore the amount released into solution. The use of a silver-gold alloy in 

sputtering will change the material properties and may result in better anti-inflammatory and healing 

properties in a wound dressing.  
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Chapter 2 : Methods 
Introduction 

This chapter describes the techniques used to make and test the experimental materials. Silver and silver-

gold sputtered HDPE films were fabricated by physical vapour deposition. The films were analyzed by x-

ray diffraction, chemical digests for silver and gold quantity, scanning electron microscope (SEM) 

imaging, and tests for biological activity. Aqueous solutions were made by soaking the films in water, 

then analyzed for silver concentration and biological activity. Viscous solutions were made by adding 

biodegradable polymers to aqueous nanocrystalline silver solutions. The release of silver from dialysis 

cassettes and degradation of the polymers was measured over three days. Animal studies will be 

performed in the future, but procedure details will be provided here.

Dressing Fabrication 

An in-house sputtering apparatus was used to create the experimental nanocrystalline silver dressings by a 

physical vapour deposition process. A roll of HDPE mesh was positioned in the chamber underneath a 

metallic target, which acts as the cathode. The HDPE was on top of a metal plate acting as the anode. 

Oxygen and argon were allowed into the chamber at a controlled rate for a total flow rate of 400 sccm 

through a line heated to 130°F. Voltage was applied to the system to create an ionized gas which in 

contact with the target will eject atoms, some of which react with oxygen in the chamber, and these 

particles condense on the HDPE mesh, creating a layer approximately 900 nm in thickness [1]. To ensure 

even distribution across the dressing, the roll of HDPE moved underneath the target at a rate of 1.65 

cm/minute. The thickness of the film is dependent on the current and speed of the roller [1]. The process 

was controlled by current. The working pressure of the machine was 40mTorr, maintained by vacuum 

pumps. Cooling of the system was provided by city water to cool the target surface. The process was run 

for up to 3 hours per sample, resulting in up to 10 ft of usable film. 

For the experimental <Novel= dressings, the atmosphere was composed of 4.5% oxygen with the balance 

argon. The current was set at 1.8A. Water was injected at a constant rate of 15 µL/min using a peristaltic 

pump (Masterflex L/S ®, Cole-Parmer) connected to the argon gas input line. For the <Standard= films, 

atmosphere was 4.0% oxygen and the current is set at 0.9A. No water was included in these dressings. 

These standard dressings mimic the properties of commercially available ActicoatTM dressings. Three 

targets were used during the course of the study. One target was nominally 100% silver (Ag100), one was 

65% silver and 35% gold by weight (Ag65), and one was 35% silver and 65% gold by weight (Ag35). 
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X-ray Diffraction 

X-ray diffraction (XRD) analysis of the dressings was performed on a Rigaku Ultima IV diffractometer 

with a cobalt radiation source at 38kV and 38mA. Samples of the coated HDPE film were placed in the 

diffractometer and irradiated with x-rays at a set range of angles. Then the intensity of the resultant 

scattered x-rays leaving the sample was measured. The resulting spectrum9s peak intensities at specific 

angles correspond to a specific material and its crystal structure. A sample with long-range crystalline 

order has a sharp peak or line at each location, but for crystalline samples with a smaller range of order, 

the peaks will appear at the same position but are broader, covering a greater span of angles. The data 

obtained with the cobalt tube was converted automatically to the copper wavelength for data visualization 

and analysis using a standard formula taking into account the relative wavelengths of the emission 

sources because copper is the most common radiation source and therefore most recognizable. XRD 

spectra were plotted using Microsoft Excel. The sample diffraction pattern was obtained between 

approximately 15 and 90o2θ, to obtain the entire spectrum, using a step size of 0.03 o2θ and a scan speed 

of 5 o2θ/min.  

Grain size was measured using the Scherrer equation, given below[2]: 

ý = ÿ����ā ∗ āĀĀ� 

Equation 2-1 Scherrer Equation 

B is the grain size in nm, K is the dimensionless shape factor, which is assumed to be 0.9 for our sample, 

¼ is the wavelength of the radiation beam, which is 1.54nm for copper. FWHM is the <full width at half 

maximum=, which is the peak width at the half maximum of the peak, and θ is the peak position. Both 

FWHM and θ are given in radians. Identification of peak position and measurement of FWHM were 

performed by hand using Microsoft Excel. The Scherrer equation given here is an accepted approximation 

for grain size measurement, but depends on various assumptions of atomic scattering and crystal shape 

that limit its accuracy[3]. There is also a limit in accuracy by the measurement of FWHM by hand. Total 

sample grain size was calculated as the average of measurable peaks between 30 o2θ and 80 o2θ. Metallic 

silver is recognized from peak locations at approximately 38, 44, 65, and 77 o2θ. Silver oxide is identified 

primarily from peaks at 33 and 44 o2θ. Metallic gold is recognized from peak location at approximately 

38, 44, 65, and 77 o2θ. However, the exact peak location and shape will shift due to lattice stresses, but 

strain effects were not directly measured [4]. 
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Chemical Analysis 

To determine the total quantity of silver in the dressing, 1 square inch of coated HDPE was dissolved in 

20mL of a 50% solution of 65% nitric acid and distilled water for 20 minutes, then diluted in an 

additional 20mL of distilled water and sent for analysis.  

To determine the quantity of ammonia soluble silver, which is an estimate of the quantity of silver oxide 

or ionic silver in the film, 1 square inch of film was dissolved in 20mL of ammonium hydroxide for 10 

minutes, and 10mL of this solution was diluted in 40mL of water and sent for analysis. 

To determine the silver release over a period of time, 2 square inches of film were soaked in 7.5mL 

distilled water, or a quantity at an equivalent ratio, at 37°C for a set period of time, typically 6 hours or 

overnight. After the time had elapsed, the film was removed and an equal amount of nitric acid was 

added. This solution was diluted 1:1 in distilled water and sent for analysis.  

To determine the total quantity of gold in the dressing, 1 square inch of dressing was dissolved in 20mL 

of aqua regia for 15 minutes, then diluted in 20 mL of HPLC water and sent for analysis. Aqua regia was 

prepared in a fume hood with a 1:4 by volume ratio of 65% nitric acid to 35% hydrochloric acid. 

The solutions described above were analyzed for quantity of silver using inductively coupled plasma mass 

spectrometry (ICP-MS) or atomic absorption spectroscopy, given in mg/L. Gold quantity was analyzed by 

ICP-MS. Samples were corrected for dilution factor and given as mg of silver or gold per square inch of 

sample or per volume of solution. 

Scanning Electron Microscopy 

A Hitachi Field Emission Scanning Electron Microscope was used to image the surface of coated 

samples. Samples were attached to a specimen mount using carbon tape. Images were taken at 50 000x, 

and 100 000x magnification using an accelerating voltage of 10 kV with a working distance between 4 

and 5.5 mm. 

Log Reduction 

To quantify the antibacterial properties of the materials, log reduction analysis was performed. Two 1 

square inch coated HDPE pieces were layered with a 1 square inch piece of cotton gauze. An inoculum of 

Pseudomonas aeruginosa (strain 27317), Staphylococcus aureus (strains 983,1926, 25923), Proteus 

mirabilis (strain 29906), or Proteus vulgaris (strain 3340) is started the previous day to create a culture in 

log phase at the time of use. The bacteria were inoculated in 100 mL of growth medium in a flask and 

placed in a 37°C incubator-shaker, after approximately 16-18 hours culture. These two species were 
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chosen as representative species of Gram negative and Gram positive bacteria respectively. The growth 

medium is tryptic soy broth unless otherwise specified. 250 ½L of the culture is pipetted on the top surface 

of the dressing. The dressing was sandwiched in a Petri dish, protected from contacting the dish with 

layers of flexible plastic. After incubating the inoculated dressings statically for 1 hour at 37°C, the 

activity of the silver was stopped by placing the dressings in a sodium thiosulfate solution (STS). These 

solutions were then diluted using peptone water and plated on Mueller-Hinton agar (MHA). Serial 

dilution was performed by removing 1 mL of a solution, adding it to 9 mL peptone water, mixing, and 

removing 1 mL of this solution for the next dilution. Samples were diluted to 10-6 and the bacterial 

inoculum is diluted to 10-9. Plates were checked the following day to count bacterial colonies (colony 

forming units, CFU) and calculate the logarithmic reduction based on the concentration of bacteria in the 

original culture, as shown in Equation 2. 

log ÿăĂĂāā�Āÿ =  log10 þ��þĀ ĀĄ�ÿĀāĂýĂþ ÿĂĂăĂþ��þĀ ÿĄāăÿ �ÿāĂĀÿā�Āÿ  

Equation 2-2 Logarithmic Reduction 

To test the antibacterial properties of solutions made with nanocrystalline dressings, a similar process was 

used. First, a silver solution is prepared. Unless otherwise specified, 1.8 mL of the silver solution was 

combined with 0.2 mL of a log phase inoculum, prepared as described, in a 15 mL conical tube. For 

<2.5% solutions=, 50 ½L of inoculum was added to 1.95 mL of silver solutions. After mixing, this solution 

was incubated for 1 hour at 37°C. The activity of silver was stopped by removing 250 ½L of the silver-

inoculum solution with sodium thiosulfate (STS) then diluted, plated, and counted as described above. 

For viscous solutions, the bacterial inoculum was grown using bovine calf serum (BCS) as growth 

medium. A 100 mL inoculum is cultured overnight, then the next day, 1 mL was removed and added to a 

fresh flask of 100 mL of BCS overnight. Viscous solutions were made as described, then 2 mL of gel was 

added to a 15 mL conical tube with 7.5 mL BCS and 500 µL of inoculum in BCS and mixed by inverting 

the tube. This mixture was incubated statically for two hours at 37°C. After one hour, each tube was 

inverted to mix the contents. After 2 hours (one additional hour), each tube was mixed vigorously and a 

log reduction performed as previously described. 

Day-to-Day Corrected Zone of Inhibition (CZOI) Assay 

The bacteriostatic longevity of the dressings was assessed using day-to- day transfer corrected zone of 

inhibition assays. 100 ½L of S. aureus taken from an overnight culture (16-18 hours to achieve log phase, 

as above) in tryptic soy broth medium to ensure bacteria were in log phase and spread onto MHA plates. 
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Silver dressing pieces (two pieces of 1in2 film sandwiching a layer of gauze) pre- moistened by dipping in 

distilled water and placed on the center of each plate. The plates were incubated statically for 24 hours at 

37°C and then the zones of bacterial inhibition and dressing widths were measured in two perpendicular 

directions. The CZOI was calculated by subtracting the dressing width from the zone width, and the 

results for the two directions were averaged. After zone measurement, the dressings were transferred to 

new MHA plates seeded with bacteria, as described above, and again incubated overnight. CZOI9s were 

determined and this procedure was repeated for seven more days, for a total of nine days.  

Measurement of Viscosity 

Sodium hyaluronate (NaHA) and sodium carboxymethylcellulose (NaCMC) were purchased from Sigma 

Aldrich and were used to increase the viscosity of a silver solution. These two components were mixed 

into silver solutions in combinations from a range of 0.5% to 2.0%. Viscosity was measured using a 

Brookfield cone and plate rheometer (RVDNX CP, CPA-51) with 0.5 mL samples. HA-CMC solutions 

are non-Newtonian fluids, so a range of shear rates was used. The range was from 3.84 to 384 s-1, or 1 to 

100 rpm, starting at a low shear rate and increasing in order.  

Degradation Experiments 

After viscous silver solutions were made, 2 mL samples of each solution were loaded into dialysis 

cassettes (Thermo Scientific, molecular weight cutoff 10 000) in triplicate with an 18 gauge needle and 5 

mL syringe. Dialysis cassettes were submerged in 100 mL PBS in 600 mL beakers on an incubator-shaker 

at 37 °C and 60 rpm. Beakers were covered with Parafilm to prevent evaporation. At predetermined time 

intervals, a 5 mL sample of the PBS was removed for silver analysis as described. Samples taken were 

replaced immediately with fresh PBS. The time points for sampling were 1, 2, 4, 8, 24, 48, and 72 hours. 

After 72 hours, viscous solution was removed from the dialysis cassette using a needle and syringe and 

the viscosity measured as previously described to estimate the degradation of the polymers during the 

course of the experiment.  

Animal Acquisition and Care 

Animal studies were approved by the University of Alberta Animal Care and Use Committee and 

MedStar Health Research Institute (MHRI) Institutional Animal Care and Use Committee. All animal 

procedures were conducted at the Burn and Surgical Research Laboratory at Medstar Health Research 

Institute in Washington DC. Approved protocols surgical procedures can be found in Appendix B. Pigs 

used in these experiments will be Yorkshire domestic cross swine, with no cross with Red Duroc pigs 
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because of their scarring profile. They are to be adult pigs between 35-45 kg at the start of the study. All 

animals used will be healthy and without significant wounds or scars on their backs. A clinical assessment 

of all pigs will be made before inclusion in the study. The animals will be housed in individual pens with 

a 12 hour light/dark cycle, where they will be allowed to acclimatize at least five days prior to starting 

experiments. The pens have grids to allow for animal-animal interaction. The animals received antibiotic-

free water and standard hog ration ad libitum except for 12 hours prior to surgical procedures. Enrichment 

devices will be provided. Animals will be monitored twice daily on weekdays and once on weekends 

during their acclimation period.  Animals will be observed for behaviour, appearance, excretions, and 

feeding.  

Sensitization to DNCB for Inflammatory Reaction 

For Chapter 5, the dermal study, before any surgical procedures, an inflammatory reaction is created on 

the pigs9 backs using DNCB. Inflammation will be induced using a 10% solution of DNCB in a vehicle of 

4:1 acetone:olive oil. There are three pigs per group with eight groups described in Table 2-1. On Day -

14, the hair on the left and right sides of the backs of all 24 pigs will be shaved using electric clippers. 

The DNCB solution will be painted over two areas of approximately 15 cm x 25 cm on the left and right 

sides of the back for 21 pigs, all except the negative control pigs. The volume used per application per pig 

was approximately 7 mL. This procedure was repeated on Days -7, -3, and 0. On Day -3, pigs were given 

fentanyl patches on shaved skin away from the rash, to avoid discomfort to the pigs during the final 

application and treatment. The remaining 3 pigs, which were used as negative controls, were not given 

DNCB, but still received fentanyl patches at Day -3. 

Table 2-1 Groups for Chapter 5 Animal Study 

Group Code Description 

Negative Control, Sham NC No DNCB application, treated with saline-soaked gauze 

Positive Control PC Treated with saline soaked gauze 

Standard Silver Dressing Ag100S 100% Silver, Standard Sputtering Conditions 

Novel Silver Dressing Ag100N 100% Silver, Novel Sputtering Conditions 

Standard Low Gold Dressing Ag65S 65% Silver, 35% Gold, Standard Sputtering Conditions 

Novel Low Gold Dressing Ag65N 65% Silver, 35% Gold, Novel Sputtering Conditions 

Standard High Gold Dressing Ag35S 35% Silver, 65% Gold, Standard Sputtering Conditions 

Novel High Gold Dressing Ag35N 35% Silver, 65% Gold, Novel Sputtering Conditions 
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Preparation for Surgery, Anesthesia, and Surgical Monitoring 

For all surgical procedures in Chapters 5 and 8, animals are anesthetized and provided with an antibiotic 

as a precaution against infection. In preparation for surgery, animals will be intubated, given an ear vein 

IV, and transferred to the surgical suite. Anesthesia is maintained with oxygen and isoflurane inhalation. 

When a suitable depth of anesthesia is reached, surgical procedures can begin. Vital signs will be 

monitored every 17 minutes at minimum, as per facility protocol and include percent concentration of 

isoflurane, heart rate, blood pressure, respiratory rate, O2 saturation, CO2 level, and body temperature., 

and are recorded on the anesthesia monitoring sheet. Pigs are connected to an anesthesia unit, vital signs 

monitor, ventilator, pulse oximeter, and warming unit. Animal care staff will assess and monitor pigs 

under anesthesia according the facility procedures. Animals must be in Stage 3 Plane 2 level of anesthesia 

before surgery, by assessing corneal reflex, jaw reflex, palpebral reflex, or toe pinch methods. Animals are 

weighed on Day 0. Weight changes from Day 0 to the end of the study are recorded.  

After weighing, animals will be restrained and injected with anesthetic induction cocktail. Pigs are to be 

placed under general anesthetic via ketamine (15-40 mg/kg) and xylazine (3-5 mg/kg) injections and 

maintained with isoflurane inhalation (2 L/min). Glycopyrrolate (0.004-0.01 mg/kg) or atropine (0.05-0.5 

mg/kg) will also be administered at this time. Once the dose has taken effect, the animals are transported 

to the surgical suite via transport cart and placing on a circulating warm air blanket. Ophthalmic ointment 

is applied to the animal9s eyes. The animal are intubated and ventilated for oxygen and isoflurane 

inhalation. Lidocaine (20mg/mL) may be used to assist with intubation. A cannula is placed in the ear 

vein for IV fluid administration.  

Adhesion Formation Procedure 

Table 2-2 shows the experimental and control groups for the adhesion study in Chapter 8. 

Table 2-2 Experimental and Control Groups for Adhesion Animal Study. 

Group Code Description 

Control Group 1 CG1 Sham surgery- laparotomy but no abrasion 

Control Group 2 CG2 No treatment controls- abrasion with no treatment 

Control Group 3 CG3 Comparison product group 3 treatment with Seprafilm® 

Control Group 4 CG4 Vehicle controls 3 gel containing no silver 

Experimental Group 1 EG1 Gel with silver treatment 

Experimental Group 2 EG2 External silver dressing 
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A midline incision is made into the abdominal cavity, carefully dividing tissue layers. When the 

peritoneum is reached, the surgeon will bluntly dissect. The surgeon confirms no presence of adhesions, 

or documents those present. In the right lower quadrant the terminal ileum and cecum will be mobilized. 

To create adhesions, abrasion until bleeding is performed on the parietal and parenchymal peritoneum 

using a laparotomy pad or dry sterile gauze pad over a set area of two square inches, except the sham 

procedure group (CG1). Treatments are applied to both abraded surfaces in CG3, CG4, and EG1. The 

abdominal cavity is closed in layers with appropriate Vicryl sutures. Animals in EG2 when have the 

incision area covered by a nanocrystalline silver wound dressing. All other animals will have incision area 

covered with a standard surgical dressing. Dressings are secured with sutures or staples.  

On Day 2 and Day 4 post-surgery, animals will have external dressings changed under anesthesia. 

Incision sites will also be assessed and photographed. On Day 7, under anesthesia, a blood sample will be 

collected, then the animals euthanized before re-opening the abdominal cavity to make observations and 

collect tissues samples of any present adhesions and abdominal wall. 

Blood Sampling 

Blood samples for serum analysis for Chapters 5 and 8 will be collected into appropriate storage tubes for 

both. The samples will be kept at room temperature, and then centrifuged for 15 minutes at 1500 rpm. The 

supernatant is collected (3-4 mL) and stored at -20oC for analysis.  

Dermal Tissue Sampling 

For Chapter 5, six samples will be taken per day with a 4 mm full thickness biopsy punch. Biopsies from 

subsequent days are to be spaced a minimum of 4 cm from the previous days biopsies to limit the effect 

from past biopsies, but still be well within the bounds of the rash. 

Biopsies from each day will be randomly assigned for analysis. Three biopsies will be placed in 4% 

formalin at room temperature to preserve for staining and imaging. Three biopsies will be snap-frozen in 

liquid nitrogen and then kept at -80°C until use for protein and gene analysis. 

Calcium alginate dressings will be used to reach hemostasis once biopsies are taken. The positive and 

negative controls will be treated with a sterile dressing saturated with 0.9% sodium chloride in sterile 

reverse osmosis water. Nanocrystalline silver or silver-gold dressings will be moistened with sterile water 

and placed over the entire rash and secured. New fentanyl patches will be applied if they had come loose. 

Surgical drape will be placed over each dressing to provide moisture control, and elastic adhesive 

dressing will be wrapped around the pigs9 rash area to hold the dressings in place. Dressings will be 

replaced after each set of procedures. 
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Post-Surgery Recovery 

At the end of each procedure, animals will be disconnected from isoflurane and transitioned to ventilation 

with room air via battery-operated mechanical ventilator. They are returned to their pen and kept on 

ventilation until breathing on their own. Regular monitoring will continue until animals are conscious and 

stable. Observation is made for signs of complication such as excessive bleeding, cardiovascular or 

respiratory depression, hypothermia, hematoma, excessive bruising, or other complications. Food will be 

offered once animal has fully recovered from anesthesia. 

Observation will continue to recognize surgical complications. Analgesia is provided immediately post-

surgery on Day 0, with a continuous release fentanyl patch (25mcg/hour) for three days, and additional 

post-surgical analgesia as needed using buprenorphine (0.3 mg). Pain may be recognized by increased 

heart rate, rapid breathing, changes in mobility, dilated pupils, and not drinking or eating. 

Euthanasia 

Animals will be under anesthesia for euthanasia. Once all procedures are completed, Fatal PlusTM (390 

mg/ml pentobarbital sodium; 1% propylene glycol; 29% ethyl alcohol, 2% benzyl alcohol) will be 

administered by intravenous injection, at a concentration of 85-150 mg/kg. If signs of life are still found, 

additional Fatal PlusTM is injected. KCl is also used as an alternative at a concentration of 0.24- 0.47 mL 

of a 4.2M KCl solution. Death of the animal is confirmed by measuring heart rate, respiration rate, and O2 

saturation. 

If an animal is found moribund, the Study Director will be notified. The veterinarian is consulted to 

decide if euthanasia is required or if another treatment plan may be developed. If early euthanasia is 

required, a comprehensive necropsy will be performed if possible.  

Statistics 

Unpaired two sample t-tests with Welch9s correction were used to compare sample groups when data 

compared two groups. One and two way ANOVA are used when multiple groups and factors are 

considered. If ANOVA effects are found to be significant, Tukey9s post-hoc tests were used to compare 

individual groups. Comparisons between groups in Chapter 8 will be made using the Kruskal-Wallis test. 

Dunn9s test with the Holm9s correction method accounts for the increased rate of false positives from 

repeated t-tests and will be used for multiple comparisons between groups in Chapter 8. Analysis was 

performed using Microsoft Excel and R. 
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Chapter 3 : Fabrication and Analysis of Nanocrystalline 
Silver Films 
Introduction 

Nanocrystalline silver is a material with well-documented anti-bacterial and anti-inflammatory properties. 

It is used in a variety of medical applications, mostly for wound and burn dressings, although its anti-

inflammatory properties are attracting greater interest for other medical applications. Nanocrystalline 

silver dressings are commercially available, under the trade name ActicoatTM, produced by Smith & 

Nephew. By using a physical vapour deposition process in an argon-oxygen atmosphere, a nanostructured 

material with metallic silver and silver oxide is formed [1]. Sputtering in an atmosphere containing 

oxygen adds silver oxide to the dressing, which is critical for stabilizing the nanostructure and limiting 

grain growth [2]. The grain sizes are on the scale of 10-30 nm[2]. Energetics and thermodynamics 

influence the formation and stabilization of structures in nanomaterials; the equilibrium grain size for a 

material is where the total system energy is best reduced[3], [4]. Nanocrystalline silver has a 

nanostructure that allows it to release multiple silver species in high quantities and over a period of 

several days [5], [6]. 

Previous experiments have studied the anti-inflammatory and antibacterial properties of nanocrystalline 

silver in vitro and in vivo [5], [6], [7], [8]. A study using a variety of commercially available silver 

wound dressings and antibacterial products proved the superiority of nanocrystalline silver over other 

products on the market[8]. This work also brought evidence that the anti-inflammatory and antibacterial 

mechanisms of action were due to different silver species [7]. Anti-inflammatory properties are associated 

with the reduced form of silver, Ag0, and the antibacterial properties are due to ionic silver, primarily 

Ag+[6]. It is even suggested that nanocrystalline silver is able to release higher oxidation state species of 

silver, which would further support its exceptional antibacterial properties[1]. Atoms in grain boundaries 

display different material properties than ordered crystals or amorphous materials, and it is more 

energetically favourable to release Ag+ and Ag0 from the grain boundaries than from the bulk[3].  

The mechanism of silver9s antibacterial effects are suggested to be related to interactions between Ag+ 

and proteins on cell membranes with negatively charged thiol groups [9]. Metallic silver is inert in the 

presence of human tissues, but when in contact with inorganic compounds, it ionizes to Ag+, which can 

bind to and damage the cell membrane [9]. Additionally, ionic silver can act as an oxidizing agent, 

supporting the production of reactive oxygen species (ROS), which impair metabolic processes and cell 

division[9], [10]. One study also found that nanocrystalline silver reduces MMP levels and increases cell 

apoptosis, promoting rapid wound healing in contaminated areas[11].  
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In studies by other research groups, water has been included when sputtering metals such as titanium, 

aluminum, or zinc, either intentionally or unintentionally, and the properties of the resulting films have 

been studied. Water is avoided in most applications of physical vapour deposition because it reduces the 

electrical properties or disrupts crystal growth[12], [13]. For many applications, defects are not desired, 

but for this present work, increasing the defects and decreasing the grain size is beneficial. Most 

commonly when sputtering metallic thin films using water, the texture was enhanced, defects increased, 

and grain size decreased[12], [14], [15]. Adding even a small amount of water can change the 

composition of the gas in the sputtering chamber due to reactions between water, its dissociation products, 

and oxygen, which can then impact dressing composition and properties[12], [15]. It has also been 

suggested that hydroxide or water molecules or radicals may be relevant in migrating and disrupting the 

film[14]. The hydroxide ion is suggested to have a higher diffusion coefficient through vacancies than the 

oxide ion because of its small size and low charge[16]. Silver is not a very reactive metal, and although it 

reacts with oxygen, primarily forming silver oxide in the I oxidation state, it does not react with water in 

its molecular form[17].  

The quantity of silver in the dressing, the species of silver, the grain size, the release into solution, and the 

overall nanostructure may all be important in creating an effective medical treatment. These will all be 

studied in the following chapter in the context of changes to sputtering conditions. Because the 

nanocrystalline films, and the solutions made from their dissolution, are the basis for the treatments to be 

used in future chapters, it is important to have these dressings and solutions characterized.  

Previous work in this laboratory group has established parameters that are ideal for creating 

nanocrystalline silver materials[18]. The standard conditions mimic conditions under which the original 

nanocrystalline silver dressings were created- noted as <Standard= films or samples. The Novel conditions 

which include water in the sputtering chamber are noted as <Novel=. One purpose of this chapter is to 

assess if the Novel conditions are significantly better than the Standard conditions. If the Novel 

conditions are a significant improvement, they will be used as the basis for the treatments in further 

studies.  

Methods 

Detailed methods are described in Chapter 2. Here, a summary of the methods used in this chapter is 

provided. Deviations from the protocols listed in Chapter 2 will be noted.  

Dressing Fabrication 
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An in-house sputtering apparatus was used to create the experimental nanocrystalline silver films on 

HDPE by a physical vapour deposition process with a pure silver target, as described in Chapter 2.  

For the experimental <Novel= films, the atmosphere was composed of 4.5% oxygen with the balance 

argon. The current was set at 1.8A. Water was injected at a constant rate of 15 µL/min using a peristaltic 

pump connected to the argon gas input line. For comparison, another set of films was created using a 

standard set of conditions, identified as <Standard=. For these samples, the atmosphere was 4.0% oxygen 

and the current was set at 0.9A. No water was included in the sputtering atmosphere. These Standard 

films mimic the properties of commercially available ActicoatTM dressings. The Novel parameters were 

chosen as the result of previous research seeking to make more potent dressings more efficiently[18]. The 

goal of previous work was to find an oxygen concentration which would create films with an ammonia 

soluble silver content that was between 40% and 50% of the total silver, when sputtered at 1.8A [18]. 
These experiments resulted in the choice of 4.5% oxygen instead of the standard 4.0%.  

For initial tests, three Standard films and three Novel films were sputtered to establish an expected 

baseline for material properties and confirm the reproducibility of the process. For each sample, the 

process was run for 30 minutes. Samples were taken from a central portion of the film, 4 inches from 

either side, and at least 6 inches from the starting position.  

In subsequent tests, the process was run for 3 hours per sample, at a speed of 1.65 cm/minute, as 

described previously, resulting in approximately 10 ft of usable film. To ensure that the properties were 

uniform throughout, samples for analysis were taken from 6 locations as shown below in Figure 3-1.  



39 

Figure 3-1 Sampling locations for films. 

X-ray Diffraction 

XRD and grain size measurements were performed as per the procedure given in Chapter 2. Grain sizes 

were measured from six samples and given as an average. Metallic silver is identified from peak locations 

at approximately 38, 44, 65, and 77 o2θ. Silver oxide is identified primarily from peaks at approximately 

33 and 44 o2θ.  

Scanning Electron Microscopy 

Images were taken at 50 000x and 100 000x magnification using a Hitachi Field Emission Scanning 

Electron Microscope magnification with parameters described in Chapter 2.  
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Chemical Analysis 

For chemical analysis, nitric acid and ammonium hydroxide digests were performed as described in 

Chapter 2 and analyzed by ICP-MS. Samples were corrected for dilution factor and given as mg of silver 

per square inch of film. 

Dissolution 

To determine the silver release over a period of time, 2 square inches of film were soaked in 7.5 mL 

distilled water at 37°C for 2, 6, or 24 hours, then diluted and acidified as previously described. These 

solutions were analyzed for amount of silver using ICP-MS. Samples were corrected for dilution factor 

and given as mg of silver per square inch of material and percentage of total silver released. 

For a series of 6 hour solutions, after the film was removed from the solution, it was dissolved in 

ammonium hydroxide as described above to determine the quantity of ammonia soluble silver remaining 

in the film after dissolution.  

Log Reductions 

Pseudomonas aeruginosa and Staphylococcus aureus were used to perform log reductions, as 

representative species of Gram negative and Gram positive organisms. After overnight growth, 200 µL of 

bacterial inoculum was incubated for one hour with solid nanocrystalline silver dressing samples at 37°C. 

The full procedure is described in Chapter 2.  

To test the antibacterial properties of solutions made with nanocrystalline films, 2 square inches were 

soaked in 7.5 mL distilled water at 37°C for 6 hours. For <10% solutions=, 1.8 mL of this silver solution 

was combined with 0.2 mL of a bacterial inoculum. For <2.5% solutions=, 1.95 mL of silver solution was 

combined with 50 µL of inoculum. Otherwise, the procedure is performed as described in Chapter 2.  

Day-to-Day Corrected Zone of Inhibition (CZOI) Assay 

The bacteriostatic longevity of the material was assessed using day-to-day transfer corrected zone of 

inhibition assays for nine days with S. aureus. For comparison, two control dressings were made with 

uncoated HDPE and gauze. 

Statistics 

Unpaired two sample t-tests with Welch9s correction were used to compare sample groups. Quantitative 

measurements in tables are presented as average ± standard deviation for six samples unless otherwise 
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indicated. For line charts and bar graphs, each data point is the average of six samples unless otherwise 

stated and error bars represent the standard deviation. Analysis was performed using Microsoft Excel. 

 

Results 

X-ray Diffraction 

Figures 3-2 and 3-3 display the XRD spectra for the films with Standard and Novel sputtering conditions. 

Six samples from each sputtering condition were taken from different locations of the film and were 

scanned. All spectra were similar within sample groups, so one representative spectrum is shown here. 

The y-axis scale is arbitrary intensity units. The peaks at approximately 22 and 24°2θ are known to 

correspond to the HDPE substrate and are not of interest. The peaks of primary interest are the peaks at 

33, 38 and 44°2θ. The peak at 33°2θ corresponds to Ag2O, with silver in the I oxidation state. A peak at 

44°2θ degrees corresponds to metallic, neutral silver. The peak at 38°2θ corresponds to both metallic 

silver and Ag2O. The peak locations correspond to Ag2O, but not other forms of silver oxide, so it is 

understood that the silver oxide present in the sample is Ag2O. There is an overall stronger intensity for all 

silver peaks relative to the HDPE background for the Novel films (Figure 3-3). For the Standard spectrum 

(Figure 3-2), the peak at 44°2θ is barely identifiable, indicating a low signal for metallic silver.  

 

Figure 3-2 Standard film XRD spectrum. 
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Figure 3-3 Novel film XRD spectrum. 

The grain sizes were measured by hand using the Scherrer equation and the results are displayed in Table 

3-1. The Standard samples have a smaller average grain size of 10.2 nm compared to 14.2 nm for the 

Novel samples. There is a significant increase in grain size between the Novel and Standard films. 

Table 3-1 Grain size measurements for Standard and Novel films. 

  Grain size (nm) p-value 

Standard 10.2 ± 0.8 2.65E-06 
  Novel 14.2 ± 0.6 

 

Scanning Electron Microscopy (SEM) 

Representative images for the two sample types are shown in Figure 3-4. All images shown were taken 

using the Hitachi Field Emission SEM. Images A and C are Standard samples and B and D are Novel 

samples. The Standard sample, sputtered without water, has a smaller feature size. This observation is 

confirmed by the measurement of grain size performed with x-ray diffraction. The images of Novel films 

appear to have a greater depth of structure. The Standard samples have a smaller feature size and are more 

textured.  
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Figure 3-4 Representative SEM images. A) Standard film at 50 000x, B) Novel film at 50 000x, C) 
Standard film at 100 000x, D) Novel film at 100 000x. Scale bars are shown on images. 

Chemical Analysis 

The chemical analysis of the Novel and Standard films is displayed in Table 3-2. The Novel conditions 

created films that have significantly more total silver, which is expected due to the higher current (1.8A 

versus 0.9A) allowing for a higher rate of silver deposition. The Standard films have a significantly higher 

percentage of ammonia soluble silver, but the total quantity of ammonia soluble silver is significantly 

higher in the Novel films. Ammonia soluble silver, while it can encompass a variety of positively charged 

silver species that can be solubilized, is considered a close correlation to the silver oxide (Ag2O) in a 

sample. The Novel films have a higher percentage of oxygen in the sputtering environment (4.5% versus 

4.0%), but this does not translate into a higher percentage of silver oxide.  
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Table 3-2 Total and ammonia soluble silver with percent ammonia soluble for Standard and Novel 
samples. P-values from t-test comparisons included. 

  

Total silver 
(mg/in2) 

Ammonia soluble silver 
(mg/in2) 

% Ammonia  
Soluble 

Standard 1.65 ± 0.06 0.95 ± 0.10 57.81 ± 7.04 

Novel 4.53 ± 0.27 1.70 ± 0.10 37.73 ± 2.89 

p-value 2.23E-07 1.93E-07 1.72E-04 
 

Dissolution 

Figure 3-5 displays the trends in silver released from Standard and Novel films in water over 24 hours. 

There are significant differences (p<0.05) between groups at all time points, with increasing statistical 

strength with increasing time. Table 3-3 shows the p-values for comparisons. However, there are no 

significant differences between time points for 2 and 6 hours or 6 and 24 hours for either Standard or 

Novel films.  

Figure 3-5 Total silver released in water over time for Standard and Novel films. 

Table 3-3 p-values for t-tests comparing Standard and Novel silver release at each time point. 
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Figure 3-6 displays the trends of silver release into water over 24 hours of Standard and Novel films as a 

percentage of the total silver previously measured by nitric acid digest (Table 3-2). The percentage of 

silver released was between 2% and 9% of the total silver measured in the solid film. It can be observed 

that there is more variation in the Standard samples compared to the Novel samples. While the Novel 

samples released more total silver, they released a lower percentage of the total silver contained in the 

film.  

 

Figure 3-6 Silver released into solution by Standard and Novel films, as a percentage of the total silver 
measured in the film previously by nitric acid digest. 

After 6 hours soaked in water for silver release into solution, the ammonia soluble silver was measured by 

ammonium hydroxide digest. In this test, there was a large amount of variation in the measurements and 

no significant differences were found between groups. Unexpectedly, the calculated amount of ammonia 

soluble silver released per square inch of material was higher than the total amount of silver released into 

solution when measured directly. The ammonia soluble silver calculation was based on the remaining 

ammonia soluble silver subtracted from the initial quantity of ammonia soluble silver. Results are shown 

below in Table 3-4.  
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Table 3-4 Calculated release of ammonia soluble silver into solution, using total silver released in solution 
and measured ammonia soluble silver. 

 Ammonia soluble 
silver measured in 
film after solution 
(mg/in2) 

Calculated 
ammonia soluble 
silver released 
(mg/in2) 

Theoretical percent 
ammonia soluble 
silver released (%) 

Measured total 
silver released 
(mg/in2) 

Standard 0.74±0.11 0.21±0.15 21±13 0.11±0.01 

Novel 1.43±0.21 0.27±0.21 16±13 0.14±0.02 

p-value 6.12E-05 0.28 0.24 8.68E-03 

 

Figure 3-7 shows an image of a Novel sample film after 6 hours dissolution in water. Visible in this image 

are patches in the structure that appear to be degraded. Figure 3-8 also shows a comparison of Novel and 

Standard samples with and without dissolution. Image 3-8(A) (no dissolution) shows the normal Novel 

structure. Image 3-8(B) (with dissolution) shows a closer look at a degraded patch that lacks the normal 

structure. The structure surrounding the patches is comparable to the structure of the undissolved sample. 

The Standard samples in Figure 3-9 are shown at higher magnification to more clearly show the texture. 

Image 3-9(A) is the undissolved material and Image 3-9(B) is after dissolution. The microstructure 

appears to have greater depth and surface area after dissolution, which may indicate more uniform 

dissolution of the silver on the surface for Standard samples. 

Figure 3-7 Representative SEM image of a Novel film after dissolution at 10 000x magnification. 
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Figure 3-8 Representative SEM images. A) Novel sample without dissolution, B) Novel sample after a 6 
hour dissolution. Both images at 20 000x magnification.  

Figure 3-9 Representative SEM images. A) Standard sample without dissolution, B) Standard sample 
after 6 hour dissolution. Both images at 50 000x magnification.  

Log Reduction 

As expected, the log reduction for all dressing samples (two pieces of film with absorbent gauze in the 

middle) resulted in a total kill of all bacterial colonies when challenged with both P. aeruginosa and S. 

aureus. The threshold for the designation of bactericidal for a material is a log reduction of at least 3. 

While no differences could be seen between the two types of dressing, the strong bactericidal capabilities 

of these dressings were confirmed with log reductions of at least 7 for P. aeruginosa and 8 for S. aureus. 

Log reductions were also performed on silver solutions with two inoculum ratios, 10% and 2.5% of the 

total solution. The data from 10% solutions, with 200 µL of inoculum and 1.8 mL of silver solution, 

resulted in relatively small log reductions and are shown in Table 3-5 as average ± standard deviation, 

with the p-value given for comparison between Standard and Novel dressings. While the log reductions 
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are low, not reaching the threshold for bactericidal capacity, for S. aureus, there is a statistically 

significant difference between the two dressings. 

Table 3-5 Log reductions with 10% inoculum to silver solution ratios, using S. aureus and P. aeruginosa 
with Standard and Novel solutions. 

 

  

 

 

For the 2.5% solutions, with 50 µL of inoculum and 1.8 mL of silver solution, averages and p-values 

could not be given in most cases because many samples had total kills of all colonies and an exact log 

reduction is not available. Therefore, Table 3-6 displays the log reduction for each individual sample, 6 

replicates for each dressing. Even without statistical comparison, it can be identified that the log 

reductions for Novel samples are larger than those for Standard samples. While the raw number of cells 

per solution was similar to the 10% solutions for both bacteria, the log reductions were high, well above 

the threshold of 3. There was some variation, but even in samples with the lowest log reductions, they 

were still well above 3.  

  S. aureus P. aeruginosa 

Inoculum 
Size 
(CFU/mL) 2.33E+07 1.70E+08 
Cells in 
solution 
(CFU) 

4.67E+06 
 

3.40E+07 
 

Standard 0.64±0.20 0.56±0.13 

Novel 0.99±0.11 0.53±0.12 

p-value 3.89E-03 0.62 
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Table 3-6 Log reductions with 2.5% inoculum to silver solution ratios, using S. aureus and P. aeruginosa 
with Standard and Novel solutions. 

  S. aureus P. aeruginosa 
Inoculum 
size 
(CFU/mL) 

5.17E+08 
 

1.00E+10 
 

Cells in 
solution 
(CFU) 

2.58E+07 
 

5.00E+08 
 

Standard 4.29 3.33 

  3.11 >6 

  3.29 >6 

  4.04 6.28 

  4.29 4.48 

  4.19 5.22 

Average 3.87±0.53 N/A 

Novel >5 >6 

  4.89 >6 

  >5 >6 

  >5 >6 

  4.89 >6 

  >5 >6 

Average N/A N/A 

 

Corrected Zone of Inhibition (CZOI) 

The CZOI test measured bacteriostatic properties over a period of 9 days using S. aureus using sample 

dressings made from nanocrystalline silver films and gauze. There was not a significant difference in the 

maximum value achieved for each sample, which may be due to the high amount of variation in the Novel 

dressing samples on Day 3, as seen in Figure 3-10. Table 3-7 displays the maximum zone size and ending 

zone size average for Standard and Novel samples and the p-values for t-test comparison. The Standard 

and Novel dressings followed similar trends but had significantly different zones at the end of 9 days. All 

six Novel dressing replicates had measurable zones at the end, but only three out of six of the Standard 

dressing replicates had measurable zones. Control dressings with uncoated HDPE and gauze had no zones 

on any day. 
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Figure 3-10 Zone lengths for CZOI test over nine days for Standard and Novel samples. 

 

Table 3-7 Maximum and ending values for inhibition zones in CZOI test over 9 days for Standard and 
Novel samples. 

  Maximum (cm) End (cm) 
Standard 0.93 ± 0.08 0.038 ± 0.044 

Novel 1.22 ± 0.43 0.20 ± 0.06 

p-value 0.081 3.00E-04 
 

The average zone size of the 6 replicates was calculated for each day and presented in Table 3-8, along 

with p-values indicating if there was a significant difference between the Standard and Novel dressings on 

that day. There were significant differences on Days 3, 4, 5, 8, and 9, shown by the bolded p-values. 
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Table 3-8 Average zone length for Standard and Novel film samples on each day of CZOI test, p-values 
from t-tests between groups on each day are included. Bolded values are those that reach significance. 

Day 

Standard Zone 
(Average, cm) 

Novel Zone 
(Average, cm) p-value 

1 0.73 0.78 0.26 

2 0.89 0.83 0.21 

3 0.71 1.16 0.03 

4 0.75 0.92 0.03 

5 0.31 0.41 0.04 

6 0.37 0.42 0.20 

7 0.27 0.31 0.14 

8 0.26 0.46 1.1E-06 

9 0.04 0.20 2.1E-04 

 

The quantity of silver remaining in the dressings for three samples per condition was measured by nitric 

acid digest and converted to mg/in2. Data is displayed in Table 3-9. There was a significant difference in 

the amount of silver remaining in the dressing for Novel versus Standard. The Novel dressings released 

almost twice as much silver during the nine day test than Standard dressings, with still 35.9% of the initial 

silver remaining. The control dressings of uncoated HDPE showed no silver in the nitric acid digest. 

Table 3-9 Silver remaining in film samples after nine days of CZOI test 

  
Silver remaining 

(mg/in2) 
Silver released 

(mg/in2) 
Percent of initial silver 

remaining (%) 
Standard 0.19 ± 0.15 1.42 ± 0.11 11.45 ± 9.33 

Novel 1.57 ± 0.20 2.80 ± 0.08 35.9 ± 2.4 

p-value 3.50E-4 2.79E-5 0.024 
 

Table 3-10 displays the ending zone size for three Standard and Novel samples along with the silver 

remaining in the dressing, in mg/in2, as measured by nitric acid digest. Interestingly, the Standard samples 

that had no zone by Day 9 had more silver remaining than the Standard sample that still had a zone 

(0.05cm). Novel samples still had silver remaining, as well as measurable zones, after nine days. 
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Table 3-10 Ending zone length after nine days of CZOI test, with comparison to quantity of remaining 
silver in dressing 

    

Ending zone size 
(cm) 

Silver remaining in 
dressing (mg/in2) 

Standard 

1 0 0.33 

2 0.05 0.027 

3 0 0.20 

Novel 
1 0.25 1.54 

2 0.25 1.40 

3 0.15 1.80 
 

Discussion 

Chemical and Physical Properties 

In binary alloy systems, the higher the alloy composition, the smaller the grain size[3]. This applies to the 

study as the aim for sputtered films is to have between 40 to 50% silver oxide, with the remaining being 

metallic silver, so that the grain growth of one type is interrupted by the other. Novel nanocrystalline 

silver materials had a smaller percentage of ammonia soluble silver, but because they have almost three 

times the quantity of total silver deposition, they have a larger total quantity of ammonia soluble silver. 

The larger total quantity can be attributed to the higher current (1.8 A versus 0.9 A) used in the sputtering 

process which allows for increased deposition compared to Standard materials. The addition of water is 

thought to stabilize the voltage during sputtering, allowing for higher currents to be used to increase total 

silver deposition. The lower percentage of ammonia soluble silver for Novel samples, even with a larger 

percentage of oxygen, is also attributable to the current where the higher energy in the sputtering chamber 

leads to greater diffusion of oxygen.   

The total silver released in solution for the Novel samples was higher in total quantity but lower in 

percentage release of the total silver. This is evidence that the structure of the Novel films is more tightly 

bound, given that less silver is released. The Standard dressings have a greater percentage of ammonia 

soluble silver, which contributes to stabilizing the nanostructure, but it is more readily ionized in water. 

The Standard dressings were seen in the SEM images to have a smaller feature size which would allow 

for more surface area for silver to be released relative to the total amount. 

Unexpectedly, the calculated quantity of ammonia soluble silver released per square inch of material was 

higher than the total silver released into solution measured directly and converted to mg/in2, where less 

ammonia soluble silver was measured than would be expected in the final film. This may be a result of 
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variability in measurement of ammonia soluble silver, or an inaccurate measurement of the silver initially 

released in solution, or the dissolution of the film is changing the surface structure.  

From the XRD spectra, both metallic silver and silver oxide were identified. Ag2O was the only 

recognizable oxide peak from the XRD spectra, which was expected based on previous sources [17]. This 

confirms that the only stable or detectable oxide species on the surface of the samples is Ag2O. Metallic 

silver and silver oxide are both present, but quantitative analysis was only done for grain size, not relative 

composition. The Standard films have a smaller average grain size. This corresponds to a greater fraction 

of silver oxide for Standard samples, which stabilizes a smaller grain size.  

In alloys, to reduce the elastic strain from the size mismatch, solutes will segregate to the edges and grain 

boundaries of a material because this reduced the overall Gibb9s Free Energy. The energetic cost of 

increasing the grain boundary area is more than compensated for by the reduction in energy from moving 

solutes to the grain boundaries, up to a certain grain size[20]. At grain sizes less than 10 nm, the 

behaviour of the material is more reliant on grain boundary properties than bulk properties [21]. 

Biological Properties 

As expected, the log reductions for both the Standard and Novel dressings showed exceptional 

antimicrobial properties. However, with total kills for both species of bacteria, there were not quantitative 

results to compare the differences between the dressings. The solution-based log reductions produced 

results that were able to be statistically compared. The standard procedure in our laboratory is to use a 

10% ratio of 200 ½L inoculum in 1.8 mL of silver solution for log reductions. When this resulted in 

unusually small log reductions, a 2.5% ratio was used. The major difference in log reduction from the 

10% and 2.5% inoculum solutions shows that the bactericidal capacity of the same strength of solutions 

varies significantly based on the ratio, even when the raw number of cells in solution is similar. Even with 

similar number of cells, a small increase in the relative quantity of silver solution caused a large increase 

in the antimicrobial properties. 

The Corrected Zone of Inhibition test also yielded significant results. At the end of nine days, all Novel 

dressings had measurable zones, but this was not the case for all Standard dressing samples. This shows 

that the Novel dressings have better longevity and sustained release of silver. A CZOI test of silver 

alginate dressings in 2011 using the same organisms for one day resulted in zones between 4.5 mm and 

10.8 mm for S. aureus, compared to 7.25 mm and 7.75 mm on Day 1 for Standard and Novel dressings 

respectively [22].  
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At the end of nine days, the quantity of silver remaining in the dressings was tested for three samples each 

of Standard and Novel dressings. Novel samples had an average of 1.57 mg/in2 remaining, which was 

35.9% of the silver initially measured, compared to only 0.19 mg/in2 for 11.45% of initial silver for 

Standard samples. Novel samples released more silver, and still had a significant amount remaining in the 

dressing after nine days, leading to a continuing zone of inhibition over nine days. Standard samples had 

less silver to release and could not maintain a zone of inhibition as long as Novel samples. 

Conclusion 

The Novel sputtering parameters were used to be a more stable and efficient sputtering process to increase 

silver deposition while maintaining a composition of approximately 40% ammonia soluble silver. The 

Novel samples were significantly different from the Standard samples in their chemical, physical, and 

biological properties. They still had superior bactericidal properties even with a lower fraction of 

ammonia soluble silver. The Novel films also had larger grain sizes compared to Standard samples which 

may impact their anti-inflammatory capacity, but this has not noticeably impacted the antibacterial 

properties. Most notably, the increased release into solution by Novel samples will be beneficial for 

developing solutions for use in adhesion treatments. Future work may further adapt sputtering parameters 

with the goal of increasing release into solution. Novel film samples will be used in developing solution-

based treatments later in this thesis, particularly for their increased release of silver and greater longevity 

over Standard films.  
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Chapter 4 : Fabrication and Analysis of Nanocrystalline 
Silver-Gold Alloys 

Introduction 

Silver and gold are both noble metals, and because of their similarity in size, crystal structure, and 

electronegativity, they form a completely miscible alloy[1]. Previous work has shown that when silver-

gold alloys are used as targets in a physical deposition process, the resulting nanocrystalline silver-gold 

dressings have reduced antibacterial properties when compared to silver, but are expected to have 

increased anti-inflammatory properties because of gold acting as a grain refiner [2]. Outside of gold and 

silver, in cases of other alloyed materials, higher alloy combinations are known to lead to more grain 

boundaries and a more stable nanostructure[3]. For binary nanocrystalline materials, increasing the alloy 

or solute composition decreases the grain size if the solutes have a similar energy when in the bulk phase 

as at interfaces [3].  

Gold is the most noble metal and is therefore less reactive than silver, and is resistant to oxidation or 

ionization [1], [4]. Gold can be oxidized in very reactive environments, but oxides of gold are unstable, 

especially in a humid environment, and therefore typically decompose quickly [5]. A study of gold films 

treated with oxygen plasma also demonstrated the instability of gold oxide, where a 4 nm gold oxide layer 

completely dissipated after 4 days at room temperature and this rate was accelerated at higher 

temperatures[6]. Gold has two valencies and Au(III) is more active than Au(I), so if oxides are to form, 

they are likely to be in the form of Au2O3[1]. 

Atoms have a greater affinity for electrons when positioned at boundaries, edges, or interfaces rather than 

in the bulk lattice [7]. Atoms with lower coordination numbers are found on the edges of clusters, and the 

lower the coordination number, the lower the stabilization and the greater likelihood of being released[8]. 

In a study of polycrystalline gold, the coordination state of the metal atoms was low at defects and grain 

boundaries, and the atoms in those positions were especially active[7]. Gold is known to segregate to the 

edges or shells of silver-gold nanostructured materials or nanoparticles, suggesting that in nanocrystalline 

silver-gold materials, gold may be in greater concentration at the grain boundaries than in the bulk phase 

[9].   

Gold has low absorption topically and percutaneously because of its inertness, stability, and lack of 

ionization in body fluids [1]. Because of this, it is thought to have a limited ability to penetrate tissues [1]. 

Still, the studied antibacterial effects of gold are related to its interactions with the cell membrane, 
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inhibition of ATPase, disruption of protein synthesis, and radical quenching[10]. In a 1997 study of the 

mechanism of action of gold complexes, Au(III) acted as an oxidizing agent when in contact with 

proteins, displaying nonspecific binding to proteins with available sulfur groups, itself reducing to Au(I) 

[11]. Gold also binds to DNA, changing the conformation [11]. Both gold ions are highly reactive with 

biological materials, with affinities for ligands on proteins, cells, and organic debris[1].  

It was found that the higher gold percentage in the alloy, the smaller the grain size [2]. While the anti-

inflammatory effect has yet to be tested in a systemic model, previous work has suggested that a smaller 

grain size is associated with better anti-inflammatory activity[2]. This is because of the greater percentage 

of grain boundaries which release atoms and clusters of silver and gold, the molecules associated with 

improved anti-inflammatory activity.  

While there is limited information on nanocrystalline silver-gold materials, there have been studies on 

gold and silver-gold nanoparticles. In one study, silver-gold nanoparticles had improved antibacterial 

effects against E. coli and S. aureus over silver-only, while gold-only had no significant bactericidal or 

bacteriostatic properties. The mechanisms identified were an increase in ROS production, cell membrane 

damage, and DNA fragmentation[12]. Silver-gold nanoparticles released more silver than silver-only 

nanoparticles, so it was suggested that gold aided in the release of silver[12]. In this study, the highest 

concentration of silver corresponded with maximum antibacterial activity[12]. Gold was found to be less 

cytotoxic than silver, and at low concentrations, silver-gold nanoparticles were also non-cytotoxic[12]. In 

another study, functionalized gold spherical nanoparticles were tested in a rat model of liver injury [13]. 

This treatment reduced biomarkers and observations of inflammation, oxidative stress, and fibrosis [13]. 

It was also found that the nanoparticles were located intracellularly in the cytoplasm, but not inside the 

nucleus [13] With higher concentrations of gold nanoparticles, there was a greater biological effect [13].  

Adhesions form as part of an inflammatory process. Because of this, silver-gold alloys are studied for 

their potential as anti-inflammatory materials for use in an animal model of inflammation. In this chapter, 

the chemical, physical, and antibacterial properties were characterized and compared to nanocrystalline 

silver to establish their properties in relation to silver before using in an animal model. 

Methods 

Dressing Fabrication 

Silver-gold nanocrystalline coatings were sputtered onto an HDPE mesh substrate using an in-house 

sputtering system. Two different targets were used: 65% gold and 35% gold by weight, with the balance 

silver. The standard conditions were a 0.9A current, 4.0% oxygen atmosphere, and no water. The novel 
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conditions were 1.8A current, 4.5% oxygen, and 15 µL/min water. The total pressure inside the chamber 

was 400 mTorr for both conditions. Nanocrystalline silver materials were used as comparison in this 

chapter and are the same materials fabricated for analysis in Chapter 3. 

Materials sputtered using standard or novel conditions are noted as <Standard= films or materials and 

<Novel= films or materials respectively. <Ag100= represents sputtering with the 100% silver target, 

<Ag65= with the 65% silver and 35% gold target (also referred to as <low gold=), and <Ag35= with the 

35% silver and 65% gold target (also referred to as <high gold=).  

X-ray Diffraction 

X-ray diffraction (XRD) analysis of the films was performed on a Rigaku Ultima IV diffractometer with a 

cobalt radiation source at 38 kV and 38 mA. Scan conditions can be found in Chapter 2. Grain size was 

measured with the Scherrer equation. Total sample grain size was calculated as the average of measurable 

peaks between 30 o2θ and 81o2θ. 

Chemical Analysis 

Nitric acid digest was used to measure the total quantity of silver. Ammonia soluble silver was measured 

from a digest with ammonium hydroxide. Aqua regia digest was used to measure the total gold. These 

solutions were analyzed for quantity of silver or gold using inductively coupled plasma mass 

spectrometry (ICP-MS) or atomic absorption spectroscopy (AAS). Samples were corrected for dilution 

factor and given as mg of silver or gold per square inch of material.  

Silver Release in Solution 

To measure silver ion release into solution, two square inches of material were soaked in 7.5 mL distilled 

water at 37°C for six hours as described previously. The solutions described above were analyzed for 

quantity of silver using AAS.  

Scanning Electron Microscopy 

Scanning electron microscopy was used to image film samples as described previously. Images were 

taken at 20 000x, 50 000x, and 100 000x magnification, using an accelerating voltage of 10 kV and a 

working distance of 5 to 10 mm.  
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Log Reduction 

To quantify the antibacterial properties, a log reduction was performed as described in Chapter 2. In brief, 

two 1 square inch pieces of film were layered with one 1 square inch piece of cotton gauze to create 

dressings, incubated, and the bacteria remaining were plated and counted.  

The antibacterial properties of solutions made with nanocrystalline silver and silver-gold films, a standard 

6 hour solution was made and 1.8mL was combined with 0.2 mL bacterial inoculum in log phase. The 

remaining bacteria were diluted, plated, and counted as previously described.  

Day-to-Day Corrected Zone of Inhibition (CZOI) Assay 

The bacteriostatic longevity was assessed using the corrected zone of inhibition assay, as described in 

Chapter 2 with P. aeruginosa and S. aureus for 7 days.  

Statistics 

Unpaired two sample t-tests with Welch9s correction were used to compare sample groups if comparisons 

between two groups were being performed. For comparisons with multiple factors, ANOVA with Tukey9s 

post-hoc tests were used. The effect of material (Ag100, Ag65, or Ag35) and sputtering condition 

(Standard or Novel) are the factors considered in ANOVA. The results of Tukey9s post-hoc tests can be 

found in Appendix A. Analysis was performed using Microsoft Excel and R. Unless otherwise stated, 

quantitative data in tables, and data points in line charts or bar graphs are the average of three samples 

with a standard deviation error bars.  
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Results 

X-ray Diffraction (XRD) 

Figures 4-1, 4-2, 4-3, and 4-4 show the XRD spectra for representative samples of each group. Due to 

their similarity, metallic silver and gold are both identified by peaks at approximately 38, 44, 65, 78, and 

82°2θ. Silver oxide (Ag2O) is primarily identified by peaks at approximately 33 and 38°2θ. The first two 

peaks in each spectrum, at approximately 22 and 24°2θ, correspond to the HDPE substrate. Intensity 

counts on the y-axis are an arbitrary unit.  

Figure 4-1 displays spectra for Ag65 and Ag35 Standard samples. The Ag65 (low gold) samples under 

Standard conditions are observed to have small peak intensities, with the only identifiable peak at 

approximately 38°2θ. This peak position corresponds to locations for silver, silver oxide, and gold. The 

peak position and shape are similar for the Standard Ag35 sample, although there is a greater intensity and 

spread of that peak than for Ag65. There is no recognizable peak at 33°2θ for either sample, likely 

indicating a low presence of silver oxide. 

For Figure 4-2, which displays XRD spectra for Ag65 and Ag35 Novel films, there are stronger peak 

intensities, and more peaks could be clearly recognized at higher measurement angles than for Standard 

samples in Figure 4-1. The peaks at 64 and 78°2θ correspond to the presence of elemental silver and gold. 

The strongest peak was observed at 38°2θ, as expected. The peaks for Novel samples are still relatively 

broad, although not as broad as those for the Standard samples. Peak broadness indicates a smaller grain 

size. The Ag65 sample had a discernable peak at 33°2θ compared to Ag35, but Ag35 had a stronger peak 

at 44°2θ, which may point to more silver oxide in the Ag65. Unlike the Standard sample, the Novel Ag35 

did not show a discernable peak at 33°2θ, but all other peak positions (38, 44, 65, 78, and 82°2θ) had 

clearly identifiable peaks. 

Figures 4-3 and 4-4 include spectra from the silver films from the previous chapter. The silver (Ag100) 

samples sputtered with Standard conditions had smaller and broader peaks compared to the corresponding 

Novel sample. For both the Novel and Standard samples, the silver oxide peak at 33°2θ is distinctly 

present in the Ag100 spectra, but becomes smaller for Ag65, and completely disappears for Ag35. This 

trend is most noticeable for the Novel sample. For the Standard sample, the shared peak at 38°2θ 

increases in broadness with increasing gold percent.  
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Figure 4-1 Representative XRD spectra of dressings of Standard silver-gold films. 

Figure 4-2 Representative XRD spectra of dressings of Novel silver-gold films. 
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Figure 4-3 Representative XRD spectra of Standard films. 

Figure 4-4 Representative XRD spectra of Novel films. 
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Figure 4-5 shows the grain sizes for the samples discussed above. Grain sizes were measured by hand 

from the spectra using the Scherrer equation by four trained students independently. Then, the average of 

the three measurements which most closely agreed was taken and presented here, along with the standard 

deviation of those three measurements. As was seen previously with silver, the Novel conditions resulted 

in larger grain sizes than Standard condition. This effect was most pronounced for the Ag35 samples, but 

the difference between Novel and Standard grain sizes for the Ag65 samples was not significant. There 

was a trend of decreasing grain size with decreasing silver content for the Standard samples. This same 

trend was expected for the Novel samples, but the Ag65 sample had a smaller grain size than the Novel 

Ag35 sample. Table 4-1 shows the results of the ANOVA tests. There was a very significant effect of 

material, sputtering condition, and the interaction of these two factors. In post-hoc tests, comparisons 

between all groups were significant, except for between Ag100 Standard and Ag35 Novel.  

Figure 4-5 Grain sizes of Standard and Novel films of three alloy compositions. 

 

Table 4-1 ANOVA p-values for grain size comparisons by sputtering alloy (material) or sputtering 
condition. 
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Chemical Analysis 

Figure 4-6 shows the total silver deposition in mg/in2 for all samples, as measured by nitric acid digest. 

All data in this section is presented as an average of three replicate samples with standard deviations 

shown as error bars or provided after the average. As expected, silver deposition is lower for the Standard 

samples as they had a lower current used during sputtering. Novel Ag65 even has significantly more 

silver than Standard Ag100. All post-hoc comparisons were significant except for the comparison between 

Standard Ag65 and Novel Ag35. As expected, there is a decreasing trend of total silver for films sputtered 

with a lower silver alloy. For the Standard Ag35 sample, there is more than 35% of the total silver 

deposition measured in the Standard Ag100 sample and for Novel Ag35 there is less than 35% of the 

silver in Ag100 Novel. For the Ag65 samples, there is greater than 65% of the silver in the Ag100 samples 

for both Standard and Novel conditions.  

Figure 4-6 Total silver measured in sample films by nitric digest, grouped by alloy composition and 
sputtering condition. 

Table 4-2 shows the material, condition, and interaction effect p-values given by ANOVA. All effects 

were significant (p<<0.05). In the post-hoc tests, all comparisons were significant (p<0.05), except for 

between Ag65 Standard and Ag35 Novel. 
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Table 4-2 ANOVA p-values for total silver comparisons by sputtering alloy (material) or sputtering 
condition. 

Effect p-value 

Material 1.62E-13 

Condition 7.85E-15 

Interaction 7.06E-11 
 

Figure 4-7 shows the total quantity of ammonia soluble silver measured in the film, given in mg/in2. 

Figure 4-8 shows the ammonia soluble silver as a percentage of total silver. As expected from Chapter 3, 

the Novel samples tend to have a lower percentage of ammonia soluble silver but a higher total quantity 

because of the greater silver deposition. For Ag35 samples, there was no significant difference in total 

ammonia soluble silver between Standard and Novel samples. There was no consistent trend found for 

percentage gold in the target versus ammonia soluble percentage.  

Figure 4-7 Ammonia soluble silver content in mg/in2, grouped by alloy composition and sputtering 
condition. 
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Figure 4-8 Ammonia soluble silver as a percentage of total silver, samples grouped by alloy composition 
and sputtering condition. 

Table 4-3 shows the p-values of the ANOVA test, with a significance level of p<0.05. In the ANOVA test 

for percent ammonia soluble silver, only the sputtering condition effect was significant. The total quantity 

of ammonia soluble silver is influenced by the total amount of silver deposition, which is in turn affected 

by the sputtering conditions and target silver content. So, in the ANOVA test for the ammonia soluble 

silver quantities, the material, condition, and interaction effects were all significant. In post hoc tests, the 

ammonia soluble quantity comparisons were almost all significant except for Novel Ag65- Novel Ag100, 

Standard Ag65-Standard Ag35, and Standard Ag35-Novel Ag35. The absence of significant values for 

these shows that for the first two comparisons, the increased amount of silver did not result in an increase 

in the quantity of ammonia soluble silver. For the third comparison listed, the different sputtering 

conditions would be expected to increase the amount of ammonia soluble silver, but this was not seen for 

Ag35 samples. The percent ammonia soluble silver data comparisons were mostly not significant. 

Substantial variation in the Ag65 Standard samples may contribute to the insignificance of most 

comparisons to this group. Notable significant comparisons were between Standard and Novel Ag100, 

and Standard and Novel Ag35. It is also worth noting that there were no significant differences in 

ammonia soluble silver percentage within Standard samples or within Novel samples comparisons as the 

material did not have a significant effect. 

0

10

20

30

40

50

60

70

80

90

Ag100 Ag65 Ag35

P
er

ce
nt

 A
m

m
o

ni
a 

S
o

lu
b

le
 (

%
)

Standard Novel



68 

Table 4-3 ANOVA p-values for the effect of sputtering alloy (material) and sputtering condition on 
ammonia soluble silver amount and composition. 

 Effect 
p-value for Ammonia 
Soluble Silver, mg/in2 

p-value for Ammonia 
Soluble Silver, % 

Material 4.26E-06 0.31 

Condition  3.39E-04 3.72E-05 

Interaction 4.18E-03 0.15 
 

Figure 4-9 shows the total gold measured in the films by aqua regia dissolution. As expected, there is 

more total gold deposition with higher current and more gold initially in the target. Ag35 Novel was the 

sample with the most deposition of gold, and Ag65 Standard had the lowest quantity of gold.  

 

Figure 4-9 Measurements of total gold in nanocrystalline silver-gold sample films, displayed in mg/in2 
and grouped by alloy composition and sputtering condition. 

The percentage of gold measured in the films is shown in Figure 4-10. This is calculated from the total 

gold and silver measured. For the 65% gold target (Ag35), the samples had an average percentage gold of 

70.5% (Standard) and 78.7% (Novel), more than would be expected from the nominal target composition.  

For the 35% gold target (Ag65), the samples had an average percentage gold of 29.9% (Standard) and 

23.1% (Novel), which was less than would be predicted. The difference between alloy composition and 

film composition is greater for the Novel samples, suggesting that this effect is magnified by higher 

current, oxygen, or water. 
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Figure 4-10 Gold composition in films, as a percentage of combined total silver and gold for 
nanocrystalline silver-gold samples, grouped by alloy composition and sputtering condition. 

 

Table 4-4 shows the significance of effects calculated by ANOVA. The material and sputtering condition 

both had a significant effect on the quantity of gold, as well as an interaction effect. While the trend was 

recognized that there appeared to be greater deviation from nominal alloy composition for Novel samples, 

the condition effect in the ANOVA test was not found to be significant. Still, the post-hoc tests showed all 

comparisons to be significant, including the difference between Novel Ag35 and Standard Ag35, and 

Novel Ag65 and Standard Ag65.  

Table 4-4 ANOVA p-values for the effect of sputtering alloy (material) and sputtering condition on total 
and percent gold in samples. 

 Effect 
p-value for total 
gold, mg/in2 

p-value for gold as a 
percentage of total 

Material 2.62E-15 6.73E-11 

Condition 1.55E-11 0.62 

Interaction  1.71E-11 1.05E-04 
 

Figure 4-11 shows the total deposition, calculated by adding the total silver and gold measured by nitric 

acid and aqua regia digests, given in mg/in2. The deposition is highest for the Novel sputtering conditions, 

which is expected because of the higher current. Interestingly, the deposition was significantly higher for 

the Ag35 samples compared to Ag65 or Ag100 for either sputtering condition. This may indicate that the 
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inclusion of more gold allows for a more substantial sputtering yield. Differences were not significant 

between Ag100 and Ag65 for either the Standard or Novel groups.  

Figure 4-11 Total deposition of silver and gold for all samples, grouped by alloy composition and 
sputtering condition. 

Table 4-5 shows the ANOVA results of total deposition, demonstrating a significant effect of material, 

sputtering condition, and their interaction. Ag35 samples may heavily contribute to the significance of 

material in this case.   

Table 4-5 ANOVA p-values for the effect of sputtering alloy material and condition on the combined 
deposition of silver and gold. 

Effect p-value 

Material 5.19E-09 

Condition  3.47E-15 

Interaction  1.56E-03 
 

The Ag65 Standard sample regularly had high standard deviations across the different measurements of 

chemical analysis. This may be technique error, but it is possible that the dressing properties are 

inconsistent, which could point to an unstable sputtering process.  

Solution Release 

Figure 4-12 shows the measured silver release after 6 hours dissolution in water calculated as mg released 

per inch of material. Figure 4-13 shows the silver release as a percentage of the average total silver 

measured previously in the film. Silver release into solution after 6 hours was between 3 and 10 mg/L, or 
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0.14 to 0.04 mg/in2. This is between 1 and 5 percent of the total silver measured in the films by nitric acid 

digest. As expected, the greatest raw silver release came from the Ag100 samples. For Ag35 and Ag65 

groups, there was only one significant comparison 3 between Ag65 Novel and Ag35 Standard. Despite the 

Novel Ag65 having more initial silver (1.60 mg/in2) than the Ag100 Standard (1.17 mg/in2), it released 

less silver in solution. Tests in Chapter 3 showed that the Standard samples released a greater percentage 

of their silver, likely due to their relatively larger ammonia soluble silver content. This observation is also 

found here, where within material type, the Standard samples released a greater percentage of silver than 

their Novel counterparts. Ag65 Novel samples had the lowest percent release of all samples within the 

groups of Standard and Novel samples. Ag35 released more than 35% of the silver released by the Ag100 

samples, but Ag65 samples did release approximately 65% of the silver of the Ag100 samples. While 

measurements of the gold release were also attempted, they were below detection limit of the equipment 

used.  

Figure 4-12 Silver release into solution after 6 hours, given as mg/in2. Samples grouped by alloy 
composition and sputtering condition. 
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Figure 4-13 Silver release into solution after 6 hours, given as percent of initial silver measured. Samples 
grouped by alloy composition and sputtering condition. 

ANOVA was performed for the total and percent silver released and the p-values for effects are shown in 

Table 4-6. For the total silver release, there is a significant effect of the material and condition, but not an 

interaction effect. In the post-hoc tests, most comparisons between Ag35 and Ag65 groups were not 

significant. All effects are significant for the percentage release, although the interaction effect just 

reaches the threshold for significance. In the post-hoc tests for percentage silver release, the comparison 

between Ag100 and Ag35 did not have a significant difference for either Novel or Standard conditions. It 

is notable that Ag35 samples are releasing a similar percentage of their silver as the Ag100 samples. 

Novel Ag100 did not show a significant difference to either Novel Ag35 or Novel Ag65, although Novel 

Ag35 and Novel Ag65 were significantly different compared to each other. 

Table 4-6 ANOVA p-values for the effect of sputtering alloy material and condition on the release of 
silver into solution. 

 Effect 
p-value for total silver 
released, mg/in2 

p-value for percentage of 
total silver released 

Material  2.13E-08 3.57E-04 

Condition  1.56E-03 6.50E-08 

Interaction 0.26 0.050 
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Scanning Electron Microscopy (SEM) 

Figures 4-14 and 4-15 show representative SEM images of the materials at 50 000x and 100 000x 

magnification. Qualitative observations can be made. Novel samples (B, D, F) for each material type have 

a more textured and greater depth of microstructure compared to their Standard counterparts. There is 

more total deposition for Novel samples, which corresponds to greater depth. Standard Ag65 and Ag35 

(images C and E) have the smoothest appearance. Ag65 Standard (C) and Ag65 Novel (D) samples appear 

to have the greatest difference in appearance, compared to the differences in Standard and Novel samples 

for Ag100 and Ag35. Ag100 Novel (B) and Standard (A) have similar structure, with a smaller feature 

size for the Standard sample. For Ag65, the Standard (C) sample appears to have a smoother structure 

than the Novel sample (D), but the texture of both is similar. Ag35 Novel (E) and Standard (F) samples 

look similar.  

Figure 4-14 50 000x magnification of dressing samples. A) Ag100 Standard, B) Ag100 Novel, C) Ag65 
Standard, D) Ag65 Novel, E) Ag35 Standard, F) Ag35 Novel. 
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Figure 4-15 100 000x magnification of dressing samples. A) Ag100 Standard, B) Ag100 Novel, C) Ag65 
Standard, D) Ag65 Novel, E) Ag35 Standard, F) Ag35 Novel. 

Log Reductions 

Log reductions for P. aeruginosa (Gram positive) and S. aureus (Gram negative) were done with 1 hour 

of direct contact with a dressing sample of two layers of coated HDPE film and one layer of gauze. This 

resulted in a log reduction of at least 6 for all samples. Data is not shown because all samples had a result 

of total kill. Two organisms, Proteus vulgaris and Proteus mirabilis were then used for log reductions 

because Proteus organisms are known to have a low sensitivity to silver. P. mirabilis did not appear to be 

at all affected by silver. Plates were uncountable because it is a swarming organism, and therefore covered 

the entire plate instead of forming countable colonies. Still, the presence of colonies after contact with the 

dressings appears to confirm its lack of sensitivity to silver or gold. P. vulgaris log reductions results are 

shown in Table 4-7, and while it had smaller log reductions than P. aeruginosa or S. aureus (no total 

kills), all the dressings were bactericidal. Bactericidal is defined as a log reduction greater than 3.  

Table 4-7 Log reductions with P. vulgaris. 

  Standard Novel 
Ag100 5.24 ± 0.21 5.02 ± 0.40 

Ag65 4.66 ± 0.14 4.86 ± 0.21 

Ag35 5.23 ± 0.13 4.40 ± 1.17 
 



75 

Then, log reductions with solutions made from 6 hours of film dissolution in water were performed with 

either P. aeruginosa or S. aureus and the resulting log reductions are shown in Tables 4-8 and 4-9. For this 

test, 200 µL of inoculum (108 to 109 CFU/mL) was combined with 1.8 mL of silver solution for 1 hour. 

The resulting log reductions were well below the bactericidal threshold, but the inoculum strength was 

intentionally high in order to determine if there were any differences in activity. ANOVA p-value results 

for all log reductions are shown in Table 4-10. Based on the results of ANOVA, there did not appear to be 

an effect of the material or condition on the log reduction for any bacteria.  

Table 4-8 Log reductions with S. aureus and nanocrystalline silver and silver-gold solutions. 

  Standard Novel 
Ag100 0.73±0.12 0.60±0.04 

Ag65 0.15±0.69 0.83±0.06 

Ag35 0.89±0.13 0.63±0.03 
 

Table 4-9 Log reductions with P. aeruginosa and nanocrystalline silver and silver-gold solutions. 

  Standard Novel 
Ag100 0.43±0.11 0.52±0.13 

Ag65 0.57±0.15 0.59±0.15 

Ag35 0.49±0.12 0.62±0.16 
 

Table 4-10 ANOVA p-values for the effect of sputtering alloy material and condition on log reductions 
with S. aureus, P. aeruginosa, and P. vulgaris. 

 Effect 
p-value,  
S. aureus 

p-value,  
P. aeruginosa 

p-value,  
P. vulgaris 

Material  0.22 0.49 0.42 

Condition  0.11 0.62 0.26 

Interaction 0.014 0.81 0.26 
 

Corrected Zone of Inhibition (CZOI) 

The CZOI was intended to test the bacteriostatic properties of the dressings over seven days to measure 

the longevity of their release of antibacterial species. Three replicates were used for each group. There 

was a lot of variation, so while many findings are not significant, some conclusions can be drawn. Figures 

4-16 to 4-18 display the results for the test with P. aeruginosa. Ag100 Novel was used as a comparison to 

the silver-gold samples. See Chapter 3 for extended tests with Ag100 Standard and Novel samples. Ag100 

maintained a consistent zone throughout the test, with little fluctuation in zone size. Ag35 samples 
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maintained a zone which was comparable to Ag100 or Ag65 initially, but by Day 5, all Ag35 samples had 

no measurable zone (Figure 4-18). Ag65 samples had decreasing zones over time, but they did not 

decrease as quickly as Ag35 samples. Only Ag65 Novel, of all the silver-gold samples, maintained a 

measurable zone at the end of seven days. 

Figure 4-16 Measured zones in CZOI test over seven days for Novel samples with P. aeruginosa. 
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Figure 4-17 Measured zones in CZOI test over seven days for 65% silver samples, with Ag100 Novel for 
comparison with P. aeruginosa. 

Figure 4-18 Measured zones in CZOI test over seven days for 35% silver samples, with Ag100 Novel for 
comparison with P. aeruginosa. 
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Table 4-11 compares the starting and ending zones for all samples tested, given with the average and 

standard deviation of three replicates in cm. Only Ag100 samples had the same average starting and 

ending zones. 

Table 4-11 CZOI zones measured at Day 1 and Day 7 for all samples in study, with P. aeruginosa. 

  Day 1 Zone (cm) Day 7 Zone (cm) 
Ag100 Novel 0.20±0.05 0.20±0.09 

Ag65 Standard 0.45± 0.25 0 

Ag65 Novel 0.47±0.08 0.02±0.03 

Ag35 Standard 0.50±0.23 0 

Ag35 Novel 0.40±0.17 0 
 

Table 4-12 shows the ANOVA results. ANOVA was performed using only the Ag65 and Ag35 samples. 

Days 3, 4, 5, and 6 had at least one statistically significant effect, most commonly the material effect, so 

these days were considered in post-hoc tests. This suggests that material made more of a difference in the 

bacteriostatic abilities that the sputtering condition. This is expected, given that silver, particularly Ag+, is 

considered to be the primary antibacterial species. In the post-hoc tests, there were no significant 

comparisons except on Day 6, when Ag65 Novel had a significant difference compared to other silver-

gold groups. Table 4-13 shows the results of t-tests to Ag100, to determine which samples showed a 

comparable performance. Because of variation within sample groups, there were not many significant 

differences or discernable patterns.  

Table 4-12 ANOVA p-values for the effect of sputtering alloy material and condition for nanocrystalline 
silver-gold samples on CZOI zone size with P. aeruginosa, at each day. 

 Effect 
Day 1  

p-value 

Day 2  
p-value 

 Day 3  
p-value 

Day 4  
p-value 

Day 5  
p-value 

 Day 6  
p-value 

Day 7  
p-value 

Material  0.90 0.061 0.016 5.60E-3 0.037 5.34E-05 0.35 

Condition  0.52 0.58 0.28 0.78 0.27 2.17E-4 0.35 

Interaction  0.37 0.91 0.37 0.78 0.27 2.17E-4 0.35 
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Table 4-13 T-test p-values for comparison of nanocrystalline silver-gold sample zones to Ag100 zones on 
the same day in a seven day CZOI test with P. aeruginosa. 

Group 
Day 1  

p-value 
Day 2  

p-value 
 Day 3  

p-value 
Day 4  

p-value 
Day 5  

p-value 
 Day 6  

p-value 
Day 7  

p-value 
Ag65 
Standard 3.6E-03 1.0 0.26 0.067 0.79 0.038 0.016 
Ag65 
Novel 3.8E-03 0.86 7.5E-03 0.055 0.47 0.61 0.025 
Ag35 
Standard 9.7E-03 0.35 1.0 1.1E-03 0.16 0.026 0.016 
Ag35 
Novel 0.13 0.50 0.83 5.8E-03 0.16 0.026 0.016 

 

Figures 4-19 to 4-21 display the CZOI zones for samples when challenged with S. aureus. As seen for P. 

aeruginosa, there is a large amount of variation in zone size within sample groups. Ag65 Standard 

maintained a larger zone for a longer period than with P. aeruginosa. Overall, zones were larger for S. 

aureus than P. aeruginosa, because of the release of cyanide by P. aeruginosa, which neutralizes the 

effect of silver[14]. As with P. aeruginosa, both Ag35 samples saw a large drop off in bacteriostatic 

properties after 4 days. Ag65 Standard had a steady decrease over the 7 days, unlike Ag65 Novel, which 

maintained a zone that was not significantly different from Ag100 for the entire duration.  
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Figure 4-19 Measured zones in CZOI test over seven days for Novel samples with S. aureus. 

Figure 4-20 Measured zones in CZOI test over seven days for 65% silver samples, with Ag100 Novel for 
comparison with S. aureus. 
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Figure 4-21 Measured zones in CZOI test over seven days for 35% silver samples, with Ag100 Novel for 
comparison with S. aureus. 

Table 4-14 compares the starting and ending zones for each sample group, given with the average and 

standard deviation of three replicates in cm. Ag65 Novel showed the least change in starting and ending 

values, but both Ag100 Novel and Ag66 Novel maintained a significant zone size after 7 days. 

Table 4-14 CZOI zones measured at Day 1 and Day 7 for all samples in study, with S. aureus. 

  Zone Day 1 (cm) Zone Day 7 (cm) 
Ag100 Novel 0.45±0.05 0.28±0.10 

Ag65 Standard 0.42±0.03 0 

Ag65 Novel 0.38±0.32 0.35±0.05 

Ag35 Standard 0.63±0.15 0 

Ag35 Novel 0.57±0.23 0.03±0.06 
 

ANOVA results for CZOI with S. aureus are shown below in Table 4-15. Only Days 5, 6, and 7 had 

significant effects. This demonstrates that the effect of the different dressing types was only seen in later 

days, when some samples no longer had a measurable zone. In the post-hoc tests, all comparisons with 

Ag65 Novel are significant on Days 5-7, suggesting that this sample had a greater impact relative to other 

samples with S. aureus than with P. aeruginosa. 
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Table 4-15 ANOVA p-values for the effect of sputtering alloy material and condition for nanocrystalline 
silver-gold samples on CZOI zone size with S. aureus, at each day. 

Effect 
Day 1  

p-value 

Day 2  
p-value 

 Day 3  
p-value 

Day 4  
p-value 

Day 5  
p-value 

 Day 6  
p-value 

Day 7  
p-value 

Material 0.14 0.27 0.13 0.21 2.8E-05 1.3E-04 9.4E-05 

Condition 0.69 1.0 1.0 0.11 0.018 1.4E-03 2.4E-05 

Interaction 0.89 0.17 0.76 0.39 0.018 7.6E-03 9.4E-05 
 

Table 4-16 shows the results of t-test comparisons to Ag100 Novel, the control dressing for this test. Most 

of the significant differences are seen in later days. By Days 6 and 7, all samples but Ag65 Novel had a 

significantly different zone compared to Ag100 Novel.  

Table 4-16 T-test p-values for comparison of nanocrystalline silver-gold sample zones to Ag100 zones on 
the same day in a seven day CZOI test with S. aureus. 

Group 
Day 1  

p-value 

Day 2  
p-value 

 Day 3  
p-value 

Day 4  
p-value 

Day 5  
p-value 

 Day 6  
p-value 

Day 7  
p-value 

Ag65 Standard 0.37 7.1E-03 0.028 0.51 0.11 7.2E-03 9.2E-03 

Ag65 Novel 0.74 0.12 0.014 0.18 0.29 0.67 0.37 

Ag35 Standard 0.12 0.42 0.50 0.33 1.8E-03 9.8E-04 9.2E-03 

Ag35 Novel 0.43 0.33 0.66 0.85 1.8E-03 4.1E-03 0.022 
 

Discussion 

For the XRD spectra, the peak locations and shapes are as expected, but the greatest area of interest in the 

XRD results is the comparative grain size for Ag65 and Ag35 Novel, which was the opposite direction 

expected. Previous work by Kevin Unrau, which used Standard conditions, showed a consistent trend of 

decreasing grain size with increasing gold concentration in the target alloy. With Ag100, more grain 

boundaries indicate more silver oxide incorporated, which is understood to be stabilizing component in 

those films. However, with more gold included in the alloy, the silver oxide peak decreases and then 

disappears. This indicates that silver oxide is likely not the driver of grain refining for silver-gold alloy 

films, and instead gold grains fulfill this function. However, the similar grain size and therefore 

concentration of grain boundaries in Ag65 Standard and Novel may be connected to the similar 

percentages of ammonia soluble silver.  

A source of interest in the results is the total deposition quantity and composition of the dressings in 

comparison to each other. Studies suggest that in the sputtering of a silver-gold alloy, silver will sputter 

preferentially, leaving an enrichment of gold on the surface of the target with more silver deposited on the 

substrate [15]. This appears to be the case for the Ag65 samples, where greater than 65% of the total 
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deposition (by mass) on the HDPE is silver. However, for the Ag35 samples, from a nominally 35% silver 

and 65% gold target, there is more than 65% gold, which is the opposite of the expected trend for 

preferential sputtering. The deviations from nominal target composition are more pronounced with the 

Novel conditions, but this difference was not found to be significant. It is not yet certain why gold 

sputtered preferentially in the case of the Ag35 and not Ag65, but it may be related to gold being the 

dominant component of the matrix of the Ag35 target. There may also be a factor of reorganization of the 

surface of the target. Studies also suggest enhanced diffusion in the surface layers of a sputtered material, 

where the concentration changes from nominal with the distance from the target surface[16]. The 

preferential sputtering of gold was also recognized in previous work by Unrau [2]. 

Another notable result is the high total deposition for Ag35. Part of this can be explained by Ag35 

samples having greater than 35% gold in the film, which is a heavier element than silver. However, in a 

1980 study of binary alloy sputtering, silver-gold sputtering targets showed an enrichment of gold on the 

target, with a 1.8 weight ratio in favour of gold on the target [15]. Because of this, it follows that the 

increase of silver in the alloy would increase the total sputtering yield [15]. However, despite the expected 

mass difference, Ag100 and Ag65 had comparable total mass deposition, with no significant differences. 

Another study showed that there is a lower sputtering or deposition rate for alloys than pure materials, 

proposed to be due to more collisions with gas species on route from the target, which further highlights 

the unexpected lack of deposition difference [17]. However, given that the distance between the anode 

and cathode in this study was 0.55 cm, as opposed to 10 cm in the present work, there is less distance for 

the lower density silver to be deflected on route compared to the higher density gold[17]. It is possible 

that the increased distance combined with a relatively high working pressure, which increases the number 

of collisions, would deflect more silver than gold.  

In solution, Ag65 and Ag35 samples released similar total quantities of silver, so the silver in Ag65 is 

more tightly bound, or the structure or composition of Ag35 encourages release. Ag35 samples released 

more than 35 percent of the silver released by Ag100 samples, so this suggests that the large amount of 

gold may be contributing to increased silver release, rather than increasing the stability of the structure. 

Ag100 samples released more total silver in raw quantity (mg) than Ag65 or Ag35, but the comparison for 

percentage of total silver released was not significant for all comparisons. 

The SEM images reveal qualities of the structure that are not captured by other measurements of physical 

or chemical properties. The biggest difference in appearance between Novel and Standard samples was 

seen for Ag65. This is surprising because of a similarity in both the percentage ammonia soluble silver 

and grain size for Standard and Novel Ag65. The greater total deposition of Ag35 is not clear from these 
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images. Larger clusters and a greater depth of microstructure is seen for Novel samples, but this observed 

increase in surface area did not correspond to a greater percentage of the total silver released.  

The log reductions for both Gram negative and positive organisms, including the silver resistant P. 

vulgaris, were comparable across all the dressing samples. In Unrau9s work, with 4% or greater oxygen in 

the sputtering environment, all the silver and silver-gold nanocrystalline materials had similar log 

reductions of at least 4. It appears that even in the high gold dressings (Ag35), there are sufficient 

antibacterial species for a total kill after one hour of direct contact in a log reduction. Despite the large 

amount of variation, the CZOI showed some differences in longevity between samples by the end of the 

test, in that Ag65 and Ag100 Novel had zones that were significantly higher than the other samples. Only 

Ag65 Novel had a sufficiently large zone to be comparable to Ag100 for seven days for S. aureus, and six 

days for P. aeruginosa. For CZOI, the trends did not support the claim that greater total silver had an 

effect, but because Ag100 and Ag65 Novel have a greater quantity of ammonia soluble silver, this likely 

explains their superior performance. However, these findings do suggest that the silver-gold dressings, 

despite being considered to have reduced antibacterial properties, are sufficiently bacteriostatic in a short 

range of 2 to 3 days. Wound dressings are often changed within this time frame, so this supports their 

suitability in this application.  

Foundational work by Kevin Unrau on nanocrystalline silver-gold dressings can serve as a comparison 

here. Unrau found that there was a trend of less ammonia soluble silver release with increasing gold 

content, which was not proportional to the quantity of gold increase in the alloy[2]. This was also seen in 

the results here, where Ag65 had greater than 65% of the ammonia soluble silver of Ag100, and Ag35 had 

less than 35%. For Unrau, all dressings were bactericidal against S. aureus and P. aeruginosa, although 

there was an increasing trend with increasing gold, unlike the present results[2]. For CZOI, the 

differences in zone sizes were more apparent with more time, although no sample reached a zone of 0 

within the 7 day time frame [2]. Most zone sizes for P. aeruginosa were between 5 and 15 mm, which is 

larger than is seen in this study[2]. Unrau identifies that silver mobility is a greater contributor to larger 

zones, more than the efficacy of silver alone[2]. In x-ray photoelectron spectroscopy (XPS) studies of 

film composition, target contamination seemed to correlate with contaminants (carbon and magnesium) 

found in the dressing itself[2]. Unrau also suggests that pure silver captured oxygen better than the alloy 

mixture[2]. Very little oxygen was found in Ag-O arrangement for samples with more gold, but oxygen 

was still detected, but just in a different form[2]. Au2O3 was consistently and stably produced and could 

be seen by XPS data[2].  

Nanoparticles can serve as a comparison to the material used here. In a 2011 study, gold nanoparticles 

showed properties of bacterial inhibition against Gram positive and Gram negative species, but had 



85 

comparatively high cytotoxic effects when compared to silver nanoparticles [18]. In a 2020 study, silver-

gold nanoparticles had better antibacterial properties than pure silver, although gold-only nanoparticles 

had negligible antibacterial properties[12].  

When silver or silver-gold clusters were embedded in a carbon matrix, it was thought that the addition of 

gold, as a less reactive metal, would increase the release of silver ions, but the opposite effect was seen 

[19]. Adding gold to make an alloy made the release of silver worse [19]. In the development of a 

bimetallic silver-gold catalyst, it was shown that alloying with silver gave gold a greater tendency to lose 

electrons and the inverse was also true [20]. This increase in release of electrons may be beneficial in 

biological activity, as they participate in redox reactions more readily[20]. This paper determined that the 

best catalytic activity was found for particles of a Au:Ag molar ratio of 3:1, corresponding to an 85% 

mass ratio of gold[20].  

Conclusion 

Silver-gold nanocrystalline dressings were created with an in-house sputtering process from alloys with a 

nominal composition of 65% silver/35% gold or 35% silver/65% gold by weight. Despite a range of 

physical and chemical properties, biological testing showed that the anti-bacterial properties were 

comparable to silver-only dressings in short term tests. 65% silver dressings made with Novel sputtering 

conditions had better anti-bacterial capabilities over a longer period of time compared to 35% silver. It is 

expected that for future animal tests, Ag100 and Ag65 Novel films will have the most significant impact. 

  



86 

References 

[1] A. B. G. 
Lansdown, <Silver and Gold,= in Patty’s Toxicology, American Cancer Society, 2012, pp. 753112. 
doi: 10.1002/0471435139.tox026.pub2. 

[2] K. R. Unrau, <Activity of Nanocrystalline Gold and Silver Alloys,= ERA. Accessed: May 27, 2022. 
[Online]. Available: https://era.library.ualberta.ca/items/e0ac4715-3e00-4814-ab41-19700ce1d802 

[3] J. R. Trelewicz and C. A. Schuh, <Grain boundary segregation and thermodynamically stable binary 
nanocrystalline alloys,= Phys. Rev. B, vol. 79, no. 9, p. 094112, Mar. 2009, doi: 
10.1103/PhysRevB.79.094112. 

[4] J. F. Pierson, D. Wiederkehr, and A. Billard, <Reactive magnetron sputtering of copper, silver, and 
gold,= Thin Solid Films, vol. 478, no. 1, pp. 1963205, May 2005, doi: 10.1016/j.tsf.2004.10.043. 

[5] M. Higo, Y. Matsubara, Y. Kobayashi, M. Mitsushio, T. Yoshidome, and S. Nakatake, <Formation 
and decomposition of gold oxides prepared by an oxygen-dc glow discharge from gold films and 
studied by X-ray photoelectron spectroscopy,= Thin Solid Films, vol. 699, p. 137870, Apr. 2020, 
doi: 10.1016/j.tsf.2020.137870. 

[6] H. Tsai, E. Hu, K. Perng, M. Chen, J.-C. Wu, and Y.-S. Chang, <Instability of gold oxide Au2O3,= 
Surface Science, vol. 537, no. 1, pp. L4473L450, Jul. 2003, doi: 10.1016/S0039-6028(03)00640-X. 

[7] L. D. Burke and P. F. Nugent, <The electrochemistry of gold: II the electrocatalytic behaviour of the 
metal in aqueous media,= Gold Bull, vol. 31, no. 2, pp. 39350, Jun. 1998, doi: 
10.1007/BF03214760. 

[8] E. Roduner, <Size matters: why nanomaterials are different,= Chem. Soc. Rev., vol. 35, no. 7, pp. 
5833592, Jun. 2006, doi: 10.1039/B502142C. 

[9] G. Guisbiers et al., <Electrum, the Gold3Silver Alloy, from the Bulk Scale to the Nanoscale: 
Synthesis, Properties, and Segregation Rules,= ACS Nano, vol. 10, no. 1, pp. 1883198, Jan. 2016, 
doi: 10.1021/acsnano.5b05755. 

[10] G. V. Vimbela, S. M. Ngo, C. Fraze, L. Yang, and D. A. Stout, <Antibacterial properties and 
toxicity from metallic nanomaterials,= Int J Nanomedicine, vol. 12, pp. 394133965, May 2017, doi: 
10.2147/IJN.S134526. 

[11] P. Calamai et al., <Biological properties of two gold(III) complexes: AuCl3 (Hpm) and AuCl2 
(pm),= Journal of Inorganic Biochemistry, vol. 66, no. 2, pp. 1033109, May 1997, doi: 
10.1016/S0162-0134(96)00190-0. 

[12] S. Panicker, I. M. Ahmady, C. Han, M. Chehimi, and A. A. Mohamed, <On demand release of ionic 
silver from gold-silver alloy nanoparticles: fundamental antibacterial mechanisms study,= Materials 
Today Chemistry, vol. 16, p. 100237, Jun. 2020, doi: 10.1016/j.mtchem.2019.100237. 

[13] T. G. de Carvalho et al., <Spherical neutral gold nanoparticles improve anti-inflammatory response, 
oxidative stress and fibrosis in alcohol-methamphetamine-induced liver injury in rats,= International 
Journal of Pharmaceutics, vol. 548, no. 1, pp. 1314, Sep. 2018, doi: 10.1016/j.ijpharm.2018.06.008. 

[14] S. Létoffé et al., <Pseudomonas aeruginosa Production of Hydrogen Cyanide Leads to Airborne 
Control of Staphylococcus aureus Growth in Biofilm and In Vivo Lung Environments,= mBio, vol. 
13, no. 5, pp. e02154-22, doi: 10.1128/mbio.02154-22. 

[15] G. Betz, <Alloy sputtering,= Surface Science, vol. 92, no. 1, pp. 2833309, Feb. 1980, doi: 
10.1016/0039-6028(80)90258-7. 

[16] P. S. Ho, <Effects of enhanced diffusion on preferred sputtering of homogeneous alloy surfaces,= 
Surface Science, vol. 72, no. 2, pp. 2533263, Mar. 1978, doi: 10.1016/0039-6028(78)90294-7. 

[17] S. Habib, A. Rizk, and I. Mousa, <Physical parameters affecting deposition rates of binary alloys in 
a magnetron sputtering system,= Vacuum, vol. 49, no. 2, pp. 1533160, Feb. 1998, doi: 
10.1016/S0042-207X(97)00158-9. 



87 

[18] E. Marsich et al., <Biological response of hydrogels embedding gold nanoparticles,= Colloids and 
Surfaces B: Biointerfaces, vol. 83, no. 2, pp. 3313339, Apr. 2011, doi: 
10.1016/j.colsurfb.2010.12.002. 

[19] I. Carvalho et al., <Antibacterial Effects of Bimetallic Clusters Incorporated in Amorphous Carbon 
for Stent Application,= ACS Appl. Mater. Interfaces, vol. 12, no. 22, pp. 24555324563, Jun. 2020, 
doi: 10.1021/acsami.0c02821. 

[20] A.-Q. Wang, J.-H. Liu, S. D. Lin, T.-S. Lin, and C.-Y. Mou, <A novel efficient Au3Ag alloy 
catalyst system: preparation, activity, and characterization,= Journal of Catalysis, vol. 233, no. 1, 
pp. 1863197, Jul. 2005, doi: 10.1016/j.jcat.2005.04.028. 

 



88 

Chapter 5 : Anti-Inflammatory Properties of 
Nanocrystalline Silver and Silver-Gold Dressings in an 
Animal Model 
 

Introduction 

Silver-gold alloys were used as targets in a physical vapour deposition process to make nanocrystalline 

films with grain sizes between 3-12 nm, as discussed in Chapter 4. Tests were performed to characterize 

the physical, chemical, and antibacterial properties of these materials. However, because inflammation is 

a systemic process, the anti-inflammatory properties cannot be adequately studied without a systemic 

model. Pigs are an ideal model for studying inflammation because of their physiological and anatomical 

similarities to humans, specifically with regards to their skin structure and wound healing process[1]. The 

ratio of dermis to epidermis is similar in pigs and humans, but more importantly, pigs heal by re-

epithelialization, not by contracture as do rodents [1]. 

The pig model described in this chapter has been used previously by Patricia Nadworny for studying the 

anti-inflammatory properties of nanocrystalline silver films and solutions [2]. A DNCB-induced contact 

dermatitis was found to produce a consistent and reproducible inflammatory response ideal for testing the 

anti-inflammatory benefits of wound dressings without infection [2]. In Nadworny9s work, ionic silver 

treatments from silver nitrate resulted in indiscriminate apoptosis by direct contact with cells, but the Ag0 

component of nanocrystalline silver dressings targeted the apoptosis of inflammatory cells in the dermis 

only [2]. The application of DNCB resulted in infiltration of leukocytes and red blood cells and an 

upregulation of inflammatory biomarkers, but nanocrystalline silver decreased the concentration of these 

cells and biomarkers [2]. Nanocrystalline silver treatment showed the beginning of a new epidermis by 48 

hours, and nearly complete healing by 72 hours[2]. Silver nitrate increased the pro and active forms of 

MMP-2 and MMP-9 with time, which was not seen for nanocrystalline silver[2]. Staining for TGF-³, 

TNF-α, and IL-8 was most widespread in silver nitrate-treated animals at the end of the experiment, but 

nanocrystalline silver-treated animals were comparable with negative controls at this same time[2]. When 

studying tissue samples from this experiment, silver species were not detected in the mid dermis or 

below[2]. Pigs treated with either silver nitrate or nanocrystalline silver showed deposition of silver 

primarily in the epidermis and some in the upper portions of the dermis[2]. Nanocrystalline silver showed 

the presence of multiple silver species in the epidermis, including silver oxide and multi-atom silver 

clusters, and limited penetration to the dermis[2]. Yet, despite limited penetration of silver compounds, 

there was significantly improved wound healing and inflammatory response even when the dressing was 
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placed on the opposite (unwounded) side of the animal, which was seen starting 24 hours after placement 

[3]. While the results are not as dramatic or immediate as direct contact with nanocrystalline silver, it was 

still an improvement over saline-only treatment [3]. 

This work established that nanocrystalline silver had unique properties compared to silver nitrate that 

allowed it to be a superior anti-inflammatory material. Silver nitrate is only comprised of Ag+, while 

nanocrystalline silver includes Ag+, Ag0, clusters of higher oxidation state silver, and potentially other 

silver compounds[4]. The incorporation of gold to the nanocrystalline silver dressings adds a species that 

has been demonstrated to have an anti-inflammatory effect, highlighted by its use in the rheumatoid 

arthritis drugs gold sodium thiomalate (GST or sodium aurothiomalate) and auranofin. 

GST inhibited lymphocyte proliferation and function in in vitro cultures[5], [6]. Monocyte functions like 

adherence, spreading, and maturation are affected by GST [7], [8]. When cultured with GST, monocytes 

had enlarged cytoplasmic vacuoles where gold precipitates could be seen[7]. GST also limited monocyte 

responsiveness to lymphokines, inhibiting the antigen response of lymphocytes as a result[9]. Human B 

cell activation and cellular functions are also suppressed by gold compounds in vitro [10]. In a study of 

GST using patient blood samples cultured in vitro, it was found that CD14 monocytes were required for 

GST to stimulate the production of IL-10, an anti-inflammatory cytokine [11]. GST also stimulated the 

production of IL-6 and decreased IL-2 and IFN-´, but was not found to cause a change in TNF-α 

expression[11]. 

The introduction of auranofin was significant for the field of arthritis treatment. Auranofin is a 

hydrophobic gold compound with no ionic charge[12]. Auranofin was found to have improved effects 

compared to GST on suppression of polymorphonuclear cell lysosomal release, reduction of cell 

aggregation and degranulation, and inhibition of glucose oxidation[13]. In another study, auranofin was 

the only gold compound to show a significant effect on edema in a rat model of arthritis, and it had a 

more potent effect on superoxide production[14]. Auranofin increased levels of IL-6, but inhibited the 

transcription factor STAT3, which reduced fibrinogen, haptoglobin, and other protein production when 

studied in vitro [15]. 

In a 1994 study, GST was injected intramuscularly in human patients with rheumatoid arthritis and 

biopsied tissue showed a reduction in inflammatory monocytes and macrophages, specifically CD68+ 

cells [16]. After 12 weeks, IL-1α, IL-1³, IL-6, and TNF-α were reduced and clinical symptoms 

improved[16]. In later weeks, there was a decrease in macrophages, but not monocytes, suggesting that 

monocyte differentiation or adhesion to endothelial cells is disrupted by gold [16]. Using cultured 
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synoviocytes from human patients with rheumatoid arthritis, auranofin caused a dose-dependent 

suppression of the inflammation enzyme COX-2, from the suppression of NF-»B and its downstream 

cytokines IL-1³ and PGE2 [17]. Auranofin has also been tested in vitro with MCF-7 breast cancer cells, 

causing more intracellular calcium, a pathway for apoptosis[18]. These studies suggest possible 

mechanisms for the action of gold and inform which biomarkers and cells will be studied in this chapter.  

GST and auranofin are gold complexes where gold has an oxidation state of I. Gold in the III oxidation 

state is a strong oxidizer, which may be responsible for the side effects of gold complexes, mediated by T-

cell sensitization[19], [20]. It is known that Au(III) acts as an oxidizing agent when in contact with 

proteins, displaying nonspecific binding with proteins that have available sulfur groups, itself reducing to 

Au(I)[21]. Au+ is unstable in physiological conditions, being easily converted to Au(III) or Au0 [22]. Gold 

targets thiol groups and most serum gold will bind to albumin[22], [23]. In gold (I) disodium thiomalate, 

the gold is in the I oxidation state, but mononuclear phagocytes oxidize the Au(I) to Au(III) [20]. 

However, gold remains in the III oxidation state when binding to DNA, changing the DNA 

conformation[21]. 

Nanoparticles can serve as a comparison to the nanocrystalline films used here. In a 2011 study, gold 

nanoparticles in hydrogels showed properties of bacterial inhibition against Gram positive and Gram 

negative species in vitro [24]. However, the gold nanoparticles showed cytotoxic effects on human cell 

lines in vitro, linked to a two-fold increase in intracellular ROS levels [24]. Here, silver nanoparticles in 

hydrogels did not show any cytotoxicity to human cells at the concentrations studied[24]. In contrast, in 

silver-gold alloyed nanoparticles, a lower concentration of silver reduced the cytotoxicity towards human 

gingival fibroblasts in vitro[25].  

Gold nanoparticles reduced the release of IL-8 and IL-6, but silver increased IL-8, indicating activation of 

the studied cell species, human mesenchymal stem cells, in vitro [26]. Silver had an effect on the viability 

of these cells in a concentration dependent manner[26]. Gold nanoparticles had a limited effect, which 

may be attributed to size, as small nanoparticles can enter the nucleus[26]. Including gold with silver in 

nanoparticles appeared to decrease the biological activity of the silver, as was found in other studies [26]. 

Gold nanoparticles reduced expression and production of TNF-α, IL-1³, COX-2 and fibrosis via the NF-

»B pathway in rat models of arthritis [27], [28].  

In Chapter 4, contrary to expectations, nanocrystalline silver-gold films had comparable biological 

properties to the silver-only films. Previous work by Unrau showed the trend of higher gold alloy 

combinations leading to more grain boundaries from smaller grain sizes[29]. This trend was not clearly 

seen in this work with the Novel sputtering conditions, but an animal study provides the opportunity to 
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compare anti-inflammatory properties of a range of grain sizes and to examine other properties that may 

play a role in anti-inflammatory properties. There is a range of total silver or gold content, ammonia 

soluble silver, total deposition, percentage silver release in solution, and grain size in the films studied, all 

of which may be relevant for controlling inflammation and promoting healing. The goal of this study is to 

correlate the inflammation and healing outcomes to the chemical, physical, and biological data collected 

in Chapter 4.  

Methods 

Dressing Fabrication 

As described previously, silver or silver-gold coatings were sputtered onto an HDPE mesh substrate using 

an in-house sputtering system. Three targets are used: 65% gold and 35% gold, with the balance silver, 

and a pure silver target. Standard and Novel sputtering conditions as described previously were used to 

make films. Dressings for this study are made by sandwiching two layers of coated HDPE with one layer 

of gauze. 

Animal Study 

The protocol to be used for the animal study is adapted from the protocol developed by Patricia 

Nadworny[2]. Figure 5-1 displays a timeline and summary of procedures to take place during the study. 

 

Figure 5-1 Timeline of procedures for dermal inflammation animal study. 

Animal Acquisition and Care 

This study was approved by the University of Alberta Animal Care and Use Committee and MedStar 

Health Research Institute (MHRI) Institutional Animal Care and Use Committee. All animal procedures 
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will be conducted at the Burn and Surgical Research Laboratory at Medstar Health Research Institute in 

Washington DC. The approved protocol can be found in Appendix B. Twenty-four Large White/Landrace 

swine (15-25 kg) will be used in this study. All animals are to be healthy and without significant wounds 

or scars on their backs. The animals are housed in individual pens with a 12 hour light/dark cycle, where 

they are allowed to acclimatize seven days prior to starting experiments. Three animals will be used for 

each experimental and control group. The animals will receive antibiotic-free water and standard hog 

ration ad libitum up until Day 0 of the experiment as per facility procedure. Animals will be fasted for 12 

hours prior to procedures requiring anesthetic on Days 0, 2, and 3. Table 5-1 lists the Control and 

Experimental groups for the study. 

Table 5-1 Control and Experimental groups, with codes and descriptions for groups in the dermal 
inflammation animal study. 

Group Code Description 

Negative Control, Sham NC No DNCB application, treated with saline-soaked gauze 

Positive Control PC Treated with saline soaked gauze 

Standard Silver Dressing Ag100S 100% Silver, Standard Sputtering Conditions 

Novel Silver Dressing Ag100N 100% Silver, Novel Sputtering Conditions 

Standard Low Gold Dressing Ag65S 65% Silver, 35% Gold, Standard Sputtering Conditions 

Novel Low Gold Dressing Ag65N 65% Silver, 35% Gold, Novel Sputtering Conditions 

Standard High Gold Dressing Ag35S 35% Silver, 65% Gold, Standard Sputtering Conditions 

Novel High Gold Dressing Ag35N 35% Silver, 65% Gold, Novel Sputtering Conditions 

 

Sensitization to DNCB for Inflammatory Reaction 

Inflammation will be induced using a 10% solution of DNCB in 4:1 acetone:olive oil. On Day -14, the 

hair on the backs of all 24 pigs will be shaved using electric clippers and surgically prepared as per 

facility protocol. Baseline punch biopsies will be taken from a site distant to the studied area to serve as a 

baseline for uninjured skin. From each pig, three biopsies are to be flash frozen and three will be 

preserved in formalin. Baseline blood samples will also be collected at the same time as biopsies. The 

areas for observation will be outlined on each flank with a surgical marker, an area approximately 15 by 

25 cm on each side of each pig9s back. Then, the DNCB solution will be painted over the outlined areas 

for 21 pigs. This procedure will be repeated on Days -7, -3, and 0. On Day -3, pigs will be given fentanyl 

patches on shaved skin away from the rash, to avoid discomfort during the final application and treatment. 

The remaining three pigs, which will be part of the negative control group (NC), will not have DNCB 
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application, but will be painted with a saline solution and will receive fentanyl patches at Day -3. Images 

will be taken of the rash area on Days -14, -7, -3, and 0. 

Surgical Procedures 

On Day 0, all pigs will be weighed. On Day 0, the biopsy procedure will occur 2 hours ± 30 minutes after 

the final DNCB application. Pigs will be placed under general anesthetic via isoflurane inhalation and 

ketamine injection according to facility protocol. Further details of anesthetic and analgesic 

administration, including doses, can be found in the protocol in Appendix B. Animal care staff will assess 

and monitor pigs under anesthesia according to facility procedures. Heart rate and oxygen saturation will 

be monitored by an oxygen clip to the ear. Depth of anesthesia will be monitored regularly. Vital signs 

will be recorded at a minimum interval of every 17 minutes. 

Visual observations and photographs are taken of the rash area on each procedure day. Scores of erythema 

and edema will be made on Days 0, 2, and 3 [2]. Pigs will be scored on the bleeding of past biopsies on 

Days 2 and 3 when biopsies are taken. Scores will be made by three independent observers and averaged. 

Weight changes from Day 0 to 3 are also recorded. Pigs will be monitored daily for changes in appearance 

and behaviour. On Day 0, 2, and 3, biopsies and blood samples are taken. Dressings are changed on Day 

2. Erythema scoring is displayed in Table 5-2, edema scoring is displayed in Table 5-3, and biopsy 

bleeding scoring is displayed in Table 5-4. 

Table 5-2 Semi-quantitative erythema scoring for rashes created on pigs. 

Score Description 

0 No redness, as compared to a negative control on Day 0 

1 Barely visible redness 

2 Moderate redness 

3 Severe, bright red 

4 Dark red/purple coloration 
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Table 5-3 Semi-quantitative edema scoring for rashes created on pigs. 

Score Description 

0 No swelling, as compared to a negative control on Day 0 

1 Mildly raised tissue covering parts of the rash 

2 Moderately raised and firm tissue covering parts of the rash 

3 Swelling and hardness of tissue over most of the rash 

4 Hard raised tissue over the entire rash area 

 

Table 5-4 Semi-quantitative scoring of biopsy bleeding for animals in study. 

Score Description 

0 No bleeding 

1 Minimal bleeding 

2 Moderate bleeding 

3 Severe bleeding 

Treatment and Sampling 

Blood samples for serum analysis will be collected into sodium citrate, SST, and Paxgene tubes. The 

volume taken from each pig will be under 12 mL. Biopsy locations are to be taken as shown below in 

Figure 5-2. Six samples will be taken on each side of the pig on each procedure day with a 4 mm full 

thickness biopsy punch. Biopsies from subsequent days will be spaced a minimum of 4 cm from the 

previous days biopsies to limit the effect from past biopsies, but still be well within the bounds of the 

rash. 

 

Figure 5-2 Biopsy sampling locations for dermal model, six per day per side, within rash boundary 
(indicated by red oval). 
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Biopsies from each day will be randomly assigned for analysis. Three biopsies will be placed in 4% 

formalin at room temperature to preserve for staining and imaging. Three biopsies will be snap-frozen in 

liquid nitrogen and then kept at -80°C until use for protein and gene analysis. 

Calcium alginate dressings will be used to reach hemostasis once biopsies are taken. The positive and 

negative controls will be treated with a sterile dressing of HDPE and gauze, saturated with 0.9% sodium 

chloride in sterile water. Nanocrystalline silver or silver-gold dressings will be moistened with sterile 

water and placed over the entire rash and secured. New fentanyl patches may be applied as needed. 

Dressings will be replaced on Day 2 after biopsies are taken and observations are made. 

Sample Analysis 

All samples for tissue staining and imaging will be placed in 4% formalin at the time of biopsy 

acquisition. They will be rinsed with PBS before being placed in 70% ethanol and stored at 4°C. At the 

time of sectioning, the tissue samples will be dehydrated in alcohol and xylene, oriented and embedded in 

paraffin, and sectioned at a thickness of 5 µm. Paraffinized samples will be deparaffinized and rehydrated 

at the time of staining. 

Histopathology 

For histopathological analysis, sections will be stained with hematoxylin and eosin following standard 

procedures. Hematoxylin stains cell nuclei and eosin stains the extracellular matrix. Images will be taken 

of the slides at 20x and 100x magnification at various depths using an optical microscope with an 

attached digital camera. Images will be taken to show the epidermis, upper and lower dermis, and the 

epidermis-dermis junction.  

Immunohistochemistry 

Tissue samples after 48 and 72 hours of treatment will be analyzed for the presence of TGF-³, Il-4 and 

TNF-α. These biomarkers have been chosen to represent three aspects of the healing process. TGF-³ is a 

growth factor involved in wound healing, IL-4 is an anti-inflammatory cytokine that suppresses immune 

functions, and TNF-α is a pro-inflammatory cytokine produced by macrophages. For antigen retrieval, 

samples will be incubated with proteinase K, then hydrogen peroxide, then serum and antibodies 

appropriate to the biomarker. All slides will also be incubated with DAB (3,3′-Diaminobenzidine) to stain 

cell nuclei. Images will be taken at 20x and 100x magnification with a microscope with fluorescence 

imaging. 
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Apoptosis Detection 

Detection of apoptotic cells in sectioned tissue samples can be determined using a commercially available 

In Situ Cell Death Detection Kit. This kit identifies genomic DNA strand breakages that occur during 

apoptosis with fluorescein labels by incubating with a TUNEL (Terminal deoxynucleotidyl transferase 

(TdT) dUTP Nick-End Labeling) reaction mixture. After dewaxing, rehydration, and proteinase K 

treatment, the enzyme-nucleotide labelling solution will be applied according to kit instructions. 

Apoptotic cells will be detected at a green wavelength of 515 to 565 nm by a fluorescence imaging 

microscope.  

SIMS 

Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) can be used to detect the presence, depth, 

and concentration of various gold and silver species from paraffinized tissue samples. The analysis will be 

performed for tissue samples which include the epidermis and dermis. 

ToF-SIMS will be performed with a detection instrument with a reactive ion beam to identify gold and 

silver species based on mass. Instrument software will provide the summed intensity, total counts and 

maximum intensity of each mass-selected species across the image. Optical images will also be taken 

parallel to the ToF-SIMS images to corroborate with tissue structures.  

Table 5-5 shows the species of interest for SIMS analysis and the atomic weights that will be used to 

identify them. Silver has two isotopes while gold has one isotope. It is not expected to see gold oxide, as 

it is known to be unstable, but gold chloride is expected to be present. Multi-atom silver clusters were 

found in tissues after the application of nanocrystalline silver wound dressings, so gold clusters may be 

expected as well for Ag65 and Ag35 groups.  

Table 5-5 Weights used in SIMS analysis[30] 

Species Isotopes Atomic Weights for Analysis 

Silver Compounds   

Ag Ag: 107, 109 107, 109 

AgO Ag: 107, 109; O: 16 123, 125 

Ag2O Ag: 107, 109; O: 16 230, 232, 234 

AgCl Ag: 107, 109; Cl: 35, 37 142, 144, 146 

AgNO3 Ag: 107, 109; N: 14, 15; 
O:16 

169, 170, 171, 172 

Silver Clusters   

Ag2 Ag: 107, 109 214, 216, 218 

Ag3 Ag: 107, 109 321, 323, 325, 327 
Ag4 Ag: 107, 109 428, 430, 432, 434, 436 

Ag5 Ag: 107, 109 535, 537, 539, 541, 543, 545 
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Species Isotopes Atomic Weights for Analysis 

Ag6 Ag: 107, 109 642, 644, 646, 648, 650, 652, 654 
Ag7 Ag: 107, 109 749, 751, 753, 755, 757, 759, 761, 763 

Gold Compounds   
Au Au:197  197 

Au2O Au: 197; O: 16 410 
Au2O3 Au: 197; O: 16 442 
AuCl Au:197; Cl: 35, 37 232, 234 

AuCl3 Au: 197; Cl: 35, 37 302, 304, 306, 308 

Gold Clusters   
Au2 Au:197 394 
Au3 Au:197 591 
Au4 Au:197 788 
Au5 Au:197 985 
Au6 Au:197 1182 
Au7 Au:197 1379 

 

Gene Expression 

RNA is extracted and isolated from powdered snap-frozen tissue samples and serum samples and 

measured by RT-PCR. Primers sequences for the encoded biomarker will amplify the segment of interest 

containing the gene for the cytokine during replication cycles and add a fluorescent tag which can be read 

by spectrophotometry[31]. The markers of interest are IFN-´, IL-1³, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, 

TNF-α, and TGF-³1. Each biomarker is explained further in Table 5-6. 

Table 5-6 Biomarkers for Study 

Biomarker Definition and Importance 

IFN-´ Interferon gamma. Secreted by T cells and natural killer cells with roles in innate 

immunity, cell proliferation and apoptosis, and macrophage activation[32]. 

IL-1³ Interleukin 1³. Mediates apoptosis and is involved in the acute inflammatory 

response [33]. 

IL-2 Interleukin 2. Stimulates proliferation of T lymphocytes and induces the secretion 

of other cytokines such as IFN- ´, IL-4, and TNF [34]. Enhances the immune 

effects of T and B cells[34]. 

IL-4 Interleukin 4. Produced by mast cells and basophils, responsible for regulation and 

suppression of initial immune responses to support tissue repair[35]. 

IL-6 Interleukin 6. Involved in acute immune response, including signalling the 

proliferation and differentiation effects on immune cells[36].  
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Biomarker Definition and Importance 

IL-8 Interleukin 8. Proinflammatory cytokine with targeted effects on neutrophils, 

particularly their attraction and activation[37]. 

IL-10 Interleukin 10. Anti-inflammatory cytokine, limits immune response to prevent 

tissue damage[38] 

IL-12 Interleukin 12. Causes differentiation of T-cells, implicated in auto-immunity[39]. 

Increases production of IFN- ´[39]. 

TNF-α Tumor Necrosis Factor alpha. Inflammatory cytokine secreted during acute 

inflammation for cell signalling, which may lead to apoptosis or necrosis[40]. 

TGF-³1 Transforming Growth Factor Beta. Part of the inflammatory response by 

regulating and inhibiting T cells[41]. Participates in tissue healing by granulation 

tissue formation and re-epithelization[42]. 

 

ELISA 

ELISA is an enzyme immunoassay. Cytokine antigens are bound to an enzyme-labeled antibody which is 

then absorbed on the wall of a plastic plate which is read by a spectrophotometer[43]. Multiple methods 

are available for performing ELISA analysis. A kit will be purchased to perform the assay on a panel of 

pro and anti-inflammatory cytokines, which will be those listed above in Table 5-6. 

Statistics 

Two-way ANOVA is used to assess the effects of material type and sputtering condition for the six 

experimental dressings, with Tukey9s post-hoc tests if significance is found from the ANOVA tests. For 

comparisons with the negative or positive control groups, unpaired t-tests are used. Significance is 

defined as p<0.05. 

Predicted Results 

Predictions of the results will be given in this section to discuss anticipated trends.  

Erythema and Edema Scoring 

The DNCB sensitization process is expected to give all animals a maximum score for both edema and 

erythema on Day 0. Positive control (PC) pigs are expected to see minimal improvement over the three 

days, as only a saline soaked gauze bandage will be applied. Negative control (NC) pigs will have the 

lowest possible scores for both erythema and edema at all time points. Previous work shows that 
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nanocrystalline silver decreased erythema and edema, most dramatically reducing edema over the Day 0 

control less than one day after treatment application [30]. In this study, dressing changes and wound 

observation will take place only on Day 2, not on Day 1. On Day 2, it is expected that Ag100N, Ag100S 

and Ag65N groups will have a low edema score and moderately low erythema. These dressings have the 

highest silver content, which is already proven to promote wound healing, unlike gold which is not yet 

proven in this application. By Day 3, the scores for these groups are predicted to decrease, especially the 

score for erythema.  

The total silver and gold deposition of Ag35N is greater than that for Ag100N or Ag65N. However, there 

is limited evidence suggesting that the inclusion of gold could slow healing, therefore the scoring 

predictions for Day 2 are moderate for both edema and erythema [44], [45]. On Day 3, the scores are 

predicted to remain moderate as healing is not yet complete. Ag35S is expected to have the worst 

performance for wound healing of the experimental groups, followed by Ag65S, which will be reflected 

in the scores for erythema and edema. This is because of the low combined deposition of both silver and 

gold in these dressings.  

Based on these predictions, a sample dataset has been generated for the purposes of visualizing expected 

trends, shown in Figures 5-3 and 5-4. 

Figure 5-3 Predicted erythema scoring. 
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Figure 5-4 Predicted edema scoring. 

Histopathology 

For the negative controls (NC) with no DNCB application, the H&E staining will show normal skin with 

a well-defined epidermis and dermis and low cellularity for all days[30]. All animals treated with DNCB 

will show an extreme inflammatory reaction on Day 0, which will continue on Days 2 and 3 for positive 

saline controls (PC) [30]. It is expected to see an influx of inflammatory cells and red blood cells with 

evidence of edema and a delaminated epidermis[30].  

By Day 2, it is expected that Ag100N, Ag100S, and Ag65N groups will have the formation of a new 

epidermis, with near normal tissue and few inflammatory cells by Day 3. This is expected to occur to a 

lesser extent for the other experimental groups, where healing is expected to be slower. The addition of 

gold is expected from other studies to cause more cytotoxicity and a greater fibrotic reaction over silver, 

although this likely depends on the gold and silver species used in those experiments, and may not be 

reflected in the healing process that might be seen here[24], [25], [26]. 

Immunohistochemistry 

The most intense staining for TGF-³ will be for positive controls. Experimental samples are expected to 

have minimal staining at Day 2 and will be comparable to negative controls at Day 3, if healing is near 

completion. Healed tissue is expected to have very little staining for TNF-α by Day 3. Positive control 

pigs will have intense staining localized to cells. Minor TNF- α staining will be seen on Day 2 for 

experimental groups, with more staining for groups still with significant inflammation. Positive control 
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pigs will have light staining for IL-4. It is expected to see cell specific staining for experimental groups, 

with the most intense staining on Day 2.  

Apoptosis 

It is expected that there would be few apoptotic cells seen in the negative control group (NC) as there is 

no wound. For the positive controls there is apoptosis expected in the epidermis and upper dermis from 

previous studies[2]. It is known that nanocrystalline silver treatment results in targeted apoptosis of 

inflammatory cells, particularly in the dermis[2]. It is expected that this will be seen for the Ag100S and 

Ag100N pigs. Ag100N may have a greater effect in this area than Ag100S because there is more silver in 

Ag100N, and more is released in solution. See Chapter 4 for more details on the physical properties of the 

dressings. 

It is difficult to predict what the combined effect of silver and gold will be in the Ag65 and Ag35 groups. 

The gold based drug auranofin has been implicated in increasing apoptosis of human cancer cells in vitro  

by increasing intracellular calcium levels [18]. It appears also that the size of gold nanoparticles effects 

the pathway of cell death, so the amount of apoptosis versus necrosis may depend on the size of clusters 

released, which can be observed with SIMS[46]. 

SIMS 

From previous work, it is expected that the silver and gold deposition will primarily be in the epidermis, 

with minimal penetration to the dermis [30]. Silver chlorides and silver oxides were more likely to 

penetrate deeper into the dermis, while silver clusters remained in a thin layer on the surface of the 

epidermis[30].  

The total silver and gold deposited in the tissues will likely be related to both the total silver and gold 

contained in each dressing and the ease of release. It was shown in Chapter 4 that Standard samples 

released a greater percentage of their silver in solution, but Novel samples released a greater total by 

weight. Novel samples also have the greatest total silver and gold, particularly the Ag35 Novel samples. It 

is therefore likely to see the most silver or gold deposition in tissues for Ag35N, followed by Ag65N and 

Ag100N, then Ag35S. Silver chloride is more likely to form over gold chloride because silver is more 

reactive than gold. Still, some gold chloride would be expected, particularly in groups where there is 

significantly more gold than silver. Gold oxide is not likely to be seen as it tends to be unstable. Gold and 

silver oxides and chlorides will likely be seen in the dermis and epidermis. Standard samples have a 

greater percentages of ammonia soluble silver, although Novel samples have a greater raw amount. This 
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will be reflected in the amount of silver oxides and chlorides. Silver clusters are expected to be seen from 

previous work but the formation and stability of gold clusters in the epidermis is uncertain[30]. 

mRNA and ELISA 

The gene expression and protein production will follow similar trends, so the expected results for mRNA 

and ELISA analysis will be discussed together. Tables 5-7 and 5-8 show general trends in biomarkers as 

compared to the Negative Control (non-DNCB) pigs at each time period. The symbol 8-8 or 8--' indicates a 

decrease compared to the negative control, 8+9 or 8++9  indicates an increase, and 0 indicates a similar 

level. Discussion of each biomarker and trends will follow. For most biomarkers, the positive control (PC) 

and Ag100 groups are based on previously published work[30]. Ag35 and Ag65 will follow trends that 

reflect literature sources and predicted healing timelines. Ag65 is expected to have more similarities to the 

predictions for Ag100, while Ag35 will more often follow literature assumptions of the activity of gold. 

Table 5-7 Biomarker predicted relative comparison to Negative Control, Day 2 

Biomarker NC PC Ag100S Ag100N Ag65S Ag65N Ag35S Ag35N 

IFN-´ 0 0 + + 0 + 0 0 

IL-1³ 0 0 ++ ++ ++ ++ ++ ++ 

IL-2 0 + + + + + + + 

IL-4 0 0 + + + + + + 

IL-6 0 + + + + + + + 

IL-8 0 + + + 0 0 0 0 

IL-10 0 + + + + + + + 

IL-12 0 0 0 0 0 0 0 0 

TNF-α 0 + ++ ++ + + + + 

TGF-³1 0 + + + + + + + 

 

Table 5-8 Biomarker predicted relative comparison to Negative Control, Day 3 

Biomarker NC PC Ag100S Ag100N Ag65S Ag65N Ag35S Ag35N 

IFN-´ 0 ++ 0 0 + 0 + + 

IL-1³ 0 0 0 0 + 0 + + 

IL-2 0 + 0 0 0 0 0 0 

IL-4 0 ++ 0 0 + 0 + + 

IL-6 0 + 0 0 + 0 + + 
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Biomarker NC PC Ag100S Ag100N Ag65S Ag65N Ag35S Ag35N 

IL-8 0 + 0 0 0 0 0 0 

IL-10 0 + 0 0 + 0 + + 

IL-12 0 0 -- -- - - - - 

TNF-α 0 0 -- -- - - - - 

TGF-³1 0 + - - 0 0 0 0 

IL-1³: IL-1³ is particularly important in the acute inflammatory phase. Nanocrystalline silver has 

previously caused a significant increase in this biomarker. Therefore, it is expected that early in the 

healing process, there would be a significant increase for the first two days, followed by a return to 

normal (NC) levels by Day 3 as healing is mostly complete. There is expected to be some elevation in 

levels for pigs where acute inflammation is still predicted to be ongoing by Day 3 such as Ag35S and 

Ag65S. 

IL-2: IL-2 is expected to be upregulated initially in all groups that have had DNCB application. As 

healing progresses, the levels will return to baseline [11]. 

IL-4 and IFN- ´: IL-4 works to suppress the initial immune response to initiate tissue healing, but may 

still remain elevated if the immune response is ongoing, especially in positive controls, but also in the 

Ag35 groups which are expected to have a slower healing response. IFN-´ is also expected to follow 

similar trends to IL-4. 

IL-6 and IL-8: IL-6 and IL-8 are closely related in function and therefore in trends. Both are pro-

inflammatory cytokines. Nanocrystalline silver reduced IL-6 and IL-8 from the high levels caused by 

DNCB inflammation[2]. Gold has been shown in some cases to reduce the release of IL-6 and IL-8 after 

inflammation, although some sources suggest increased levels[11], [15], [16]. Therefore, levels are 

elevated on Day 2, but as healing progresses, the levels will drop. 

IL-10: IL-10 is an anti-inflammatory cytokine that sees increased production in response to inflammation. 

As healing progresses, the levels will return to baseline. Nanocrystalline silver has been previously shown 

to increase IL-10 levels and there is some evidence to suggest that gold will do the same[30], [44]. 

IL-12: There are expected to be few changes in IL-12 initially. IL-12 is more involved in chronic 

inflammation and autoimmunity. If healing progresses quickly and inflammation is limited, then IL-12 

will not be increased over baseline. While it is uncertain the effect gold will have on IL-12, although it 

has been seen that nanocrystalline silver suppressed IL-12 production by Day 3[30]. 
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TNF-α: DNCB inflammation is expected to increase levels of TNF-α, which will be decreased by Day 3 

with application of silver and gold as studies have suggested that both materials reduce levels of TNF-α 

[16], [27], [28]. 

TGF-³1: On Day 2, all groups are expected to have upregulated TGF- ³1. As healing nears completion 

for experimental groups on Day 3, the levels will drop[30]. 
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Chapter 6 : Properties of Nanocrystalline Silver Solutions 

Introduction 

In support of the study of viscous silver treatments for silver release in the peritoneal cavity, the properties 

of aqueous nanocrystalline silver solutions are studied in this chapter. As previously described, 

nanocrystalline silver solutions made from sputtered films have exceptional wound healing and anti-

inflammatory properties as seen in animal models [1]. Previous work has studied the effect of dissolving 

nanocrystalline silver films in aqueous solutions of varying solvent pH [2]. This work suggested that a 

higher starting pH of the solvent during dissolution (~pH 9) led to greater anti-inflammatory properties of 

the resulting solution, and lower starting pH during dissolution (~pH 4-6) results in greater antimicrobial 

activity[2]. However, the result of changing the final pH of the solution after dissolution has not been 

studied.  

pH is significant in this study for its role in polymer degradation and in interactions with bacteria cells. 

The extracellular environment has an effect on the intracellular environment of cells, where an increase in 

extracellular pH also increases the intracellular pH[3]3[5]. Acidic pH appears to stimulate bacterial 

growth and impair the host inflammatory response[6]. Peritoneal fluid is slightly basic under normal 

conditions (pH 7.49), but is slightly acidic in infection cases (pH 6.75) [7]. In a more acidic wound 

environment, there is an increase in TNF-α and NF-»B, which are key inducers of inflammation [8]. 

However, wound failure is in some cases correlated with alkaline pH [9]. It is also known that the pH of 

the peritoneal cavity flushing solution, icodextrin, is acidic (between pH 5 and 6). Icodextrin is commonly 

used in abdominal surgery and is known to be safe, but not necessarily effective, in preventing 

adhesions[10]. 

In this chapter, nanocrystalline silver solutions are made from nanocrystalline silver solid films. This 

chapter details the processes of making and characterizing solutions, including methods for changing the 

concentration and pH of these solutions. The purpose of these tests is to understand the extent to which 

pH and concentration will affect the biological properties of the solutions, and to demonstrate methods 

that can be used in future experiments to make viscous solutions of varying properties.  
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Methods 

Films 

Films used in this chapter were made using an in-house sputtering apparatus as described in Chapter 2 

using a pure silver target. Based on previous results, all films used in this section have the same 

parameters: 4.5% oxygen, 1.8A current controlled process, with water injected at a rate of 15 µL/min, 

indicated as Novel conditions in Chapter 3. The chamber pressure is maintained at 40 mTorr, and the total 

gas flow rate is a 400 sccm argon-oxygen mixture. These parameters were chosen because results in 

Chapter 3 showed that this reproducibly creates a dressing with high silver deposition and strong 

antibacterial properties.  

Solutions 

As described previously, the standard nanocrystalline silver solutions were created by soaking 

nanocrystalline silver films in distilled water at a ratio of 2 square inches per 7.5 mL and placed in a 37°C 

incubator. Solutions were acidified with nitric acid and diluted for analysis by AAS. Ammonia soluble 

silver was not measured in the solutions but was measured in the films by dissolution in ammonium 

hydroxide, then diluted for analysis by AAS.  

Changes to the standard process were made with the aim of adjusting the concentration of the standard 6 

hour solution. This was first attempted by changing the time of dissolution from 6 hours to 2 or 24 hours. 

Then, different ratios of dressing to water were used. The standard ratio was 2 square inches in 7.5 mL 

distilled water, which was decreased to 1 square inch or increased to 4 square inches in the same volume 

in the same size container. The third method was to use standard 6 hour, 2 square inch solutions and 

dilute with additional water, or concentrate by evaporation.  

Solutions of potassium phosphate monobasic and dibasic were used to adjust the pH of the silver 

solutions. Potassium phosphates were chosen as non-irritating additives that would not produce adverse 

effects when placed in the abdominal cavity. The pH of solutions was measured using a calibrated 

Thermo Scientific Orion Dual Star pH/ISE meter. Calibration was performed according to manufacturer 

protocol. For the potassium phosphate pH adjustments, 1 M solutions of monobasic and dibasic were 

made, then added in various ratios to the silver solutions and the resulting pH was measured and recorded. 

No precipitation of silver or other particles was observed, but it is known that phosphate can form 

complexes with silver in solution. 
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Log Reductions 

The standard procedure for log reductions is described in Chapter 2 but is briefly outlined here. 

Nanocrystalline silver solutions were made by dissolution of the solid film in water at 37°C. Adjustments 

for concentration or pH were made after the films were removed. 1.8 mL of the silver solution was 

combined with 200 µL of an inoculum of Pseudomonas aeruginosa or Staphylococcus aureus in log 

phase in tryptic soy broth. This solution was incubated for 1 hour at 37°C. The activity of silver was 

stopped with STS then diluted, plated, incubated overnight, and counted. 

Statistics 

Statistics were performed as previously described, with use of unpaired two sample t-tests with Welch9s 

correction and one-way or two-way ANOVA tests with Tukey9s post-hoc tests. Analysis was performed 

using Microsoft Excel or R. 

Results 

Baseline Properties 

The baseline properties of the silver film and solutions are given in Table 6-1 and 6-2. Table 6-1 gives the 

results of chemical digests for total silver and ammonia soluble silver. Six hour dissolutions were 

performed on the films and are displayed in Table 6-2. The values obtained aligned with the 

measurements seen in previous experiments in Chapters 3 and 4.  

Table 6-1 Measurements of total silver and ammonia soluble silver for solid nanocrystalline silver films. 

Total Silver (mg/in2) Ammonia Soluble Silver (mg/in2) Percent Ammonia Soluble Silver (%) 

4.53 ± 0.27 1.70 ± 0.10 37.7 ± 2.9 

 

Table 6-2 Measurements of silver concentration and pH of nanocrystalline silver solutions. 

Silver released in 
solution (mg/L) 

Silver released in 
solution (mg/in2) Percent released (%) Solution pH 

38.9 ± 6.1 0.14 ± 0.02 3.07 ± 0.33 9.67 ± 0.05 

 

Log reductions from the Novel condition solutions are shown here from data collected for Chapter 3. 

Table 6-3 shows log reductions with a 10% inoculum in silver solution and Table 6-4 shows the log 

reductions with a 2.5% inoculum in silver solution. While log reductions with the 10% inoculum do not 
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reach the threshold for bactericidal activity, the 2.5% ratio exceeds a log reduction of three, in most cases 

reaching a total kill, even with a larger strength of inoculum. 

Table 6-3 Log reductions with 10% inoculum in nanocrystalline silver solution. 

 
S. aureus P. aeruginosa 

Inoculum 

Size 

(CFU/mL) 2.33E+07 1.70E+08 

Cells in 

solution 

(CFU) 

4.67E+06 

 

3.40E+07 

 

Novel 0.99±0.11 0.53±0.12 

 

Table 6-4 Log reductions with 2.5% inoculum in nanocrystalline silver solution. 

 S. aureus P. aeruginosa 

Inoculum 
Size 
(CFU/mL) 

5.17E+08 
 

1.00E+10 
 

Cells in 
solution 
(CFU) 

2.58E+07 
 

5.00E+08 
 

Novel >5  >6  
  4.89 >6  
  >5  >6  
  >5  >6  
  4.89 >6  
  >5  >6  
Average >5  >6  

 

Time Effect on Concentration 

To increase the concentration of the silver solutions, the amount of time the film was left in solution was 

increased to 24 hours from the standard 6 hours. For comparison, the time in solution was also decreased 

to 2 hours. The results of silver release in solution are shown below in Figure 6-1.  Data points are an 

average of three independent solutions, with standard deviation represented as the error bars. There was 

not a significant difference between 6 and 24 hours of dissolution for release of silver, but there was 

between 2 and 6 hours. These trends suggest that the amount of silver dissolved from the dressing was 
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limited after 6 hours. It was unclear at this point if this was due to a saturation of the solution or the strong 

binding of silver in the film limiting how much was readily released. 

Figure 6-1 Effect of time of dissolution on silver solution concentration, up to 24 hours. 

As can be seen in Table 6-5 below, the one-way ANOVA confirmed that time in solution has an effect, but 

this appears to be carried by the early time comparison from 2 to 6 hours. To assess composition, once the 

film was removed from solution, an ammonium hydroxide dissolution was carried out to measure 

ammonia soluble silver. There was not a significant effect of dissolution time on the amount of ammonia 

soluble silver remaining in the film, suggesting that additional dissolution time does not change the 

chemical composition of the dressing. The results have limited application because the ammonia soluble 

silver remaining in some samples is more than the original amount measured prior to dissolution (1.7 

mg/in2). This may be due to measurement error as this phenomenon was not seen in Chapter 3 with 

similar tests.  

Table 6-5 ANOVA p-values values for effect of dissolution time on solution concentration and film 
composition. 

Time in 

solution (hrs) 

Silver concentration in 

solution (mg/L) 

Ammonia soluble silver 

remaining (mg/in2) 

2 27.3±2.4 1.4±0.1 

6 39.6±3.0 2.0±0.5 

24 42.3±3.1 1.7±0.4 

ANOVA p=1.5E-03 p=0.33 
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Size Effect on Concentration 

Another potential method to increase the concentration of the silver solutions was to increase the size of 

film in solution for the standard 6 hour dissolution at 37°C. For comparison, the size of film was also 

decreased to 1 in2. The results of silver release in solution using these conditions are shown below in 

Figure 6-2. The silver concentration does not increase linearly with the size of film, but in a similar trend 

to time in solution (Figure 6-1), the effect of size decreases with increasing size. There is a significant 

increase in the silver released from 1 in2 to 2 in2, but not from from 2 in2 to 4 in2, but this may be partially 

due to the variability of the measurements in the 4 in2 group. 

Figure 6-2, Effect of film size on silver solution concentration after 6 hour dissolution. 

Table 6-6 shows the one-way ANOVA results from the size-concentration study. With the ANOVA test, 

the effect of film size was shown to be significant. The total silver released per square inch of dressing 

decreased with more dressing in the solution, suggesting that the limitations with silver release may be 

more related to the saturation of the solution than the binding of silver in the film. Silver has limited 

solubility in water. The ammonia soluble silver in the film was measured after dissolution to assess 

dressing composition and is also shown in Table 6-6. As in the tests displayed in Table 6-5, the remaining 

ammonia soluble silver appears to be greater than the initial amount measured previously for some 

samples. 

0

10

20

30

40

50

60

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

S
il

ve
r 

re
le

as
ed

 (
m

g/
L

)

Size (in2)

p<<0.05

p>0.05



114 

Table 6-6 Silver solution concentration and ammonia soluble silver remaining in film after dissolution for 
three film sizes, with p-values from one-way ANOVA. 

Film size (in2) 
Silver concentration in 

solution (mg/L) 
Ammonia soluble silver 

remaining (mg/in2) 

1 27.7±1.3 2.2±0.2 

2 39.6±3.0 2.0±0.5 

4 46.1±7.3 1.4±0.4 

ANOVA p-value 7.50 E-03 p=0.15 

 

Dilution Effect on Silver Concentration 

With the lack of significant results from increasing time and size, concentrations were altered by diluting 

and evaporating silver solutions. The evaporation of the solution was performed by placing a flask of 

silver solution on a hot plate and heating to between 60 and 80°C. Evaporation to 44% of the original 

volume, from 45 mL to 20 mL took approximately 20 minutes. It was observed that while heating took 

place, the solution changed from colourless to a pink, red, or yellow colour. This phenomenon was also 

recognized in un-heated solutions that had some exposure to the environment. 

Figure 6-3 displays the experimental and predicted concentrations of the diluted and concentrated silver 

solutions. Experimental data points are an average of three samples, all made from the same initial silver 

solution. The predicted concentrations are made from calculations based on the concentration of the 

undiluted (Normal) solution. While the experimental and predicted concentrations for the Dilute solution 

are similar, there is a wider gap for the Concentrated solution. The experimental value is lower than 

predicted, which may suggest that the silver is adhering to the side of the glassware.  
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Figure 6-3 Experimental and predicted effects of dilution on solution concentration of silver. 

Table 6-7 shows the analysis comparing Concentrated and Dilute solutions to the Normal (undiluted) 

solution. The one-way ANOVA test confirms that the dilution/concentration has an effect on the resulting 

concentration. In a t-test comparison, both the Dilute and Concentrated solutions are significantly 

different than the Normal concentration. Table 6-7 also shows the pH measured for each solution. In a 

one-way ANOVA test for pH it was shown that changing the concentration does not have a significant 

effect on pH. 

Table 6-7 Silver solution concentration and pH, with p-values of one-way ANOVA and t-tests to Normal 
concentration. 

  

Silver concentration 
(mg/L) 

p-value for t-test 
to normal pH 

Dilute (200% volume) 18.6±1.8 4.33E-06 8.93±0.38 

Normal (100% volume) 40.6±4.4 N/A 9.41±0.15 

Concentrated (44% volume) 76.7±14.2 4.94E-04 9.15±0.19 

ANOVA p-value 2.6 E-08   0.17 

 

Dilution Effect on Log Reductions 

A log reduction was performed on the Dilute and Concentrated samples with S. aureus. Only one 

organism was used as it was sufficient to compare the bactericidal activity. S. aureus is a good candidate 

for this as it showed significant differences between Standard and Novel nanocrystalline silver solutions 
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in Chapter 3. Table 6-8 shows that the log reductions from Normal and Concentrated solutions reached 

the threshold for bactericidal activity (log reduction >3), but not all Dilute solutions were above this. One-

way ANOVA was performed. The results of the ANOVA and t-tests are displayed in Table 6-9 and 

demonstrate a significant effect of concentration on the bactericidal capacity.  All comparisons between 

groups were statistically significant according to t-tests. 

Table 6-8 Log reductions of solutions with varying silver concentrations. 

Condition 

Log 
Reduction 

Silver Concentration 
(mg/L) 

Dilute 2.96±0.19 19.7±1.6 

Normal 4.12±0.33 44.1±2.9 

Concentrated 5.71±0.36 72.0±11.7 

 

Table 6-9 ANOVA and t-test p-values for log reductions with Dilute, Concentrated, and unaltered or 
Normal solutions. 

Comparison p-value 

Dilute-Normal 8.25E-03 

Normal-Concentrated 4.87E-03 

Dilute-Concentrated 3.50E-04 

ANOVA 1.15E-04 

 

pH Effect on Log Reductions 

The pH of the silver solutions may influence their biological properties. The average pH of the silver 

solutions was measured to be 9.67 with a standard deviation of 0.05, taken from 12 independently made 

solutions for 6 hours with two square inches of dressing in 7.5 mL of water, the standard time and 

concentration ratio used previously. 

Potassium phosphate was used to change the pH for additional experiments. 1 molar stock solutions of 

potassium phosphate monobasic and dibasic were made for this purpose. Varying ratios of potassium 

phosphate monobasic and dibasic were added to the silver solutions. Table 6-10 shows the results of pH 

adjustments. These tests used 15 mL silver solutions. pH measurements performed one week later 

confirmed that the pH of these solutions was stable in this time period. This confirmed an ability to make 

solutions with a stable pH in the desired range.  
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Table 6-10 pH values of nanocrystalline silver solutions, with and without potassium phosphate additions. 

Initial pH 

Potassium Phosphate 
Monobasic Added (µL) 

Potassium Phosphate 
Dibasic Added (µL) New pH 

9.22 350 300 6.77 

9.67 500 500 7.02 

9.69 500 250 6.55 

9.36 700 50 5.65 

9.77 750 0 4.91 

9.71 1000 0 4.66 

9.64 5000 0 4.30 

 

To confirm that there were no interactions between the potassium phosphate solutions and silver, 9 mL of 

nanocrystalline silver solution was added to 1 mL of potassium phosphate monobasic, dibasic, or 500 µL 

of each. Theoretically, 0.39 mg was added to the solution as measured from the original solution by AAS. 

When adding silver to potassium phosphate dibasic, particulates formed, as seen by a cloudy solution. 

This was not seen for potassium phosphate monobasic, and there was a small amount of cloudiness seen 

for the 50:50 combination of monobasic and dibasic. Despite variable particulate formation, the measured 

silver was very similar for all three categories, which was 0.52 mg, with a standard deviation of 0.003 mg.  

For log reductions comparing solution pH, three modified silver solutions were made with acidic, neutral 

and basic pH. The target for the Acidic pH was 5, the Neutral pH target was 7, and the Basic pH target 

was 9. To adjust the pH, the Acidic pH had 1mL of potassium monobasic added. The Neutral pH had 500 

µL of potassium phosphate monobasic and 500 µL of potassium phosphate dibasic added. The Basic pH 

of approximately pH 9 had 1 mL of water added to 9 mL of silver solution, to keep the silver 

concentration changes consistent across all samples while preserving the original pH. Two sets of log 

reductions were performed with both P. aeruginosa and S. aureus. Each set of experiments was separated 

by an interval of 8 months.  

In the first set of log reductions (Trial 1), shown in Table 6-11, the log reductions shown are between 1.5 

and 3.5, with most not reaching the bactericidal threshold. These log reductions are of a lower magnitude 

than those obtained for the concentration study, in Table 8, but the silver concentrations seen here are 

lower than for previous log reductions. These results show a trend in log reductions with varying pH. 

However, these trends are not the same for P. aeruginosa and S. aureus. The log reduction trends towards 

increasing with increasing pH for P. aeruginosa but decreasing with increasing pH for S. aureus. From 
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one way ANOVA tests displayed in Table 6-12, the effect of pH was significant for both bacteria.  The 

comparisons between groups did not show a significant difference between Basic and Neutral for P. 

aeruginosa, or Acidic and Neutral for S. aureus. 

Table 6-11 Log reductions of pH-adjusted solutions for P. aeruginosa and S. aureus, Trial 1. 

  P. aeruginosa S. aureus 

Inoculum Size 8.33E+08 CFU/mL 5.00E+08 CFU/mL 

Silver concentration 26.7 mg/L 26.7 mg/L 

 pH Log reduction Average 

Log 

reduction Average 

Acidic 4.81 

1.89 
2.20±0.27 

 
 

2.79 
2.47±0.33 

 
 

2.40 2.48 

2.30 2.13 

Neutral 

 
 

6.91 

3.00 
3.01±0.21 

 
 

2.12 
2.37±0.37 

 
 

3.22 2.79 

2.80 2.20 

Basic 
 

9.23 

2.74 
3.00±0.40 

 
 

1.44 
1.57±0.13 

 
 

3.47 1.57 

2.80 1.70 

 

Table 6-12 ANOVA and t-test p-values for log reductions with P. aeruginosa and S. aureus on pH-
adjusted solutions, Trial 1. 

 

 

 

 

Another log reduction was performed to confirm the trends seen, several months after the first trial, and 

the data is shown in Table 6-13. The inoculum strength was higher, as was the concentration of silver 

used. For P. aeruginosa, the trend was the same as before, with greater separation between groups than 

the first trial. The Acidic silver solution had an unexpectedly small log reduction of less than 1, with 

increasing log reductions with increasing pH. For S. aureus, trends could not be clearly seen because total 

kills (no surviving colonies) could not be calculated as a discrete number. Two of three Acidic samples 

  P. aeruginosa S. aureus 

Acidic-Neutral 0.015 0.74 

Neutral-Basic 0.99 0.023 

Acidic-Basic 0.045 0.011 

p-value ANOVA 0.027 0.018 
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had total kills, compared to one and none for Neutral and Basic. That suggests that there may be a 

decreasing trend in log reductions with increasing pH, although this cannot be confirmed by the data 

available. Table 6-14 shows the ANOVA results and t-test p-values for the P. aeruginosa samples. All 

comparisons are significant (p<0.05) with a significant effect for pH, where the pH was much smaller 

than seen in Trial 1.  

Table 6-13 Log reductions of pH-adjusted solutions for P. aeruginosa and S. aureus, Trial 2. 

  P. aeruginosa S. aureus 

Inoculum Size 5.50E+09 CFU/mL 1.17E+09 CFU/mL 

Silver Concentration 89.2 mg/L 78.0 mg/L 

 

pH 

Log 

reduction Average Log reduction Average 

Acidic 4.81 

1.10 

0.96±0.13 

Total kill (>5.8) 

>4 0.92 Total kill (>5.8) 

0.86 3.72 

Neutral 6.68 

2.54 

3.21±0.66 

Total kill (>5.8) 

>5 3.24 4.77 

3.85 5.85 

Basic 8.35 

4.44 

4.81±0.61 

5.54 

5.14±0.70 4.48 4.34 

5.52 5.54 

 

Table 6-14 ANOVA and t-test p-values for log reductions with P. aeruginosa and S. aureus on pH-
adjusted solutions, Trial 2. 

 

 

 

 

  

p-value,  
P. aeruginosa 

p-value,  
S. aureus 

Acidic-Neutral 4.32E-03 N/A 

Neutral-Basic 3.60E-02 N/A 

Acidic-Basic 4.38E-04 N/A 

ANOVA 3.16E-04 N/A 
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Concentration of Repeated Solutions 

A 2 in2 piece of film was placed in 7.5 mL of water, incubated for 6 hours, then removed and placed into a 

fresh 7.5 mL of water for another 6 hours. The silver concentrations of both solutions were measured by 

AAS. This test was performed in two independent trials with film samples of the same production batch 

but performed several months apart. Data is shown in Table 6-15 and Table 6-16. Between the two trials, 

the silver concentration increased almost four-fold. This is expected to be to the age of the film.  

In Trial 1, the second dissolution (Solution 2) generated almost as much silver release as Solution 1, and 

the difference between the silver concentrations of Solution 1 and Solution 2 was not significant. In Trial 

2, the solutions also did not have a significant difference in the silver released. 

Table 6-15 Silver concentrations of repeat solutions after 6 hour dissolution, Trial 1. 

  

Solution silver 
concentration (mg/L) 

Solution 1 26.9±1.2 

Solution 2 21.2±3.5 

T-test p-value p=0.092 
 

Table 6-16 Silver concentrations of repeat solutions after 6 hour dissolution, Trial 2. 

  

Solution silver 
concentration (mg/L) 

Solution 1 83.6±7.9 

Solution 2 90.2±16.7 

T-test p-value p=0.66 
 

Figure 6-4 shows the XRD spectra of a sample of Novel film (Original), a sample after soaking in one 

solution (Solution 1), and a sample after soaking twice (Solution 2). Two sets of Solution 1 and Solution 2 

films were analyzed and compared against a spectrum from a film that had not been placed in water. The 

peak placements are the same for Solution 1 and 2 samples compared to Original. The silver oxide peak, 

found at approximately 33°2θ, appears to change shape after time in solution, developing a double peak 

most clearly seen in Solution 2B. This double peak may indicate a new species may have been formed on 

the surface from the dissolution and atmospheric exposure.  
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Figure 6-4 XRD spectra of repeat solutions for Trial 2. A and B represent two samples for Solution 1 and 
Solution 2. 

0

1000

2000

3000

4000

5000

6000

7000

10 20 30 40 50 60 70 80 90

In
te

ns
it

y 
C

o
un

ts

Degrees 2θ

Original

Solution 2

Solution 1

A

0

1000

2000

3000

4000

5000

6000

7000

10 20 30 40 50 60 70 80 90

In
te

ns
it

y 
C

o
un

ts

Degrees 2θ

Original

Solution 2

Solution 1

B



122 

 

Discussion 

The purpose of this chapter was to better understand the properties of nanocrystalline silver solutions and 

how they may be modified to be used as anti-adhesion treatments. The first goal was to find a reliable 

method of increasing the concentration of the nanocrystalline silver-based solutions. To assess the impact 

of time on final solution concentration, the time was increased up to 24 hours. There was not a significant 

difference in the final concentration beyond 6 hours, suggesting that for practical use, any time between 6 

and 24 hours could be appropriate for making the solutions due to the semi-equilibrating nature of the 

films. Therefore, the time of dressing dissolution was increased to approximately 18 hours (overnight) to 

facilitate ease of use in future experiments.  

Size was also assessed. While the increase from 1 in2 in 7.5 mL to 2 in2 did result in significantly more 

silver, the increase to 4 in2 was not significant. The suitability of the 7.5 mL to 2 in2 ratio was confirmed. 

The observations from the changes in film size and time in solution suggested that there is a plateau of 

silver release at a certain point, likely due to saturation of silver in solution. In subsequent experiments to 

make large volumes of solution, without changing the ratio, the silver concentration in solution increased. 

Without changing any of the film9s properties, the primary difference was the type of container used and 

the freedom of the films to interact with the water rather than adhering to one side of the container. 

Increasing the size of container increased the silver concentration from 40.4 mg/L to 53.6 mg/L in 15 mL 

solutions. Shaking further increased the silver extracted from 50.8 mg/L to 61.6 mg/L in 75 mL solutions. 

Later tests with silver films showed that the solution concentration could be as much as 90 mg/L, refuting 

the idea that the solution would be saturated at 40 mg/L. It is possible that the increased age of the film 

may contribute to surface degradation, increasing the release in solution.  

In experiments with film time in solution and size, the ammonia soluble silver remaining in the dressing 

was measured. There was a large amount of variation in the ammonia soluble silver measured. In Chapter 

3, there was also a large amount of variation, but all samples had less ammonia soluble silver measured in 

the film after time in solution than the average pre-solution quantity. Here, some samples had a larger 

amount of ammonia soluble which could be simply due to measurement variability or could be related to 

interactions between the water and the film surface during dissolution that forms more ammonia soluble 

species.  

When film size and time did not prove to significantly increase the amount of silver extracted, another 

method was used to reliably change the silver concentration. Diluting the solution resulted in a predicted 

decrease in concentration. However, evaporating a portion of the water in the solution did not increase the 
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concentration as much as predicted, although this may be due to silver adhering to the sides of the 

container. The colour change to yellow, pink, or red, which was seen especially in heated solutions, is 

similar to colour changes seen in nanoparticle synthesis. The phenomenon of surface plasmon resonance 

means that changes in size distribution and shape of particles alter the oscillation of electrons and the 

wavelength of absorption, changing the perceived colour of the solution[11]. Here, the heating of the 

solution encouraged interaction of the silver species and agglomeration into nanoparticles, as signalled by 

the colour shift. However, keeping the solutions at 4°C can stabilize the solutions for storage, causing no 

further agglomeration or colour change[11]. This would suggest that the biological activity of the 

Concentrated solutions may have been reduced, as the silver was not in the same form as the Normal or 

Dilute solutions.  

Because pH is known to be relevant for biological effects, the pH was modified, choosing chemicals that 

are considered to be safe in small quantities as additives to food and non-irritants. Potassium phosphate is 

a food safe additive. Sodium hydroxide is also commonly used as a pH adjustment agent in consumable 

products. The silver solutions began at a basic pH, typically between 9 and 9.5. After successfully 

modifying the pH, log reductions were performed. It was expected from literature that a more acidic pH 

could increase the antibacterial properties, however this was not consistently the case. This trend was seen 

for log reductions with S. aureus, but the opposite for P. aeruginosa. The magnitude of the log reductions 

was also not consistent across the multiple trials for concentration or pH. There is evidence of the 

effectiveness of nanocrystalline silver solutions as antibacterial agents, but the extent is variable, and is 

likely due to concentration of silver, silver species, and inoculum strength. This may be indicative of 

variable biological properties in vivo.  

In tests using solutions, in trials that took place several months apart, the silver concentration increased 

almost four-fold. Most likely this effect is due to the age of the film. Limited data suggests that the 

amount of ammonia soluble silver may have decreased over time, from 1.7 mg/in2 initially to 1.4 mg/in2 

three years after production when stored at 4°C. It is possible that oxygen is being released from the films 

over time which may affect the stability of the silver remaining. More research is needed to study the 

effect of film aging, particularly its effect on solution release properties.  

Conclusion 

This chapter highlighted challenges in making aqueous solutions with a consistent concentration or 

finding a reliable method of altering the concentration or pH. The inconsistency may be related to the 

dissolution conditions or the age of the dressing. In future tests, given the consistent concentration of 
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silver despite changing dissolution characteristics means that the dissolution characteristics can be 

changed for practical constraints without significantly changing the solution properties. Still, log 

reductions have shown that both pH and silver concentration can have an effect on biological properties. 

The magnitude of log reductions is highly dependent on the ratio of silver to inoculum and the 

concentration of the silver solution. The biological effect of pH appears to be dependent on the organism 

tested. The effect of dressing age on solution properties needs to be explored further, particularly as a 

greater concentration of silver in solution could be beneficial for medical applications.   
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Chapter 7 : Viscous Polymer Solutions with 
Nanocrystalline Silver 

Introduction 

Hyaluronic acid (HA) and carboxymethylcellulose (CMC), as sodium salts, will be used to create viscous 

solutions. These two polymers were chosen because they are natural, biodegradable, hydrophilic, 

miscible, and non-toxic[1]. They are commonly used in adhesion applications as a film, solution, gel, or 

spray, both alone or in combination with other polymers [2], [3], [4], [5], [6], [7], [8], [9]. Figure 7-1 

shows a diagram of the structure of these two polysaccharides; A is CMC and B is HA [10]. Both are 

anionic at physiological pH and form weak binding interactions with each other[10]. The average chain 

length (n) is 400 units for CMC and 5000 units for HA 

 

Figure 7-1 Structure of polymers used in this chapter. A is carboxymethyl cellulose (CMC), B is 
hyaluronic acid (HA)[10]. 

Hyaluronic acid forms a two-stranded helix with multiple hydrogen bonds per unit[11]. HA has a number 

of biological functions, depending on the size of the molecules and their location in the body. High 

molecular weight HA functions as a lubricant and shock absorber, as well as having anti-inflammatory 

and immunosuppressive capabilities[12]. This further points to its suitability as an adhesion barrier 

material, given that adhesions are developed through an inflammatory process. However, small fragments 

with a molecular weight around 1000 Da will induce inflammatory cytokines and stimulate the production 
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of PAI-1, which could contribute to adhesion formation[12], [13]. Fragments smaller than this stimulate 

fibroblast production and collagen synthesis, which could either contribute to healing or the strengthening 

of adhesions[12]. Carboxymethyl cellulose gels were effective against Pseudomonas aeruginosa and 

Staphylococcus aureus infected wounds in rats and improved wound healing in part by reducing the 

inflammation in the wound area [14]. There are a large number of studies describing CMC9s 

incorporation into films, dressings, or hydrogels for a variety of healing applications[1]. CMC treatment 

accelerated wound healing and collagen deposition in mice[15]. In combination, HA and CMC stimulated 

repair of human corneal epithelial cells in in vitro tests without significant toxic effects, having benefits 

for cell migration and wound closure [16]. When used as a method of adhesion prevention, HA-CMC did 

not interfere with healing of intestinal anastomoses, and reduced the incidence and severity of 

adhesions[5].  

One criticism of these materials is that HA normally degrades rapidly and is absorbed quickly without a 

stabilizing or crosslinking agent[17]. However, higher viscosity solutions, which corresponds to higher 

molecular weight or higher concentration, have a longer retention in the abdominal cavity[3], [18], [19]. 

Similarly, the adhesion and abscess prevention capacity of HA or CMC in rats appeared to be dependent 

on viscosity, not the type of polymer itself[3]. In this experiment, we will be using a range of 

concentrations for HA and CMC based on literature values and practical constraints [3], [10]. It was found 

that in combined solutions of HA and CMC, HA contributed most of the viscosity [10]. Still, the low-

shear viscosity of combined HA and CMC was increased over the average sum of individual components 

[10]. 

When the viscoelastic properties of hyaluronan in aqueous solutions were studied over a pH range, the 

complex viscosity was relatively stable from a pH of approximately 3 to 11[20]. Additionally, changes to 

viscoelastic properties that occur outside that pH range are reversible[20]. Another study indicates that 

degradation of HA occurs outside of pH 4 to 11, starting early after the solution is generated, as studied 

by molecular weight and radius of gyration. Degradation was higher at pH above this range, compared to 

pH below the range[21].This indicates that within the pH range studied, our polymer solutions should 

have a relatively stable viscosity.  

There are additional factors that effect polymer degradation. In hydrogel combinations of CMC and HA, a 

greater concentration ratio of HA increased the degradation time[18]. Even without including CMC, 

increasing HA concentration in solution increases the time for degradation[4], [22]. A higher viscosity or 

molecular weight also increased the retention time[18], [22]. Temperature also plays a role, as HA 
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degraded faster at room temperature than at refrigerator temperature (~4°C) [22]. Temperature increased 

hydrolysis, causing an earlier onset of mass loss[23]. 

The key to the adhesion prevention treatments in this study is the incorporation of nanocrystalline silver. 

When sodium hyaluronate gel was mixed with a growth factor, the combination was better at preventing 

adhesions than either alone[2]. Depending on the molecular interactions between the solutes, there has 

been found to be more drug diffusion and release when the drug has less interactions with the surrounding 

polymer [24]. For gels using poly(lactic-co-glycolic acid) (PLGA), a higher viscosity polymer resulted in 

a slower drug release[25]. In Pluronic gels, lower concentrations of the polymer degraded faster, resulting 

in faster drug release[26]. Higher viscosity polymers allow for less drug diffusion [27]. Diffusion also 

depends on the microenvironment within the gel which is created by the concentration of components 

[24], [28]. 

In polymer-water-drug systems, it has been found for a multiple combinations of polymers and drugs that 

the drug release was independent of the original drug concentration, and was instead diffusion and 

degradation controlled [28], [29]. The degradation and mass loss of the polymer mostly corresponds to 

drug release, with only a small amount attributed to drug diffusion [26], [30]. The phases of drug release 

tend to start with a burst release of drug from the surface of the material, then a slower, constant release 

followed by a phase of constant, but faster, release, which can also be seen as a secondary burst [23], [30], 

[31]. The burst release follows first order kinetics, followed by sustained zero order kinetics[30], [31].  

It appears that when there is a larger distribution in the molecular weight of the polymer, there is a faster 

first phase release[30]. Using a model drug agent released from PLGA gels, smaller molecular weight 

polymer samples had a slower release during the initial burst phase, but released the same total amount 

after 24 hours as the higher molecular weight samples, and in vivo, the release of the low molecular 

weight polymer was the highest [32]. Another group working with PLGA found that there was a faster 

release from lower molecular weight polymers and increased burst release[23]. While molecular weight 

variation is not in the scope of this chapter, this observation points to the differences in drug release that 

can depend on release conditions, polymer characteristics, and drug type. pH can also change the release 

profile. The mechanism of release from PLGA microspheres was the same at pH 7.4 and 2.4, but at pH 

2.4 the burst release reached a plateau faster [29]. Degradation products can also create acidic 

microenvironments within the gel that increase degradation[29]. It should be noted that in vitro tests do 

not necessarily reflect the release that will take place in vivo, where there is more release in vivo [32]. In 

vivo, one research group found that there was no lag phase as was noticed in vitro, and there was a faster 

hydrolysis rate in vivo, leading to more degradation and diffusion[27].  



129 

The purpose of this chapter is to develop viscous solutions containing nanocrystalline silver. These 

solutions were characterized through in vitro procedures to assess silver release and degradation, as 

affected by polymer concentration and solution pH.  

Methods 

Material Fabrication 

Nanocrystalline silver films used in this chapter were made using an in-house sputtering apparatus as 

described in Chapter 2 using a pure silver target. Based on previous results, all dressings used in this 

section have the same parameters: 4.5% oxygen, 1.8A current, and water injected at a rate of 15 µL/min. 

The chamber pressure is maintained at 40 mTorr, and the total gas flow rate is a 400 sccm argon-oxygen 

mixture. These parameters were chosen because Chapter 3 and Chapter 4 show that this reproducibly 

creates a dressing with high silver deposition and strong antibacterial properties.  

Viscous Solutions 

Sodium hyaluronate (NaHA or HA) and sodium carboxymethylcellulose (NaCMC or CMC) were 

purchased from Sigma Aldrich and were used to increase the viscosity of the silver solutions. These two 

components were mixed into silver solutions in combinations from a range of 0.5% to 2.0% using a 

magnetic stir bar and plate. Viscosity was measured using a Brookfield cone and plate rheometer 

(RVDNX CP, CPA-51Z spindle). HA-CMC solutions are shear thinning liquids, so a range of shear rates 

were used for measurement. The range was from 3.84 to 384 1/s, or 1 to 100 rpm. 

Measuring Silver Release and Degradation 

After viscous silver solutions were made, 2 mL samples of each solution were loaded into dialysis 

cassettes (Thermo Scientific, molecular weight cutoff 10 000) in triplicate. These were submerged in 100 

mL PBS in 600 mL beakers on an incubator-shaker at 37°C and 60 rpm. At predetermined time intervals, 

a 5 mL sample of the PBS was removed, acidified with 5 mL nitric acid, and diluted with 10 mL water for 

AAS analysis for silver quantity. Samples taken were replaced with fresh PBS.   

For one series of tests, samples were also taken after 2 and 4 hours for log reductions. 1.8 mL of the PBS 

was combined with 200 µL of bacterial inoculum for an incubation period of 1 or 3 hours. After the 

incubation period, the activity of silver was stopped with STS, then diluted, plated, incubated overnight, 

and counted. The full log reduction procedure can be found in Chapter 2. 
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At the end of the experiment, a final sample for silver analysis was taken. The viscous solution was 

removed from the dialysis cassette and the viscosity measured as previously described to estimate the 

degradation of the polymers during the course of the experiment.  

Equation 7-1 Percent viscosity reduction calculation. Initial viscosity − Final viscosityInitial viscosity  × 100% = Percent reduction 

Measuring and Adjusting pH 

The pH of the viscous solutions was adjusted using potassium phosphate and sodium hydroxide. For a 10 

mL viscous solution, the appropriate mass of NaHA and NaCMC are added to 9 mL of silver solution, 

mixed, then 1 mL of additional chemicals are added to obtain the desired pH. The targets for final pH of 

these solutions were 5, 7, and 9. pH was measured with a calibrated Thermo Scientific Orion Dual Star 

pH/ISE meter. The degradation of the polymer and release of silver were measured over a three day test in 

PBS as described previously. 

Log Reductions 

Viscous solutions are brought into direct contact with a bacterial inoculum (S. aureus) to measure the log 

reduction. To simulate the peritoneal fluid in the peritoneal cavity, the bacterial culture is grown in BCS. 

A gel was made with 0.5% HA and 0.5% CMC. The concentration of the silver solution was measured 

with AAS. In a 15 mL conical tube, 2 mL of the gel was added to 7.5 mL BCS. 500 µL of S. aureus 

inoculum in log phase in BCS was added to this tube and mixed by inversion. The solution was incubated 

in a stationary incubator for two hours at 37°C. After one hour, each tube was inverted to mix the 

contents. After 2 hours total (one additional hour after mixing), each tube is mixed vigorously and a log 

reduction performed as previously described.  

Statistics 

Unpaired two sample t-tests with Welch9s correction were used to compare sample groups if only 

comparisons between two groups were being performed. For comparisons with multiple factors, one-way 

or two-way ANOVA with Tukey9s post-hoc tests were used. The results of Tukey9s post-hoc tests can be 

found in Appendix A. Analysis was performed using Microsoft Excel or R. 
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Results: Initial Trial 
Before beginning studies for silver release and degradation, trial solutions were made and the viscosity 

measured to inform the conditions to be used. As seen in Figure 7-2, all solutions display shear thinning 

behaviour, with viscosity decreasing as the shear rate increases. This shear thinning behavior is seen most 

significantly with the 1% HA 1% CMC gel. This test also demonstrated that there was not a significant 

difference in viscosity between 0.5% HA:1% CMC and 1% HA: 0.5% CMC.  

 

Figure 7-2 Dynamic viscosity of HA-CMC solutions, measured in cP at shear rates from 3.84 to 384 1/s. 

 

Results: Composition Study 

Two tests were performed as part of the composition study. Details and abbreviations are given in Table 7-
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polymer gels with different compositions. All gels were made with an aqueous solution of nanocrystalline 

silver soaked in distilled water at 37°C for approximately 18 hours. 

Table 7-1 Compositions of polymer solutions used for studying the effect of polymer composition, 
separated into two tests, with abbreviations for each sample group. Concentrations are given in w/v%. 

Test 1 Test 2 

0.5% HA, 0.5% CMC 

(Low viscosity, T1L) 

0.25% HA, 0.5% CMC 

(Low viscosity, T2L) 

0.5% HA, 1% CMC 

(Mid viscosity, T1M) 

0.5% HA, 0.5% CMC 

(Mid viscosity, T2M) 

0.5% HA, 1% CMC 

(Control, no silver, T1C) 

 

1% HA, 1% CMC  

(High viscosity, T1H) 

0.5% HA, 1% CMC 

(High viscosity, T2H) 

 

Test 1 

For Test 1, three gel solutions were made with different polymer concentrations. They are indicated as 

8Low viscosity9, 8Mid viscosity9, and 8High viscosity9 or T1L, T1M, and T1H. Triplicate 2 mL samples of 

each solution were loaded into dialysis cassettes for three days in PBS of pH 7 on an incubator-shaker at 

37°C and 60 rpm. The starting concentration of the silver solution was found to be 20 mg/L. The same 

silver solution was used for each gel in the test. For Test 1, a control solution (T1C) containing 0.5% HA 

and 1% CMC was made using distilled water without nanocrystalline silver.  

At the start of the experiment, the viscosity of each solution was measured three times at each chosen 

shear rate (representing a range from 1 to 100 rpm) and the averages and standard deviations are shown in 

Figure 7-3 below. As is expected for a shear thinning fluid, all solutions had an exponential decrease in 

viscosity with increasing shear rate. For T1M and T1H, the viscosity could not be measured above 20 rpm 

(76.8 1/s) at the beginning of the experiment because this exceeded the maximum torque for the 

apparatus.  
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Figure 7-3 Dynamic viscosity curves for samples in Test 1 before degradation. 

After three days in PBS, the gels were removed from the dialysis cassettes and the viscosity measured. 

Figure 7-4 shows the viscosity at each shear rate as an average of three measurements, with standard 

deviations. The viscosity had clearly decreased from the initial measurements, but the shear thinning 

properties were still present.  
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Figure 7-4 Dynamic viscosity curves after 3 days degradation in PBS for samples in Test 1. 

ANOVA and post-hoc tests were performed for the three silver solution groups (T1L, T1M, T1H) at 5, 10, 

and 20 rpm, corresponding to the three middle shear rates tested: 19.2, 38.4, and 76.8 1/s. ANOVA results 

are shown in Table 7-2. ANOVA results confirm that the experimental methods caused a significant 

change in viscosity over the three days. It also showed that polymer composition, as expected, had a 

significant effect on viscosity measured. There is a significant effect for each of these factors (p<<0.05) 

and a significant interaction effect (p<<0.05) at each shear rate. Using Tukey9s post hoc tests, there is a 

significant (p<<0.05) difference between all composition groups at the beginning of the test. There are 

also significant differences between the composition groups after the test, except for comparisons 

between T1M and T1L, and T1M and T1H at 20 rpm. There is not a significant difference for T1L before 

and after at 20 rpm, but there is a significant difference at 5 and 10 rpm.  
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Table 7-2 ANOVA p-values for Test 1 for the effects of time and polymer concentration (composition). 
Grouped by shear rate for viscosity measurement. 

Effect 
 p-value at 5 rpm 
(19.2 1/s) 

 p-value at 10 rpm 
(38.4 1/s) 

p-value at 20 rpm  

(76.8 1/s) 
Before-After 3.8E-13 3.91E-13 3.09E-13 

Composition 2.97E-12 5.65E-12 6.47E-12 

Interaction 1.80E-10 1.73E-09 1.12E-08 

 

At 2 and 4 hours, PBS samples were taken to perform log reductions, indicated as <2 hour release= and <4 

hour release= respectively. Data is displayed in Figure 7-5 and Figure 7-6, as an average of three samples, 

with standard deviation error bars. Samples of T1C were included as controls. There were no significant 

differences in log reduction between any of the experimental groups or when compared to the control 

group with no silver. None of the samples reached the level of bactericidal, which is a log reduction of 3, 

and in many cases, the bacterial load increased. The 4 hour release did not show significant differences in 

between any groups. The effect of increased incubation time of 1 versus 3 hours was minimal, but still 

significant for T1L, T1M, and T1H (p<0.05). 

Figure 7-5 Log reductions using S. aureus with PBS samples after 2 hours of silver release from polymer 
samples. 
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Figure 7-6 Log reductions using S. aureus with PBS after 4 hours of silver release from polymer samples. 

The average percent change in viscosity over three days at three mid-range shear rates was calculated as a 

measure of polymer degradation and is displayed in Figure 7-10. The percent change is marginally higher 

for the lower viscosity samples. In the ANOVA test, displayed in Table 7-3, shear rate and composition 

effects are both statistically significant. The interaction effect is not significant. From post-hoc tests, most 

comparisons between groups were not significant. There was not a significant difference in viscosity 

reduction between the composition groups, despite the significant ANOVA effects. 

Figure 7-7 Percent viscosity reduction at three shear rates, Test 1. 
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Table 7-3 ANOVA p-values for effect of shear rate and gel composition on percent viscosity reduction, 
Test 1. 

Effect p-value  

Shear Rate 2.59E-05 

Composition 3.54E-03 

Interaction 0.41 

 

Test 1 also included a comparison of T1M to T1C to test the effect of silver on the parameters studied. 

T1C is a control group of the same composition but made using distilled water instead of nanocrystalline 

silver solution. Figure 7-8 shows the initial viscosities and Figure 7-9 shows the percent viscosity 

reduction of these two groups. There are no significant differences between T1M and T1C for the initial 

viscosity or the percent viscosity reduction. While T1C appears to have a lower starting viscosity and 

percent viscosity reduction than T1M, there was more variability in T1C and the differences were not 

significant.  

Figure 7-8 Comparison of starting viscosities for control and silver-containing gels with 0.5% HA and 1% 
CMC. 
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Figure 7-9 Comparison of percent viscosity reduction for control and silver-containing gels with 0.5% HA 
and 1% CMC. 

The silver release profile is shown below in Figure 7-10. At 1, 2, 4, 8, 24, 48, and 72 hours, 5 mL samples 

are taken of the PBS surrounding each gel sample, acidified, and analyzed for silver concentration by 

AAS. T1C was sampled at the same intervals, confirming that no silver was measured in that solution. 

Data points for the three silver-containing gels are shown as an average of three samples with standard 

deviations as error bars. The trend is the same for all three samples: rapid initial release over the first few 

hours, then a slowing increase, towards a plateau in silver release from 48 to 72 hours. Approximately 

27% of the initial 0.16 mg loaded into each gel was released into the surrounding PBS after 72 hours. 
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Figure 7-10 Silver released over time from silver-containing polymer gels into 100mL PBS, Test 1. 

ANOVA was performed for silver release in Test 1 and the p-values shown in Table 7-4. Both time and 

composition were identified as significant effects. Within each composition group, release after 4 hours is 

significantly greater than the release measured at 1 or 2 hours. This is expected due to the shape of the 

release profile. For T1M samples, the comparison between 4 and 8 hours was significant. Otherwise, 

significant differences within composition groups were not seen after 4 hours. Between composition 

groups, there were no significant differences at any time point, despite the significance of the composition 

effect. 

Table 7-4 ANOVA p-values for the effect of time and gel composition on silver release from polymer gels 
into PBS, Test 1. 

 Effect p-value 

Time 5.48E-22 

Composition 1.35E-02 

Interaction 0.48 

 

Test 2 

To gather more information on the effect of composition on degradation and release, another composition 

test was performed. PBS at a pH of 7.4 was used to better reflect the physiological conditions inside the 

peritoneal cavity. The compositions selected for Test 2 built on experience with Test 1. T2L is 0.25% HA 

and 0.5% CMC, T2M is 0.5% HA and 0.5% CMC, and T2H is 0.5% HA and 1% CMC. T1H was found to 
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be too viscous to easily dissolve the polymer by mixing or to be administered to the dialysis cassette 

through an 18 gauge needle. This limited the practical use of a gel of this viscosity. This composition was 

removed from study, with the addition of a lower concentration sample, 0.25% HA 0.5% CMC (T2L). 

Log reductions were not performed for Test 2. The remaining parameters were the same as Test 1 

including test duration, range of shear rates, and sampling intervals. 

Figure 7-11 shows the starting viscosities for the samples in Test 2. Data points are an average of four 

measurements of the same gel before loading into dialysis cassettes. The shear thinning trend is present, 

but the range of viscosities is much smaller than for Test 1. In Test 1, most data points are under 20 000 

cP, but in Test 2, most data points fall beneath 6000 cP.  

Figure 7-11 Starting viscosity curve for viscous solutions in Test 2. 
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Figure 7-12 shows the viscosity profile of the gels after three days in PBS. Data points are an average of 

three samples. The profiles are very similar to the initial viscosity curves, but for lower viscosity. As 

anticipated, shear thinning behaviour is still seen, although it is less strong after degradation, especially 

for T2L.  

Figure 7-12 Viscosity curves for gel samples after 3 days degradation in PBS for Test 2. 

ANOVA results for Test 2 viscosities are displayed in Table 7-5. The trends of significance in ANOVA are 

the same as for Test 1. There is a significant effect of time and composition individually and a significant 

interaction effect. Test 2 has significant p-values for all factors, but they are much smaller than those for 

Test 1. In post-hoc tests, there are fewer significant comparisons than for Test 1. Still, comparisons of 

before and after within the T2M and T2H groups are significant at all shear rates. For T2L, at 5 rpm, there 

is not a significant difference between viscosity before and after. At 10 rpm, the difference approaches 
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significance (p=0.069) and the difference reaches significance at 20 rpm (p=0.049). At the beginning of 

the test, composition groups were significantly different from each other at all shear rates. In the after 

groups, T2M and T2H are only significantly different at 20 rpm (p=0.030) but approach significance at 5 

rpm and 10 rpm (p=0.083, p=0.051). 

Table 7-5 ANOVA p-values for effect of time and composition on viscosity, Test 2, grouped by shear rate. 

Effect 
 p-value at 5 rpm 
(19.2 1/s) 

 p-value at 10 rpm 
(38.4 1/s) 

p-value at 20 rpm  

(76.8 1/s) 
Before-After 3.92E-03 2.98E-03 3.16E-03 

Composition 1.38E-03 1.08E-03 6.52E-04 

Interaction 5.01E-04 3.78E-04 2.29E-04 

 

Figure 7-13 displays the percent viscosity reduction for Test 2 at the three middle shear rates used for 

analysis. Percent viscosity reduction is overall lower for Test 2 than for Test 1. Percent viscosity reduction 

does not appear to follow a consistent trend by composition, with the lowest percent viscosity reduction 

being found for T2M. 

Figure 7-13 Percent viscosity reduction at three shear rates for samples with three polymer 
concentrations, Test 2. 
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difference between composition groups. The p-values for comparisons between T2L and T2H were 

especially high, demonstrating their similarity.  

Table 7-6 ANOVA p-values for effect of shear rate and gel composition on percent viscosity reduction, 
Test 2. 

Effect p-value 

Shear Rate 1.35E-03 

Composition 2.09E-03 

Interaction 0.97 

 

Figure 7-14 and 7-15 display the silver release for Test 2, with Figure 7-15 focused on the first eight 

hours. In comparison to Test 1, there is a more noticeable plateau after 8 hours for Test 2, except for the 

unusually high measurement of T2L at 48 hours, but there is a large amount of variation at that sampling 

point. The percentage of total silver released after 72 hours was 25% to 28% of the initial 0.12 mg loaded 

into each gel. At 8 hours, T2L, T2M, and T2H had already released 26.9%, 27.6%, and 26.2% of the total 

silver loaded.  

 

Figure 7-14 Silver released from polymer gels into 100 mL PBS over time, Test 2. 
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Figure 7-15 Silver released from polymer gels into 100 mL PBS in first eight hours, Test 2. 

Table 7-7 shows the ANOVA results. Time is a very significant effect, which is to be expected, but 

composition is also a significant effect, despite the similarities between groups seen in Figure 7-14. In 

post-hoc tests, the same comparisons are significant as were for Test 1. Comparisons of silver release 

within composition groups at 1 and 2 hours were significant compared to measurements at 4 hours and 

beyond. Other relevant comparisons after 2 hours were not significant for high and low viscosity samples. 

For T2M samples, the comparison between 4 and 8 hours was significant. It can be seen in Figure 15 that 

there is a greater increase from 4 to 8 hours for T2M than for any other sample. 

Table 7-7 ANOVA p-values for effect of time and gel composition on silver release from polymer gels 
into PBS, Test 2. 

Effect p-value 

Time 3.11E-25 

Composition 2.55E-02 

Interaction 0.49 

 

Discussion: Composition Study 

Table 7-8 displays the starting viscosities at three shear rates for Test 1 and 2 samples. Test 1 provided an 

initial range of viscosities for study. However, the limitations of high viscosity solutions such as the 1% 

HA-1% CMC are due to the difficulty of properly mixing and the difficulty in loading and applying the 

gel. A challenge of measuring a wide range of viscosities, depending on shear rate, was found in using the 
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same spindle for all samples to ensure consistency. At times, the maximum torque was exceeded, so the 

measurements at the highest shear rates were less reliable. Viscosities measured at the lowest shear rates 

had the most variation between samples and measurements. For these reasons, the viscosities at 5 rpm, 10 

rpm, and 20 rpm were used for statistical analysis. Test 2 provided a more accurate test environment with 

the pH of the PBS being increased to 7.4, and the range of compositions was adjusted to what would be 

more applicable if used as an adhesion treatment.  

Table 7-8 Starting viscosities for Test 1 and 2 samples at three shear rates, ordered by polymer 
concentration. 

 Composition 
Viscosity at  

5 rpm (cP) 

Viscosity at  

10 rpm (cP) 

Viscosity  

20 rpm (cP) 

T2L 0.25% HA, 0.5% CMC 963 ± 194 659 ± 117 432 ± 67 

T1L 0.5% HA, 0.5% CMC 2485 ± 149 1550 ± 86 941 ± 49 

T2M 0.5% HA, 0.5% CMC 2162 ± 581 1385 ± 346 857 ± 200 

T1M 0.5% HA, 1% CMC 6310 ± 672 3811 ± 387 2224 ± 220 

T2H 0.5% HA, 1% CMC 5403 ± 133 3322 ±77 1981 ± 38 

T1H 1% HA, 1% CMC 15080 ± 723 7257 ± 287 3562 ± 59 

 

The viscosity curves seen in this study agree with what is expected from literature. Other work with HA 

has confirmed that there is no permanent damage to the polymer from the high shear rates of rheometer 

measurement[33]. However, at high shear rates, with time, the polymer chains will align, causing the 

viscosity to decrease with constant shear rate [33]. Semi-dilute HA solutions, 0.5 wt% to 1 wt%, display 

Newtonian behaviour at high shear rates due to the alignment of chains[33]. In this experiment, at high 

shear rates and low polymer concentrations, the viscosity curve begins to plateau around 200 1/s shear 

rate. For high molecular weight hyaluronic acid, shear thinning behaviour is seen with an exponential 

curve, but this is less significant with lower concentrations and lower molecular weights[19]. CMC also 

has reversible pseudoplastic properties in CMC-only solutions, where increasing shear rates disrupt 

hydrogen bonding between chains, decreasing the measured viscosity [34]. Low concentrations of CMC 

(0.2%-0.8%) display two regions of shear thinning, separated by a plateau[35]. It is also seen that CMC 

solutions above 1% initially display shear thickening behaviour below a critical shear rate of 

approximately 1 1/s [35]. It is suggested that these low shear rates increase viscosity by entangling 

polymer coils[35].  

No change in viscosity was found after a minimum of two months for CMC solutions of a wide range of 

concentrations studied by Lopez and Richtering, suggesting good stability for the gels under ambient 



146 

conditions [36]. The combined viscosity of CMC with other polymers is greater than the calculated 

average due to electrostatic interactions between unlike molecules[34]. This was likely seen in this 

current experiment when combining HA and CMC, particularly for T1H. 

The percent viscosity reduction for samples in Test 1 and 2 is shown in Table 7-9. After three days, the 

viscosity of the gels decreased between 65% and 85%. The lowest viscosity reduction in this study was 

T2M and this condition also had the lowest percent viscosity reduction in Test 1 (T1L). Test 1 samples 

had an overall greater percent reduction viscosity compared to samples from Test 2, which is notable 

given that the Test 1 samples had a higher initial viscosity. Still, considering the results for both tests 

together, there does not appear to be a trend according to composition. At low concentrations, there are 

less significant differences before and after, despite a percent viscosity reduction of at least 50%. 

However, the minimal shear thinning behaviour seen in viscosity curves for lower concentration samples, 

especially after the experiment, is expected from literature[19].  

Table 7-9 Percent viscosity reduction after three days in PBS at three shear rates for Test 1 and 2. 

 Composition 

Viscosity 

Reduction, 5 rpm 

(%) 

Viscosity 

Reduction, 10 

rpm (%) 

Viscosity 

Reduction, 20 

rpm (%) 

T2L 0.25% HA, 0.5% CMC 73.84 ± 5.41 70.14 ± 5.50 65.41 ± 5.70 

T1L 0.5% HA, 0.5% CMC 77.50 ± 4.23 73.26 ± 4.58 69.36 ± 5.17 

T2M 0.5% HA, 0.5% CMC 67.74 ± 1.94 61.86 ± 4.11 58.11 ± 3.44 

T1M 0.5% HA, 1% CMC 81.84 ± 1.59 79.12 ±1.64 75.90 ± 1.96 

T2H 0.5% HA, 1% CMC 72.47 ± 3.17 68.67 ± 2.26 65.71 ±1.66 

T1H 1% HA, 1% CMC 82.01 ± 1.06 75.74 ± 1.36 69.14 ± 1.93 

 

Table 7-10 shows the percent of initial silver released after 2, 8, and 72 hours. The maximum silver 

released in Test 1 was up to 0.05 mg, or 30% of loaded silver. Test 2 only saw a maximum release of up to 

0.035 mg. It is possible that the increase in pH of the PBS is the reason for the limited release. At 24 

hours, for both Test 1 and 2, the amount released was just above 0.03 mg, but in Test 1, the release 

continued to increase, while it plateaued in Test 2.  As can be seen in Figure 7-16, there are limited 

correlations to be discerned between starting viscosity and percentage of silver released. However, the 1% 

HA-1% CMC group (T1H), which had an initial viscosity at 10 rpm double the next highest group, 

appears to have the lowest percent release. It is expected from literature that the higher the starting 

viscosity, the less degradation and slower silver release[18], [19]. This group, despite a high percent 

degradation, still had an ending viscosity comparable to the initial viscosities of lower concentration 
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samples. So, much of the silver is likely still bound to the polymer for all these gels. It is also notable that 

only polymer segments less than 10kDa could be released from the dialysis cassettes into the surrounding 

PBS.  

Table 7-10 Percent silver release into PBS, sampled at 2, 8, and 72 hours for Test 1 and 2 samples. 

 Composition 
Silver Release at 

2 hours (%) 

Silver Release at 

8 hours (%) 

Silver Release at 

72 hours (%) 

T2L 0.25% HA, 0.5% CMC 13.70 ± 1.96 26.91 ± 1.20 27. 19 ± 0.60 

T1L 0.5% HA, 0.5% CMC 12.06 ± 0.25 19.24 ± 0.50 28.07 ± 3.17 

T2M 0.5% HA, 0.5% CMC 11.05 ± 1.92 27.58 ± 1.20 25.53 ± 0.44 

T1M 0.5% HA, 1% CMC 9.00 ± 1.12 16.29 ± 2.87 27.49 ± 0.70 

T2H 0.5% HA, 1% CMC 14.87 ± 2.85 26.19 ± 0.17 26.36 ± 1.16 

T1H 1% HA, 1% CMC 9.04 ± 0.26 16.96 ± 2.36 24.59 ± 2.74 

 

 

Figure 7-16 Percent silver released after 72 hours plotted against starting viscosity at 10 rpm. 

In a 2022 study, modified hyaluronic acid and methylcellulose hydrogels were studied in in vitro and in 

vivo studies[37]. In a pH 7.4 environment, the release profile was similar to what was seen in the present 

study, achieving up to 42% release after approximately 3 days with a 10 wt% gel[37]. The hydrogels did 

not reach a log reduction of 1 with S. aureus or E. coli, which agrees with the results seen here[37]. In a 

2008 release kinetics study, 4-20 mg/mL of dexamethasone was mixed into 1% or 2.3% sodium 

hyaluronate[38]. No change in viscosity was observed with the inclusion of the drug[38]. Release into 

PBS or BSS (balanced salt solution) saw comparable kinetics for drug release [38]. This study saw a 
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release profile characterized by a moderate burst release initially, where 50% of the drug was released in 

the first six hours, then release slowed after 24 hours, with steady state reached after 48 hours[38]. Over 

three days, 90% of the dexamethasone was retrieved, with a full replacement of the surrounding fluid[38]. 

The volume of surrounding fluid apparently did not affect the release rate, with the standard fluid volume 

being 0.2 mL with 0.2 mL of gel[38]. The kinetic profile of the two concentrations of HA were nearly 

identical[38].  

The release profiles seen in literature are similar what is seen in the present study, however the percentage 

of total silver released is lower than may be expected, and there is a difference in percentage composition 

and release conditions[23], [30], [31]. In regard to the low percentage of silver released, it is possible that 

not all the silver thought to be added was actually added. Silver might have adhered to the beaker in 

which it was mixed, or the polymers may have swelled such that less than 2 mL of the initial silver 

solution is included in 2 mL of the final gel. There is no direct evidence seen for these confounding 

variables, so it may be suggested that the cause of low percentage silver release is strong binding of the 

silver to the polymer, even as it became fragmented, particularly given that only fragments below 10 kDa 

could be released from the dialysis cassette. 

The inclusion of silver in the gel does not appear to have had an effect on the viscosity or degradation in 

this experiment. In some cases, the inclusion of drugs or other compounds can increase or decrease the 

viscosity depending whether it disrupts or supports hydrogen bonding, but nanocrystalline silver does not 

participate in hydrogen bonding, and should therefore not have an effect [11]. While there were no 

significant differences in initial viscosity or degradation rate, there were trends suggesting that the control 

gel may have a lower viscosity and slower degradation. The significance is affected by the increased 

variability in the control sample. However, if this is true, then the inclusion of silver may increase initial 

viscosity and degradation over time, but more data would be needed to support this claim. 

In the log reductions performed, the silver released from the gels after 2 hours and 4 hours was 

insufficient to see significant bactericidal capacity, compared to a control gel containing no silver. The 

amount of silver released into the PBS by this point was measured between 0.02 and 0.03 mg. This can be 

compared to log reductions in previous chapters with nanocrystalline silver solutions containing a total of 

0.08 mg of silver, where log reductions could reach the minimum of 3, especially when given a longer 

incubation time with the inoculum. It is expected that the reaction of silver with the chloride ions in PBS 

may be inactivating some of its effects. Knowing that PBS, or other environments high in chloride ions, 

can limit the effectiveness of silver means that not all the silver released will be biologically active silver.  
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Table 7-11 shows the results of adding a silver containing gel (0.5% HA, 0.5% CMC) directly to a 

bacterial inoculum in BCS for two hours to see if the low log reductions seen previously are due to 

limited contact of silver with bacteria because of release. The log reductions in Table 7-11 are still low in 

magnitude but are higher than log reductions for samples from silver released in PBS, shown in Figures 

7-5 and 7-6. Even when mixed, most of the silver is inside the gel instead of on the surface, which would 

still limit the contact of silver with the bacteria. 

Table 7-11 Log reductions with viscous silver solution, concentration 0.5% HA and 0.5% CMC w/v in 
aqueous nanocrystalline silver solution. 

  P. aeruginosa S. aureus 

Inoculum Size 2.08E+08 1.48E+04 

Silver Concentration 73.2 mg/L 73.2 mg/L 

 Log reduction Average Log reduction Average 

0.64 

0.58±0.06 

0.65 

0.38±0.20 
0.62 0.17 

0.51 0.35 

0.57 0.35 

Results: pH Study 

The polymer composition used here for degradation and release tests is 0.5% HA and 0.5% CMC. 

Solutions are made with 90% aqueous nanocrystalline silver solution and 10% pH-altering additive by 

volume. Table 7-12 shows the results of additives on pH from experiments used to choose the right 

combination for use in degradation and release experiments. 8Unaltered9 uses 10% distilled water instead 

of another additive. The conditions used for Tests 3 and 4 and the resulting pH are also shown in Table 7-

12. The goal of Test 4 was to have an acidic, neutral, and basic solution, although the pH of the unaltered 

gel was higher than anticipated (pH 7.66) and the pH of the 1E-04 mol/L NaOH gel was lower than 

expected (pH 8.02). `  
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Table 7-12 Description of pH modifications and resulting pH, including samples used for Tests 3 and 4. 

Composition Description pH Test Use 

0.5% HA, 1% CMC Unaltered 5.25  

0.5% HA, 1% CMC 10% potassium phosphate monobasic 7.20  

0.5% HA, 1% CMC 10% potassium phosphate dibasic 8.09  

0.5% HA, 0.5% CMC 10% potassium phosphate monobasic 5.01  

0.5% HA, 0.5% CMC Unaltered 6.08  

0.5% HA, 0.5% CMC 5E-05 mol/L sodium hydroxide 6.29  

0.5% HA, 0.5% CMC 2E-04 mol/L sodium hydroxide 9.85  

0.5% HA, 0.5% CMC 10% potassium phosphate monobasic 5.01 Test 3 

0.5% HA, 0.5% CMC 1E-04 mol/L sodium hydroxide 8.75 Test 3 

0.5% HA, 0.5% CMC 10% potassium phosphate monobasic 4.9  

0.5% HA, 0.5% CMC Unaltered 6.8  

0.5% HA, 0.5% CMC 1E-04 mol/L sodium hydroxide 7.6  

0.5% HA, 0.5% CMC 10% potassium phosphate monobasic 5.02 Test 4 

0.5% HA, 0.5% CMC Unaltered 7.66 Test 4 

0.5% HA, 0.5% CMC 1E-04 mol/L sodium hydroxide 8.02 Test 4 

 

Test 3 

Figure 7-17 displays the initial viscosity curves for Test 3. Each data point represents only one 

measurement because of available gel for sampling, so statistical comparisons could not be performed. 

The starting viscosity is in a range anticipated from measurements made of T1L and T2M, which have the 

same composition. Initially, it appears that the acidic gel (pH 5.01) has a higher starting viscosity than the 

basic gel (pH 8.75). 
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Figure 7-17 Starting viscosity curve for viscous solutions of concentration 0.5% HA and 0.5% CMC with 
modified pH, Test 3. 

Due to the difference in sample size for viscosity measurements before and after the test, ANOVA was 

performed separately for viscosity measurements before and after. The results are shown in Table 7-13. 

According to the ANOVA test results, while the effect of shear rate was significant, the pH was not found 

to have a significant effect. However, the lack of replication limits the scope of this analysis.  

Table 7-13 ANOVA p-values for effect of shear rate and pH on starting viscosities, Test 3. 

Effect p-value 

Shear rate 4.57E-02 

pH 7.07E-02 

 

Figure 7-18 shows the ending viscosity curves for Test 3. Data points are the average of six 

measurements, two each from three independent samples. The shear thinning behaviour can be seen 

strongly. pH 5.01 had a lower viscosity than pH 8.75, suggesting greater polymer degradation over time. 

Table 7-14 shows the ANOVA values. Both pH and rpm had a significant effect, although the interaction 
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term was not significant. In Figure 7-18, the viscosity values appear to be close together, but the ANOVA 

suggests a significant difference. However, in post-hoc tests, the only shear rate at which there is a 

significant difference was at 5 rpm (p=2.06E-03).  

Figure 7-18 Viscosity curves after 3 days degradation in PBS, Test 3. 

Table 7-14 ANOVA p-values for effect of shear rate and pH on ending viscosities, Test 3. 

Effect p-value 

Shear rate 2.30E-14 

pH 2.20E-05 

Interaction 0.20 

 

Figure 7-19 displays the percent viscosity reduction for Test 3 at three shear rates and Table 7-15 shows 

the ANOVA results for this data. Both rpm and pH had a significant effect, but not a significant 

interaction effect. At all shear rates, there was a significant difference between the pH groups in percent 

viscosity reduction. Within pH groups, only the comparison from 5 rpm to 20 rpm for pH 8.75 had a 

significant difference. This means that the percent viscosity reduction was relatively constant across shear 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 50 100 150 200 250 300 350 400 450

D
yn

am
ic

 V
is

co
si

ty
 (

cP
)

Shear Rate (1/s)

T3, pH 5.01, End T3, pH 8.75, End



153 

rates. The pH 5.01 samples had the highest viscosity reduction of all samples seen across the three tests 

thus far. 

Figure 7-19 Percent viscosity reduction after 3 days in PBS at three shear rates, Test 3. 

Table 7-15 ANOVA p-values for effect of shear rate and pH on viscosity reduction, Test 3. 

Effect p-value 

Shear rate 2.06E-04 

pH 5.52E-15 

Interaction 0.64 

 

Figure 7-20 shows the silver release for Test 3. Each data point is an average of three samples. From post-

hoc tests, there were no significant differences between the pH groups at any time point. There is less 

plateau between 24 and 72 hours than had been seen in Test 1 or 2. Still, the trends of significance were 

similar to Test 1 and 2. There are significant differences between time points up to 4 hours, but not 

beyond. There was not a significant difference in silver release for either pH between 24 and 72 hours. As 

shown in Table 7-16, the only significant effect was time, not pH.  
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Figure 7-20 Silver released from gels into 100 mL PBS over time, Test 3. 

Table 7-16 ANOVA p-values for effect of time and pH on silver release, Test 3. 

Effect p-value 

Time 2.87E-15 

pH 0.12 

Interaction 0.99 

 

Test 4 

Test 4 includes an <unaltered= condition, which was expected to have a pH between 6 and 7 from 

previous tests (displayed in Table 7-12). The resulting pH for the three samples developed are 5.02, 7.66, 

and 8.02 as seen in Table 12. The low pH condition resulted in a very similar pH that was seen in Test 3, 

but the high pH condition with 1E-04 mol/L NaOH was lower than expected.  

Figure 7-21 shows the viscosity curve for starting viscosities of Test 4 samples. Data points are an 

average of two measurements. The viscosities across all samples are lower than what was seen for the 

previous three tests. The high (basic) and low (acidic) pH groups seem to have marginally higher starting 

viscosities than the unaltered. The similarity between high and low pH groups is unexpected as the pH 

groups in Test 3 had a difference of approximately 1000 cP at 10 rpm (38.4 1/s). Table 7-17 shows the 

ANOVA values. While the effect for pH is shown to be significant by ANOVA, at the three middle shear 

rates (5, 10, and 20 rpm), there are no significant differences between pH groups, except for between pH 

7.66 to pH 8.02 at 5 rpm (p=0.048) 
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Figure 7-21 Starting viscosity curve for viscous solutions, Test 4. 

Table 7-17 ANOVA p-values for effect of shear rate and pH on starting viscosities, Test 4. 

Effect p-value 

Shear rate 1.22E-05 

pH 3.32E-03 

Interaction 0.47 
 

Figure 7-22 shows the viscosity curves after the three day experiment. Data points are an average of five 

measurements. Despite starting at a lower viscosity than Test 3, the ending viscosities are higher than was 

seen for Test 3, meaning less degradation occurred over the course of the experiment. Still, they are not 

dissimilar trends to what was seen for the equivalent composition in Test 1 or 2. In these measurements, a 

greater distinction between pH groups was seen than at the beginning of the test. In Test 3, the high pH 

(8.02) group had a higher ending viscosity than low pH (5.02), and that trend is seen here also.  
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Figure 7-22 Viscosity curves after 3 days degradation in PBS, Test 4. 

Table 7-18 shows the ANOVA results for end of test viscosities for Test 4. The shear rate, pH, and 

interaction effects are all significant. The ending viscosities in Test 3 did not have a significant interaction 

effect. In post-hoc tests, there was a significant difference between low pH (5.02) and high (pH 8.02) pH 

groups at all shear rates. The only significant difference between pH 7.66 and pH 8.02 groups was at 5 

rpm, and there were differences between pH 7.66 and pH 5.02 at 5 rpm and 10 rpm.  

Table 7-18 ANOVA p-values for effect of shear rate and pH on ending viscosities, Test 4. 

Effect p-value 

Shear rate 7.43E-21 
pH 9.31E-15 
Interaction 2.60E-04 

 

Figure 7-23 shows the percent viscosity reduction at three shear rates with Table 7-19 showing the 

ANOVA results. The percent viscosity reduction values are lower than was seen in previous tests, most 

likely due to the unusually low viscosities measured at the beginning of the test. The acidic pH group was 
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significantly higher viscosity reduction than 7.66 pH or 8.02 pH, but was still lower than expected. Unlike 

the previous tests, there was not a significant effect of shear rate on the viscosity reduction. The low and 

high pH groups had especially consistent values across all rpm. As expected, pH 5.02 had a significant 

difference to the higher pH groups at each shear rate. The pH 7.66 and 8.02 groups had a significant 

difference only at 5 rpm.  

Figure 7-23 Percent viscosity reduction at three shear rates, Test 4. 

Table 7-19 ANOVA p-values for effect of shear rate and pH on percent viscosity reduction, Test 4. 

Effect p-value 

Shear rate 0.27 

pH 1.33E-18 

Interaction 0.18 
 

Figure 7-24 shows the silver released over time and Table 7-20 shows the corresponding ANOVA results. 

The starting silver in each gel was 0.099 mg, compared to 0.12 mg in Test 3, but a larger total amount of 

silver was released in Test 4. This may be due to the lower starting viscosities. There is more of a plateau 

seen here after 8 hours than was seen for Test 3. In Test 3, the basic pH group released marginally more 

silver than the acidic pH group, this was true as well here, although the middle pH group (7.66) exceeded 

all. By 72 hours, there were no significant differences between pH groups. Differing from previous tests, 

there was not a significant increase from 1 to 2 hours in any group, nor from 2 to 4 hours. From 4 to 8 

hours, only the Low pH group had a significant increase. As with Test 3, only time had a significant effect 

on silver release, not pH.  
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Figure 7-24 Silver released from gels into 100 mL PBS over time, Test 4. 

Table 7-20 ANOVA p-values for effect of time and pH on silver release, Test 4. 

Effect p-value 

Time 2.38E-22 

pH 0.27 

Interaction 0.43 
 

Discussion: pH Study 

For the pH study, two tests (Test 3 and Test 4) were conducted with the same polymer composition for all 

groups (0.5% HA, 0.5% CMC). Table 7-21 displays the initial viscosities measured for Test 3 and 4 at 

three shear rates. It was expected that the viscosity would not change significantly with pH. There was 

variation between samples, but there was not a consistent trend with pH, as can be seen in Figure 7-25. 

The potential trend of decreasing viscosity with increasing pH seen in Test 3 was not seen in Test 4. 

Overall, the viscosities measured in Test 3 were higher than Test 4.  
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Table 7-21 Starting viscosities for Test 3 and 4 at three shear rates, ordered by increasing pH 

 pH 
Viscosity at  

5 rpm (cP) 

Viscosity at 

10 rpm (cP) 

Viscosity at  

20 rpm (cP) 

Test 3 5.01 4712 2713 1750 

Test 4 5.02 2185 ± 424 1419 ± 264 887 ± 145 

Test 4 7.66 1512 ± 14 997 ± 11 629 ± 7 

Test 4 8.02 2341 ± 278 1486 ± 168 911± 103 

Test 3 8.75 3045 1895 1147 

 

Figure 7-25 Starting viscosity at 10 rpm plotted against pH for Test 3 and 4 

Temperature at measurement of viscosity or time of mixing was not controlled or measured during this 

study but may be partially responsible for the differences in viscosity between different tests of similar 

composition. Some work suggests that at the polymer concentrations that were used in this present study, 

the differences in viscosity between 25 and 37°C should have only a marginal effect on relative 

viscosity[33].  However, in solutions of CMC only, a 1% solution could decrease by approximately 50% 

in measured viscosity between 20 and 40°C at 50 rpm[34]. Changes in viscosity with temperature are 

more significant with lower temperatures[39]. The difference in apparent viscosity from 30 to 40°C is 

minimal, but there is a significant difference from 10 to 20°C [39]. Higher temperature solutions also 

display more Newtonian behaviour, and less shear thinning [39].  

Table 7-22 and Figure 7-26 display percent viscosity by starting pH. Figure 26 demonstrates the trend in 

percent viscosity reduction at 10 rpm with pH. There appears to be a trend of decreasing percent viscosity 
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reduction with increasing starting pH, but more samples with a greater range of pH would be needed to 

confirm this. The viscosity reduction for Test 4 samples overall is much less than expected. While it is 

possible that a high pH was the cause of low degradation, this effect was not seen for Test 3 at pH 8.75. 

Table 7-22 Percent viscosity reduction at three shear rates for Test 3 and 4. 

 pH 
Viscosity Reduction 

At 5 rpm (%) 

Viscosity Reduction 

At 10 rpm (%) 

Viscosity Reduction 

At 20 rpm (%) 

Test 3 5.01 86.12 ± 0.78 83.95 ± 0.86 81.56 ± 0.87 

Test 4 5.02 67.49 ± 5.07 68.39 ± 6.31 66.89 ± 4.31 

Test 4 7.66 29.18 ± 5.97 37.05 ± 5.37 38.35 ± 2.35 

Test 4 8.02 43.54 ± 6.51 42.92 ± 4.79 43.12 ± 5.10 

Test 3 8.75 73.30 ± 3.91 69.94 ± 4.01 69.15 ± 1.97 

 

Figure 7-26 Percent viscosity reduction at 10 rpm plotted against pH for Test 3 and 4. 

There is a pH dependence of polymer structure and shape, even at constant ionic strength[40]. CMC is 

found to form dense aggregates at low pH (pH 1.6), but are uniformly distributed with little entanglement 

at pH 7[40]. The dense aggregates resulted in a lower bulk viscosity, as it is easier to orient large 

molecules to the flow of applied shear stress[40]. It was also seen that the effect of shear thinning was less 

pronounced above the pKa of the polymer, which is 3.65 for CMC [40]. Above its pKa, CMC chains are 

negatively charged, with more repulsive forces increasing sample viscosity and decreasing the degree or 

shear thinning behaviour[40].  
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HA solutions of concentration 0.05% to 0.5% were modified with phosphate buffers and NaOH in a 2008 

study [21]. At all pH values, there was Newtonian fluid behaviour for low concentrations of HA [21]. For 

0.5% HA solutions, at high pH (approximately 13), there is such disruption in intermolecular bonds that 

the viscosity is very low and the profile is of Newtonian flow, with some of this effect also seen at very 

low pH (pH 1-2) [21]. At pH 7 there is minimal rupture of chains[21]. In an earlier study, it was seen that 

below 1.5, the disruption of HA chains was irreversible, but around pH 5, there is a reversible decrease in 

intrinsic viscosity[41]. HCl can be used to lower the pH below the pKa of NaCMC (pKa= 3.65), 

decreasing the charge density and facilitating interactions between CMC chains[36]. The addition of 0.5 

M NaOH (resulting in pH 13.5) decreased viscosity and 0.5 M HCl (resulting in pH 0.5) increased 

viscosity, by decreasing available bonds, or decreasing the charge density[36]. The pKa of HA is 

approximately 3. 

Independent of pH there may be an effect of adding certain ions to the polymer solution on viscosity. The 

addition of salts decreases the solubility of polyelectrolytes like CMC, but chains are more likely to 

aggregate, which could increase the viscosity [36]. NaOH bonds with available blocks on the cellulose 

backbone, preventing these blocks from interacting with other CMC chains[36]. The addition of HCl to 

the HA solutions caused a decrease in viscosity due to electrostatic repulsions causing a more compact 

conformation of the HA coils[39].  Another study of CMC gels found that sodium, chloride, and hydrogen 

ions had the effect of decreasing the viscosity. However, this effect was only seen if the CMC was 

dissolved in water after the ions had been added by shielding CMC from intermolecular interactions with 

itself [34]. This lower viscosity may be due to incomplete dissolution as salts slow the dissolution 

process[36]. This may account for some of the differences in viscosity between Tests 3 and 4, where the 

point at which the pH modifying ingredient was added was not recorded or intentionally controlled. 

Table 7-23 and Figure 7-27 show the percent silver release for Test 3 and 4. The percent release at 72 

hours, especially for Test 4, was higher than was seen for Test 1 and 2, even for the pH 7.66 group. This 

may be due to the low initial viscosity of Test 4 samples. There does not appear to be a significant trend 

of increasing or decreasing silver release with pH, as can be seen in the trends of percent silver release 

with pH shown in Figure 7-27. There was unexpectedly a delay in release for the first two hours for Test 

4. 
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Table 7-23 Percent silver release into PBS at 2, 8, and 72 hours for Test 3 and 4. 

 pH 
Silver Release at 

2 hours (%) 

Silver Release at  

8 hours (%) 

Silver Release at 

72 hours (%) 

Test 3 5.01 13.19 ± 2.04 23.11 ± 2.77 27.90 ± 1.18 

Test 4 5.02 7.46 ± 0.57 35.15 ± 9.32 37.03 ± 4.13 

Test 4 7.66 8.74 ± 0.42 33.20 ± 5.34 40.86 ± 3.08 

Test 4 8.02 9.48 ± 0 35.55 ± 3.81 38.37 ± 2.85 

Test 3 8.75 14.33 ± 2.61 23.93 ± 2.48 30.09 ± 4.68 

 

Figure 7-27 Percent silver released after 72 hours plotted against starting pH for Test 3 and 4. 

In CMC and gelatin hydrogels, the uptake of drugs into gels and their release from such, is dependent on 

polymer ratio, amount of cross linking agent included, and total polymer concentration[42]. Release of 

drugs is dependent on the strength of electrostatic binding between the polymer and the drugs[42]. In the 

case of our study, silver was primarily found in positively charged forms. At the pH studied, the polymers 

were above their pKa value, therefore negatively charged and available for electrostatic interactions with 

positively charged silver. The release profile of the silver was not changed by the inclusion of ions or the 

changes in pH at the concentrations used. 

Discussion: Silver Measurement Accuracy 

After the four tests for the composition and pH studies were completed, a small experiment was 

performed to determine if the chloride in PBS would interfere with the accuracy of the silver 

measurements by AAS. After a 6-hour dissolution of nanocrystalline silver film, a set amount of this 
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solution was added to PBS and acidified with nitric acid for AAS as is standard practice. It was found that 

the measurement given by AAS did not agree with the expected value from the initial dissolution. 

Following this, solutions of silver nitrate in PBS with a range of concentrations from 0.01 mg/L to 30 

mg/L were created, acidified with nitric acid, and analyzed by AAS. The results are shown in Figure 7-28. 

For the solutions in PBS, the AAS measured silver concentration could not be compared to known silver 

concentration or the measured concentrations for silver nitrate in water. Up to 0.1 mg/L, the AAS results 

appeared to correspond with the known amount of silver added, but above this, the results could not be 

interpreted. Therefore, the AAS measurements of silver in PBS may not be accurate and limit the ability 

to interpret the AAS results from this chapter.   

 

Figure 7-28 Silver measured in PBS versus actual silver concentration 

Further literature search confirms that precipitating agents like chloride will cause a variation in AAS 

measurements which cannot be corrected using silver nitrate [43], [44]. This is because solid particulates 

are inconsistently atomized for analysis by AAS, meaning that some silver is still bound to chloride in 

solid form and won9t be detected at the characteristic wavelength of 328 nm [43]. The decrease in 

absorption at this wavelength means a decrease in silver measured. This decrease is dependent on the 

ratio of chloride to silver and the time after the solution was made but could be less than 5% or greater 

than 30%[43]. Neither of these factors is controlled in the experiments in this chapter and in addition, the 

described study did not use a chloride to silver ratio that is similar to what was used here. 

 

In another study, 10 to 100 ppm silver was added to various simulated biological media, including PBS 

with and without protein addition[45]. In addition to observing chloride precipitation, they found that 
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ionic silver was forming complexes with organic material, which would prevent chloride 

precipitation[45]. In this chapter, no experiments accounted for the possible effect of polymer segments 

released from the dialysis cassette forming complexes which could shield from precipitation, increasing 

solubility. No discernable white particulates were observed in the experiments in this chapter, but because 

of the likely low concentration of silver, very little precipitate would be formed.  

 

Conclusion 

There does not appear to be one composition group that was significantly better than any other for silver 

release or degradation. From the literature, it would be expected that higher viscosity polymers (like T1H) 

would degrade slower. However, this was not directly seen in terms of percentage of viscosity lost, 

although the ending viscosity was still higher than lower concentration samples. Therefore, for future 

animal studies, the composition of 0.5% HA-0.5% CMC will be used. Silver release followed trends 

expected from literature, however the uncertain accuracy of AAS to measure silver in a chloride 

containing environment may indicate that the quantity of silver released is not known. Future studies may 

use a more refined method to measure silver or indirectly measure the amount of silver released by 

observing a biological effect.  

Although the focus of anti-adhesion treatments is on anti-inflammatory properties, not anti-bacterial 

activity, the possible contamination of the abdominal cavity during surgery would make an anti-bacterial 

agent useful for this application. The low log reductions seen here may not translate to poor anti-bacterial 

properties in vivo, where the bacterial load could be lower in the abdominal cavity.  

In the present study, it is likely that the pH range studied for clinical relevance was not low or high 

enough to see a major effect on viscosity, degradation, or silver release. This pH range was above the pKa 

of both polymers, so changes in electrostatic interactions are unlikely. For animal studies, the unaltered 

pH group will be used.  
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Chapter 8 : Nanocrystalline Silver Treatments in Animal 
Model of Surgical Adhesions 

Introduction 

As detailed in Chapter 1, there has been extensive research on adhesion formation and treatment using rat 

models. The rat is a small and easy to care for species that is commonly used in surgical models. Rabbits 

have also been used as adhesion models, particularly in developing adhesions involving the uterine horn 

[1], [2], [3], [4]. Pigs are less commonly used but are an ideal model due to their similar size and wound 

healing processes in comparison to humans. In a 2015 study of the biodegradation of polymer scaffolds 

for adhesion prevention, both rats and pigs were used as models[5]. The scaffolds degraded faster in vivo 

than was seen in vitro, and the pig model saw faster degradation than the rat model, likely due to the 

differences in physiological environment[5]. Given that the results of the rat model were not the same as 

the more human-like pig model, this confirms the use of pigs instead of rats for more clinically applicable 

research. In a 2002 study with adult pigs, researchers created a peritoneal defect laparoscopically and 

covered the defect with mesh affixed with clips or Seprafilm® HA-CMC membrane[6]. Another porcine 

study used a laparotomy and used multiple membrane materials per animal to study inflammation, foreign 

body reaction, and adhesion formation, with second look laparotomies at 30 and 90 days[7]. Pigs have 

also been used as an animal models to study adhesion formation using different surgical techniques given 

their similarity to humans [8], [9], [10]. 

As discussed previously, hyaluronate (HA) and carboxymethylcellulose are water-soluble biodegradable 

polymers that will be used with nanocrystalline silver solutions to prevent adhesions[11]. Seprafilm® and 

other HA-CMC adhesion treatments have been extensively studied, demonstrating the potential benefits 

and safety[4], [6], [12], [13], [14], [15], [16], [17]. Seprafilm® is FDA approved as an adhesion barrier 

and will be used as a control group for comparison to the experimental groups.  

The lack of toxic effects of implanted silver medical devices has already been extensively proven by the 

various technologies and applications including urinary catheters and orthopedic implants[18]. Silver 

coatings on catheters implanted in rats did not reduce cell viability compared to PDMS alone[19]. Silver 

coatings may reduce the incidence of infection, although the efficacy depends on the method of coating 

and species of silver, but in no case did it increase human cell death or infection rates[20], [21], [22]. 

Silver coated orthopedic megaprostheses showed decreased infection rates over titanium only[23]. Their 

implantation in rabbits for 12 weeks resulted in elevated silver levels in the blood but no pathologic or 

gross organ changes and no evidence of surrounding area inflammation[23]. Argyria is a condition related 
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to the buildup and precipitation of silver in cells due to excessive silver exposure. This is not considered 

life threatening and is rarely encountered[18]. This evidence supports the assumption that silver toxicity 

will not be a concern for implanted silver gels, which have a low concentration of silver.  

Nanocrystalline silver is a commonly used wound and burn dressing, and the solutions derived from 

soaking the film in water have also shown significant anti-inflammatory capacity[24]. It follows that the 

silver species released from the film could also be encapsulated in a viscous gel-like solution for 

inflammation reduction and adhesion prevention. Not only is nanocrystalline silver an effective anti-

inflammatory agent when applied directly, it also has significant effects when applied on the opposite side 

of the animal from the wound[24], [25], [26]. Given the beneficial effects of remote application, 

nanocrystalline silver wound dressings will also be applied externally to the surgical site on the animal 

where adhesions have been induced. 

Methods 

While there are multiple accepted scoring systems and variations on the technique of inducing adhesion 

formation, many studies follow a similar accepted procedure. Here, the cecum-sidewall procedure 

described in the literature primarily for rats has been adapted for pigs. A summary of procedures is 

provided below in Figure 8-1. SOP9s are attached in Appendix B.  

Figure 8-1 Summary and timeline of procedures for animal model of adhesions. 
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Animal Acquisition and Care 

Yorkshire pigs will be acquired and given a minimum of 5 days to acclimate to new surroundings prior to 

surgery. Animals will be housed individually but have visual, olfactory, and auditory contact. Animals are 

monitored twice daily on weekdays and once daily on weekends and holidays. An inspection of each 

animal will be performed during the acclimation period by a veterinarian or veterinarian technician. 

Animals are selected for the study based on cage side and clinical observations and inspection. Animals 

with health problems that would interfere with animal wellbeing or study outcomes will be excluded from 

the study. Five animals are allocated for each group, with up to five additional animals for pilot testing of 

adhesion formation and scoring methods, or for unexpected complications with a study animal. Pigs will 

be 35-45 kg at the start of the study.  

Groups 

Table 8-1 Experimental and Control Groups for animal study with adhesions. 

Group Code Description 

Control Group 1 CG1 Sham surgery- laparotomy but no abrasion 

Control Group 2 CG2 No treatment controls- abrasion with no treatment 

Control Group 3 CG3 Comparison product group 3 treatment with Seprafilm® 

Control Group 4 CG4 Vehicle controls 3 gel containing no silver 

Experimental Group 1 EG1 Gel with silver treatment 

Experimental Group 2 EG2 External silver dressing 

 

Gels are made with 0.5% sodium hyaluronate and 0.5% sodium carboxymethyl cellulose in sterile 

distilled water and thoroughly mixed to ensure the polymers have dissolved. 20 mL of the appropriate gel 

is applied to the abdominal cavity of each animal in group EG1 and CG4.  

For the group EG2, nanocrystalline silver is sputtered onto HDPE mesh using the Novel sputtering 

process and are cut into 12 by 6 inch pieces. Two film pieces are sandwiched with a layer of gauze, 

soaked in distilled water, and applied external to the surgical area after closure. Dressings will be changed 

on Day 2 and Day 4. 

Surgical Procedures 

Animals will be fasted for minimum of 12 hours prior to surgery. Water is allowed ad libitum. For all 

surgical procedures, animals are anesthetized and provided with an antibiotic. In preparation for surgery, 
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animals will be intubated, given an ear vein IV, and transferred to the surgical suite. Anesthesia is 

maintained with oxygen and isoflurane inhalation. When a suitable depth of anesthesia is reached, 

procedures may begin. The abdominal area will then be shaved and cleansed and a baseline blood sample 

will be taken. Vital signs are monitored at least every 17 minutes. 

A 15 cm midline incision will be made into the abdominal cavity, carefully dividing tissue layers with a 

scalpel or electrocautery. When the peritoneum is reached, the surgeon will bluntly dissect. After the 

surgeon confirms no presence of adhesions, or records the presence of such, the terminal ileum and cecum 

will be mobilized. To create adhesions, abrasion with a sterile gauze pad will be performed on the parietal 

and parenchymal peritoneum using a laparotomy pad or dry sterile gauze pad over a set area of 

approximately 2 square inches, except the sham procedure group (CG1). Treatments will be applied 

directly to abraded surfaces in CG3, CG4, and EG1. The abdominal cavity will be closed in layers with 

appropriate Vicryl sutures or surgical clips. Animals in EG2 then have the incision area covered by a 

nanocrystalline silver wound dressing. All other animals have the incision area covered with a facility 

standard surgical dressing and a topical antibiotic.  

On Day 2 and Day 4 post-surgery animals will have external dressings changed under anesthesia. Incision 

sites will also be assessed and photographed. On Day 7, under anesthesia, a blood sample will be 

collected, then the animals euthanized before re-opening the abdominal cavity to make observations and 

collect tissues samples of any present adhesions and abdominal wall. 

At the end of each procedure except Day 7, animals will be disconnected from isoflurane and transitioned 

to ventilation with room air. The animals will be returned to their pens and kept on ventilation until 

breathing on their own. Regular monitoring will continue until animals are conscious and stable. 

Observation will continue to recognize surgical complications. Analgesia is provided immediately post-

surgery on Day 0, with a continuous release fentanyl patch for three days, and additional post-surgical 

analgesia as needed. 

Adhesion Scoring 

On Day 7, adhesions will be scored according to the following scales presented in Tables 8-2 and 8-3. The 

Strength scoring in Table 8-3 is adapted from Hoffmann et al.[27]. 
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Table 8-2 Semi-quantitative scoring for quantity of adhesions by observation seven days after surgery. 

Score Description 

0 No adhesions 

1 1-3 

2 4-7 

3 8-12 

4 12+ 

 

Table 8-3 Semi-quantitative scoring for strength of adhesions by use of traction or dissection, seven days 
after adhesion-inducing surgery [27].  

Score Description 

0 No adhesions 

1 Gentle traction required to break adhesion 

2 Blunt dissection required to break adhesion 

3 Sharp dissection required to break adhesion 

 

The final adhesion score for use in statistical analysis will be the sum of the Quantity and Strength Scores.  

Sample Analysis 

Histology 

Tissue samples taken on Day 7 will be paraffin embedded and sectioned for histological analysis. H&E is 

used for observing tissue morphology and scoring fibrosis. Wright-Giemsa staining is used to stain 

inflammatory cells and may be used to semi-quantitatively score inflammation. Masson9s Trichrome 

staining is used to stain collagen which may be used to observe and score fibrosis. Scoring for this study 
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is adapted from scores presented by Yilmaz et. al. and Wei et. al[28], [29]. Scoring categories are shown 

in Table 8-4. Qualitative observations will also be made of the tissue sections.  

Table 8-4 Semi-quantitative scoring of inflammation and fibrosis in tissue samples of abdominal wall and 
adhesions. 

Score Inflammation Fibrosis 

0 No inflammation No fibrosis 

1 Mild: Giant cells, lymphocytes, 

and plasma cells 

Thin bunches of cellular fibrosis 

2 Moderate: Giant cells, 

lymphocytes, eosinophils, 

neutrophils 

Wide areas of fibrosis with 

reduced vascularization 

3 Severe: Massive infiltration of 

inflammatory cells, 

microabscesses present 

Areas of fibrosis formed by 

thick bunch of collagen 

 

ELISA 

ELISA is performed on serum samples taken for the following markers: IFN-´, IL-10, IL-12, IL-1³, IL-2, 

IL-4, IL-6, IL-8, TNF-α, TGF-³1. Descriptions of these biomarkers can be found in Chapter 5.  

Statistics 

Means and standard deviations are calculated for numerical scores and quantitative measurements in each 

experimental group. Comparisons between groups will be made using the Kruskal-Wallis test because the 

variable is not assumed to be normal because of a small sample set, so one-way ANOVA would not be 

appropriate. Dunn9s test with the Holm9s correction method accounts for the increased rate of false 

positives from repeated t-tests and will be used for multiple comparisons between groups. Significance is 

defined as p<0.05. 

Pilot Study 

As a pilot study to refine procedures, one animal underwent the procedure described for CG2. On Day 0, 

after preparation and anesthesia, a blood sample was taken under anesthesia before creating a 15 cm 

midline incision in layers until the abdominal cavity was reached. The cecum was isolated and abraded 

with dry gauze along with the abdominal wall in the same area. Pictures were taken throughout the 

process. The skin was stapled closed. The staple line was coated with a topical antibiotic and covered with 
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an adhesive bandage and secured with a neoprene vest. The pig was taken from the surgical room to 

recover. Notably, adhesions were seen after opening the abdominal cavity, before any intentional abrasion 

took place. 

On Day 2 and Day 4 the vest and bandages were removed under anesthesia to observe the healing 

process. Figure 8-2 shows images of the pig during bandage changes. No edema or excessive tenderness 

was noticed. The bandages were replaced. It was decided that Day 2 and 4 bandage replacements were 

not necessary as no adverse effects were identified and these procedures subjected the pig to additional 

risks from anesthesia. Pigs will be monitored for changes in behaviour or appearance to alert staff to 

complications.  

Figure 8-2 Images of external surgical area for pilot pig on Day 2. 

On Day 7 the pig was anesthetized and a blood sample was taken. Then, the bandages were removed and 

the abdominal cavity was reopened along the original incision line. Adhesions were observed along the 

incision line. Adhesions were not found from the cecum to the abdominal wall but were found in multiple 

locations between segments of the bowel and the abdominal wall. This observation led to a change in the 

scoring criteria from adhesion severity to scoring by the quantity of adhesions. Most adhesions required 

sharp dissection to break, although some were broken accidentally by blunt dissection. Changes were 

suggested to the protocol to perform a laparoscopic procedure before reopening the abdominal cavity to 

observe adhesions without breaking those present. Treatments will also be applied over a greater area in 

the abdominal cavity to prevent adhesion formation in the broader locations seen. Abrasion of the cecum 

and sidewall may need to be stronger in order to reliably produce adhesions in a fixed area. 
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Expected Results 

Adhesion Scoring 

Based on the pilot study and assumptions of the effectiveness of each treatment group, a simulated data 

set of scores for five pigs per group was created and is displayed in Table 8-5 for Adhesion Quantity and 

Table 8-6 for Adhesion Strength. The Adhesion Quantity score is the most important aspect of adhesion 

scoring, since reducing the incidence of adhesions at any strength is the primary goal. Even adhesions 

with a low strength score still have the potential to cause complications for patients.  

Table 8-5 Predicted Adhesion Quantity scores. 
 

CG1 CG2 CG3 CG4 EG1 EG2 

Pig 1 2 3 2 2 0 1 

Pig 2 3 3 2 2 1 1 

Pig 3 2 4 2 1 1 1 

Pig 4 2 3 3 1 1 1 

Pig 5 2 2 3 3 1 2 

Average 2.2 3.0 2.4 1.8 0.8 1.2 

Standard 
Deviation 

0.45 0.71 0.55 0.84 0.45 0.45 

 

Table 8-6 Predicted Adhesion Strength scores. 
 

CG1 CG2 CG3 CG4 EG1 EG2 

Pig 1 2 2 2 2 0 1 

Pig 2 3 3 2 2 1 1 

Pig 3 2 3 2 1 1 1 

Pig 4 2 2 2 1 2 2 

Pig 5 2 2 2 2 2 2 

Average 2.2 2.4 2.0 1.6 1.2 1.4 

Standard 
Deviation 

0.45 0.55 0 0.55 0.84 0.55 

Figure 8-3 displays the average predicted scores for Adhesion Quantity for each experimental and control 

group. EG1 is expected to reduce the number of adhesions, but given the large area for possible 

occurrence, it is expected that most pigs in this group may still have 1-3 adhesions (a Quantity score of 1). 

CG2 is expected to have the most adhesions, followed closely by CG1 and CG3. Despite no intentional 

abrasion, the sham surgery (CG1) will still have a large number of adhesions due to the trauma caused by 

the laparotomy. With this predicted data, the Kruskal-Wallis test is significant with p=0.00133. The 
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comparisons from CG2 to EG1 and CG2 to EG2 are significant according to the Dunn9s post-hoc test 

with Holm9s correction.  

Figure 8-3 Predicted Adhesion Quantity scores. 

Figure 8-4 displays the average predicted Adhesion Strength scores for each group. The Kruskal-Wallis 

test is significant for this predicted data set with a p-value of 0.023, but no comparisons reached 

significance after Holm9s correction. It is expected that there would be no significant difference in 

adhesion strength among groups, as there is a smaller range of scores for Strength compared to Quantity.  

Figure 8-4 Predicted Adhesion Strength scores. 
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Figure 8-5 displays the predicted Adhesion Summary scores, which are the sum of the Quantity and 

Strength scores. As with the Quantity score, the Kruskal-Wallis test is significant with p=0.0023. The 

comparisons from CG2 to EG1 and CG2 to EG2 are significant according to Dunn9s post-hoc test with 

Holm9s correction.

Figure 8-5 Predicted Adhesion Summary scores. 

Sample Analysis 

 

Histology 

Evidence of inflammation and fibrosis will likely still be present after seven days, even as much of the 

healing process is complete. It is expected from other research that tissue with adhesions will look similar 

across any control or experimental group animal with moderate inflammation and severe fibrosis [4]. 

Sites of tissue injury without adhesions are still expected to have an inflammatory response with 

macrophages and neutrophils still remaining after one week, with minimal to moderate fibrosis [4]. 

In rats, HA-CMC barrier materials did not significantly reduce fibrosis or inflammation as seen by H&E 

staining[17]. Even three weeks after initial injury, fibrosis could be seen by thick collagen bands and 

irregular fibroblast proliferation and inflammation was seen by significant cellular infiltrates [17].  
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could be distinguished between some experimental and control groups. In a rat study after seven days 

with a growth factor in a polymer gel, there was some reduction seen in inflammation for the 

experimental group and differences could be seen in collagen structure[12].   

ELISA 

In control groups, it is expected that inflammatory biomarkers such as IFN-´ and IL-2 will still be 

elevated but will be returned to normal levels in the experimental treatment groups. IL-1³ and TNF-α are 

involved in the acute inflammatory response and will likely not be elevated in any group after one week, 

as their most important role in adhesion healing are in the first few days[30]. IL-6 and IL-8 similarly will 

be decreasing after the first few days but may still be elevated in control animals where there is still a 

significant inflammatory reaction. IL-12 by one week should have similar levels to Day 0 in most groups, 

except where inflammation is still severe. 

IL-4 and IL-10 are anti-inflammatory and will be elevated where healing is still taking place to suppress 

the initial immune reaction. This is also the case for TGF-³1 where it assists with tissue healing and 

promotes ECM production [31].  Studies of adhesion formation suggest that adhesion fibroblasts will 

have increased levels of IL-10 and TGF-³1, which should be seen after seven days especially in animals 

with many adhesions [32]. 
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Chapter 9 : Conclusions 

The purpose of this research was to study the chemical, physical, and in vitro biological properties of 

nanocrystalline silver and silver-gold materials to prepare for studying their effectiveness when applied to 

in vivo wound environments. 

Chapter 3 demonstrated the effectiveness of Novel sputtering parameters in creating films for dressings. 

As expected, a higher current resulted in the most silver deposition, but with a lower percentage of silver 

oxide than Standard films. The sputtering parameters, particularly the oxygen concentration in argon gas 

and the current, were chosen to maximize the amount of silver deposition while maintaining the ammonia 

soluble silver in the range of approximately 40-50%. The Novel films created in this study had an average 

of 38% ammonia soluble silver. The role of oxygen is well understood for its effect on the resulting films, 

but it is unclear what the benefit of water when studying film properties. Water may have been effective 

in creating an ideal environment for dressing stability and this could be an area for further study. In 

solution, Novel samples released more silver in quantity, but not in percentage of total silver. Standard 

samples released more silver in water by percentage, which may relate to the bonding strength or the 

greater surface area seen in the SEM images. SEM also showed that when dissolved in solution, patches 

of the film structure were severely disrupted, but some areas were only affected minimally on the surface. 

The smaller grain size for Standard sample is likely related to the greater percentage of ammonia soluble 

silver (58%) compared to Novel samples. It will be seen in the future dermal model animal study if 

composition and grain size matters more to healing properties than just raw quantity of silver. An 

interesting observation from this work was that in some cases, after soaking the film in water the 

measured ammonia soluble silver was greater than before. The hypothesis for this phenomenon is that 

interactions with water are changing the compounds on the surface of the film. Both Standard and Novel 

samples had excellent log reductions, but Novel had better longevity. In the CZOI test, Novel samples 

had measurable zones after nine days, while 35.9% of the initial silver in the sample was still remaining 

versus 11.45% remaining for Standard. 

 

In the in vitro experiments in Chapter 4, all nanocrystalline silver and silver-gold samples had good 

antibacterial properties, especially for short term log reductions, but the physical and chemical properties 

are of great interest. The unusual trends in grain size and unexpectedly high deposition for Ag35, 

especially preferentially for gold over silver, are interesting areas for further study. Grain size for 

Standard samples followed the expected trend of decreasing with increasing gold concentration. However, 

Ag65 Novel had an unexpectedly small grain size, disrupting the trend for Novel samples. This may be a 
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limitation of the number of samples and may not be seen with replication of the study. However, it is 

interesting that Ag65 Novel and Ag65 Standard had both a similar grain size and a similar percentage of 

ammonia soluble, suggesting that similarities in composition would result in similar grain size. Ag35 and 

Ag100 did not have similar ammonia soluble percentages between Standard and Novel samples and had 

significantly different grain sizes. More silver was released in solution by Ag35 than would be expected 

compared to Ag100 samples, as its release was greater than 35% of the silver released by Ag100. This is 

especially notable as less silver was sputtered onto Ag35 samples than nominal alloy composition would 

suggest. Ag65 and Ag35 samples released similar amount of silver into solution, which may be relevant 

for upcoming animal studies if Ag35 samples are able to release silver or gold more rapidly into the 

wound environment. However, release of silver into water is limited in its comparison to in vivo wound 

environments so further research is needed. 

 

While gold has been used for modern medical applications for decades, there is limited research on the 

comparison of gold and silver in reducing inflammation in vivo, especially for an animal model that has a 

similar healing profile to humans. This demonstrates the need for further research to compare the effect of 

silver and gold in reducing dermal inflammation. This may have significant clinical applications for 

wound and burn dressings in the future. The most important metric from the dermal animal study is 

overall healing, as this matters most to patients and clinicians. However, the distinction between Standard 

and Novel conditions or even alloy composition may not be seen in edema and erythema scores, but 

instead will be seen in serum and tissue concentrations of cytokines. Another interesting outcome of this 

study will be to see the silver and gold compounds will be found in the tissue and what the spatial 

distribution is.  

 

In the experiments in Chapter 6 with increasing the silver concentration in solution, it was found that the 

simple and rapid methods would not work. Increasing concentration in solution seems mostly to depend 

on film properties to release silver, not the properties of dissolution, although ensuring good contact of 

the water with the coated surface or the film is important. Heating the silver solution causes 

agglomeration as seen by the colour change seen in heated solutions. pH did not have a consistent effect 

on log reductions. These experiments also indicated that dressing age may be a source of further study as 

some dressing properties, particularly silver release into solution, seem to be impacted by dressing age.  

 

In Chapter 7, the polymer in solution properties were as expected, with shear thinning properties and a 

viscosity decrease of between 65 and 80% depending on the sample and test. In Test 1, it appeared that 

the higher the initial viscosity, the greater the percentage viscosity drop, but this was not found in Test 2 
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with similar conditions. Only 25-40% of the silver was released at 72 hours when the test was completed, 

although AAS results were found to have uncertain accuracy. A final burst to release the remaining silver 

is expected from literature and would likely occur with more time. However, this study was limited in that 

the dialysis cassette kept the gel from spreading as it might in vivo and gel fragments above 10 000 Da 

were not released from the dialysis cassette. It is also possible that not all silver thought to be in solution 

was incorporated into the gel, or the silver binds to the polymers strongly and would not be released 

without further degradation of the polymers. Another challenge with this experiment that will also be 

present in experiments in the abdominal cavity, is the likely formation of silver chloride.  

There were no consistent trends with pH for viscosity reduction or silver release. In the pH range used, 

there isn9t an expected disruption of the polymer structure and therefore would not affect silver release. 

However, this information is still relevant as there may be future applications where pH is important to 

treatment or healing properties. Log reductions on a sample of silver released in PBS were not 

significantly different from control samples. It is likely because very little silver is released in the first few 

hours, which is when they were performed, and is the period of time post-surgery that is most important 

to prevent infection. In a separate experiment of log reductions combining BSA, silver gels, and a 

bacterial inoculum, the log reductions were still low. This is likely due to only a small amount of silver 

was available for contact with the bacteria. The gel sticks together even after shaking, and therefore most 

of the silver stays protected from contact with bacteria. In addition, the silver released would interact with 

the chloride and proteins found in BSA. This may mean that the antibacterial properties of silver are not 

likely to be relevant available for the gel applied in abdominal cavity but may still have an impact on 

inflammation while also providing a barrier to prevent adhesions from forming. The effectiveness of 

nanocrystalline silver in dressing form and gel form will be seen in the upcoming animal study. External 

application of nanocrystalline silver is expected to provide anti-inflammatory benefits and help prevent 

infection of the external surgical wound. The internal application of a HA-CMC silver gel will have less 

silver incorporated than the silver dressing but will be directly applied to also form a physical barrier 

between inflamed tissue surfaces. 
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Appendix A: Tukey9s Post-Hoc Tests 
Tukey9s Post-Hoc Test p-values from Chapter 4 

Total Silver 
Ammonia Soluble 
Silver 

Percent Ammonia 
Soluble Silver 

Total Deposition 

S:Ag100-N:Ag100  8.19E-13 2.81E-05 4.06E-03 2.34E-11 

N:Ag35-N:Ag100 3.58E-13 7.26E-09 0.97 2.17E-07 

S:Ag35-N:Ag100 7.31E-14 8.79E-09 0.05 3.49E-09 

N:Ag65-N:Ag100 9.06E-08 0.11 0.97 1 

S:Ag65-N:Ag100 3.02E-13 8.03E-08 0.14 6.42E-11 

N:Ag35-S:Ag100 2.21E-02 8.14E-06 1.19E-03 8.86E-13 

S:Ag35-S:Ag100 1.03E-06 1.17E-05 0.68 3.79E-05 

N:Ag65-S:Ag100 3.44E-11 1.51E-03 1.44E-02 2.18E-11 

S:Ag65-S:Ag100 6.12E-03 7.59E-04 0.34 0.58 

S:Ag35-N:Ag35 7.83E-05 1 1.34E-02 4.09E-12 

N:Ag65-N:Ag35 6.20E-12 5.00E-08 0.65 2.42E-07 

S:Ag65-N:Ag35 0.97 4.14E-02 3.85E-02 1.24E-12 

N:Ag65-S:Ag35 1.42E-12 6.39E-08 0.17 3.25E-09 

S:Ag65-S:Ag35 2.22E-04 7.02E-02 0.99 3.54E-04 

S:Ag65-N:Ag65 5.11E-12 1.01E-06 0.41 5.93E-11 

Silver Release Percent silver release 
Log reduction 
S. aureus 

Grain Size 

S:Ag100-N:Ag100  0.03 1.65E-05 6.35E-01 4.52E-04 

N:Ag35-N:Ag100 1.17E-06 5.09E-02 9.99E-01 5.81E-03 

S:Ag35-N:Ag100 3.45E-07 3.39E-05 4.08E-02 6.73E-09 

N:Ag65-N:Ag100 3.66E-05 0.65 1.29E-01 8.78E-07 

S:Ag65-N:Ag100 3.53E-06 2.87E-03 8.77E-01 6.23E-07 

N:Ag35-S:Ag100 7.71E-05 1.61E-03 8.09E-01 0.59 

S:Ag35-S:Ag100 1.52E-05 0.99 4.37E-01 8.40E-07 

N:Ag65-S:Ag100 8.25E-03 3.00E-06 8.21E-01 2.08E-03 

S:Ag65-S:Ag100 3.45E-04 2.74E-02 9.96E-01 1.18E-03 

S:Ag35-N:Ag35 0.78 4.15E-03 6.97E-02 1.91E-07 

N:Ag65-N:Ag35 7.41E-02 3.93E-03 2.11E-01 1.83E-04 

S:Ag65-N:Ag35 0.88 0.54 9.68E-01 1.11E-04 

N:Ag65-S:Ag35 8.25E-03 5.67E-06 9.78E-01 4.23E-04 

S:Ag65-S:Ag35 0.23 7.43E-02 2.32E-01 7.25E-04 

S:Ag65-N:Ag65 0.38 2.81E-04 5.61E-01 1 
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Total Gold Gold % of Total 

S:Ag35-N:Ag35 1.22E-08 2.97E-03 

N:Ag65-N:Ag35 3.70E-09 3.18E-09 

S:Ag65-N:Ag35 1.22E-09 7.61E-09 

N:Ag65-S:Ag35 7.25E-04 8.64E-09 

S:Ag65-S:Ag35 1.09E-05 1.90E-08 

S:Ag65-N:Ag65 3.52E-03 7.29E-03 

P. aeruginosa CZOI Day 1 Day 2 Day 3 Day 4 

S:Ag35-N:Ag35 0.67 0.96 1 1 

N:Ag65-N:Ag35 0.87 0.5 8.43E-02 0.14 

S:Ag65-N:Ag35 0.94 0.68 0.56 8.13E-02 

N:Ag65-S:Ag35 0.98 0.28 6.83E-02 0.14 

S:Ag65-S:Ag35 0.94 0.42 0.48 8.13E-02 

S:Ag65-N:Ag65 1 0.99 0.48 0.98 

P. aeruginosa CZOI Day 5 Day 6 Day 7 

S:Ag35-N:Ag35 1 1 1 

N:Ag65-N:Ag35 0.8 3.96E-05 0.53 

S:Ag65-N:Ag35 0.12 0.75 1 

N:Ag65-S:Ag35 0.8 3.96E-05 0.53 

S:Ag65-S:Ag35 0.12 0.75 1 

S:Ag65-N:Ag65 0.39 8.60E-05 0.53 

 S. aureus CZOI Day 1 Day 2 Day 3 Day 4 

S:Ag35-N:Ag35 0.98 0.72 1 0.92 

N:Ag65-N:Ag35 0.72 0.99 0.52 0.43 

S:Ag65-N:Ag35 0.82 0.84 0.65 0.99 

N:Ag65-S:Ag35 0.5 0.84 0.65 0.19 

S:Ag65-S:Ag35 0.61 0.3 0.77 0.99 

S:Ag65-N:Ag65 1 0.72 1 0.29 

 S. aureus CZOI Day 5 Day 6 Day 7 

S:Ag35-N:Ag35 1 0.81 0.72 

N:Ag65-N:Ag35 1.82E-04 3.59E-04 3.53E-05 

S:Ag65-N:Ag35 1.92E-02 0.49 0.72 

N:Ag65-S:Ag35 1.82E-04 1.60E-04 1.67E-05 

S:Ag65-S:Ag35 1.92E-02 0.16 1 

S:Ag65-N:Ag65 1.25E-02 1.63E-03 1.67E-05 
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Tukey9s Post-Hoc Test p-values from Chapter 7 

Test 1: Low, Mid, and High Viscosity. 1, 2, 4, 8, 24, 48, and 72 hour time points. 5, 10, and 20 rpm shear 
rates. Before and After test. 

  

Silver 

release 

 Silver 

release 

fortyeight:High-eight:High 1 seventytwo:Mid-fortyeight:High 1 

four:High-eight:High 0.99 twentyfour:Mid-fortyeight:High 1 

one:High-eight:High 7.05E-11 two:Mid-fortyeight:High 3.37E-09 

seventytwo:High-eight:High 1 one:High-four:High 7.50E-09 

twentyfour:High-eight:High 1 seventytwo:High-four:High 0.98 

two:High-eight:High 9.41E-06 twentyfour:High-four:High 1 

eight:Low-eight:High 1 two:High-four:High 1.34E-03 

fortyeight:Low-eight:High 0.96 eight:Low-four:High 0.91 

four:Low-eight:High 0.77 fortyeight:Low-four:High 0.15 

one:Low-eight:High 1.36E-10 four:Low-four:High 1 

seventytwo:Low-eight:High 1 one:Low-four:High 1.52E-08 

twentyfour:Low-eight:High 1 seventytwo:Low-four:High 0.84 

two:Low-eight:High 1.03E-06 twentyfour:Low-four:High 1 

eight:Mid-eight:High 1 two:Low-four:High 1.56E-04 

fortyeight:Mid-eight:High 1 eight:Mid-four:High 0.71 

four:Mid-eight:High 7.96E-02 fortyeight:Mid-four:High 0.99 

one:Mid-eight:High 1.62E-12 four:Mid-four:High 0.87 

seventytwo:Mid-eight:High 1 one:Mid-four:High 4.06E-11 

twentyfour:Mid-eight:High 1 seventytwo:Mid-four:High 1 

two:Mid-eight:High 7.50E-09 twentyfour:Mid-four:High 0.99 

four:High-fortyeight:High 0.96 two:Mid-four:High 1.04E-06 

one:High-fortyeight:High 3.39E-11 seventytwo:High-one:High 5.34E-11 

seventytwo:High-fortyeight:High 1 twentyfour:High-one:High 2.41E-10 

twentyfour:High-fortyeight:High 1 two:High-one:High 5.35E-02 

two:High-fortyeight:High 4.06E-06 eight:Low-one:High 2.17E-11 

eight:Low-fortyeight:High 1 fortyeight:Low-one:High 1.57E-12 

fortyeight:Low-fortyeight:High 0.99 four:Low-one:High 7.01E-08 

four:Low-fortyeight:High 0.60 one:Low-one:High 1 

one:Low-fortyeight:High 6.43E-11 seventytwo:Low-one:High 1.41E-11 

seventytwo:Low-fortyeight:High 1 twentyfour:Low-one:High 1.24E-10 

twentyfour:Low-fortyeight:High 1 two:Low-one:High 0.25 

two:Low-fortyeight:High 4.47E-07 seventytwo:Mid-fortyeight:High 1 

eight:Mid-fortyeight:High 1 twentyfour:Mid-fortyeight:High 1 

fortyeight:Mid-fortyeight:High 1 two:Mid-fortyeight:High 3.37E-09 

four:Mid-fortyeight:High 4.18E-02 one:High-four:High 7.50E-09 

one:Mid-fortyeight:High 1.35E-12 seventytwo:High-four:High 0.98 

eight:Mid-one:High 7.95E-12 four:Low-two:High 1.12E-02 

fortyeight:Mid-one:High 7.05E-11 one:Low-two:High 9.28E-02 
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Silver 

release 

 Silver 

release 

four:Mid-one:High 5.56E-06 seventytwo:Low-two:High 1.42E-06 

one:Mid-one:High 0.97 twentyfour:Low-two:High 1.77E-05 

seventytwo:Mid-one:High 2.19E-10 two:Low-two:High 1 

twentyfour:Mid-one:High 8.50E-11 eight:Mid-two:High 6.85E-07 

two:Mid-one:High 0.99 fortyeight:Mid-two:High 9.41E-06 
twentyfour:High-
seventytwo:High 1 four:Mid-two:High 0.29 

two:High-seventytwo:High 6.86E-06 one:Mid-two:High 3.25E-04 

eight:Low-seventytwo:High 1 seventytwo:Mid-two:High 3.31E-05 

fortyeight:Low-seventytwo:High 0.98 twentyfour:Mid-two:High 1.16E-05 

four:Low-seventytwo:High 0.71 two:Mid-two:High 0.79 

one:Low-seventytwo:High 1.03E-10 fortyeight:Low-eight:Low 1 
seventytwo:Low-
seventytwo:High 1 four:Low-eight:Low 0.49 

twentyfour:Low-seventytwo:High 1 one:Low-eight:Low 4.06E-11 

two:Low-seventytwo:High 7.52E-07 seventytwo:Low-eight:Low 1 

eight:Mid-seventytwo:High 1 twentyfour:Low-eight:Low 1 

fortyeight:Mid-seventytwo:High 1 two:Low-eight:Low 2.66E-07 

four:Mid-seventytwo:High 6.29E-02 eight:Mid-eight:Low 1 

one:Mid-seventytwo:High 1.50E-12 fortyeight:Mid-eight:Low 1 

seventytwo:Mid-seventytwo:High 1 four:Mid-eight:Low 2.73E-02 

twentyfour:Mid-seventytwo:High 1 one:Mid-eight:Low 1.26E-12 

two:Mid-seventytwo:High 5.55E-09 seventytwo:Mid-eight:Low 1 

two:High-twentyfour:High 3.68E-05 twentyfour:Mid-eight:Low 1 

eight:Low-twentyfour:High 1 two:Mid-eight:Low 2.05E-09 

fortyeight:Low-twentyfour:High 0.80 four:Low-fortyeight:Low 2.73E-02 

four:Low-twentyfour:High 0.95 one:Low-fortyeight:Low 1.98E-12 

one:Low-twentyfour:High 4.73E-10 seventytwo:Low-fortyeight:Low 1 

seventytwo:Low-twentyfour:High 1 twentyfour:Low-fortyeight:Low 0.91 

twentyfour:Low-twentyfour:High 1 two:Low-fortyeight:Low 3.69E-09 

two:Low-twentyfour:High 4.02E-06 eight:Mid-fortyeight:Low 1 

eight:Mid-twentyfour:High 1 fortyeight:Mid-fortyeight:Low 0.96 

fortyeight:Mid-twentyfour:High 1 four:Mid-fortyeight:Low 4.90E-04 

four:Mid-twentyfour:High 0.20 one:Mid-fortyeight:Low 1.07E-12 

one:Mid-twentyfour:High 2.73E-12 seventytwo:Mid-fortyeight:Low 0.82 

seventytwo:Mid-twentyfour:High 1 twentyfour:Mid-fortyeight:Low 0.95 

twentyfour:Mid-twentyfour:High 1 two:Mid-fortyeight:Low 3.71E-11 

two:Mid-twentyfour:High 2.79E-08 one:Low-four:Low 1.44E-07 

eight:Low-two:High 2.40E-06 seventytwo:Low-four:Low 0.38 

fortyeight:Low-two:High 3.09E-08 twentyfour:Low-four:Low 0.87 

one:Mid-four:Low 3.21E-10 four:Mid-fortyeight:Mid 7.96E-02 

seventytwo:Mid-four:Low 0.94 one:Mid-fortyeight:Mid 1.62E-12 
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Silver 

release 

 Silver 

release 

twentyfour:Mid-four:Low 0.80 seventytwo:Mid-fortyeight:Mid 1 

two:Mid-four:Low 1.04E-05 twentyfour:Mid-fortyeight:Mid 1 

seventytwo:Low-one:Low 2.59E-11 two:Mid-fortyeight:Mid 7.50E-09 

twentyfour:Low-one:Low 2.41E-10 one:Mid-four:Mid 2.06E-08 

two:Low-one:Low 0.37 seventytwo:Mid-four:Mid 0.19 

eight:Mid-one:Low 1.41E-11 twentyfour:Mid-four:Mid 9.28E-02 

fortyeight:Mid-one:Low 1.36E-10 two:Mid-four:Mid 8.13E-04 

four:Mid-one:Low 1.16E-05 seventytwo:Mid-one:Mid 2.60E-12 

one:Mid-one:Low 0.91 twentyfour:Mid-one:Mid 1.72E-12 

seventytwo:Mid-one:Low 4.29E-10 two:Mid-one:Mid 0.17 

twentyfour:Mid-one:Low 1.64E-10 twentyfour:Mid-seventytwo:Mid 1 

two:Mid-one:Low 1 two:Mid-seventytwo:Mid 2.52E-08 

twentyfour:Low-seventytwo:Low 1 two:Mid-twentyfour:Mid 9.17E-09 

two:Low-seventytwo:Low 1.58E-07 twentyfour:Mid-eight:Mid 1.00E+00 

eight:Mid-seventytwo:Low 1 two:Mid-eight:Mid 6.32E-10 

fortyeight:Mid-seventytwo:Low 1   

four:Mid-seventytwo:Low 1.76E-02   

one:Mid-seventytwo:Low 1.19E-12   

seventytwo:Mid-seventytwo:Low 1   

twentyfour:Mid-seventytwo:Low 1   

two:Mid-seventytwo:Low 1.25E-09   

two:Low-twentyfour:Low 1.93E-06   

eight:Mid-twentyfour:Low 1   

fortyeight:Mid-twentyfour:Low 1   

four:Mid-twentyfour:Low 0.12   

one:Mid-twentyfour:Low 1.98E-12   

seventytwo:Mid-twentyfour:Low 1   

twentyfour:Mid-twentyfour:Low 1   

two:Mid-twentyfour:Low 1.37E-08   

eight:Mid-two:Low 7.69E-08   

fortyeight:Mid-two:Low 1.03E-06   

four:Mid-two:Low 6.75E-02   

one:Mid-two:Low 2.71E-03   

seventytwo:Mid-two:Low 3.62E-06   

twentyfour:Mid-two:Low 1.27E-06   

two:Mid-two:Low 0.99   

fortyeight:Mid-eight:Mid 1   

four:Mid-eight:Mid 9.28E-03   

one:Mid-eight:Mid 1.14E-12   

seventytwo:Mid-eight:Mid 1.00E+00   
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Viscosity at 

5 rpm 

Viscosity at 

10 rpm 

Viscosity at 

20rpm 

Before:High-After:High 1.89E-12 3.79E-12 6.76E-06 

After:Low-After:High 4.20E-04 4.57E-05 2.91E-02 

Before:Low-After:High 0.98 0.81 0.98 

After:Mid-After:High 6.17E-03 1.07E-03 0.18 

Before:Mid-After:High 2.33E-06 5.18E-07 2.75E-03 

After:Low-Before:High 5.27E-13 8.42E-13 1.90E-07 

Before:Low-Before:High 1.66E-12 3.02E-12 3.11E-06 

After:Mid-Before:High 7.60E-13 1.32E-12 5.15E-07 

Before:Mid-Before:High 5.25E-11 1.57E-09 7.79E-03 

Before:Low-After:Low 1.15E-03 2.42E-04 9.67E-02 

After:Mid-After:Low 0.54 0.28 0.86 

Before:Mid-After:Low 1.23E-08 1.87E-09 1.66E-05 

After:Mid-Before:Low 1.89E-02 7.87E-03 0.48 

Before:Mid-Before:Low 1.19E-06 1.72E-07 8.92E-04 

Before:Mid-After:Mid 4.02E-08 6.96E-09 6.71E-05 
 

  

Percentage 

viscosity 

reduction 

 

Percentage 

viscosity 

reduction 

20rpm:High-10rpm:High 0.22 10rpm:Mid-5rpm:High 0.22 

5rpm:High-10rpm:High 0.27 20rpm:Mid-5rpm:High 0.30 

10rpm:Low-10rpm:High 0.98 5rpm:Mid-5rpm:High 1 

20rpm:Low-10rpm:High 0.25 20rpm:Low-10rpm:Low 0.80 

5rpm:Low-10rpm:High 1 5rpm:Low-10rpm:Low 0.72 

10rpm:Mid-10rpm:High 0.89 10rpm:Mid-10rpm:Low 0.35 

20rpm:Mid-10rpm:High 1.00 20rpm:Mid-10rpm:Low 0.97 

5rpm:Mid-10rpm:High 0.30 5rpm:Mid-10rpm:Low 5.10E-02 

5rpm:High-20rpm:High 1.42E-03 5rpm:Low-20rpm:Low 7.17E-02 

10rpm:Low-20rpm:High 0.75 10rpm:Mid-20rpm:Low 1.94E-02 

20rpm:Low-20rpm:High 1 20rpm:Mid-20rpm:Low 0.23 

5rpm:Low-20rpm:High 6.02E-02 5rpm:Mid-20rpm:Low 1.97E-03 

10rpm:Mid-20rpm:High 1.61E-02 10rpm:Mid-5rpm:Low 1.00 

20rpm:Mid-20rpm:High 0.20 20rpm:Mid-5rpm:Low 1.00 

5rpm:Mid-20rpm:High 1.63E-03 5rpm:Mid-5rpm:Low 0.70 

10rpm:Low-5rpm:High 4.46E-02 20rpm:Mid-10rpm:Mid 0.92 

20rpm:Low-5rpm:High 1.71E-03 5rpm:Mid-10rpm:Mid 0.97 

5rpm:Low-5rpm:High 0.66 5rpm:Mid-20rpm:Mid 0.33 
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Test 2: Low, Mid, and High Viscosity. 1, 2, 4, 8, 24, 48, and 72 hour time points. 5, 10, and 20 rpm shear 
rates. Before and After test. 

 Silver release  

Silver 

release 

fortyeight:High-eight:High 1 seventytwo:Mid-fortyeight:High 1 

four:High-eight:High 0.99 twentyfour:Mid-fortyeight:High 1 

one:High-eight:High 7.05E-11 two:Mid-fortyeight:High 3.37E-09 

seventytwo:High-eight:High 1 one:High-four:High 7.50E-09 

twentyfour:High-eight:High 1 seventytwo:High-four:High 0.98 

two:High-eight:High 9.41E-06 twentyfour:High-four:High 1 

eight:Low-eight:High 1 two:High-four:High 1.34E-03 

fortyeight:Low-eight:High 0.96 eight:Low-four:High 0.91 

four:Low-eight:High 0.77 fortyeight:Low-four:High 0.15 

one:Low-eight:High 1.36E-10 four:Low-four:High 1 

seventytwo:Low-eight:High 1 one:Low-four:High 1.52E-08 

twentyfour:Low-eight:High 1 seventytwo:Low-four:High 0.84 

two:Low-eight:High 1.03E-06 twentyfour:Low-four:High 1 

eight:Mid-eight:High 1 two:Low-four:High 1.56E-04 

fortyeight:Mid-eight:High 1 eight:Mid-four:High 0.71 

four:Mid-eight:High 7.96E-02 fortyeight:Mid-four:High 0.99 

one:Mid-eight:High 1.62E-12 four:Mid-four:High 0.87 

seventytwo:Mid-eight:High 1 one:Mid-four:High 4.06E-11 

twentyfour:Mid-eight:High 1 seventytwo:Mid-four:High 1 

two:Mid-eight:High 7.50E-09 twentyfour:Mid-four:High 9.94E-01 

four:High-fortyeight:High 0.96 two:Mid-four:High 1.04E-06 

one:High-fortyeight:High 3.39E-11 seventytwo:High-one:High 5.34E-11 

seventytwo:High-fortyeight:High 1 twentyfour:High-one:High 2.41E-10 

twentyfour:High-fortyeight:High 1 two:High-one:High 5.35E-02 

two:High-fortyeight:High 4.06E-06 eight:Low-one:High 2.17E-11 

eight:Low-fortyeight:High 1 fortyeight:Low-one:High 1.57E-12 

fortyeight:Low-fortyeight:High 0.99 four:Low-one:High 7.01E-08 

four:Low-fortyeight:High 0.60 one:Low-one:High 1 

one:Low-fortyeight:High 6.43E-11 seventytwo:Low-one:High 1.41E-11 

seventytwo:Low-fortyeight:High 1 twentyfour:Low-one:High 1.24E-10 

twentyfour:Low-fortyeight:High 1 two:Low-one:High 0.25 

two:Low-fortyeight:High 4.47E-07 eight:Mid-one:High 7.95E-12 

eight:Mid-fortyeight:High 1 fortyeight:Mid-one:High 7.05E-11 

fortyeight:Mid-fortyeight:High 1 four:Mid-one:High 5.56E-06 

four:Mid-fortyeight:High 4.18E-02 one:Mid-one:High 0.97 

one:Mid-fortyeight:High 1.35E-12 seventytwo:Mid-one:High 2.19E-10 

twentyfour:Mid-one:High 8.50E-11 eight:Mid-two:High 6.85E-07 
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 Silver release  

Silver 

release 

two:Mid-one:High 0.99 fortyeight:Mid-two:High 9.41E-06 
twentyfour:High-
seventytwo:High 1 four:Mid-two:High 0.29 

two:High-seventytwo:High 6.86E-06 one:Mid-two:High 3.25E-04 

eight:Low-seventytwo:High 1 seventytwo:Mid-two:High 3.31E-05 

fortyeight:Low-seventytwo:High 0.98 twentyfour:Mid-two:High 1.16E-05 

four:Low-seventytwo:High 0.71 two:Mid-two:High 0.79 

one:Low-seventytwo:High 1.03E-10 fortyeight:Low-eight:Low 1 
seventytwo:Low-
seventytwo:High 1 four:Low-eight:Low 0.49 

twentyfour:Low-seventytwo:High 1 one:Low-eight:Low 4.06E-11 

two:Low-seventytwo:High 7.52E-07 seventytwo:Low-eight:Low 1 

eight:Mid-seventytwo:High 1 two:Low-eight:Low 2.66E-07 

fortyeight:Mid-seventytwo:High 1 eight:Mid-eight:Low 1 

four:Mid-seventytwo:High 6.29E-02 fortyeight:Mid-eight:Low 1 

one:Mid-seventytwo:High 1.50E-12 four:Mid-eight:Low 2.73E-02 

seventytwo:Mid-seventytwo:High 1 one:Mid-eight:Low 1.26E-12 

twentyfour:Mid-seventytwo:High 1 seventytwo:Mid-eight:Low 1 

two:Mid-seventytwo:High 5.55E-09 twentyfour:Mid-eight:Low 1 

two:High-twentyfour:High 3.68E-05 two:Mid-eight:Low 2.05E-09 

eight:Low-twentyfour:High 1.00E+00 four:Low-fortyeight:Low 2.73E-02 

fortyeight:Low-twentyfour:High 0.80 one:Low-fortyeight:Low 1.98E-12 

four:Low-twentyfour:High 0.95 seventytwo:Low-fortyeight:Low 1 

one:Low-twentyfour:High 4.73E-10 twentyfour:Low-fortyeight:Low 0.91 

seventytwo:Low-twentyfour:High 1 two:Low-fortyeight:Low 3.69E-09 

twentyfour:Low-twentyfour:High 1 eight:Mid-fortyeight:Low 1 

two:Low-twentyfour:High 4.02E-06 fortyeight:Mid-fortyeight:Low 0.96 

eight:Mid-twentyfour:High 1 four:Mid-fortyeight:Low 4.90E-04 

fortyeight:Mid-twentyfour:High 1 one:Mid-fortyeight:Low 1.07E-12 

four:Mid-twentyfour:High 0.20 seventytwo:Mid-fortyeight:Low 0.82 

one:Mid-twentyfour:High 2.73E-12 twentyfour:Mid-fortyeight:Low 0.95 

seventytwo:Mid-twentyfour:High 1 two:Mid-fortyeight:Low 3.71E-11 

twentyfour:Mid-twentyfour:High 1 one:Low-four:Low 1.44E-07 

two:Mid-twentyfour:High 2.79E-08 seventytwo:Low-four:Low 0.38 

eight:Low-two:High 2.40E-06 twentyfour:Low-four:Low 0.87 

fortyeight:Low-two:High 3.09E-08 two:Low-four:Low 1.47E-03 

four:Low-two:High 1.12E-02 eight:Mid-four:Low 0.26 

one:Low-two:High 9.28E-02 fortyeight:Mid-four:Low 0.77 

seventytwo:Low-two:High 1.42E-06 four:Mid-four:Low 1 

twentyfour:Low-two:High 1.77E-05 one:Mid-four:Low 3.21E-10 
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 Silver release  

Silver 

release 

two:Low-two:High 1 seventytwo:Mid-four:Low 0.94 

twentyfour:Mid-four:Low 0.80 twentyfour:Mid-eight:Mid 1 

two:Mid-four:Low 1.04E-05 two:Mid-eight:Mid 6.32E-10 

seventytwo:Low-one:Low 2.59E-11 four:Mid-fortyeight:Mid 7.96E-02 

twentyfour:Low-one:Low 2.41E-10 one:Mid-fortyeight:Mid 1.62E-12 

two:Low-one:Low 0.37 seventytwo:Mid-fortyeight:Mid 1 

eight:Mid-one:Low 1.41E-11 twentyfour:Mid-fortyeight:Mid 1 

fortyeight:Mid-one:Low 1.36E-10 two:Mid-fortyeight:Mid 7.50E-09 

four:Mid-one:Low 1.16E-05 one:Mid-four:Mid 2.06E-08 

one:Mid-one:Low 0.91 seventytwo:Mid-four:Mid 0.19 

seventytwo:Mid-one:Low 4.29E-10 twentyfour:Mid-four:Mid 9.28E-02 

twentyfour:Mid-one:Low 1.64E-10 two:Mid-four:Mid 8.13E-04 

two:Mid-one:Low 1 seventytwo:Mid-one:Mid 2.60E-12 

twentyfour:Low-seventytwo:Low 1 twentyfour:Mid-one:Mid 1.72E-12 

two:Low-seventytwo:Low 1.58E-07 two:Mid-one:Mid 0.17 

eight:Mid-seventytwo:Low 1 twentyfour:Mid-seventytwo:Mid 1 

fortyeight:Mid-seventytwo:Low 1 two:Mid-seventytwo:Mid 2.52E-08 

four:Mid-seventytwo:Low 1.76E-02 two:Mid-twentyfour:Mid 9.17E-09 

one:Mid-seventytwo:Low 1.19E-12 one:Mid-eight:Mid 1.14E-12 

seventytwo:Mid-seventytwo:Low 1 seventytwo:Mid-eight:Mid 1 

twentyfour:Mid-seventytwo:Low 1   

two:Mid-seventytwo:Low 1.25E-09   

two:Low-twentyfour:Low 1.93E-06   

eight:Mid-twentyfour:Low 1   

fortyeight:Mid-twentyfour:Low 1   

four:Mid-twentyfour:Low 0.12   

one:Mid-twentyfour:Low 1.98E-12   

seventytwo:Mid-twentyfour:Low 1   

twentyfour:Mid-twentyfour:Low 1   

two:Mid-twentyfour:Low 1.37E-08   

eight:Mid-two:Low 7.69E-08   

fortyeight:Mid-two:Low 1.03E-06   

four:Mid-two:Low 6.75E-02   

one:Mid-two:Low 2.71E-03   

seventytwo:Mid-two:Low 3.62E-06   

twentyfour:Mid-two:Low 1.27E-06   

two:Mid-two:Low 0.99   

fortyeight:Mid-eight:Mid 1   

four:Mid-eight:Mid 9.28E-03   
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Viscosity at 

5 rpm 

Viscosity at 

10 rpm 

Viscosity at 

20rpm 

Before:High-After:High 4.34E-08 5.37E-08 5.40E-08 

After:Low-After:High 4.65E-03 1.46E-03 6.28E-04 

Before:Low-After:High 0.46 0.25 0.15 

After:Mid-After:High 8.27E-02 5.15E-02 3.02E-02 

Before:Mid-After:High 0.13 0.23 0.30 

After:Low-Before:High 2.14E-09 1.65E-09 1.19E-09 

Before:Low-Before:High 1.19E-08 1.06E-08 8.63E-09 

After:Mid-Before:High 5.82E-09 5.79E-09 4.83E-09 

Before:Mid-Before:High 4.36E-07 4.07E-07 3.41E-07 

Before:Low-After:Low 0.11 6.94E-02 4.89E-02 

After:Mid-After:Low 0.54 0.32 0.23 

Before:Mid-After:Low 7.83E-05 4.85E-05 3.14E-05 

After:Mid-Before:Low 0.84 0.91 0.92 

Before:Mid-Before:Low 5.79E-03 4.88E-03 3.90E-03 

Before:Mid-After:Mid 8.97E-04 9.98E-04 8.41E-04 
 

 

Percentage 

viscosity 

reduction  

Percentage 

viscosity 

reduction 

20rpm:High-10rpm:High 0.99 10rpm:Mid-5rpm:High 7.90E-02 

5rpm:High-10rpm:High 0.95 20rpm:Mid-5rpm:High 7.80E-03 

10rpm:Low-10rpm:High 1 5rpm:Mid-5rpm:High 0.86 

20rpm:Low-10rpm:High 0.98 20rpm:Low-10rpm:Low 0.86 

5rpm:Low-10rpm:High 0.80 5rpm:Low-10rpm:Low 0.96 

10rpm:Mid-10rpm:High 0.50 10rpm:Mid-10rpm:Low 0.27 

20rpm:Mid-10rpm:High 8.13E-02 20rpm:Mid-10rpm:Low 3.37E-02 

5rpm:Mid-10rpm:High 1 5rpm:Mid-10rpm:Low 1 

5rpm:High-20rpm:High 0.51 5rpm:Low-20rpm:Low 0.25 

10rpm:Low-20rpm:High 0.90 10rpm:Mid-20rpm:Low 0.97 

20rpm:Low-20rpm:High 1 20rpm:Mid-20rpm:Low 0.42 

5rpm:Low-20rpm:High 0.29 5rpm:Mid-20rpm:Low 1 

10rpm:Mid-20rpm:High 0.95 10rpm:Mid-5rpm:Low 3.48E-02 

20rpm:Mid-20rpm:High 0.37 20rpm:Mid-5rpm:Low 3.25E-03 

5rpm:Mid-20rpm:High 1.00 5rpm:Mid-5rpm:Low 0.64 

10rpm:Low-5rpm:High 1.00 20rpm:Mid-10rpm:Mid 0.96 

20rpm:Low-5rpm:High 0.46 5rpm:Mid-10rpm:Mid 0.68 

5rpm:Low-5rpm:High 1 5rpm:Mid-20rpm:Mid 0.14 
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Test 3: Low and High pH. 1, 2, 4, 8, 24, 48, and 72 hour time points. 5, 10, and 20 rpm shear rates. 

 

Silver 

release  

Silver 

release 

fortyeight:High-eight:High 0.78 two:Low-four:High 5.58E-03 

four:High-eight:High 0.99 seventytwo:High-one:High 5.11E-10 

one:High-eight:High 8.46E-07 twentyfour:High-one:High 6.89E-08 

seventytwo:High-eight:High 0.11 two:High-one:High 0.26 

twentyfour:High-eight:High 1 eight:Low-one:High 2.50E-06 

two:High-eight:High 1.23E-03 fortyeight:Low-one:High 1.59E-08 

eight:Low-eight:High 1 four:Low-one:High 9.84E-05 

fortyeight:Low-eight:High 0.90 one:Low-one:High 1 

four:Low-eight:High 0.82 seventytwo:Low-one:High 6.04E-09 

one:Low-eight:High 1.19E-07 twentyfour:Low-one:High 1.19E-07 

seventytwo:Low-eight:High 0.67 two:Low-one:High 0.62 

twentyfour:Low-eight:High 1 twentyfour:High-seventytwo:High 0.60 

two:Low-eight:High 2.47E-04 two:High-seventytwo:High 2.73E-07 

four:High-fortyeight:High 0.14 eight:Low-seventytwo:High 4.11E-02 

one:High-fortyeight:High 8.88E-09 fortyeight:Low-seventytwo:High 0.93 

seventytwo:High-fortyeight:High 0.98 four:Low-seventytwo:High 1.14E-03 

twentyfour:High-fortyeight:High 1 one:Low-seventytwo:High 1.00E-10 

two:High-fortyeight:High 7.55E-06 seventytwo:Low-seventytwo:High 0.99 

eight:Low-fortyeight:High 0.50 twentyfour:Low-seventytwo:High 0.45 

fortyeight:Low-fortyeight:High 1 two:Low-seventytwo:High 6.44E-08 

four:Low-fortyeight:High 3.35E-02 two:High-twentyfour:High 7.83E-05 

one:Low-fortyeight:High 1.52E-09 eight:Low-twentyfour:High 0.96 

seventytwo:Low-fortyeight:High 1 fortyeight:Low-twentyfour:High 1 

twentyfour:Low-fortyeight:High 1 four:Low-twentyfour:High 0.22 

two:Low-fortyeight:High 1.62E-06 one:Low-twentyfour:High 1.08E-08 

one:High-four:High 1.72E-05 seventytwo:Low-twentyfour:High 1 

seventytwo:High-four:High 6.47E-03 twentyfour:Low-twentyfour:High 1 

twentyfour:High-four:High 0.60 two:Low-twentyfour:High 1.59E-05 

two:High-four:High 2.54E-02 eight:Low-two:High 3.84E-03 

eight:Low-four:High 1 fortyeight:Low-two:High 1.48E-05 

fortyeight:Low-four:High 0.24 four:Low-two:High 0.11 

one:Low-two:High 5.02E-02 seventytwo:Low-fortyeight:Low 1 

seventytwo:Low-two:High 4.84E-06 twentyfour:Low-fortyeight:Low 1 

two:Low-four:High 5.58E-03 two:Low-fortyeight:Low 3.12E-06 

seventytwo:High-one:High 5.11E-10 one:Low-four:Low 1.18E-05 

twentyfour:Low-two:High 1.44E-04 seventytwo:Low-four:Low 2.21E-02 

two:Low-two:High 1 twentyfour:Low-four:Low 0.33 

fortyeight:Low-eight:Low 0.67 two:Low-four:Low 2.92E-02 
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Silver 

release  

Silver 

release 

four:Low-eight:Low 0.97 seventytwo:Low-one:Low 1.05E-09 

one:Low-eight:Low 3.37E-07 twentyfour:Low-one:Low 1.82E-08 

seventytwo:Low-eight:Low 0.40 two:Low-one:Low 0.18 

twentyfour:Low-eight:Low 0.99 twentyfour:Low-seventytwo:Low 0.98 

two:Low-eight:Low 7.80E-04 two:Low-seventytwo:Low 1.05E-06 

four:Low-fortyeight:Low 6.11E-02 two:Low-twentyfour:Low 2.91E-05 

one:Low-fortyeight:Low 2.66E-09   

  

Viscosity 

After 

Test 

Percent 
viscosity 

Reduction 

20rpm:High-10rpm:High 2.94E-04 0.34 

5rpm:High-10rpm:High 3.71E-06 0.37 

10rpm:Low-10rpm:High 0.10 3.99E-08 

20rpm:Low-10rpm:High 2.90E-06 1.67E-06 

5rpm:Low-10rpm:High 0.23 1.70E-09 

5rpm:High-20rpm:High 1.82E-11 4.12E-03 

10rpm:Low-20rpm:High 0.22 2.82E-10 

20rpm:Low-20rpm:High 0.56 8.22E-09 

5rpm:Low-20rpm:High 5.46E-07 1.68E-11 

10rpm:Low-5rpm:High 3.38E-09 7.88E-06 

20rpm:Low-5rpm:High 6.66E-13 4.07E-04 

5rpm:Low-5rpm:High 2.06E-03 2.49E-07 

20rpm:Low-10rpm:Low 4.95E-03 0.71 

5rpm:Low-10rpm:Low 3.04E-04 0.79 

5rpm:Low-20rpm:Low 7.53E-09 0.10 
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Test 4: Low, Mid, and High pH. 1, 2, 4, 8, 24, 48, and 72 hour time points. 5, 10, and 20 rpm shear rates. 
Before and After test. 

 

Silver 

release  

Silver 

release 

fortyeight:High-eight:High 1 twentyfour:Mid-fortyeight:High 1 

four:High-eight:High 0.18 two:Mid-fortyeight:High 2.60E-08 

one:High-eight:High 5.25E-08 one:High-four:High 1.78E-03 

seventytwo:High-eight:High 1 seventytwo:High-four:High 2.77E-02 

twentyfour:High-eight:High 1 twentyfour:High-four:High 0.23 

two:High-eight:High 3.51E-04 two:High-four:High 0.78 

eight:Low-eight:High 1 eight:Low-four:High 0.23 

fortyeight:Low-eight:High 1 fortyeight:Low-four:High 6.86E-02 

four:Low-eight:High 1.06E-03 four:Low-four:High 0.93 

one:Low-eight:High 9.48E-08 one:Low-four:High 3.13E-03 

seventytwo:Low-eight:High 1 seventytwo:Low-four:High 7.18E-02 

twentyfour:Low-eight:High 1 twentyfour:Low-four:High 3.91E-02 

two:Low-eight:High 2.13E-06 two:Low-four:High 4.73E-02 

eight:Mid-eight:High 1 eight:Mid-four:High 0.54 

fortyeight:Mid-eight:High 0.98 fortyeight:Mid-four:High 2.23E-03 

four:Mid-eight:High 1.43E-02 four:Mid-four:High 1 

one:Mid-eight:High 3.73E-07 one:Mid-four:High 1.10E-02 

seventytwo:Mid-eight:High 0.99 seventytwo:Mid-four:High 3.91E-03 

twentyfour:Mid-eight:High 0.95 twentyfour:Mid-four:High 1.26E-03 

two:Mid-eight:High 7.21E-07 two:Mid-four:High 1.95E-02 

four:High-fortyeight:High 1.36E-02 seventytwo:High-one:High 4.55E-09 

one:High-fortyeight:High 2.05E-09 twentyfour:High-one:High 7.48E-08 

seventytwo:High-fortyeight:High 1 two:High-one:High 0.45 

twentyfour:High-fortyeight:High 1 eight:Low-one:High 7.48E-08 

two:High-fortyeight:High 1.23E-05 fortyeight:Low-one:High 1.37E-08 

eight:Low-fortyeight:High 1 four:Low-one:High 0.25 

fortyeight:Low-fortyeight:High 1 one:Low-one:High 1 

four:Low-fortyeight:High 3.86E-05 seventytwo:Low-one:High 1.45E-08 

one:Low-fortyeight:High 3.62E-09 twentyfour:Low-one:High 6.82E-09 

seventytwo:Low-fortyeight:High 1 two:Low-one:High 1 

twentyfour:Low-fortyeight:High 1 eight:Mid-one:High 4.20E-07 

two:Low-fortyeight:High 7.48E-08 fortyeight:Mid-one:High 3.21E-10 

eight:Mid-fortyeight:High 0.98 four:Mid-one:High 3.38E-02 

fortyeight:Mid-fortyeight:High 1 one:Mid-one:High 1 

four:Mid-fortyeight:High 6.30E-04 seventytwo:Mid-one:High 5.59E-10 

one:Mid-fortyeight:High 1.37E-08 twentyfour:Mid-one:High 1.85E-10 

seventytwo:Mid-fortyeight:High 1 two:Mid-one:High 1 
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Silver 

release  

Silver 

release 

twentyfour:High-seventytwo:High 1 four:Mid-two:High 1 

two:High-seventytwo:High 2.85E-05 one:Mid-two:High 0.85 

eight:Low-seventytwo:High 1 seventytwo:Mid-two:High 3.06E-06 

fortyeight:Low-seventytwo:High 1 twentyfour:Mid-two:High 9.16E-07 

four:Low-seventytwo:High 8.94E-05 two:Mid-two:High 0.93 

one:Low-seventytwo:High 8.11E-09 fortyeight:Low-eight:Low 1 

seventytwo:Low-seventytwo:High 1 four:Low-eight:Low 1.50E-03 

twentyfour:Low-seventytwo:High 1 one:Low-eight:Low 1.35E-07 

two:Low-seventytwo:High 1.72E-07 seventytwo:Low-eight:Low 1 

eight:Mid-seventytwo:High 1 twentyfour:Low-eight:Low 1 

fortyeight:Mid-seventytwo:High 1 two:Low-eight:Low 3.06E-06 

four:Mid-seventytwo:High 1.42E-03 eight:Mid-eight:Low 1 

one:Mid-seventytwo:High 3.09E-08 fortyeight:Mid-eight:Low 0.96 

seventytwo:Mid-seventytwo:High 1 four:Mid-eight:Low 1.95E-02 

twentyfour:Mid-seventytwo:High 1 one:Mid-eight:Low 5.34E-07 

two:Mid-seventytwo:High 5.91E-08 seventytwo:Mid-eight:Low 0.99 

two:High-twentyfour:High 4.99E-04 twentyfour:Mid-eight:Low 0.92 

eight:Low-twentyfour:High 1 two:Mid-eight:Low 1.03E-06 

fortyeight:Low-twentyfour:High 1 four:Low-fortyeight:Low 2.77E-04 

four:Low-twentyfour:High 1.50E-03 one:Low-fortyeight:Low 2.45E-08 

one:Low-twentyfour:High 1.35E-07 seventytwo:Low-fortyeight:Low 1 

seventytwo:Low-twentyfour:High 1 twentyfour:Low-fortyeight:Low 1 

twentyfour:Low-twentyfour:High 1 two:Low-fortyeight:Low 5.34E-07 

two:Low-twentyfour:High 3.06E-06 eight:Mid-fortyeight:Low 1 

eight:Mid-twentyfour:High 1 fortyeight:Mid-fortyeight:Low 1 

fortyeight:Mid-twentyfour:High 0.96 four:Mid-fortyeight:Low 4.14E-03 

four:Mid-twentyfour:High 1.95E-02 one:Mid-fortyeight:Low 9.48E-08 

one:Mid-twentyfour:High 5.34E-07 seventytwo:Mid-fortyeight:Low 1 

seventytwo:Mid-twentyfour:High 0.99 twentyfour:Mid-fortyeight:Low 1 

twentyfour:Mid-twentyfour:High 0.92 two:Mid-fortyeight:Low 1.82E-07 

two:Mid-twentyfour:High 1.03E-06 one:Low-four:Low 0.35 

eight:Low-two:High 4.99E-04 seventytwo:Low-four:Low 2.94E-04 

fortyeight:Low-two:High 8.94E-05 twentyfour:Low-four:Low 1.36E-04 

four:Low-two:High 1 two:Low-four:Low 0.92 

one:Low-two:High 0.58 eight:Mid-four:Low 7.55E-03 

seventytwo:Low-two:High 9.49E-05 fortyeight:Mid-four:Low 5.26E-06 

twentyfour:Low-two:High 4.35E-05 four:Mid-four:Low 1 

two:Low-two:High 0.99 one:Mid-four:Low 0.63 

eight:Mid-two:High 2.65E-03 seventytwo:Mid-four:Low 9.63E-06 

fortyeight:Mid-two:High 1.67E-06 twentyfour:Mid-four:Low 2.88E-06 
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Silver 

release  

Silver 

release 

two:Mid-four:Low 0.76 one:Mid-two:Low 1 

seventytwo:Low-one:Low 2.60E-08 seventytwo:Mid-two:Low 1.94E-08 

twentyfour:Low-one:Low 1.22E-08 twentyfour:Mid-two:Low 6.07E-09 

two:Low-one:Low 1 two:Mid-two:Low 1 

eight:Mid-one:Low 7.65E-07 fortyeight:Mid-eight:Mid 0.74 

fortyeight:Mid-one:Low 5.59E-10 four:Mid-eight:Mid 7.86E-02 

four:Mid-one:Low 5.45E-02 one:Mid-eight:Mid 3.06E-06 

one:Mid-one:Low 1 seventytwo:Mid-eight:Mid 0.85 

seventytwo:Mid-one:Low 9.80E-10 twentyfour:Mid-eight:Mid 0.62 

twentyfour:Mid-one:Low 3.21E-10 two:Mid-eight:Mid 5.94E-06 

two:Mid-one:Low 1 four:Mid-fortyeight:Mid 8.94E-05 

twentyfour:Low-seventytwo:Low 1 one:Mid-fortyeight:Mid 2.05E-09 

two:Low-seventytwo:Low 5.67E-07 seventytwo:Mid-fortyeight:Mid 1 

eight:Mid-seventytwo:Low 1 twentyfour:Mid-fortyeight:Mid 1 

fortyeight:Mid-seventytwo:Low 1 two:Mid-fortyeight:Mid 3.83E-09 

four:Mid-seventytwo:Low 4.37E-03 one:Mid-four:Mid 0.15 

one:Mid-seventytwo:Low 1.01E-07 seventytwo:Mid-four:Mid 1.62E-04 

seventytwo:Mid-seventytwo:Low 1 twentyfour:Mid-four:Mid 4.91E-05 

twentyfour:Mid-seventytwo:Low 1 two:Mid-four:Mid 0.23 

two:Mid-seventytwo:Low 1.93E-07 seventytwo:Mid-one:Mid 3.62E-09 

two:Low-twentyfour:Low 2.60E-07 twentyfour:Mid-one:Mid 1.16E-09 

eight:Mid-twentyfour:Low 1 two:Mid-one:Mid 1 

fortyeight:Mid-twentyfour:Low 1 twentyfour:Mid-seventytwo:Mid 1 

four:Mid-twentyfour:Low 2.11E-03 two:Mid-seventytwo:Mid 6.82E-09 

one:Mid-twentyfour:Low 4.67E-08 two:Mid-twentyfour:Mid 2.17E-09 

seventytwo:Mid-twentyfour:Low 1   

twentyfour:Mid-twentyfour:Low 1   

two:Mid-twentyfour:Low 8.93E-08   

eight:Mid-two:Low 1.76E-05   

fortyeight:Mid-two:Low 1.08E-08   

four:Mid-two:Low 0.41   
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MEDSTAR HEALTH RESEARCH INSTITUTE 

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE (IACUC) PROTOCOL 

 
 Initial   Amendment 

 

If this is a Renewal (new application after end of 3rd year) please list old protocol number(s):         
(*Approval for protocols is granted for 3 years.  And all protocols will undergo an annual review. After 3 years, the protocol 

must to be resubmitted on a new form) 
 

MHRI IACUC Protocol # 2023-019 

Protocol Title: Treatment of Abdominal Surgical Adhesions in Pigs with Nanocrystalline Silver 

Gels. 
 

Principal Investigator (PI): Jeffrey W. Shupp, M.D. 

Inst./Dept./Sect.: MWHC/Surgery/Trauma/Burns 

Address:  110 Irving St NW, Suite 3B55, Washington, DC 20010 

Office phone:       202-877-7347 Email:       jeffrey.w.shupp@medstar.net 
 

Co- investigator (Co-I): (If applicable) Lauren T. Moffatt, Ph.D. 

Address:  108 Irving St NW, Rm 304, Washington, DC 20010 

Office phone:       202-877-2064 E mail: lauren.t.moffatt@medstar.net 
 

Emergency Contact Information:  

Name Office number After hours/emergency number 

Lauren Moffatt, Ph.D. 202-877-2064 202-674-8497 

Jeffrey W. Shupp, M.D. 202-877-7347 202-801-7774 (pager) 
 

Study Type (Check all that apply):  Drug        Device  Training Breeding   

              Procedure   Pilot  Other: Specify        
 

Hazard Use (x-rays, radioisotopes, biohazards, etc.) 

 Biological Hazard (Bio-safety Approval required)   

             ABSL1  ABSL2 
 Radiation Hazard (Radiation Safety Approval required) 

 Other hazardous material(s) (specify):      

              10% Neutral Buffered Formalin 
  None 

 

Signature and Date - Principal Investigator (PI): 

 

 

 

 

 

 

 

 

Signature and Date Co-Investigator (Co-I): 

  

 

 

Name (typed/printed): Jeffrey W. Shupp, MD 
Date:   

Name (typed/printed): Lauren Moffatt, PhD 
Date:   

 

 

   

For IACUC USE ONLY 

CURRENT VERSION OF PROTOCOL:  

Date Received:    Radiation Safety approval date: 

Approval Date:    Bio-Safety Approval date: 

Expiration Date (3 Year):   Species: 

Amendment date(s):     Guide exceptions: Y   N 

1st Continuation approval date:                 2nd Continuation approval date: 
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Section I 

       A: Personnel Qualifications 
 

PI         Co-I      NAME: JEFFREY W. SHUPP, MD EMAIL: jeffrey.w.shupp@medstar.net 
Yes           No   Relevant AALAS training modules completed     

Briefly describe 
training plan or 
qualifications: 

Attending surgeon with experience in all relevant procedures and 10+ years of 
experience working with this species.  

Role on Protocol 

Overall responsibility for the study.  Ensure compliance and completion of the study 
surgical procedures and data collection.  Will complete surgical procedures and train 
less senior personnel. 
 

YES         NO    Enrolled in the MedStar Health Occupational Health Program 

 
PI         Co-I      NAME: LAUREN T. MOFFATT, 

PHD 
EMAIL: lauren.t.moffatt@medstar.net 

Yes           No   Relevant AALAS training modules completed     

Briefly describe 
training plan or 
qualifications:   

Senior researcher with about 10 years of experience working with this species.  

Role on Protocol 
Project Manager.  Procedure coordination, setup and assistance, documentation and 
record keeping. Anesthesia monitoring during surgical procedure. 
 

YES         NO    Enrolled in the MedStar Health Occupational Health Program 

 
PI         Co-I      NAME: JIANQUI WU, MD EMAIL: JIANQIU.X.WU@MEDSTAR.NET 

Yes           No   Relevant AALAS training modules completed     
Briefly describe 
training plan or 
qualifications:  

Previous experience in surgical procedures, in particular swine, and monitoring and 
recovery in this species. International medical training and certification. 

Role on Protocol 
Study Support who can assist with study procedures under the direction of the surgeon, 
data collection, sample processing. Anesthesia monitoring during surgical procedure. 
 

YES         NO    Enrolled in the MedStar Health Occupational Health Program 
 

 
PI          Co-I        NAME: Bonnie Carney, PhD EMAIL: Bonnie.c.carney@medstar.net 
Yes           No   Relevant AALAS training modules completed     

Briefly describe 
training plan or 
qualifications:   

Several years of experience in working with porcine models, specifically in 

wound creation and healing, as well as models for shock.  Will be trained by Dr. 

Shupp on any aspects of surgical procedures that are specific to this model.  Dr. 

Carney is a Certified Surgical First Assistant (CSFA). 

Role on Protocol 
Prepare for and conduct all procedures commensurate with training, data and sample 
collection and processing, and anesthesia monitoring.  Teach less senior staff. 

YES         NO    Enrolled in the MedStar Health Occupational Health Program 
 
PI          Co-I        NAME: Eriks Ziedins, BS EMAIL: ERIKS.E.ZIEDINS@MEDSTAR.NET 
Yes           No   Relevant AALAS training modules completed     
Briefly describe 
training plan or 
qualifications:   

~6 months of experience on pig OR procedures in other IACUC protocols.   

Role on Protocol 
Assist with procedures under the direction of the surgeon, conduct monitoring, sample 
collection, sample processing, and sample analysis commensurate with training. 

YES         NO    Enrolled in the MedStar Health Occupational Health Program 
 
PI          Co-I        NAME: Cameron D9Orio, BS EMAIL: CAMERON.S.D9ORIO@MEDSTAR.NET 
Yes           No   Relevant AALAS training modules completed     
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Briefly describe 
training plan or 
qualifications:   

Previous experience (~3 months) on pig protocols in the OR.  Training 

completed on monitoring, sample and data collection. 

Role on Protocol 
Assist with procedures under the direction of the surgeon, conduct monitoring, sample 
collection, sample processing, and sample analysis commensurate with training. 

YES         NO    Enrolled in the MedStar Health Occupational Health Program 
 
PI          Co-I      NAME: Edward Kelly, MD EMAIL: Edward.j.kelly@MEDSTAR.NET 

Yes           No 
  

Relevant AALAS training modules completed     

Briefly describe 
training plan or 
qualifications:   

Surgical fellow.  ~2.5 years experience working with pigs and similar duration of 
proficiency in the listed procedures.  ~4 years of clinical experience working with 
human patients in an OR and clinic setting.  Will be trained by Dr. Shupp on 
surgical procedures specific to this model. 

Role on Protocol 
Perform all study related procedures commensurate with training, and assessments, teach 
less senior colleagues. 

YES         NO    Enrolled in the MedStar Health Occupational Health Program 
 
PI          Co-I      NAME: Taryn Travis MD EMAIL: Taryn.e.travis@MEDSTAR.NET 
Yes           No 

  
Relevant AALAS training modules completed     

Briefly describe 
training plan or 
qualifications:   

Attending burn surgeon and general surgeon.  ~7 years of experience working with 
pigs and the same duration of experience in similar models.  ~10 years working in 
an OR and clinic setting with burn and trauma patients. 

Role on Protocol Perform all study related procedures and assessments, teach less senior staff. 
YES         NO    Enrolled in the MedStar Health Occupational Health Program 
 
PI          Co-I      NAME: Shawn Tejiram MD EMAIL: Shawn.tejiram@MEDSTAR.NET 
Yes           No 

  
Relevant AALAS training modules completed     

Briefly describe 
training plan or 
qualifications:   

Attending general surgeon and burn surgeon.  About 5 years of experience 
conducting experiments with this species and ~8 years human clinical experience in 
OR and clinic settings with the same procedures. 

Role on Protocol Perform all study related procedures and assessments, teach less senior staff. 
YES         NO    Enrolled in the MedStar Health Occupational Health Program 
 
PI          Co-I      NAME: Arjun Kaushik, MS EMAIL: Arjun.kaushik@MEDSTAR.NET 

Yes           No 
  

Relevant AALAS training modules completed     

Briefly describe 
training plan or 
qualifications:   

Very minimal experience conducting experiments with this species, but familiar 
with small animal modeling and expert in laboratory bench work.  Has completed 
training on large animal monitoring, sample processing, and equipment.   

Role on Protocol 
Assist with procedures under the direction of the surgeon, conduct monitoring, sample 
collection, sample processing, and sample analysis commensurate with training. 

YES         NO    Enrolled in the MedStar Health Occupational Health Program 
 
PI          Co-I      NAME: Shane Mathew MD EMAIL: Shane.mathew@MEDSTAR.NET 
Yes           No 

  
Relevant AALAS training modules completed     

Briefly describe 
training plan or 
qualifications:   

Surgical resident.  Very minimal experience conducting experiments with this 
species but ~4 years human clinical experience in OR and clinic settings.  Will be 
trained by Dr. Shupp on this model and relevant procedures.  Has completed 
training on large animal monitoring, equipment, and some porcine surgical 
procedures to date. 

Role on Protocol Perform all study related procedures and assessments commensurate with training. 
YES         NO    Enrolled in the MedStar Health Occupational Health Program 
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PI          Co-I      NAME: Desiree Pinto MD EMAIL: Desiree.pinto@MEDSTAR.NET 
Yes           No 

  
Relevant AALAS training modules completed     

Briefly describe 
training plan or 
qualifications:   

Surgical resident.  No prior experience conducting experiments with this species but 
~4 years human clinical experience in OR and clinic settings. Will be trained by Dr. 
Shupp on this model and relevant procedures.  Has completed training on large 
animal monitoring, equipment, and some porcine surgical procedures to date. 

Role on Protocol Perform all study related procedures and assessments commensurate with training. 
YES         NO    Enrolled in the MedStar Health Occupational Health Program 
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          B: Lay Summary 
 

LAY SUMMARY: (Objectives and aims, a synopsis of experimental design and methods, and a description 

of the medical relevance and expected outcome in lay terms- In a high school 12th grade level of 

understanding)  

 
 

Adhesions are a common complication of surgical procedures and radiation treatments and 

cause painful symptoms, and can potentially require additional surgeries.  They occur when 

tissue damage leads to an inflammatory response which can form tissue connections (the 

adhesions) between surfaces in the abdomen.  Past research by other groups suggests that 

viscous solutions or gels are a promising method for preventing adhesions by preventing tissue 

contact and promoting healing by releasing therapeutic agents.  Hyaluronic acid and 

carboxymethylcellulose are biodegradable and non-toxic materials that have previously been 

used to make gels and other treatments to prevent adhesions. 

 

Nanocrystalline silver utilizes nanotechnology to release clusters of extremely small and highly 

reactive silver particles.  It has strong anti-inflammatory and antibacterial properties.  

Incorporating nanocrystalline silver into viscous polymer solutions to apply to the wound site 

may reduce the inflammatory reaction, and so prevent adhesions from forming.  Additionally it 

has been previously shown that nanocrystalline silver dressings have an anti-inflammatory 

effect even when applied nearby or adjacent to, but not directly on, the wound site.  Therefore 

the silver dressings will be applied externally with the hypothesis that inflammation will still be 

decreased in the abdominal cavity due to penetration of the product. 

 

Longer term, this study may provide the foundation for a preventive treatment of adhesions that 

could be used in many kinds of patients to prevent complications including additional surgeries. 

 

In this experiment, we will do a surgery to induce the formation of adhesions on Day 0.  

Animals will then be treated based on their experimental or control group assignment listed 

below, and recovered.  On Days 2 and 4, we will change their dressings and check their incision 

sites.  On Day 7, animals will come back to the OR for sample and data collection and 

euthanasia. 

Groups (each will have 5 animals in the group): 

1. Sham surgery, no adhesions to be formed [Shams, normal group] 

2. Adhesion induction protocol, but no treatment [no treatment controls] 

3. Treatment with Seprafilm [comparator/similar product group] 

4. Treatment with gel, no silver [vehicle only controls] 

5. Treatment with silver gel [treatment group 1] 

6. No internal treatment, but silver dressing placed over the abdomen after closure 

[treatment group 2] 

We will compare the extent of adhesion formation between groups to determine the 

effectiveness of the nanocrystalline gel for this purpose.   

In addition to the 30 animals in the 6 experimental groups, we will use up to 3 animals to 

optimize the method for adhesion induction, to be sure the adhesions are present and will be 

able to demonstrate a change based on intervention.  Two (2) additional animals may be used if 
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any experimental animals do not complete the time course or do not form adhesions as 

expected. 
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Section II: Detailed Information - Animal Requirements 
 

A. If more than one species is requested, specify the different species and provide 

information for each below. 

(1) Animal Species Requested: Porcine (Sus scrofa) 
 

(2) Strain/ Breed: Yorkshire (domestic cross, but cross cannot be with Duroc)                        
 

(3) Gender (check all that apply)  Male   Female   No Preference 
 

Please justify if only one gender is chosen* [NIH].  
 

(4) Age: N/A (commensurate with weight)  and/or Size: 35-45 kg (kg/lbs) 
 

(5) Source Requested (if any): MHRI-approved vendor 
 

(6) Total number of animals (each species) requested  
 

Number required to complete the study: 30 

Additional animals requested: 2 + 3 = 5 

Total number of animals requested for entire study (up to 3 years):   35 
 

Requested housing location:   GHRB Vivarium     Union Memorial Vivarium  

 Satellite Location (specify):  Burn Lab Other (Specify; will require IACUC approval) 
 

B. Humane Use Categories:  

Indicate the total number of animals for the proposed study in each category. 
 

Category B Category C Category D Category E Total:(B+C+D+E) 

  35  35 

 

Section III: Justification of Animal Use 

 

A.  Include background significance, study objectives, study endpoints and success 

criteria for the study. 

 

Background 

Adhesions are a common complication of surgical procedures and radiation treatments and cause 

painful symptoms, and can potentially require additional surgeries.  They occur when tissue 

damage leads to an inflammatory response which can form tissue connections (the adhesions) 

between surfaces in the abdomen.  Past research by other groups suggests that viscous solutions 

or gels are a promising method for preventing adhesions by preventing tissue contact and 

promoting healing by releasing therapeutic agents (PMID 37531241, 37344187).  Hyaluronic acid 

and carboxymethylcellulose are biodegradable and non-toxic polymers that have previously been 

used to make gels and other treatments to prevent adhesions (PMID 37531241, 37344187, 

37250473). 

 

Nanocrystalline silver has strong anti-inflammatory and antibacterial properties (PMID 

36646192, 26290672).  Incorporating nanocrystalline silver into viscous polymer solutions to 

apply to the wound site may reduce the inflammatory reaction, and so prevent adhesions from 

forming.  Additionally it has been previously shown that nanocrystalline silver dressings have an 

anti-inflammatory effect even when applied at a distance (not directly on) the wound site (PMID 
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20409150).  Therefore the silver dressings will be applied externally with the hypothesis that 

inflammation will still be decreased in the abdominal cavity. 

 

Longer term, this study may provide the foundation for a preventive treatment of adhesions that 

could be used in many kinds of patients to prevent complications including additional surgeries.  

 
  

Purpose / Objective: 
 

 

Study Objectives 

 The primary objective is to compare the extent of adhesion formation (grossly and 

histologically) between treatment and control groups to determine the effectiveness of the 

nanocrystalline gel for preventing adhesions. 

 Secondary assessments will include systemic measure of inflammatory response using 

blood samples and other histologic measures including inflammatory markers in local and 

distant tissue samples. 

 

Study Endpoint 

 Evaluation of the extent of adhesions at 7 days after treatments/surgeries.   

 Animals will be euthanized at Day 7 data and sample collection completion while under 

anesthesia.  

 

Thirty (30) animals will be needed to complete the experimental design. Two (2) animals are needed 

for the study to cover any unexpected occurrences that would result in an animal being excluded or 

not completing the full study. Three (3) animals are being requested for confirmation of adequacy 

of the surgical procedures to induce adhesions for the model.  A total of 35 animals are being 

requested for the study.  

 

 

B. What is the reason that live vertebrate animals are necessary for this project?   

(Check all that apply) 
 

X 
The complexity of the processes being studied cannot be replicated, duplicated, or modeled 
in simpler living systems, such as in plants, insects, or other invertebrates.  

X 
Existing in-vitro or non-living processes cannot produce the required results (e.g., cell 

culture for monoclonal antibody production, computer modeling of protein synthesis, etc) 

X Preclinical studies in living vertebrate animals are necessary prior to human testing 

 The animals will be used for teaching/ demonstration purposes  

 Other- please describe:  

 

C. Why is the proposed species the most appropriate for this study?   

Most porcine organ systems are most similar to humans and are utilized in this study for the 

following reasons: porcine organ tissue responds similarly to injury, following similar healing 

pathways and regeneration regimens; the porcine model, especially for tissue injury and 

inflammatory response to injury, is well characterized and is an accepted model for testing 

clinical therapies.  Examples of studies that demonstrate abdominal surgical adhesions as an 

outcome of importance in pigs include: PMIDs 33455390, 33400026, 24590429, 22261595, 

22906336, 23895276, 28594257.  Further, previous studies have utilized the currently 
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described or similar models to induce abdominal surgical adhesions in pigs, therefore we will 

replicate this approach: PMIDs 24785831, 35087960, 33331198, 23877767, 29030291. 

 

D. What was the method(s) used to determine how many animals are required for this 

study?  

 
Numbers were mandated by FDA or other 

government agency (e.g. GLP work) 

Which agency? 

 
Numbers were based on previous research 

or experiment by self or others  

Please reference the publication or protocol 

number:  

 

Numbers were calculated using a statistical 

formula and/or consultation with a 

statistician 

Please reference the name of the formula(S) 

and/or statistical resource: 

 

Numbers are based on expected 

trainee/student enrollment: reflects 

animal/student ratio required for effective 

teaching 

 

 

This is a breeding or holding protocol, and 

numbers represent the estimates of 

offspring that will be produced and/or 

animals that will otherwise need to be held 

while not on study 

 

X 

This is a pilot project which will be used to 

refine future experiments 

This number of animals, in this pilot 

study, is in keeping with gaining 

meaningful inference as to the feasibility 

of the direction of this research based on 

the PI9s past research. 

 

None of the above methods could be used 

to determine numbers, and the numbers 

requested represent the best estimates in the 

PI9s professional judgment. 

Please explain why none of the above 

methods could be used, and how the final 

numbers were determined: 

 

E. Does the proposed research/training duplicate any previous work?     Yes    No 
 
If yes, explain why it is necessary to duplicate the experiment or training activity. 

 

 

 

F. Describe the statistical methods to be used to analyze your data. 

 

Means and standard deviations of values from multiple experimental sites will be provided and 

compared using a Student9s T-test or ANOVA (when appropriate). A paired student9s T-test or 

repeated measures ANOVA (mixed model) may be used for certain variables as well. Categorical 

variables will be described by frequencies and percentages and Chi-square and Fisher exact tests 

as appropriate will be used to compare proportions of categorical variables. If the data are not 

normally distributed, non-parametric tests will be applied (ie, Kruskal Wallis). Statistical 

significance is defined as P<0.05. 
  

Section IV: Consideration of Alternatives to Painful Procedures 
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A. Will any of the proposed procedures cause more than momentary or slight pain or 

distress to the animals (ie, Categories D or E)?    

  

  [ ] Yes, please fill in table below   [   ] No 
 

 

Databases 

Searched 

Inclusive 

Dates 
Searched 

Date of the 

Search 

Keywords Used 

(must include names of painful 
or distressful procedures) 

Number of references 

retrieved 

Agricola 
All 

Available 
01AUG2023 

(1)Nanocrystalline silver 

adhesions, (2)surgical 

adhesion model alternative 

(1) 2 results; (2) 7 results 

PubMed All available 01AUG2023 

(1)Nanocrystalline silver 

adhesions, (2)surgical 

adhesion model alternative 

(1) 10 results; (2) Although 

187 papers resulted, no 

references were found for 

alternatives to this model. 

Ovid 

from 1946 

thru present 

available 

01AUG2023 

(1)Nanocrystalline silver 

adhesions, (2)surgical 

adhesion model alternative 

(1) Although 5,697 

references resulted, no 

references were found for 

alternatives to this model.  

(2) Although 4,295 

references resulted, no 

references were found for 

alternatives to this model.   
Results of the database search:   

    (  YES, alternatives were found      or     NO, alternatives were Not found) 
 

If yes, explain why those alternatives cannot be used in lieu of the proposed procedures that may cause more pain or distress: 

 

Section V: Study Design and Methods. 

 

A. Study Synopsis: Describe your experimental design.  Include flow charts, diagrams, 

or tables as necessary.  Ensure that the following information is included: 

 Experimental and control groups including numbers in each group 

 Study Time course (if applicable) and experimental endpoints 

 Biologic samples to be collected (if applicable) 

 Analyses to be performed including data analysis 
 

At least 30 animals will be required to achieve study objectives. Animals will have visual, 

olfactory, and auditory contact in the vivarium. The animals will be acclimated to the test 

facility housing for 5-7 days prior to surgery.  

 

Surgical Procedures 3 On Day 0, blood samples will be collected prior to surgery.  Then, 

animals will have adhesions induced surgically (except those in Group 1) by abrasion of the 

cecum and abdominal wall with dry sterile gauze.  Group 1 animals will undergo anesthesia, 

abdominal incision and access to tissues, but no abrasion.  After this procedure, animals will 

be treated as follows: 
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Groups (each will have 5 animals in the group): 

1. Sham surgery, no adhesions to be formed [Shams, normal group] 

2. Adhesion induction protocol, but no treatment [no treatment controls] 

3. Treatment with Seprafilm [comparator/similar product group] 

4. Treatment with gel, no silver [vehicle only controls] 

5. Treatment with silver gel [treatment group 1] 

6. No internal treatment, but silver dressing placed over the abdomen after closure 

[treatment group 2] 

Adhesion induction will occur initially in up to 3 animals with no further treatments to 

confirm the adequacy of the adhesions for study.  If these adhesions are found to be adequate 

and consistent, these 3 animals may be included in group 2 above.   

 

Animals will be recovered and monitored after surgery, and will have dressings changed and 

incision sites checked on Days 2 and 4.  These time points are clinically translatable to when 

a patient that underwent a laparotomy for abdominal surgery would need to have their 

dressings changed and incision sites examined. Previous studies in our porcine models have 

involved similar time points after an initial surgical procedure or injury in order to do 

dressing take downs and sample acquisitions, with no adverse impact to the animals. 

 

Animals will continue on study until Day 7 postop where they will be anesthetized, samples 

and data collected, and then euthanized. Target tissues will be collected for histopathological 

analyses.  Blood samples will also be collected for systemic response analyses. 

 
 

B. Procedural Details:  

If the study requires more than one surgical/ invasive procedure specify if the answers are 

applicable to all procedures or provide specific answers for each individual procedure clearly 

indicating which procedure it is for:   

 

Pre-operative procedures 

-Fasting, diet modifications, pre-medication, baseline sampling, eye ointment, anesthesia 

induction 

Intra-operative procedures 

-Anesthesia maintenance, surgical approach, anatomic locations, closing, etc.  Include 

information on sterility and prep: 

Post-operative procedures  

-Medications, analgesia, anesthesia recovery, short term (< 24 hrs) and long term (>24 hrs 

until animal fully recovered) 
 

The animals will be acclimated to the facility, monitored, and observed by MHRI animal facility 

staff approximately five or more days prior to the initial surgical procedure.  The MHRI animal 

facility staff will evaluate the animal twice daily on the weekdays and once per day on the 

weekends and holidays.  A pre-experimental inspection will be performed for the animal by the 

attending licensed veterinarian or veterinarian technician, during the acclimation period to assess 

the animal prior to use on the study.  

 

Prior to study treatment, final selection of the animal for the study will be based on the cageside and 

clinical observations, and pre-experimental inspection. If the animal is noted to have health 
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problems, it may be excluded from the study. If the animal has entered the study and contracts a 

condition or disease that might interfere with the purpose of the study, the Principal Investigator 

will discuss the case with the veterinarian and the Sponsor representative to determine the steps to 

take. 

 

PRE-OPERATIVE THERAPY 

The animal will be fasted a minimum of 12 hours prior to any scheduled surgical procedure and the 

time of fasting will be documented in the individual animal record.  The animal will have access to 

water ad libitum. 

 

ANESTHESIA PROCEDURE 

For all surgical procedures the animal will be anesthetized with a combination of ketamine (15 - 

40mg/kg IM), xylazine (1 - 5mg/kg IM), and glycopyrrolate (0.004-0.01 mg/kg, IM, SC, or IV). 

The glycopyrrolate can be administered as part of the cocktail mixture or separately as directed by 

the veterinarian. Alternatively, the animal will be anesthetized with a cocktail mixture of ketamine, 

15-40mg/kg, xylazine, 1-5mg/kg, and atropine, 0.05-0.5mg/kg, administered intramuscularly. An 

antibiotic, Ceftiofur, 3-5mg/kg, IM, SID, will be administered at the time of surgical preparation.    

 

An ophthalmic ointment will be applied to each of the animal9s eyes. The animals will be intubated 

and ventilated with oxygen and isoflurane, to effect, administered by inhalation, as necessary. 

Lidocaine ointment may be applied to the intubation tube as needed to facilitate placement. The hair 

from the abdominal region will be clipped and a cannula will be inserted into an ear vein for the 

administration of intravenous fluids during the surgical procedure. The animal will then be moved 

to the surgical suite, placed on a circulating warm air blanket on the surgical table to help maintain 

body temperature during the procedure, and connected to the anesthesia machine for maintenance 

of anesthesia with oxygen (2L/min), and isoflurane 0.5-5.0% (2L/min). The animal will be on a 

mechanical respirator during the entire procedure.  

 
The animal will be in Stage 3 Plane 2 level of anesthesia before surgery is undertaken. This stage is 
characterized by the loss of the palpebral (blink) reflex, the pupils become fixed in one position 
(usually central) and respiration is still regular with good use of the chest muscles and diaphragm. 
 
To monitor the depth of anesthesia the following reflexes will be monitored: 
1. Palpebral reflex 3 touching the eyelids causes blinking. The animal is lightly anesthetized if 

blinking is present. 

2. Toe pinch reflex - pinching the toe or foot web will cause a pain response. If the animal 

withdraws the toe, anesthesia is not deep enough.  

3. Corneal reflex- touching the cornea of the eye with a tuft of cotton results in a blink. Anesthesia 

is too deep if the corneal reflex is absent. 

Once the surgical procedure has begun and the animal is draped, vital signs monitoring will be used 

to monitor the depth of anesthesia. 

 

To stabilize the animal9s physiologic homeostasis while under anesthesia, the animal will be 

maintained on 0.9% Sodium Chloride, USP, intravenous drip at the rate of 10 3 20ml/kg/hr, and on 

the circulating warm air blanket.  

 

The survival surgical procedures will be performed using aseptic techniques. Surgical instruments 

will be packaged and sterilized in a steam autoclave. Surgeons will scrub and wear bonnet or cap, 

mask, scrubs, shoe covers and sterile gown and gloves. Additional personnel present will wear mask, 
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scrubs and don shoe covers. The skin at the incision area will be cleansed 3 times alternating with 

alcohol and/or chlorhexidine and the animal will be draped.  

 

ANESTHESIA MONITORING 

During each procedure, vital signs will be monitored and will include (per SOP): % concentration 

of isoflurane, heart rate, blood pressure, respiratory rate, O2 saturation, CO2 level, and body 

temperature. In some instances, some parameters may not be able to be recorded and in such 

situations a notation will be made on the anesthesia monitoring form. The animal will be monitored 

a minimum of every 17 minutes or sooner, if changes are noted.  

 

ADHESION INDUCTION AND TREATMENTS (DAY 0) 

 

Day 0 blood samples will be drawn while the animal is anesthetized via an acceptable route for the 

species such as the femoral, mammary, or saphenous veins.  A total of no more than 20 ml of 

blood (<3% of total blood volume for a 30kg pig) will be obtained.  If multiple sticks are required 

to fill all necessary tubes, or an alternative route/location is needed, attention will be paid to 

acceptable volumes per route (ie, no more than 5 ml will be drawn from the ear vein, etc.).  

 

A standard midline incision will be made into the abdominal cavity using a scalpel or bovie 

electrocautery at the discretion of the PI and board certified surgeon, Jeffrey Shupp MD.  The skin 

subcutaneous tissue, and fascia will be meticulously divided taking care to ensure adequate 

hemostasis.  Once the peritoneum is identified it will be bluntly entered with the surgeons finger 

as to not disrupt the abdominal viscera.  After sweeping the abdominal contents and ensure there 

are no adhesions the peritoneum will be incised caudally and cranially with the surgeons hand 

protecting the abdominal contents from injury.  After examination of the abdominal cavity, the 

experimental procedures will begin.  In the right lower quadrant the terminal ileum and cecum will 

be mobilized.  To create adhesions between the parietal and parenchymal peritoneum abrasion will 

be performed using a laparotomy pad or dry sterile gauze pad, except the <sham= procedure group 

(Group 1).   

 

After the abrasion procedure (meant to induce adhesions), treatment is applied for Groups 3, 4, 

and 5 internally directly to the surfaces abraded.  Group 2 and Group 6 will receive no internal 

treatment. 

 

The abdominal cavity will then be closed by approximating the fascia using 0 Vicryl sutures in an 

interrupted figure of 8 fashion.  Subcutaneous tissue will be approximated using 3-0 Vicryl 

interrupted sutures.  The skin will be approximated with surgical clips.   

 

Animals in Group 6 will have the incision and surrounding area covered by a nanocrystalline 

wound dressing.  The remaining animals will have their incisions dressed with sterile island 

dressings.  All dressings will be secured in place with sutures or staples.  All dressings and 

treatment materials (Seprafilm and nanocrystalline silver) are provided from the manufacturer in a 

sterile package. 

 

Animals will be recovered after the application of a Fentanyl Patch (25mcg/hour) placed and secured 

on a shaved portion of the skin.  Subsequently, a custom made neoprene vest may be secured around 

the animal to prevent dressings from coming off. 
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Animals will undergo a check of the sites, external dressing changes, and photography of the 

incisions 2 and 4 days post surgery while under anesthesia. 

 

Animals will continue on study Day 7 postop where they will be euthanized and target tissues will 

be collected for histopathological analyses.  

 

SURGERY COMPLETION 

The animals will be disconnected from isoflurane and ventilated with room air via a battery-

operated mechanical ventilator. The animal will be returned to their pen while connected to the 

ventilator and will remain connected to the ventilator until breathing on their own. Once 

breathing on their own, they will be disconnected from the ventilator, and extubated.  The 

animal will be monitored until it achieves a sternal position. Animal monitoring will be 

performed and documented and specifically, heart rate, respiration rate, O2 saturation, and 

body temperature will be recorded, as obtainable, a minimum of every 17 minutes.   

 

POST-OPERATIVE CARE 

During immediate post-operative recovery, the animal will be monitored by MHRI animal 

facility staff until conscious and physiologically stable.  Signs of pain or distress will be 

documented and reported to the project manager or PI who will consult with the veterinarian 

prior to any treatment. The animal will be observed closely during the immediate post-

operative period for excessive bleeding from the incision site which we will be able to see 

through dressings, cardiovascular or respiratory depression, hypothermia or other 

complications. During time points when dressings are down, if any observations of hematoma, 

extensive bruising/swelling occurs at incision sites post-procedure, the principal investigator, 

project manager and veterinarian will consultant regarding appropriate therapy.  

 

A one-time dose of Buprenex, 0.3mg, IM, and a Fentanyl Patch, 25mcg/hour (fentanyl content 

2.5mg) positioned and secured on a shaved portion of the forelimb, will be given immediately 

post-operative on Day 0. The Fentanyl patch is designed to release the Fentanyl over a 3-day 

period. Additional analgesics, approved by consultation of the veterinarian, may be 

administered, if required for the welfare of the animal.  A one-time dose of Buprenex, 0.3mg, 

IM, may be given post-operative on all other procedure days, without the additional of a 

fentanyl patch, unless there is a concern of pain or distress ongoing from the initial procedures 

or other possible complications.    
 

IN-LIFE STUDY ASSESSMENTS 

During the in-life period, animals will undergo checks of the incision sites with dressing changes 

on postop Days 2 and 4.   
 

Table: Drugs/dosages for independent phases of the study 
 

Drug Name Drug Type Reason Dose & Route 
Duration and/or 

Frequency 
Pre-Operative Medications and Anesthesia 

Ketamine Sedative Sedation and pain 15 to 20mg/kg, IM At induction to effect 

Xylazine Sedative 

Sedation, 

anesthesia, muscle 

relaxation & 

analgesia 

1 to 5 mg/kg, IM At induction to effect 

Atropine Anticholinergic Decrease secretions 0.05-0.5mg/kg, IM Single dose 
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Glycopyrrolate Anticholinergic Decrease secretions 
0.004-0.01 mg/kg, 

IM, SC, or IV 
Single dose 

Isoflurane 
Secondary 

Anesthetic 
Anesthesia To effect in O2 

If needed at induction 

to effect and to 

maintain anesthesia 

Lidocaine Anesthetic 
Anesthesia 

Induction 

2%, 20mg/mL, 

oral 

If needed at induction 

for placement of 

intubation tube 

Ceftiofur Antibiotic Reduce infection 3-5mg/kg, IM, SID 
Single dose for Day 0 

procedure only 

Intra-Operative Medications 

Isoflurane in 100% 

O2 

Halogenated 

Volatile 

Anesthetic 

1° General 

anesthetic 

0.5 to 5% or to 

effect, Inhalation 
Throughout procedure 

Post-Operative Medications 

Buprenorphine 
Opioid 

Analgesic 
Pain Management 0.3 mg, IM Once post-surgery  

Fentanyl Patch Analgesic Analgesia 
25 mcg/hr, 

Transdermal 
Once post-surgery 

Meloxicam 

Nonsteroidal 

Anti-

Inflammatory 

Drug (NSAID) 

Pain management 

0.4 mg/kg SQ once 

a day or oral dose 

0.2-0.4 mg/kg SID 

(24hrs) 

Single dose as needed 

upon consultation with 

veterinarian 

Terminal Procedures 

Fatal-PlusÒ C IIN 
Short Acting 

Barbiturate 
Euthanasia 85 - 150mg/kg, IV 

Single dose for 

termination 

KCL (4.2M 

Solution) 

Circulatory  

Collapse 
Euthanasia 

2.4 - 4.7mL/10kg, 

IV 

Single dose for 

termination 

 

VETERINARY INTERVENTION AND CARE  

In accordance with accepted veterinary practices, the animal may be administered concurrent 

therapy (such as additional analgesics, antibiotics or fluid therapy) as required to maintain general 

good health. Concurrent therapy will be administered according to the instructions of the 

Attending Veterinarian in concurrence with the Principal Investigator and/or Co-investigator. The 

identity, dose, route and frequency of administration will be documented in the study files. During 

the course of the study, unscheduled blood, body fluid, or tissues specimens may be collected for 

diagnostic purposes, at the request of the veterinarian. 

 

MORIBUNDITY 

The Principal Investigator and/or Co-investigator will be notified immediately (same day) of any 

animal found moribund.  Observations with respect to the animal9s condition upon discovery along 

with the time and date of discovery will be documented and communicated to the Project Manager.  

Euthanasia of moribund animals will be authorized by the Principal Investigator and/or Co-

investigator, with the concurrence of the attending veterinarian.  If possible, a terminal blood and 

tissue specimens will be collected before the animal is euthanized. The animal will be anesthetized 

with a one-time intramuscular injection of a mixture of ketamine, 15-25 mg/kg, xylazine, 3-5 mg/kg, 

and glycopyrrolate (0.004-0.01 mg/kg, IM, SC, or IV). The glycopyrrolate can be administered as 

part of the cocktail mixture or separately as directed by the veterinarian (see Table 5). Once 

anesthetized the animal will be euthanized with Fatal Plus (390 mg/ml pentobarbital sodium; 1% 

propylene glycol; 29% ethyl alcohol, 2% benzyl alcohol) given intravenously at a concentration of 

85 -150mg/kg.  The animal will be subjected to a gross necropsy and removal of the treated skin 

areas. 
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EARLY DEATH 

The Principal Investigator and/or Co-investigator will be notified immediately (same day) upon the 

discovery of an animal9s death and the following procedures will be completed as soon as possible 

after the discovery. An estimate of the time of death and a description of any abnormal physical 

findings will be made. 

1. Any early death animal will undergo a comprehensive necropsy.  

2. If any gross anatomic abnormalities are observed, a specimen will be taken, with attempt to 

harvest the lesion with normal margins and immersion fixed in 10% neutral buffered 

formalin for histological processing. 
 

TERMINAL ENDPOINT/FOLLOW-UP 

On the day of the scheduled endpoint, at 7 days postop, animal will be anesthetized.  A blood 

sample will be obtained prior to euthanasia and as described for the baseline sample collection of 

no more than 30 ml total, divided between sodium citrate, K2 EDTA, SST and PAXgene tubes.  

Animal will be euthanized.  Samples of the abdominal wall, cecum, and abrasion if visible will be 

collected. Each will be used for paraffin-embedding and sectioning for histological analysis (e.g., 

H&E). Tissues will be stained to determine cellularity, vascularization, and tissue morphology. 

Wright Giemsa will be used to stain inflammatory cells. Neutrophil, and macrophage phenotypes 

will be assessed by immunohistochemistry. Additionally, immunohistochemistry may be 

performed to assess cytokines IL-1³, tumor necrosis factor (TNF). Since healing involves the 

cooperation between several different cell types and the involvement of various growth factors, 

cytokines, and the extracellular matrix (ECM), we will interrogate the harvested tissue sections 

and compare the inflammatory cellular microenvironment.  

 

Necropsy Procedure  

A comprehensive necropsy, defined as an examination of the external surface of the body, orifices, 

and thoracic and abdominal cavities and contents, a gross visual assessment of the treatment 

region, heart, and other organs, excluding the nervous system, will be performed. Any 

abnormalities will be described completely and recorded. The disposition of the carcass will be per 

facility SOP. 

 

 

C. Invasive Procedures 

 

Invasive Procedure(s)       Yes  No  

 

 Invasive Procedure(s) include:     Acute (non-survival)   Survival  

    

 Invasive Procedure(s) are considered:   Major       Minor 

 

D. Will the animals undergo MULTIPLE major invasive procedures (defined in the 

instructions using the 8Guide9 definition). This includes procedures from previous 

protocols if transferred.  

        Yes  No     
 

If yes, please provide justification 
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E. During recovery from anesthesia, what physiological signs will be monitored to 

assure the animals are stable? 
 

Upon completion of the surgical procedures the animal will be disconnected from isoflurane and 

ventilated with room air via a battery-operated mechanical ventilator. The animal will be returned 

to their pen while connected to the ventilator and will remain connected to the ventilator until 

breathing on their own. Once breathing on their own, they will be disconnected from the 

ventilator, and extubated.  The animal will be monitored until they achieve a sternal position. 

Animal monitoring will be performed and documented and specifically, heart rate, respiration 

rate, O2 saturation, and body temperature will be recorded, as obtainable, a minimum of every 17 

minutes.   

 
 

F.  How often will animals be monitored after anesthetic recovery? 
 

During immediate post-operative recovery, the animal will be monitored until conscious and 

physiologically stable.  Signs of pain or distress will be documented and reported to the project 

manager who will consult with the veterinarian prior to any treatment.  The animal will be 

observed closely during the immediate post-operative period for excessive bleeding from the 

surgical sites, any cardiovascular or respiratory depression, hypothermia or other 

complications. Daily observations of the sites will be made and recorded, to monitor for signs 

of bleeding and infection that may be seen through dressings.  Attempts to monitor the animal9s 

temperature, heart rate, and respiration rate may be made, but no animal will be physically 

restrained or sedated to obtain these values. 

 

 

G. Indicate who will monitor the animals pre-procedurally and prepare the animals for 

surgery.   

 

  MHRI Animal Facility  Study Investigators 

 

H. Indicate who will monitor the animals post-procedurally and the frequency of 

monitoring.   

 

  MHRI Animal Facility  Study Investigators         Not Applicable as Acute Procedure 
 

Frequency of Monitoring:  
 

The MHRI Animal Facility staff will evaluate the animal per routine husbandry activities.  Study 

investigators will observe the animal post-procedure twice daily on weekdays and once daily on 

weekends or holidays.  All observations will be recorded in the individual animal care records. 

Additional cageside observations can be recorded at any time to help manage the animals.   

 
 

 

I. Potential Complications  

 

Potential Complication due 

to Procedure 
Mitigation  

X 
Body weight loss 

>15%  

Nutritional supplementation with consultation from the 

veterinarian.   
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 Vessel Dissection  

X 

Infection Infections will be treated per the guidance of the attending 

veterinarian. Impact on the study and/or failure to control may 

result in euthanization of the animal prior to the scheduled 

study follow-up/endpoint. 

 
Inability to 

ambulate 

 

 Self-mutilation  

 Stroke  

 Hind limb paralysis  

X 

Cardiac 

complications 

Intra-operative complications, such as anesthesia-related events 

during intubation and intra-operative anesthesia maintenance 

may result in cardiac complications; failure to control may 

result in euthanization of the animal. 

 Death  

X 

Other (specify): Wound/incision site dehiscence will be treated by attempted re-

closure or dressing application depending on extent.  This may 

involve an unscheduled procedure under anesthesia to re-close 

and/or apply dressings.  Herniations may occur.  Severe 

circumstances where complex or lengthy surgical intervention 

would be required to correct dehiscence or herniations or 

uncontrolled infections could warrant early euthanasia. Such 

situations will be reviewed with the attending veterinarian. 
 

J. What Clinical signs or other criteria will be used to determine that an animal must 

be removed from the study ahead of schedule (Humane Endpoints) (check all that 

apply).  
*NOTE:  Allowing animals to progress to a moribund or near-death state requires scientific justification; 
you must indicate below why an earlier, more humane endpoint cannot be used. 

   

 Body weight loss >20% unresponsive to treatment 

 Pain unresponsive to treatment 

 Infection unresponsive to treatment 

 Vessel dehiscence/dissection 

 Moribund  

 Behavioral abnormalities (describe in detail below) 

 Clinical symptmatology or signs of toxicity (describe in detail below) 

 Other (specify) _see additional information____________ 
 

Complications can be divided into two groups: immediate and delayed.  Immediate complications 

include any complication occurring within 24 hours of the procedure directly attributable to the 

procedure itself. Delayed complications include any procedure-related clinical symptom 

occurring after the immediate 24-hour postoperative period. 

 

As any adverse event can present in unique ways it is important that if any such observations 

are noted they are promptly reported to the Study Director/PI or appointed study personnel (i.e. 

co-investigators).  The responsible study personnel may make initial recommendations about 

treatment of the animal(s) and/or alteration of study procedures.  All such actions will be 

properly documented in the study records and, when appropriate, by protocol amendment.  If 
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immediate communication with the Study Director/PI is not possible, treatment of the animal(s) 

for minor injuries or ailments may be approved by the responsible veterinarian without 

notification of the Study Director/PI when such treatment does not impact fulfillment of the 

study objectives.  If the condition of the animal(s) warrants significant therapeutic intervention 

or alteration in study procedures, the Study Director/PI will be contacted when possible to 

discuss appropriate action.  If the condition of the animal(s) is such that emergency measures 

must be taken, a responsible veterinarian will attempt to consult with the Study Director/PI 

prior to responding to the medical crisis, but the veterinarian has authority to act immediately at 

his/her discretion to alleviate suffering.  The Study Director/PI will be fully informed of any 

such events and will subsequently inform the Study Coordinator. 

 

If an animal needs to be euthanized, they will be euthanized with potassium chloride (0.24 3 0.47ml 

per kg body weight, using a 4.2M, 1-2mmol/kg concentration) will be administered IV while the 

animal is under general anesthesia.  Potassium chloride is a euthanasia method recommended in 

the 'Report of the AVMA Panel on Euthanasia (2020)' if administered by IV while the animal is 

under general anesthesia.  Alternatively, Fatal Plus (390mg/ml pentobarbital sodium; 1% 

propylene glycol; 29% ethyl alcohol, 2% benzyl alcohol) administered IV at a concentration of 

100-150mg/kg while the animal is under general anesthesia. To confirm that the animal has died, 

the following parameters will be monitored: no visible respirations (apnea), the absence of 

pupillary reflex (fixed, dilated pupils), readings of zero for the heart rate and pO2. 
 

Note:  A necropsy will be performed in the event of a sudden, unexpected death for any 

USDA species. 

 

Section VI:  Hazardous Agents (biohazards, chemicals) 

 

A. Does the research, testing or instruction require the use of hazardous or 

biohazardous agents in the animal facility (i.e., human tissue, 

infectious/biohazardous agents, carcinogens, toxic chemicals, radioisotopes)?  

YES    NO 
 

If "yes", specify the hazardous agent(s) to be used and attach an SDS.   

- 10% Neutral buffered formalin (NBF) will be used to perfusion-fix the tissue biopsies. 

 

  

B. Describe or attach a copy the containment/handling protocol to be followed in 

protecting other animals and personnel from the hazardous agents. 

A Safety Data Sheet (SDS) for 10% NBF is on file in the Pre-Clinical surgical suite lab.  

Personnel involved in handling and dosing have previous experience and are appropriately trained 

in using 10% NBF.  Fixation with 10% NBF will be done in the surgical suite thus no other 

animals will be exposed.  The use of PPE (mask with eye shield, gloves, and laboratory gown) 

will be enough to minimize exposure. 

 

    

Section VII: Husbandry/Housing and Disposition of Animals 

 

A. Do you expect to follow MHRI quarantine and conditioning procedures?   

 YES    NO 
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If "yes", proceed to Question B.  If "no", describe the quarantine and conditioning procedures 

to be performed prior to the start of the project.   

  

 

B. Are you requesting an exemption from the MHRI Animal Social Housing and 

Environmental Enrichment which includes group housing of compatible animals? 

 NO 
 

 YES    

Exemption from social housing 

Exemption from Enrichment 
 

If yes, what is the justification for this/these exemption request(s)? 

We are requesting an exemption from the MHRI Animal Social Housing Policy by single housing 

the animals for the entire study. 

- The swine will undergo surgical procedures for which a surgical sites will be created and 

closed.  To prevent other animals from interfering with the sites and dressings, the animals 

need to be singly housed.  

It is for these reasons that we are requesting animals to be singly housed for the duration of the 

study (exemption from social housing). 

   

C. Describe any non-standard diet, housing or environmental modifications, and how 

they will be accomplished. 

None required. 

 

D. Will individual(s) other than the MHRI Animal Facility staff be responsible, for 

meeting MHRI standards of animal husbandry and housing? 

             Yes         No 

If yes, identify location and describe at what point in the study ARF staff versus 

Investigators, will be responsible for husbandry and welfare of the animals. 

   

 

E. List locations other than the MHRI Animal Facilities where you will house, perform 

surgery or perform experimental procedures on your animals.  If the facility is off-

site, is it AAALAC accredited and/or USDA Certified? 

The animals will all be housed, and surgery and experimental procedures will be done at the 

MHRI Animal Facilities and no off-site facility will be used. 
 

F. Euthanasia (per 'Report of the AVMA Panel on Euthanasia (2013)9) 

  CO2 (rodents only) 

  KCl under deep anesthesia 

  Pentobarbital-based solution (e.g. Fatal Plus, Beuthanasia-D etc.) 

  Exsanguination under anesthesia (rodents only)  
 

Euthanasia agent Dose/Route 

Potassium chloride (4.2M KCl concentration) 2.4 3 4.7ml per 10kg / IV    

Fatal Plus (390mg/ml pentobarbital sodium) 85 - 150mg/kg  /  IV 

 

G. Secondary method for ensuring death  
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  Bilateral thoracotomy 

  Flatline vitals 

  Cervical dislocation  

  Exsanguination 

  Other (Specify)  

 

 

 

 

Section VIII: Principal Investigator Assurances (PI) 

Please indicate by check marks that you agree to all the following statements: 
 

[ ] The information provided herein is accurate to the best of my knowledge.   

 

[ ] Procedures involving animals related to this protocol will be performed only by trained or 

experienced personnel, or under the direct supervision of trained or experienced persons.   

 

[ ] Any change in the care and use of animals involved in this protocol which would affect the welfare of 

the animals, will be promptly forwarded to the MHRI IACUC for review; such changes will not be 

implemented until the committee9s approval is obtained.  
 

[ ] The number of animals proposed is the minimum necessary to conduct valid experimentation.   

 

[ ] I have considered alternative methods to using animals, including a literature search (where 

appropriate) to ensure that I am not unnecessarily duplicating previous experiments. 

 

 

 

 

 

 

 

 

              Signature:   

                                 Principal Investigator                                                Date 

 

 

(Submit completed electronic applications to:  MHRI Office of Research Integrity at 
ORI.helpdesk@medstar.net. For further information, contact the IACUC Coordinator at  

301-560-2912.) 

 

 


