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ABSTRACT 

Burn wounds are a devastating form of injury that leads to substantial morbidity, mortality, and 

cost. One of the critical complications of burn wounds is infections, especially with Staphylococcus 

aureus. Rising antimicrobial resistance is contributing to the complexity of wound management. 

According to the CDC, each year in the U.S. at least 2 million people are diagnosed with antibiotic-

resistant bacteria, and more than 20,000 people die as a result. 

The purpose of this dissertation was to evaluate the antimicrobial effects of a H2S releasing 

dipeptide gel on Staphylococcus aureus bacterial cultures.  We hypothesized that the H2S donor, S-

aroylthiooxime (SATO), could aid in the treatment of infected burn wound models. The dipeptide 

was developed and characterized by our collaborators at Virginia Tech*. This dipeptide can release 

H2S with thiol triggers can precisely manipulate the release rate. The antimicrobial effects on 

Staphylococcus aureus were tested in-vitro, ex-vivo and in-vivo.  

 

This dissertation will outline the examination of antimicrobial effects in-vitro using planktonic and 

biofilm cultures, with the results shown as colonies forming units (CFU) and biofilm mass. It also 

describes the development and evaluation of an infected porcine skin ex-vivo model, and finally 

testing the effects of this novel dipeptide on infected porcine burn wounds in-vivo to demonstrate 

the effects of this treatment on local tissue healing and antimicrobial effect.  

 

 

 

*Dipeptide gels synthesis data was generated and characterized by Yun Qian, Mingjun Zhou, John 

B. Matson at the Department of Chemistry, Macromolecules Innovation Institute, and Virginia Tech 

Center for Drug Discovery, Virginia Tech 
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CHAPTER 1 

Introduction 

 

Burn Wounds and Current Treatment 

     Acute thermal injuries are prevalent and cause roughly 180,000 deaths annually worldwide, mostly 

in low- to middle-income countries, and many more are injured, disabled, or disfigured. 1 In the US 

alone more than half a million are affected each year, with roughly 40,000 hospitalization and 3,400 

deaths. 2 Burns are one of the most common household traumas with 73% of burns occurring at home, 

followed by occupation at 8%.3 The survival rate has improved noticeably over the past four decades 

with a survival rate of 96.7% 4. Topical antimicrobial therapy, early wound debridement, skin 

grafting, and advances in trauma care and intensive management have all contributed to the decline 

in burn injury mortality. 5 Burns have a significant economic burden as well, as it is estimated to cost 

more than $ 1 billion each year,  not including the indirect costs of disability and rehabilitation. 6 

Burns are characterized by damage to the skin layers and based on the skin's thickness involved the 

degree of the burn is determined. To understand burn wound pathophysiology first skin structure and 

function should be discussed. As seen in figure 1 the skin has three main layers; Epidermis which 

contains keratinocytes which lay at the outer part of the skin, stratum basale that functions as the 

source of all replicating keratinocytes and form appendages that anchor the epidermis to the next skin 

layer and hosts epithelial stem cells that are essential to the epithelialization process. 7 The dermis is 

subdivided to the papillary region that engulfs the stratum basale’s appendages and forms the 

superficial layer of the dermis and reticular region. This layer includes hair follicles, apocrine glands, 

eccrine glands, capillaries, and nerve endings. 8 Finally, there is the hypodermis or the subcutaneous 

tissue which is composed of adipose tissue and blood vessels.  
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Figure 1. A sectional view of skin anatomy. 9 

The skin is the body’s primary barrier to the external environment, structured to prevent pathogens 

and other environmental insults. It also hosts a variety of glands, immune and nerve cells depending 

on its anatomical location. 10 The skin has an essential role in sensation by conveying sensory 

information from the external environment to the nervous system. It also has a vital role in 

thermoregulation, nutrient absorption, fluid retention, and vitamin D synthesis. 11 12 This is 

maintained through a complex continuous and coordinated turnover of somatic cells. These functions 

are disturbed to some extent after a burn injury depending on the skin layer involved. 13  First degree 

burns involve the epidermis layer. They are mild burns that are very painful because of the activation 

of the nerve endings and usually require conservative management. 14  Second-degree burns are 

subdivided to superficial second-degree burns that include the papillary layer, sparing the nerve 

endings resulting in severe pain but better prognosis. Deep second degree burns include the reticular 

layer and nerve endings. 15 There is evidence that indicates that damage to the peripheral nervous 

system influences wound healing, resulting in delayed wound healing or chronic wounds, 
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highlighting the role of innervation for normal cutaneous tissue repair development. 16,17 Third and 

fourth-degree burns involve structures beyond the dermis layer. 18  

There are local and systemic responses to burn injury. In the local response, three zones were 

described by Jackson in 1947. 19 

Zone of necrosis: where there is irreversible tissue loss due to coagulation of the constituent 

proteins. This occurs at the point of maximum damage.  

Zone of stasis: it surrounds the necrotic area, where tissue is potentially salvageable, as 

characterized by decreased tissue perfusion. The main aim of burn resuscitation is to increase tissue 

perfusion and prevent any damage from becoming irreversible.  

Zone of hyperemia: is the peripheral zone, and it marked by increased perfusion. The tissue usually 

recovers unless the vasculature is severely compromised. 20 

In the systemic response, the release of cytokines and other inflammatory factors at the site of the 

burn has a systemic effect once the burn reaches 30% of the total body surface area.21 The 

cardiovascular system starts to react by increasing the capillary permeability, coupled with a fluid 

loss from the burn wound which could lead to hypotension and systemic compromise. This leads to 

tachycardia and cardiac stress which is generated by the 10- to 20-fold surge of plasma 

catecholamines. 22 23 These inflammatory mediators could trigger bronchoconstriction and adult 

respiratory distress syndrome. 24  

Burn injury causes an increase in basal metabolic rate, which can be up to three times its original 

rate. A prolonged hypermetabolic state that is persistent and prolonged might result in increased 

muscle wasting and cachexia. 25 The post-burn injury is also accompanied by secondary 

immunodeficiency, affecting both cell-mediated and humoral pathways. 26 
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 Wounds usually follow a healing process that starts with blood clotting (homeostasis) which occurs 

immediately after the injury to prevent blood loss, followed by an inflammatory phase that could 

last for days, tissue growth (proliferation), and finally tissue remodeling (maturation). These 

complex healing process stages overlap, as illustrated in figure 2, to allow for the restoration of 

barrier function.  27 

  

Figure 2. The three overlapping phases of wound healing. 28 

Any disturbance in this process could impair wound healing and lead to chronic wounds.  Chronic 

wounds commonly present with a chronically inflamed wound bed and a failure to heal; this 

prolonged inflammatory phase could be mediated by infection. 29 Management for these burns is 

challenging and is dependent on many factors including, but not limited to, patient age, total body 

surface area (TBSA) involved, the cause of the burn and other aspects that shape the treatment plan. 

30 The management aims to improve wound healing after a burn to restore the barrier function of the 

skin and provide a better esthetic outcome. The gold standard in the treatment of deep burns is 
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autologous skin grafts, but this treatment has its limitations, especially for patients with limited donor 

skin sites due to extensive burn areas. Furthermore, these wounds tend to be more susceptible to 

severe infections that increase morbidity and mortality. These complications include pain, prolonged 

healing or development of a chronic wound and may lead to skin graft failure. 31 

The 2016 American Burn Association conference summarized the burn research priorities for the 

next ten years. They included the development of novel methods to prevent and/or treat biofilms, 

such as novel topical antimicrobial or antiseptic agents effective against multidrug-resistant 

organisms. 32 Staphylococcus aureus and Pseudomonas aeruginosa are the most common pathogens 

isolated from wound infections including burn wounds. 33 34 These microorganisms commonly 

attach to any surface and start producing extracellular polysaccharides, creating a film like a matrix, 

called a biofilm. Biofilms are a serious problem for public health because of the protective effect of 

this matrix to the microorganisms they house, shielding them from antibiotics or immune cells. This 

limitation of direct contact with the host immune system and antimicrobial agents, along with the 

rising resistance to antimicrobial agents, creates a need for novel methods to treat burn infections. 35 

Wound infections affect this healing process leading to chronic inflammation impairing wound 

recovery, and they are the most common postoperative complication. 36 37 It is also one of the most 

common causes of morbidity in burns with 69.8% of all patients in one study. 38 

 

Staphylococcus Aureus  

Staphylococcus aureus is a Gram-positive, round-shaped bacterium that is both a commensal 

bacterium and a human pathogen. It is positive for catalase, coagulase, nitrate reduction and it's 

considered a beta-hemolytic bacterium. It is also a facultative anaerobe that can grow without the 

need for oxygen. 39 It is the leading cause of bacteremia and infective endocarditis as well as 

osteoarthritis, skin, soft tissue, pulmonary, and device-related infections. 40 S. aureus has an 

increased relative frequency compared to other bacterial isolates as seen in figure 3. 
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Figure 3. The incidence of bacterial species isolated from inpatients. Cumulative data from 1998 to 

2005 including a total of 3,209,413 bacterial isolates. 41 

 

This organism establishes infections by producing virulence factors such as potent toxins, and the 

expression of a cell-surface molecule called protein A (SpA), that binds the Fcγ domain of 

immunoglobulin (Ig) and cross-links the Fab domain of B cell receptors (IgM). This mechanism 

helps S. aureus resist phagocytosis and SpA-mediated B cell receptor cross-linking to block 

antibody development. 42. Antibiotic-resistant strains of S. aureus, such as methicillin-resistant S. 

aureus (MRSA) emerged as a worldwide problem in clinical medicine. According to a report in 

2001 MRSA rates are up to 34.2% in the US.43 

S. aureus has different mechanisms that help it shield itself against invading and thriving in 

different hosts. One of these mechanisms is the production of various enzymes such 

as coagulase, which facilitates clot formation and coats the bacterial cell to prevent phagocytosis. 44 
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Hyaluronidase produced by S. aureus breaks down hyaluronic acid found in connective tissue and 

helps in its spread. 45  S. aureus releases several enzymes that help with its invasion and survival at 

the host environment like deoxyribonuclease, which is produced by the bacteria to break down the 

host cell’s DNA. Lipase is also produced to help dissolve lipids, beta-lactamase to break the beta-

lactam ring found in a group of antibiotics as a resistance mechanism and staphylokinase to dissolve 

fibrin. 46, 44 Another virulence factor is staphyloxanthin, which is a membrane-bound golden-

colored carotenoid pigment found in some strains of S. aureus, that plays a role in S. aureus fitness, 

by acting as an antioxidant, which helps neutralize reactive oxygen species which the host immune 

system uses to kill pathogens. 47 

Antimicrobial topical agents are commonly used as combination thereby regimen to prevent 

resistance or colonization with other microorganisms. These include silver sulfadiazine, bismuth-

impregnated petroleum gauze, mafenide, and chlorhexidine. 48 14  Silver treatments interact on the 

cell surface with the sulfhydryl groups by replacing the hydrogen atoms, resulting in the formation 

of an S–Ag bond. This leads to respiration blockade and therefore electron transfer compromise 49 

Unfortunately there is an increase in silver-resistant bacteria that started as early as the 1960s. 50  

Antimicrobial peptides (AMPs) 

Antimicrobial peptides (AMPs) are another group of antimicrobials that are present in every living 

system representing the host defense. The peptides act by targeting foreign cells (microbial cell) as 

bacterial cell membrane have different composition and architecture, transmembrane potential 

polarization, and specific structural features like sterols, lipopolysaccharide, and peptidoglycan. 51 

Due to the increasing number of newly discovered AMPs several online databases catalog AMPs. 

The APD3 database contains >2,500 peptides that rage from antimicrobial including bacteria, 

viruses, fungus and parasites to anticancer peptides. 52 Mechanism of action for these peptides vary 

based on their composition, charge, amphipathicity, plasticity and H-bonding capacity.  It was 
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suggested that their cationic charge attacks the negatively charged surfaces of the bacterial cell wall. 

53 For gram-positive bacteria, AMPs usually infiltrate their cell wall through the porous 40- to 80-

nm-thick meshed cell wall. 54 As for gram-negative bacteria some AMPs pass through the cell wall 

through a charge-exchange mechanism where the positively charged peptides compete with calcium 

or magnesium bound to lipopolysaccharide. 55 It was reported that AMPs maybe restrict its 

attachment to foci associated with cell division, cell wall remodeling and thereby interfere with 

these processes. 54 56 AMPs act on the cell plasma membrane, and internal organelles using similar 

mechanisms to their effects on the outer membrane and cell wall. 57 54 The outer layers of 

eukaryotic membranes are composed of zwitterion neutral lipids that have a net charge of zero in 

contrast to bacterial membranes that usually have higher inside-negative transmembrane potential 

which further enhances electrostatic attraction and may explain the increased selectivity for 

prokaryotic cells. 53 A review article by Scocchi et al. showed some studies to suggest that AMPs 

may also inhibit protein folding or enzyme activity or act on intracellular organelles. 58 Interacting 

with multiple targets or the ability of multiple peptides to target one structure could give AMPs an 

advantage over other antimicrobial agents by limiting the development of bacterial resistance. 53 

The presence of bacteria that suppress the host microbiome affords the ability to overcome the host 

AMPs through genetic mutations and development of bacterial resistance. 57 The bacterial defense 

mechanisms are illustrated in figure 4 and include bacterial proteases, teichoic acid, and lipoteichoic 

acid and its modification with D-alanine in gram-positive bacterial cell wall 59; multidrug efflux 

pumps 60,  lipopolysaccharides in gram-negative bacteria 61, and extracellular biofilm matrix 62. 

javascript:ShowAffiliation('0','4')


 

 

 

21 

 

Figure 4. An illustration describing the different possible defense mechanisms against AMPs. 53 

 

This increase in bacterial resistance to the current antimicrobials created a need for new 

antimicrobials to fight these infections. There is an increased interest in medical gases ranging from 

traditional gases like oxygen and nitrous oxide to other gas transmitters like carbon monoxide, 

oxide, and hydrogen sulfide. 63 

 

H2S Gas Role in Clinical Treatment 

Hydrogen Sulfide (H2S) is a novel gas transmitter that has many physiological functions and acts as 

a signaling molecule. It is a weak acid that acts as a gas transmitter. Possibly best known as a toxic 

gas, it functions as a cytoprotective agent for bacteria by reducing the oxidative stress caused by the 

harmful external environment. 64 H2S also has pro-inflammatory effects at high concentrations; it 

increases the synthesis of IL-1β, IL-6, NO, PGE2 and TNF-α after the provocation of an inflammatory 

response by lipopolysaccharide (LPS). 65 It also acts as a vasodilator allowing for more blood 

perfusion to the burn wound, which hypothetically will help resuscitate zones of injury in the burn 

wound. Increased perfusion can also help infected tissue by increasing immune cell recruitment to 

the infected wound bed to aid in bacterial clearance. 66 Moreover, H2S plays a significant role in the 
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induction of sepsis-causing neutrophilic infiltration of organs like the lungs or liver which may lead 

to an upsurge in immune and systemic inflammatory response leading to serious side effects and 

shock. 67 In these studies, H2S was administered systematically using sulfide salts which causes a 

sudden rise in H2S concentration then an immediate drop that leads to increased inflammatory 

response.68 H2S also has a role in neutrophil migration through KATP_channels  activation which can 

help clean the wound bed and accelerate the healing process. 69 70 It also acts as a vasodilator allowing 

for more perfusion to the infected tissue leading to increased immune cell exposure and clearance of 

the wound bed. 66It also plays a significant role in the induction of sepsis and shock, causing 

neutrophilic infiltration of organs like lungs and, liver 67.  

H2S is a vital signaling gas produced endogenously by cystathionine β-synthase (CBS) and 

cystathionine γ-lyase (CGS). 71 Many biological studies reported the effect of administering 

exogenous H2S on inflammation and sepsis65 67; however, the limited control over the H2S release 

and from exogenous sulfide sources results in conflicting reports on the role of exogenous H2S gas 

on inflammation and infection. 72 This fluctuation in H2S concentration did not imitate the slow and 

sustained release of endogenous H2S that is involved in various desired physiological processes. 

This challenge raised the need for reliable, safe molecules that release H2S with controllable 

kinetics. 73 This H2S releasing dipeptide is prepared using S-aroylthiooxime (SATO) functional 

group (S-FE) that can self-assemble in water into nanofibers that form into a gel. The gel has a 

controlled slow release of H2S in response to cysteine, with a peak time of 40-45 mins based on the 

group’s initial data * Table 1.  

 

 

*Data was generated and characterized by Yun Qian, Mingjun Zhou, John B. Matson at the 

Department of Chemistry, Macromolecules Innovation Institute, and Virginia Tech Center for Drug 

Discovery, Virginia Tech 
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There are also no studies that investigated the effect of local administration of H2S on wound 

infection and inflammation. Since H2S is a gaseous agent, it can easily penetrate biofilms compared 

to other antimicrobial agents. H2S also inhibits platelet aggregation which is beneficial in case of 

third-degree burn to allow blood perfusion to the injury zone of the burn. 74 75 

 

Lack of reliable H2S donors limited its use clinically. Topical antimicrobial agents are commonly 

used in burn wounds for prophylactic and therapeutic purposes limiting systemic side effects for 

vulnerable patients with other co-morbidities. These topical agents had varying degrees of success. 

Here, a novel (H2S) releasing dipeptide developed by our collaborators at Virginia Tech will be used 

to as an antimicrobial agent against Staphylococcus aureus to reduce bacterial load within a burn 

wound.  

 

 

Preparation of H2S-releasing dipeptides (S-FE) and control dipeptides (C-FE) 

This dipeptide is prepared by our collaborators at Virginia Tech by synthesizing Aldehyde-containing 

peptides with the sequences FBA-FE (FBA = 4-formylbenzoic acid) via solid phase peptide synthesis 

using methods described previously 76. Then FBA-FE were treated with 0.01 M HCl and lyophilized 

to remove residual trifluoroacetic acid (TFA). S-Aroylthiooxime dipeptides (S-FE) were prepared by 

reaction of the peptide-aldehydes (100 mg, one equiv) with S-benzoylthiohydroxylamine (72 mg, two 

equiv) following published procedures, using 20 mg of Dowex as the acid catalyst instead of TFA as 

shown in figure 5. 76 Oxime dipeptides (C-FE), which do not release H2S, were produced by reacting 

96 mg (1 equiv) of FBA-FE with 56 mg (2 equiv) O-benzylhydroxylamine hydrochloride in 500 µL 

DMSO for 3 h. Dipeptides were purified by preparative HPLC following a published procedure. 77 

 

 



 

 

 

24 

 

 

Figure 5. Synthesis of S-FE and C-FE dipeptides. 

These gels form a twisted nanoribbon that was imaged using TEM for S-FE (Figure 6A) and C-FE 

(Figure 6B), with about 135 and 246 nm in width, respectively. The thicknesses of the two 

dipeptides, S-FE, C-FE, were 6.91 nm, 7.62 nm. The calculated lengths of dipeptides were all near 

2.3 nm, indicating the thickness of stacked dipeptide bilayer should between 3.2 – 4.6 nm. Thus, the 

observed thicknesses of self-assembled dipeptides suggest that two bilayers were packed to form the 

morphologies.  

These dipeptides were characterized using fluorescence spectroscopy to evaluate the aromatic 

stacking of self-assembled dipeptides. The fluorescence spectra of the samples were measured with 

an excitation wavelength of 330 nm shown in Figure 7. Besides, the intensities of S-FE, C-FE dropped 

dramatically when the concentration increased, suggesting the existence of sandwich stacking 

conformation (H-aggregation). This beta-sheet folding allowed for prolonged H2S release when 

triggered with thiol group like cysteine that lasts for hours as demonstrated in figure 8 with a peak 

time of 41 min s shown in Table 1.  

Table 1. H2S release from dipeptide solutions and hydrogels. Data were generated by Yun Qian, 

Mingjun Zhou, John B. Matson at the Department of Chemistry, Macromolecules Innovation 

Institute, and Virginia Tech Center for Drug Discovery, Virginia Tech 
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 Peaking time (min) Peak conc. (M) 

S-FE gel 41±1 8.3±1.7 

 

 

 

 

 

Figure 6. TEM images of S-FE (A), C-FE (B). Illustration of self-assembly (C). Data were generated 

and characterized by Dr. Matson’s group at Virginia Tech. 

 

 

 

(B) 

(C) 
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Figure 7. Fluorescence spectra of dipeptides (A) S-FE, (B) C-FE. Data were generated and 

characterized by Dr. Matson’s group at Virginia Tech. 

 

Figure 8. H2S release profiles of dipeptide hydrogels determined by electrode probe method. Data 

were generated and characterized by Dr. Matson’s group at Virginia Tech. 
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CHAPTER 2 

In-vitro Examination of The Effect of H2S Releasing Dipeptide 

Abstract 

Bacterial biofilms have been identified as sources for wound infections, especially in burn patients. 

A novel adjuvant treatment is needed to help control infections. In this chapter, we examine the effect 

of H2S releasing peptide in-vitro against the engineered bioluminescent strain of Staphylococcus 

aureus, Xen29, and pathological strain UAMS-1. Our hypothesis states that H2S gas has antimicrobial 

effects on S. aureus species in-vitro. Using in-vitro environment, our goal in this chapter was to 

evaluate the antimicrobial effects of H2S releasing dipeptide on S. aureus. The first sub-aim was to 

evaluate the effect of cysteine amino acid used to trigger H2S release from the dipeptide using the 

same concentration on this strain’s growth. The second sub-aim was to test the effect of H2S releasing 

peptide S-FE using planktonic bacteria culture and compared it to a control gel which has a similar 

structure without H2S gas C-FE. The third sub-aim was evaluating its effect on established stable 

biofilms and biofilm formation. To be able to achieve the third goal a stable biofilm on culture plates 

was needed which proven difficult with this artificial environment with Xen29 strain. Therefore, 

UAMS-1 was selected to test the effect of this dipeptide on biofilm and its formation in-vitro using 

plasma coated plates and plasma supplemented broth to help with the bacterial adhesion. The bacterial 

burden was quantified using dilution assay to count Colony Forming Units (CFU) to estimate the 

number of viable bacteria per mL. 

 

 

 

*This study was done in collaboration with Yun Qian, Mingjun Zhou, John B. Matson at the 

Department of Chemistry, Macromolecules Innovation Institute, and Virginia Tech Center for Drug 

Discovery, Virginia Tech 
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Introduction  

 Biofilm formation is one the most important survival mechanisms that bacteria may deploy to shield 

itself from the harmful outside environment by generating a self‐produced extracellular matrix (ECM) 

composed of proteins, carbohydrates, polysaccharides, lipids and/or extracellular DNA (eDNA). 78 

The goal of this chapter was to evaluate the effect of H2S releasing dipeptide on S. aureus. To achieve 

this goal we started with the first sub aim of examining the effect of cysteine on bacterial growth, as 

it is needed to activate the release of H2S gas from the dipeptide gel, and the effect of cysteine is 

species specific. 79 It has been reported that Pseudomonas aeruginosa and Staphylococcus aureus 

actively use cysteine oxidation in response to environmental stressors that produce reactive oxygen 

species (ROS) through thiol-group oxidation of active and allosteric cysteines.80 This is considered a 

common regulatory posttranslational protein modification. This defense mechanism leads to bacterial 

survival in host macrophages and decreases overall bacterial cells turnover. 80 Another study 

investigated the effect of adding cysteine to bio-yogurts on probiotic bacteria which showed different 

response depending on the bacteria involved. The bacterial counts of S. thermophilus decreased in 

the samples supplemented with cysteine; however, other probiotic bacteria like L. delbrueckii sub 

sp. bulgaricus, and B. bifidum, had higher bacterial counts in yogurts supplemented with cysteine 

compared to the control sample. 81 This indicates that there are bacteria that have different responses 

to the presence of external addition of cysteine. Here we tested the effect of cysteine on the 

Staphylococcus aureus bacterial burden.  

 The second sub-aim was to evaluate the effect of the dipeptides on planktonic culture to allow for 

homogeneous distribution of the gel in the bacterial culture.  There are two life forms for bacteria 

during growth and proliferation. It can exist as floating cells known as planktonic bacteria whereas, 

in the other form, bacteria are organized into a structure called biofilm. 82 The third sub-aim was to 

evaluate the effect of the dipeptides on biofilms and its formation. Although biofilm formation in 
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natural systems are common, depending on the species the ability to form a stable, consistent biofilm 

in-vitro could be challenging and may not be a good model to test the effect of antimicrobial agent.83 

These challenges may be caused by absence of host proteins that bacteria usually use to build their 

biofilm-like proteins found in human plasma. 84 85 86 Plasma is composed of coagulation factors, 

albumin, globulins and other factors.87 Also biofilm-formation depends on a range of other factors 

such as growth medium88, pH,89 electrolytes, 90 which can affect the relative hydrophobicity of the 

cells, the presence of proteins that might coat the surface of laboratory plasticware to help with 

adherence. 91 Pathological isolate S. aureus, UAMS-1 had better adherence capability in an in-vitro 

environment compared to S. aureus Xen29 so it was chosen for the in-vitro biofilm studies. To get a 

consistent, stable biofilm in-vitro coverslip-based plasma coating technique was adopted coupled 

with adding 10% heparinized human plasma to the bacterial broth as suggested by Cardile et al. 9192  

 

Materials and methods  

Staphylococcus aureus – ATCC 12600 (Xen29) bioluminescent pathogenic bacteria with 

kanamycin resistance genes, was purchased from PerkinElmer Inc. and cultured overnight at 37 ˚C 

in Nutrient broth1 (NB1) and grown to achieve ~106 colony forming units (CFU) per mL, as 

verified by serial 10-fold dilutions and plating on nutrient agar plates.  

Staphylococcus aureus – ATCC 49230 (UAMS-1) pathogenic bacteria isolated from a patient with 

chronic osteomyelitis were purchased from ATCC and cultured overnight at 37 ˚C in Trypticase Soy 

Agar/Broth (TSB) and grown to achieve ~106 colony forming units (CFU) per mL, as verified by 

serial 10-fold dilutions from 10 to 107  dilution factor and plating on nutrient agar plates. 

 

Dipeptide-gel Preparation 

Two different gels were used. H2S releasing dipeptide with the functional SATO groups (S-FE). A 

control dipeptide without H2S was used as this is the most appropriate control (C-FE).  
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1 mg of S-FE was dissolved in 50 uL of 1x PBS buffer (pH 6) to form a viscous solution.  

C-FE also formed a hydrogel under the same condition as SATO-FE. 7.2 µl of cysteine (500mM) 

was added to both gels to induce H2S gas release by reducing the peptide bonds in S-FE gel.  

Crystal Violet Assay 

Crystal violet (CV) staining method described previously was used with few alterations.93 Briefly, 

200 µl of the Xen 29 cultures were incubated for 48 hours in 96 well plate to allow for biofilm 

formation. UAMS-1 were incubated in 33 cm plate with human plasma coating for 24 hours. biofilms 

were washed twice with sterile water to remove gel remnants, and planktonic bacteria, then the 

biofilms were fixed by heat by incubating plates at 60 °C for at least 60 min. This step reduces 

variability caused by loss of biofilm during the staining process. 94 Next, biofilm was stained with 

0.1% CV solution (in water) to each plate for 15 minutes then the CV dye was removed, biofilm was 

washed and then allowed to dry for 24h. Then 200 µm sodium citrate in 20 ml of 50% ethanol/ 50% 

water(solubilizing solution) was added to each well. Plates were mixed at room temperature for 30 

minutes at 8 RPM.  Then biofilm was quantified by reading absorbance in a plate reader at 590 nm 

using solubilization solution as the blank. 

 

• Determining the effect of Cysteine on planktonic Staphylococcus Aureus (Xen 29) 

bacterial cultures 

Cysteine was dissolved in deionized water to get a final concentration of 500mM. One thousand four 

hundred and forty microliters of the cysteine solution was added the NB1 bacterial broth 1x106 

CFU/ml of the Xen 29, and 1440 µl of water was used as a control. The experiment was done in 

triplicate. The tubes were placed in the orbital shaker at 166 RPM at 37 C˚ for 24 hours. Serial dilution 

was done, and the bacterial solutions were plated on NB1 plates. Then all plates were incubated for 

18 hours at 37C˚ to form colonies, and the number of CFU was enumerated. 
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• Determining the bacteriostatic effect of H2S releasing dipeptide on planktonic 

Staphylococcus Aureus bacterial cultures 

Adding the H2S Dipeptide-gel 

To test the ability of the dipeptide gel to stop bacterial replication these gels were added to the 

bacterial culture in broth. Two volumes of both S-FE and C-FE 100 l and 30 l were tested. Both 

the 100 l and the 30 l of S-FE mixture were mixed with 20 l of Xen 29 bacteria culture (2x106 

CFU/mL), and then brought up to a final volume of 400 L with NB1 broth. A bacteria-only group 

was also prepared by adding 100 l of PBS (1X) instead of S-FE hydrogel. Three samples were 

prepared for all groups and incubated at 37˚C in tube revolver for 4 hours. After incubation, 10 l of 

bacterial culture was taken from each sample and diluted in media to make serial 10-fold dilutions. 

All dilutions were then plated on NB1 agar plates and cultured in an incubator for 18 h to quantify 

bacterial burden by counting colonies formed.  

The remaining bacterial cultures of different treatment groups were added to 96-well plates, then 

incubated for 48 hours at 37˚ C. Biofilms were formed in each well after the incubation, and masses 

of biofilms were quantified using Crystal Violet (CV) staining assay.  

 

• Determining the bactericidal effect of H2S releasing dipeptide on planktonic 

Staphylococcus Aureus bacterial cultures 

To test the ability of the dipeptide gel to kill bacteria these gels were added to the bacterial culture 

without any nutrients so any decrease in bacterial burden may indicate bactericidal properties. 

The same bacteriostatic experiment was done, but instead of using broth, PBS was applied and 

allowed to incubate for 1 hour. The duration of the incubation was determined based on the same 
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method used to test the bactericidal effects of nitric oxide (NO)-releasing silica nanoparticles since 

more extended incubation period could cause bacterial starvation and natural death. 95After 

incubation, 10 l of bacterial culture was taken from each sample and diluted in media to make serial 

10-fold dilutions. 

 

• Determining the effect of H2S releasing dipeptide on Static (Biofilm) Staphylococcus 

Aureus bacterial cultures 

Developing Stable Biofilm  

Plate Preparation  

Plates were coated with plasma as described in previous work with few modifications 96. Briefly, 

the human plasma was diluted in 50 mM sodium bicarbonate solution to a final concentration of 

20%. A 2 ml aliquot of either the sodium bicarbonate buffer or the 20% human plasma solution was 

added to 35 mm cell culture plate to allow for more air-fluid interface then incubated at 4°C 

overnight. The human plasma waof which bacterias aspirated off the next day, then allowed to dry 

for 2 hours.  

Forming Biofilm 

The overnight UAMS-1 culture was diluted to 106 CFU/mL in TSB broth with 10% human plasma 

then 1 ml of the bacterial broth was used in each plasma coated plate and incubated for 24 hours at 

37˚C.  

Adding the H2S Dipeptide-gel 

The experimental design included three groups where 100 µl (36 mM) of both S-FE and C-FE was 

tested with a group left without any intervention. A volume of 100 µl (36 mM) from each gel was 

selected based on the planktonic culture experiments. One experiment was done on an established 

biofilm, by adding the gels after biofilm formation as described earlier.  The other experiment 
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included adding the dipeptides directly with bacterial broth before biofilm formation . This will help 

evaluate the effect of H2S on biofilm formation and existing biofilm. After 24 hours all biofilms were 

stained using CV assay described earlier.  

 

Statistical analysis 

Mean values from five replicates were presented with error bars indicating standard errors of the 

mean. An ANOVA and Student’s t-test were performed with n=5 and p < 0.05. 

 

Results: 

Effect of cysteine on Bacterial growth  

In this experiment, we used cysteine as the trigger to release H2S from S-aroylthiooxime (SATO). 

Cysteine effect on Xen29 was examined using planktonic bacterial culture. As shown in Figure 1, 

cysteine supplemented bacterial culture had increased bacterial burden compared to the control group 

which is aligned with the previously reported effects of cysteine.80 

 

Figure 1. Bacteria with or without Cysteine treatment.  
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• Bactericidal effect of H2S releasing dipeptide on planktonic Staphylococcus Aureus 

bacterial cultures 

This experiment was designed to test the ability of S-FE to decrease the bacterial burden. Surprisingly 

both S-FE and C-FE had a significant decrease in bacterial burden compared to the bacteria only 

group as shown in Figure 2A. There is a concentration-dependent increase in efficacy seen with both 

dipeptides.  

• Bacteriostatic effect of H2S releasing dipeptide on planktonic Staphylococcus Aureus 

bacterial cultures 

In this experiment, both S-FE and C-FE were tested on planktonic cultures.  As shown in Figure 2B, 

both dipeptides had a significant inhibitory effect on bacterial growth more prominent with high 

concentration dipeptide from both gels. The remaining culture biofilm was stained using CV dye, and 

it shows a substantial decrease in biomass which contains proteins, polysaccharides and cells when 

S-FE added before biofilm formation with S-FE high concentration group (Figure 3).  
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Figure 2. Bacterial burdens after treatments of hydrogels (A) Bactericidal data; (B) Bacteriostatic 

data.  

 

Figure 3. Crystal violet (CV) assay of biofilms after treatment.  

 

• Effect of H2S releasing dipeptide on Staphylococcus Aureus UAMS-1 bacterial biofilm.  

UAMS-1 S. aureus had a better biofilm formation and adherence in-vitro, providing a consistent 

biofilm after multiple washes needed for this experiment.  The bacteria were treated with the gels  

before biofilm formation to evaluate the effect of S-FE on bacterial biomass when the treatment is 

applied before bacterial adherence and biofilm formation. The impact of both S-FE and C-FE was 

significant compared to the bacteria only group and more noticeable with the S-FE group as seen in 

Figure 4A, B.  The S-FE gel also was tested on an established biofilm which shows a significant 

decrease in biomass compared to both C-FE and the bacterial only group as seen in Figure 4C. This 

could result in bacterial killing which allow for their detachment from the biofilm and therefor 

decrease the resulting biomass. There are no significant differences between the C-FE and the 

bacterial only group here unlike previous assays mainly because of variation between samples. This 

* 
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can be explained by an inability to wash the dead bacterial cells from the biofilm and since C-FE has 

a minimal antimicrobial effect lead to this insignificant result.  
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Figure 4. CV Assay results (A) Digital photograph of the biofilms that were treated before biofilm 

formation after staining. (B) the absorbance of biofilms when treatment was applied before biofilm 

formation. (C) the absorbance of biofilms when treatment was applied on established biofilms.  

  

Conclusions: 

In this chapter, dipeptide gels were examined in-vitro to evaluate the antimicrobial effects on S. 

aureus. The first goal was to test the effect of cysteine on Xen 29 strain since it's used to trigger the 

H2S release from the dipeptide. The results were aligned with the existing reports on cysteine 

promoting bacterial growth. The second goal was to evaluate the gel on planktonic Xen 29 bacterial 

culture to provide a homogenous exposure to the dipeptides. Assays showed bactericidal and 

bacteriostatic properties of both S-FE and C-FE hydrogels that is more noticeable with high volume 

gels. H2S-releasing S-FE gel had a better antimicrobial effect in general, suggesting the solitary 

inhibitory effects of H2S gas. Then the dipeptide gels antimicrobial effect was further examined using 

biofilm. UAMS-1 was used instead of Xen29 due to the difficulties faced when Xen29 was cultured 

in an artificial environment. Although there are groups that were able to grow stable biofilm using 

this strain, unfortunately, it didn’t adhere to plasticware as described in other reports.  UAMS-1 

provided a steady and consistent biofilm that made it a better candidate to test this dipeptide on 

biofilm in-vitro.  The S-FE and C-FE dipeptide gels suppressed the bacterial ability to grow a robust, 

consistent biofilm which had a weaker adherence in the edges of the plates. 

Moreover, the S-FE had a significant antimicrobial effect on an established biofilm compared to C-

FE and a bacterial only group which could indicate the gas’s ability to infiltrate the biofilm shield and 

affect the housed bacterial cells.  This examines the isolated antimicrobial effects of the dipeptide and 

H2S gas on bacteria. There is an increasing evidence that shows the effect of H2S on increasing  
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neutrophil’s migration and promotes the body’s immune response, it was essential to highlight the 

direct effect of this gas on bacterial burden which can be used in a clinical setting for infection 

treatment.  
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CHAPTER 3 

Ex-Vivo examination of the H2S dipeptide effect on bacterial biofilms 

Abstract: 

Burn wound infections are a significant public health burden associated with morbidity and mortality 

in patients. Microbial biofilm pathogens are usually the main culprit in a chronic wound. The wound 

environment is complicated and may promote different bacterial responses to any antimicrobial agent. 

Our hypothesis was that S-FE has an antimicrobial effect in an ex-vivo environment on S. aureus 

Xen29. Our goal for this chapter is to test the impact of H2S releasing dipeptide on bioluminescent S. 

aureus Xen 29 biofilm in ex-vivo experiments. To achieve this goal, we used different bacterial 

concentrations to create a stable, consistent biofilm in porcine skin samples to develop the ex-vivo 

infected porcine skin. The second sub-aim was to evaluate the impact of the gels in infected porcine 

skin with confirmed biofilm formation. Lastly the effect of the dipeptide gels on biofilm formation in 

porcine skin samples. Biofilm growth was assessed by In-vivo Imaging System (IVIS) and quantified 

by luminescence emission in the form of photon count before and after treatment, then skin samples 

were homogenized, and the bacterial burden was quantified using CFU/gram.  

 

 

 

 

 

 

 

*This study was done in collaboration with Yun Qian, Mingjun Zhou, John B. Matson at the 

Department of Chemistry, Macromolecules Innovation Institute, and Virginia Tech Center for Drug 

Discovery, Virginia Tech 
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Introduction 

The burn wound environment is rich in bacterial nutrients making it prone to bacterial colonization 

and invasion. 97 Growing biofilms that reflect clinical infections in-vitro is challenging with some 

bacterial strains and can be influenced by many factors resulting in variation between the treated 

samples and might compromise the evaluation of antimicrobial agents. 83 Staphylococcus aureus Xen 

29 was engineered for bioluminescence emission by inserting a modified complete lux operon, as 

described previously, and was designated S. aureus Xen 29. 98 This bacteria is kanamycin resistant 

which can help eliminate any potential contamination from skin flora forming colonies on the culture 

plates during analysis.99  The in-vivo imaging system (IVIS) was utilized for continuous real-time 

monitoring of biofilms using bioluminescent bacteria growth. IVIS uses high sensitivity 

bioluminescent light detection emitted from the bioluminescent bacteria. 100 

In this chapter, we aim to evaluate the effect of H2S releasing dipeptide on bioluminescent S. aureus 

Xen 29 biofilm in ex-vivo experiments to help transition to in-vivo studies. The first sub-aim was to 

develop the ex-vivo infected porcine skin. Biofilms require material from their environment to build 

a robust biofilm that is generally found in biological systems like collagen, hyaluronic acid, plasma, 

fibrin101, heparin102, glucose103, and other elements. The second sub-aim was to evaluate the impact 

of the gels on infected porcine skin with confirmed biofilm formation. Lastly, the effect of the 

dipeptide gels on biofilm formation was evaluated on porcine skin samples.  

 

Materials and methods  

Commercial phosphate-buffered saline (PBS) (Sigma, Cat. No. P4417). Nutrient Broth 1 (NB1; 

Sigma, Cat. No. P70122), Bacto™ Agar (Agar; BD, REF. No. 214010), polyethylene glycol (PEG), 

Dulbecco’s Modified Eagle’s Medium (1X) (DMEM, Sigma, REF. No. 31053-028), and heat-

inactivated fetal bovine serum (HI-FBS Gibco™, Cat. No. A3840001). Forty µm Cell strainers 

(Corning, Cat. No. 352340)  
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In-vivo Bioluminescent Imaging  

Quantification of bioluminescence emitted from the infection site was achieved using the 

bioluminescent in-vivo imaging system (PerkinElmer Inc) (IVIS). Procedures were standardized with 

consistent exposure time, binning, and f/stop. Specialized software (Living Image, Caliper Life 

Sciences) calculated light emission in terms of photons per second within a designated region of 

interest (ROI). 

• Developing an Ex-vivo infected burn model  

This experiment was designed to determine the best bacterial concentration for inoculation ex-vivo 

with this strain and to develop a reliable infected ex-vivo model using porcine skin.  

Tissue Harvesting 

Porcine tissues were harvested from the paravertebral, dorsolateral trunk 4-5 cm lateral to vertebrae 

post euthanasia from an independent experiment that was approved by the Institutional Animal Care 

and Use Committee (IACUC). The skin was shaved using a razor then cleaned with 1:4 chlorhexidine 

gluconate. A full-thickness skin sample was harvested then rinsed with 500 ml of sterile water, and 

the subcutaneous tissue was removed.  

Establishing Burn Wounds 

Burns were induced on the skin surface using a pressure and temperature controlled metallic cylinder 

heated to 145-147 ˚C in Polyethylene glycol (PEG) solution then the skin was cut to 3 cm samples 

and placed in 60 mm plates.  

Homogenization  

The skin samples were homogenized using the bullet blender protocol for Medium-size Skin (Pig) 

samples104 with few modifications. In brief, five UFO shaped stainless metal beads were added to the 

bullet blender tubes with 500 µL PBS X1 and weighed before the skin samples and after. The skin 

samples were minced before adding them to the tubes. In the early experiments 5 mm biopsy samples 
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were taken from the 3 cm burned skin sample for homogenization then 1 cm skin samples were used 

in later experiments where it was completely homogenized. The 1 cm skin samples were divided into 

three tubes with each tube weighing less than 80 mg to help with the homogenization. The bullet 

blender uses vigorous agitation at different frequencies and in multiple directions to help shake these 

beads and thereby homogenize the tissue. The homogenate was then strained using 40 µm cells 

strainers to prevent pipette tips blockage during 10-fold dilution assay to determine the CFU/g. Then 

the colony count was divided by dilution and volume used for plating to get CFU/mL then its further 

divided by the skin weight/500 mL (as PBS) 

• Determining the bacterial load needed for inoculation and establishment of a viable 

biofilm.  

Bacterial Preparation  

Staphylococcus aureus – ATCC 12600 (Xen29) bioluminescent pathogenic bacteria was cultured 

overnight at 37˚ C in Nutrient broth1 (NB1) and grown to an optical density (OD600 nm) of 0.1 (~107 

CFU/mL) OD600 0.3(~ 8.7×107 CFU/mL) OD600 0.5(1.44×108CFU/mL).  

Bacterial Injection 

 Bacteria was injected immediately after the burn was established,as previously described. Small 

piece of the ioban drape was used to create a stop mark on the injection needle to allow for bacteria 

injection 5mm below the skin surface. A 25G needle was used at a 15-degree angle to inject 100µL 

for each concentration. After the injection, DMEM with HI-FBS was added to the sample plates until 

the lower dermis was covered, and the samples were incubated for 24 h at 37 ˚C. Next, samples were 

cleaned with sterile water and imaged using IVIS to confirm the biofilm formation. 

 

• Ex-vivo Infected Burn Model 

Bacterial Preparation  
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Staphylococcus aureus – ATCC 12600 (Xen29) bioluminescent pathogenic bacteria was cultured 

overnight at 37 C˚ in Nutrient broth1 (NB1) and grown to an optical density (OD600 nm) of (0.1) to 

achieve ~107 colony forming units (CFU) per mL, as verified by serial 10-fold dilutions and plating 

on nutrient agar plates.  

Bacterial Injection 

 After harvesting the skin and establishing burns as described previously, a 1 cm punch biopsy was 

used to cut the skin sample to allow for a complete homogenization of the skin sample at the end of 

the study. The samples were placed in 60 mm plates, then incubated for 14-hours to allow the burn 

to mature. A sterile plastic piece of rubber was used to create a stop mark on the injection needle to 

allow for bacteria injection 5mm below the skin surface. 100 uL of 1x107 CFU/mL bacterial culture 

was injected 5 mm below the skin surface at a 15⁰ angle in four different directions. After the injection, 

DMEM with 10% heat-inactivated (HI-FBS) was added to the sample plates until immersing the 

lower dermis, and the samples were incubated for 24 h at 37 ˚C. Next, samples were cleaned with 

sterile water and imaged by In-vivo Imaging System (IVIS) to confirm the biofilm formation.  

 

• Determining the effect of H2S releasing peptide on established biofilm in ex-vivo burn 

model  

After confirming biofilm formation in the skin using IVIS in the 1 cm ex-vivo burn skin samples. 100 

L of S-FE gel (36 mM) mixed with 14.4 L (500 mM) of cysteine (500 mM) was injected by the 

25G needle in 4 directions to make the S-FE treatment condition. 100 L of C-FE mixed of cysteine 

(500 mM) was also injected to samples to construct the C-FE treatment, and the third set of samples 

were left without any treatment. All samples were incubated for 14 hours with DMEM with 10% HI-

FBS and then imaged by IVIS again to determine the changes in bioluminescent signal emitting from 

the sample’s Xen 29. 
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• Determining the effect of H2S releasing peptide on biofilm formation in ex-vivo burn 

model 

The effects of H2S-releasing dipeptides on biofilm formation were also determined using the same 

ex-vivo burn model. Samples of ex-vivo burn model were matured for 14 hours first, then 100 µl of 

S-FE hydrogel were injected into the indentation of samples. Corresponding controls include a sample 

group treated with C-FE hydrogel or a sample group with no treatment. Then 100 µl of ~107 CFU/mL 

Xen29 was injected into the indentation. Samples were cultured with enough DMEM with HI-FBS 

to immerse the lower dermis and incubated for 14 hours at 37 ˚C. Samples were washed twice before 

IVIS observation. 

 

Statistical analysis 

Mean values from five replicates were presented with error bars indicating standard errors of the 

mean. An ANOVA and Student’s t-test were performed with n=5 and p < 0.05. 

 

Results: 

• Bacterial load needed for inoculation and establishment of a viable biofilm. 

As shown in figure 1 and 2 there is a decrease in luminescent emission with OD600 0.5 which could 

be a result of fast depletion of nutrients available for this high concentration of bacteria. We also find 

variation between the samples with OD600 0.3 which can be explained by micro leaks during the 

injection process. OD600 0.1 showed the best results, and it was chosen to standardize the infected 

skin ex-vivo protocol. This experiment helped develop the ex-vivo infected porcine model protocol 

and refine the injection method. The skin samples were too big to be completely homogenized, so 

biopsy from the luminescent areas was taken from the biolumenacent areas and homoginized to 

calculate the CFU/g. The results were very variable and inconsistent therefor the ex-vivo protocol 

was changed to use of a smaller sample that can be completely homogenized.  
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Figure 1. Skin samples with luminescent emission from different bacterial concentrations. 

 

Figure 2. Quantitative analysis of luminescent emission (mean photon count) for different bacterial 

concentration.  

• Effect of H2S releasing peptide on established biofilm in ex-vivo burn model  

The effect of H2S-releasing S-FE hydrogel on S. aureus was further explored using an infected ex-

vivo porcine skin model of burn. After culturing Xen29 in the indenture of the skin, the presence of 

biofilm was confirmed using an In-vivo Imaging System (IVIS) (Figure 3A). There are  small 

variations in the established biofilm, which might be a result of small leaks of bacterial broth from 

the injection site.  
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Figure 3. (A) Skin samples with luminescent emission captured using IVIS one experiment. Shown 

before treatment (left) with different treatment groups S-FE gel, C-FE gel group, and bacterial group 

respectively compared to the same samples after treatment (right). (B) Quantitative analysis of 

luminescent emission (mean photon count) for infected skin samples after applying treatment. (C) 

Quantitative analysis of bacterial burden in CFU/gram  

 

 

In this established biofilm model, we observed a dramatic decrease in luminescence for the S-FE 

treated group compared with its initial images as shown in (Figure 3A). Images of the C-FE treated 
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group had a small decline in luminescence compared with S-FE before and after treatment. In 

contrast, the bacteria only group looked bigger with more bacterial burden after the 14 h incubation, 

suggesting increase bacterial presence. Collectively, S-FE treatment group had lower bacterial load 

compared to both C-FE treatment and bacteria only groups. For existing biofilms, S-FE treated 

samples showed a 95% decrease in photon count compared to the photon count before treatment, 

while the no treatment group had an 80% decrease of photon count compared to the photon count 

before treatment which could be a result of nutrients depletion due to the high bacterial presence 

(Figure 3B). The S-FE treated group also had a 17% decrease of bacterial burden (Figure 3C) when 

compared to the bacteria only group. These results indicate that  the H2S-releasing gel was able to 

inhibit bacterial activity. The C-FE treated group also showed a 60% decrease of photon emission 

and 6% of the bacterial burden compared to the bacteria only group, which were less effective 

compared with S-FE gel. 

 

 

Determining the effect of H2S releasing peptide on biofilm formation  

After investigating the antimicrobial effect of S-FE and C-FE on established biofilm, we further 

examined the prophylactic effect of S-FE hydrogel on bacteria growth and biofilm development. The 

same treatment conditions, S-FE gel, C-FE gel, and PBS, were applied to samples of skin burn model 

prior to the addition of bacteria to develop a biofilm The images and photon signals of burn wounds 

are shown in Figure 4A. After imaging, the samples were minced, then homogenized for dilution 

assay, and bacterial colonies were counted to determine bacterial burden (Figure 4C).  

As shown in Figure 4A, decreased bacteria photon signals were found after the S-FE treatment, while 

both C-FE and no bacteria only groups had more clear signals of bacteria. Quantitative studies of 

photon counts (Figure 4B) and CFU (Figure 4C) also revealed the same results, with the bacteria only 
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group showing the most biofilm and bacterial burden and S-FE having minimal signal detected. 

Comparing to C-FE and bacteria only groups, S-FE treatment significantly decreased the bacterial 

burden and inhibited biofilm formation. The prophylactically S-FE and C-FE treated samples also 

demonstrated a 77% and 55% decrease of a bacterial load compared with the no-treatment group, 

consistent with the existing biofilm models. 

 

Figure 4. H2S releasing peptide reduced the bacterial burden prophylactically. (A) Skin samples with 

luminescent emission captured using IVIS. Images were taken before (left) and after (right) different 

treatments (S-FE hydrogel, C-FE hydrogel, and bacteria only). (B) Quantitative analysis of 
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luminescent emission for prophylactically treated infected skin samples. (C) Bacterial burdens of 

prophylactically treated skin samples. (C) Quantitative analysis of bacterial burden in CFU/gram 

 

Conclusion 

These results are aligned with the results generated by the in-vitro experiments showing a decrease 

in bacterial burden with both S-FE and C-FE gels compared to the bacteria only group confirming 

our hypothesis portending to the antimicrobial effect of the dipeptides on an ex-vivo infected skin 

model. In this chapter, the antimicrobial properties of the H2S releasing peptide and the dipeptide 

itself were examined to lay the groundwork for the in-vivo which has a more complex system and 

many more variables that needs to be considered. Xen29 strain provides an excellent opportunity to 

study chronic infection and for real-time monitoring through the In-vivo Imaging System (IVIS) and 

is the bacteria chosen for the in-vivo study for its kanamycin resistance that helps eliminate some of 

the floral microbes alone with its ability to luminesce. There was difficulty associated with growing 

a stable biofilm for this strain in-vitro that lead to the development of the ex-vivo infected burn model. 

A stable, consistent biofilm was established using ~107 CFU/mL, and it was adopted for the final 

infected ex-vivo model. Then the impact of the gels in infected porcine skin with confirmed biofilm 

was tested, and it shows a significant decrease in bacterial burden which was confirmed by bacterial 

colony counts and photon count emitted from the bioluminescent bacteria. Lastly the dipeptide gels 

inhibitory effect on biofilm formation was determined in the porcine skin samples. The S-FE and C-

FE had an antimicrobial impact on established biofilms, similar to the effects seen in the in-vitro data. 

Testing the dipeptide antimicrobial effect on two different strains of S. aureus further confirms the 

inhibitory effect of bacterial growth and survival.   
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CHAPTER 4 

 

In-vivo Evaluation of Antimicrobial Properties of The H2S-Releasing Peptide for 

Infected Burn Wounds 

 

Abstract 

Building on the behavior of bacterial populations after S-FE and C-FE treatments in in-vitro and ex-

vivo experiments the dipeptides were further evaluated in-vivo using a well-established infected 

porcine burn model. This will expand our understanding of the effects of H2S dipeptide in a living 

system in terms of decreased bacterial load, wound healing and overall safety. The hypothesis was 

the dipeptides will exhibit the same antimicrobial effect on S. aureus Xen 29 seen in-vitro for both 

S-FE and to a lesser inhibitory effect C-FE. The goal in this chapter is to compare the current 

clinical treatment silver sulfadiazine to the dipeptides in-vivo in real time over 38 days after burn 

and infection. This was attained by establishing a consistent second-degree burn on each pig. The 

second aim was to successfully grow biofilm beneath the wound. The third aim was to evaluate 

blood perfusion in the wound bed. Lastly, the bacterial burden was quantified using IVIS and 

through colony count assays to see the progression of the infection over the study period. Each 

treatment burn has its own control on the same animal to prevent variation between animals.  
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Introduction  

Skin, which includes different cells and molecules of the innate or the adaptive immune system, is 

the first line of defense against microbial invasion. 105 A burn injury can cause skin defects and 

compromises its protective role. Depending on the burn depth it can damage the vascular supply, 

and this damage can lead to an impairment of the immune system in the burn wound bed.106 

Traditional management of a burn wound infection consists of systemic and local treatments. 

Different topical agents were developed over the years that includes silver-containing products, 

bismuth-impregnated petroleum gauze, and chlorhexidine. In this study, silver sulfadiazine was 

used as a control against the dipeptide gels.  

There are many animal burn wound models developed to study the natural course and interventional 

treatment of various infections. This includes small animals like different rodents, as well as rabbits 

and pigs.97 In this study a protocol by Gaines, C. et al. 107 We modified it to have a second degree 

burn instead of a third-degree burn by decreasing the contact time for the metal burning device to 2 

seconds. This decision was made to keep a viable layer over the bacteria when injected. Laser 

Doppler perfusion monitoring was used to measures the local microcirculatory blood perfusion by 

quantifying the concentration of red blood cells multiplied by their average velocity. The laser 

Doppler uses the emission of a beam of laser light which gets mostly reflected by the tissue of 

interest. The light changes frequency (Doppler shift) when it encounters moving red blood cells 

while light-hitting static objects is unchanged as illustrated in Figure 1. The reflected light is 

collected by a returning fiber, converted into an electronic signal, analyzed and expressed as 

perfusion units (PU).108  
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Figure 1. Laser Doppler’s Mechanism of Action.108 

  

 

Methods: 

Female swine, between 12-25 kg, were used as a model for this study considering its proximity to the 

structure and physiology to human skin. All the pigs were housed singly, to prevent cross-

contamination or injury to their wounds. Two animals were studied at the same period. Each pig was 

followed for 35 days after bacterial inoculation. They were acclimatized to the housing location for a 

week before using them for experiments. The pigs were handled according to the regulations of the 

Laboratory Animal Welfare Act and amendments and the regulations of the Guide for the Care and 

Use of Laboratory Animals. The protocol was approved by the Institutional Animal Care and Use of 

Wake Forest University (Protocol A17-159).  

Carprofen (oral) was used as analgesia after any procedure. Isoflurane were used as the anesthetic for 

any procedure described for this study, including injection of the bacteria, wound debridement and 

re-dressing, photography and punch biopsy/ tissue collection.  

 

Experimental Design 
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We studied four animals, and two animals will be done at a later period. All animals received the 

same orientation of control and treated burns.  Two animals were non-infected, two infected with 

1.44 ×108CFU/ml Staphylococcus aureus (SA).  

Each animal was its own control, having three non-treated wounds on the left side compared to treated 

wounds in the three burns on the right side.  There were six burns per animal.  Each burn was 3 cm 

in diameter. The treatment group will include three treatments; silver sulfadiazine cream, C-FE 

dipeptide gel that does not have H2S, and finally H2S - releasing S-FE dipeptide gel. For each dose a 

1220 µl (36 mM) was used for each S-FE and C-FE. This volume was determined based on the 

recommended dose of silver sulfadiazine cream. 109 

The end time point was 35 days after infection or 38 days after burn induction as described in figure 

2.  After accommodation the animals for a week burns were induced under general anesthesia. On 

day three post burn wounds were scanned using the laser doppler for all pigs and then inoculated in 

the infected group only.  The wounds were evaluated on days 1, 3, 7, 10, 14, 21, 28, 35 after the 

inoculation with bacteria, at which times the wounds were debrided when needed, 5 mm punch 

biopsies taken, and the wounds were treated and redressed. Each wound was dressed with xeroform 

topped with sterile gauze then covered with adhesive bandages then taped with durapore tape to 

inhibit H2S gas escape to other wounds. The wounds then covered with T-shirt material that help 

protect and keep the dressing intact and life jacket was applied to further the wound protection for 

its flexibility and it fits better for the animal comfort as shown in figure 3.  The evaluation was 

based on bacterial burden obtained from a skin biopsy, scar formation, size, and skin contraction. 

The punch biopsy samples were cut in half, with half being used to evaluate tissue histology and the 

other to quantify bacterial burden in the tissue.  Standardized photography with the color scale, 

scanning Laser Doppler, and histologic evaluation will be used at each evaluation time point. 
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Animals were offered for adoption at the end of the study. 

 

Figure 2. Overall study design and timeline.  
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Figure 3. Lifejackets were used to protect the burn wounds then covered with another shirt material 

to prevent it from getting trapped in the kennels.  

 

Monitoring  

The days on which the animals had dressing changes/ photography, punch biopsies were taken at 

previously mentioned time points during which the research staff observed the animals and wound 

healing. Signs of distress were identified by detecting any changes in their overall demeanor, social 

behavior, gait, and posture. The infected wounds were aspirated once using 18G needle to check for 

bacterial presence in the elevated area underneath the wound bed.  

Burn Injury 

The burns were on the paravertebral, dorsolateral trunk 3 cm lateral to vertebrae and 4 cm inferior to 

the inferior angle of scapula post anesthesia. After shaving the hair on the back of the pigs, the skin 
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was prepped with chlorhexidine gluconate then 70% ethanol. Then a partial thickness burn wound of 

size 3 cm in diameter was created using a heated metal cylinder at 120˚C with a two seconds contact 

time. This method was based on the protocol by Gaines, C. et al. with slight modifications. 107 Briefly, 

the 3 cm diameter metal block was used to create the burns. The metal block had a notched extension 

for easy insertion into the burn device holder seen in figure 4 which hold the metal block using a pin 

interlock at the notched end. The burn devise had a hollow plastic holder with an adjustable spring 

to allow for a consistent pressure when the block was applied onto the animal's body. 100% PEG 

solution was used to heat the metal block then when reached the 120 ̊ C temperature using plate heater 

which is connected with thermocouple reader for continues temperature measurement. Then the pin 

connector is dislodged to allow for insertion of the steel extension into the holder.  Once the metal 

block in the PEG solution the pin then released to lock the block within the holder. The metal block 

then is moved from the PEG solution and excess PEG was removed by sliding it on the heating plate 

edge,  and the block placed onto the animal's skin following the design as shown in figure 5 for two 

seconds. Then the holder was used to move the block wounds were dressed with an individual 

xeroform wound dressing as described earlier. Three days post-burn, the wounds were surgically 

debrided  and inoculated with Staphylococcus aureus for the infection pigs n=2. 
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Figure 4. Burn Device Operation.  

 

Bacterial Injection  

Each wound was inoculated by injecting 1 mL of a total of 1.44×108 CFU (colony forming units) 

with S. aureus (Xen 29) washed and dispersed in PBS clockwise in 6 directions. Each pig was 

observed every other day for the first 14 days after infection.  

 

Adding Treatment gels: 

A one thousand two hundred and twenty microliters (36mM) of either C-FE or S-FE were added on 

the burned area and spread using a sterile cell scraper. Burns were treated with Silvadene Cream 1 %, 

control peptide (C-FE), or hydrogen sulfide-releasing peptide (S-FE). All samples were covered with 

xeroform then sterile gauze to prevent the attachment of the gauze to the wound bed and then wounds 

were covered with bandages and taped individually.  
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Specimens Collection:  

A 5 mm punch biopsy was used to collect tissue samples, then imaged using IVIS to quantify 

bioluminescent bacteria, and those samples were cut in half, with half being used to evaluate tissue 

histology and the other to quantify bacterial burden in the tissue by the 10-fold dilution method.  

 

Homogenization  

The skin samples were homogenized using the bullet blender protocol for small-size Skin (Pig) 

samples104 with few modifications. Briefly,  five UFO shaped stainless steel metal beads were added 

to the bullet blender tubes with 500 µL of 1X PBS  and weighed before and after the skin samples 

were added to the homogenization tubes. The skin samples were minced using biopsy punches before 

adding them to the tubes. A 40 µm cells strainer was used to filter the homogenate to prevent pipette 

tips blockage during 10-fold dilution assay to determine the CFU/g.  

 

Histological processing of skin infection model 

Tissues were fixed in 10% formalin, processed at the same time, and embedded in paraffin. Four-

micron sections will be used and will be stained with hematoxylin, and eosin, Gram, or Masson’s 

trichrome to observe the morphology, bacteria, or collagen deposition, respectively, and examined 

using light microscopy. 

 

Laser Doppler Scanning 

Laser Doppler Perfusion Monitoring (LDPM) was performed at each time point to evaluate blood 

flow to the wound. The LDPM scanner (LDPM, Perimed AB, Sweden) was situated perpendicularly 

over the burn area with the laser pointer at the center of the burn. The scan was done in a dark room, 

the distance between the scanner and the skin surface was 10.1-10.9 cm and scanning area was 5 cm 
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in diameter. Analysis of images was done using Perimed AB software by analyzing flow signal 

detected for each burn and calculating the median perfusion units (PU) per wound.  

 

Statistical analysis 

The quantitative data of the bacterial burden was presented as mean ± S.E.M (Standard Error of the 

Mean). The statistical analyses were performed using One-way ANOVA test. The value p≤0.05 was 

considered significant.  
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Results: 

 

• Establishment of a burn wound  

 

Head 

 

 

 

Tail  

Figure 5: Digital photograph of burn wounds at day 0.  

 

The skin was marked with a sterile surgical pen then burn was successfully established and there was 

a slight variation in burns with formation of islands shape discoloration as shown in figure 5, in each 

animal. It could be a result of the weight of the metal cylinder against the ribs compared to areas over 

intercostal muscles. The burn area had intact skin with distinct borders and pale color.  

 

• Clinical healing assessment  

As shown in figure 6 there was no significant difference in wound healing/decreased scar formation.  

Both infection animals developed a biofilm confirmed by CFU assay. Some burns had a raised 

inflamed wound be with thick yellowish discharge as shown in figure 6. The C-FE burn and its control 

Control Groups Treatment Groups 

Silver sulfadiazine 

C-FE 

S-FE 
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had a longer healing time with one of the infected animals (pig 4). The S-FE wound had a better 

healing compared to its control in terms of the color and hair growth. The burn area was debrided 

every time the dressing was changed because of the thick brownish scab on each wound, which was 

removed by scraping it with dry gauze. The S-FE wound had thicker scab other wounds (Figure 7). 

Even though the burn biopsy punch was negative, the aspiration from the raised area seen in figure 8 

had a high bacterial burden which may indicate localized abscess under the burn area.  Both infected 

pigs had significant erythema and localized hyperthermia during the first week after bacterial 

inoculation.  It was also observed that the infected Pig 3 developed a fever 104 ˚F during the first few 

days and resolved without intervention.  

 

 

A 
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Figure 6. Digital photographs of a wound series showing wound healing during the course of the 

study. (A) and (B) non-infected animals, (C) and (D) are infected animals. New wounds (dark red 

circles) were caused by biopsy punches. 

 

D 
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Figure 7. Digital photograph of the S-FE burn wound before debridement.  

 

Figure 8. Digital photograph of the raised wound bed in the infected pigs.  

• Wound Bed Blood Perfusion 

The burns were assessed using the Laser Doppler including the surrounding unburned area as part of 

the burn evaluation process. The mean perfusion unit (PU) of healthy tissue (around the burn areas) 

was 235.4 ± 63.1. There was fluctuation in the overall trend for all animals as seen in Figure 9. In one 

of the pigs, Figure 9 with the infected animals there is a sudden peak in day 24 for S-FE burn, 
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suggesting an increased perfusion to the site of injury after bacterial clearance. The overall trend of 

the blood capillary  

 

Figure 9. Blood perfusion to the burn wound bed.  

perfusion includes an increase in the first few days then there was also a noticeable increase in S-FE 

compared to its control especially the first half of the study period in all animals tested. More data 

from the next set of animals (1 infected and 1 non-infected) could help find significant differences 

between groups. It’s important to note that we had a reflection  in areas with shiny skin in the burn 

area in both pig 3 and 4 as seen in Figure 10, which might contribute in skewing the results.  
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Figure 10. An example of laser reflection during blood perfusion measurement to the burn wound 

bed. * represent shiny new skin after removing the dead cells.  

 

Effect of H2S Releasing Dipeptide on Infected Burn Wounds In-Vivo 

The bacterial burden was very similar across all wounds at the start of the tissue collection process in 

Pig 3, but we see more variable CFU count when we check the Pig 4 which could be a result of the 

different skin response to bacterial injection. There is a decrease in bacterial burden with the S-FE 

treated group compared to the other controls as seen in figure 11 and when checking the overall trend 

as shown in figure 12. The bacteria remained in the C-FE burn wound and its control in the second 

pig (pig 4) beyond day 14, and we can see clinically persistent swelling and erythema. 
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Figure 11. Bacterial Burden in CFU/g during the study in the infected animals comparing each 

treatment to its control. 
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Figure 12. Bacterial Burden trend in CFU/g during the study in the infected animal.  

The bacterial clearance of the control burns in the other wounds may suggest an underlying 

etiology related to the burn location. There was an increase in overall bacterial burden in both  

infected animals in most burns at day ten which could be a human error during the tissue 

processing.  

In-Vivo Imaging System Evolution of The Specimens Collected  

The specimens collected were evaluated using IVIS to supplement the bacterial CFU counts. It 

helped guide the dilution plan during CFU assay. It was also interesting to compare the photon 

emission compared to the actual bacterial colony count. This will lead to better follow up for 

deep chronic infections models like osteomyelitis that can’t be easily accessible for biopsies.  In 

 

 

 

 

 

1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

1.00E+05

1.00E+06

1.00E+07

1.00E+08

1.00E+09

1.00E+10

1.00E+11

Day 1 Day 3 Day 7 Day 10 Day 14 Day 21 Day 28

Control Silver Silver Control C-FE C-FE Control S-FE S-FE



 

 

 

70 

Figure 13 there are different counts when compared to the CFU/g on the same day which can be 

caused by different factors related to the inhibition of the lux gene in Xen 29 due to decreased 

temperature of the specimen when it’s in the plate. This difference in results between photon 

counts and bacterial CFU is wider when the bacterial load is low, which could indicate the 

decrease sensitivity of IVIS compared to the CFU method. Other factors that might contribute to 

these differences are the reflection of the black plastic bag placed underneath the plate to prevent 

contaminating IVIS. The photon count detected in Figure 10A on day 14, 21 and 28 seems to 

represent a background signal and IVIS was not able to detect the bacterial presence in those 

samples which was confirmed when homogenized with the colony forming unit count assay on 

day 14, 21 and 28 for the C-FE control burn. This could indicate that IVIS has low sensitivity for 

infection follow up.  
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Figure 13: Photon count of luminescent bacterial present in the burns wound bed. (A) Data from 

infected pig3 samples. (B) Data from infected pig 4 samples. 

• Histopathological Examination of The Burn Wound  

Histology was available for the control pigs, and the infected pig’s histology will be processed 

later. Epidermal and dermal tissue 24 h after burn is shown in Figure 14A and 15A. There is an 

epidermal peeling from the epidermal layer with a general compression of tissue thickness 

suggesting a superficial second-degree burn was established in all wounds. On day 4 the early 

inflammatory response in the wound bed is primarily neutrophilic and to a lesser extent 

macrophages and lymphocytes as seen in Figure 14A and 15A. Of the time points evaluated, 

maximum inflammatory cell infiltration occurred in all infected wounds at day 18 post-burn 

and remained with mostly neutrophilic infiltrate at day 38 (Figure14A and 15A).  There were 

no significant differences between the treatment groups in term of the enhanced healing 
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process or wound bed clearance when examining the samples stained with Masson's trichrome 

as it shows an increase in collagen deposition (stained with the blue dye) in all burns as seen in 

figure 14B and 15B.   

 

(A) 
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Figure 14. Histological examination during the study in the control animal for the pig 1 with 10x 

magnification throughout the study. (A) H&E stain histology of the burn wounds at different time 

points throughout the study (B) Masson's trichrome stain at different time points throughout the study  
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Figure 15. Histological examination during the study in the control animal for the pig 2 with 10x 

magnification throughout the study. (A) H&E stain histology of the burn wounds at different time 

points throughout the study (B) Masson's trichrome stain at different time points throughout the study 
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Conclusion 

The effect of H2S dipeptide was examined in-vivo. The primary hypothesis was that both dipeptides 

would have inhibitory effects on the bacterial burden. The goal was to evaluate the dipeptide gels and 

compare their impact to an established topical antimicrobial agent, which in this case was silver 

sulfadiazine. To accomplish this goal a second degree burn model was used, and successfully 

confirmed by histopathological examination. Then the burn was inoculated with a high concentration 

of Xen 29 1.44×108 as it was described in previous work as the infectious dose of bacteria that can’t 

be cleared by the immune system. The starting biofilm was quantified using CFU counts and photon 

count from the biopsy taken on day two post infection and showed a consistent biofilm formation in 

pig three whereas the bacterial burden varied from burn to burn in pig 4. This can be an individual 

variation between animals, but there is a room for improvement in terms of the injection methods. 

Then bacterial burden was followed throughout the study by collecting tissue biopsies. The third aim 

was to evaluate the effect of the dipeptide gels on in-vivo burn wound infected porcine model. An 

antimicrobial effect was noticed with the S-FE group compared to the other groups as the infection 

was cleared before day 14 compared to its control which persisted to day 21. However, with the C-

FE gel, there was bacterial clearance at the C-FE by day 11 in pig three compared to its control, but 

there is a persistent infection on pig four that lasted to day 31 for both C-FE and its control which 

gives a different result in term of its efficacy as an antimicrobial peptide. Increasing the number of 

animals in the study will help determine the antimicrobial effects of the C-FE gel.  The other group 

of animals were assigned as controls without any infection and to test its safety on burn wounds and 

its effect on enhancing wound healing.  There was no clear acceleration of wound healing with any 

of the treatments compared to the control. The histological examination of the infected tissue could 

reveal a positive effect on healing speed with the clearance of bacteria. In this study, the antimicrobial 

effect of H2S was further confirmed as wells as its safety for topical use.  
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CHAPTER 5 

Conclusions and Future Directions 

 

The CDC determined that antimicrobial resistance is one of the greatest public health challenges of 

our time as 2 million people acquire resistant infections in the united states annually. In 2013, the 

CDC published a report ranking 17 bacterial species that were easily treatable but developed bacterial 

resistance in the last decade.110  Different antimicrobial treatments were discovered over the last 

decade that includes chemical agents, antimicrobial peptides, medical gases like nitric oxide and 

carbon monoxide. The bacterial species continue to evolve and develop survival mechanisms and 

resistance that render those antimicrobial agents ineffective with time.     

The studies outlined in this thesis discussed some critical discoveries as well as some areas that future 

research should address. The overall goal of this research was to study the antimicrobial effect of H2S 

releasing dipeptide, which was never tested before against bacterial infection. The primary hypothesis 

was the H2S gas has antimicrobial effects on Staphylococcus aureus pathological bacteria. The H2S 

dipeptide was compared to a control dipeptide with the same chemical structure to confirm the 

isolated inhibitory effect of H2S on bacteria, more specifically S. aureus bacteria. The H2S had 

increase bacterial inhibition in-vitro, ex-vivo and in-vivo assays compared to the dipeptide alone. 

Although the dipeptide had significant inhibitory effects when applied prophylactically and in ex-vivo 

model testing there is no effect seen when tested in the in-vivo infected porcrine burn model.  

In chapter 2, the impact of S-FE was tested in-vitro and compared to its control gel C-FE and a 

bacterial group without intervention. The in-vitro observation from the planktonic culture assay 

showed the dipeptide gels had both bactericidal and bacteriostatic properties which might be used to 

augment the antibiotic treatment for burn wound and improve infection management by providing an 
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adjunct therapy.  The gels were also tested on an established biofilm and biofilm formation in-vitro 

using another pathological strain called UAMS-1 which showed an inhibitory effect more so with S-

FE compared to C-FE when applied to an established biofilm. These results indicated the S-FE and 

C-FE gels were able to penetrate the biofilm and inhibit bacterial activity, making them excellent 

candidates for existing biofilm treatment and prophylactic treatment.  

Chapter 3 described the approach for using an ex-vivo infection model using a bioluminescent 

bacterium that can be followed over the study period. After establishing a reliable infection model, 

the effects of the hydrogels were tested on existing biofilms, as well as skin samples that were pre-

treated to inhibit biofilm formation. Both C-FE and S-FE inhibited bacterial activity and biofilm 

formation, however, all experiments revealed that S-FE had better antimicrobial effects than C-FE.  

In chapter 4, the effect of the dipeptide was further explored in-vivo. The main hypothesis was that 

both dipeptides would have antimicrobial as revealed in previous experiments. The main goal was to 

test the hydrogels on burned infected porcine skin to compare their effects to an established topical 

antimicrobial agent used clinically, like silver sulfadiazine. The first step was to generate a second-

degree burn model which was confirmed by histopathological examination. Then the burn was 

inoculated with Xen 29 1.44×108. The biofilm was evaluated using CFU counts and photon count 

from the biopsy taken on day two post-infection. One of the infected animals developed a consistent 

biofilm formation while the bacterial burden varied from burn to burn in the other animal tested. 

The third objective was to assess the outcome of treating with the dipeptide gels on in-vivo burn 

infection porcine model. The S-FE group had a significant inhibition in bacterial burden compared to 

the other groups as the infection was cleared a week before its control which persisted to day 21. The 

C-FE, however, had unexpected results as it had a bacterial clearance at the C-FE by day 11 in one 

animal compared to its control but there but on the other animal the infection persisted to day 31 for 

both C-FE and its control which is similar to the results from the UAMS-1 in-vitro treatment of 

established biofilms. This could indicate that the control peptide has limited antimicrobial effects, 
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especially in established biofilms. However, more animal testing is indicated to confirm these results. 

The bacterial burden was also assessed using IVIS to determine the efficacy of using this utility to 

monitor chronic infections. Unfortunately, the results were conflicting and missing some of the 

existing bacterial colonies in the tissues.  This study demonstrates the discrepancies between IVIS 

and CFU count, improving the bioluminescence-CFU correlation would be of significant value for 

research, specifically chronic wound for small animal burn models. The other group of animals was 

allocated as controls to test its safety on burn wounds and its effect on burn wound healing.  The 

histopathological examination didn’t show any enhancement of wound healing process with 

treatment compared to the control wounds including silver sulfadiazine cream. The histological 

examination of the infected tissue could help show differences in the treated groups since we had a 

decrease in bacterial burden with the S-FE peptide. In chapter 4, the antimicrobial effect of H2S was 

confirmed in an in-vivo setting which could lead to clinical application. Some refinement is required 

for the dipeptide to form a more solidified gel to prevent gel loss when tested in future studies.  

The future directions of this work can additionally investigate the effect of this dipeptide on gram-

negative bacteria including Pseudomonas aeruginosa and Escherichia coli. The advantage of 

understanding the impact of this dipeptide on different bacterial species and strains will increase our 

understanding of how it inhibits the bacterial growth, therefore designing better antimicrobial 

peptides or peptide-chemical antibiotic combinations that work in synergy to eradicate bacterial cells. 

Moreover, the H2S releasing dipeptide will further our understanding of the role of exogenous 

administration of this medical gas which naturally occurs in different systems in different 

concentrations in healthy tissue versus infected or inflamed (in autoimmune diseases) tissue. Also, 

further studies will help determine the role of H2S on different tissue types like lungs and brain tissue. 

This dipeptide can also be carried by nanoparticles with optimized the surface that targets bacterial 

cell surface markers to enhance its function.  
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H2S-releasing S-FE gel had a better antimicrobial effect in general and very mild enhanced wound 

healing clinically in terms of hair growth and scar wound color which may suggest an inhibitory 

ability of the H2S gas to inhibit bacterial growth. There are many theories on the underlying 

mechanisms for this inhibition. H2S might influence K+ uptake as it was shown in eukaryotic cells 

like neutrophils69. Potassium has a vital role in bacterial physiology and development of bacterial 

resistance by alkalinizing the bacterial cytoplasm for compensation of H+ extrusion in the face of 

acidic stress.111 

The mechanism of the gels antimicrobial effects is not apparent yet, but it can be theorized that these 

antimicrobial effects are likely related to H2S and their self-assembled structures, which have been 

reported for other antimicrobial peptides (AMPs). The hydrophobic parts (SATO, phenylalanine, and 

tyrosine) and the self-assembled beta-sheet structures may enable peptide molecules and self-

assemblies to attach to the bacterial membranes, causing defects and leading to ions and metabolites 

leak, membrane respiration and functions inhibited, which lead to the bacterial death.112  
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their graduate and clinical training. Contact: Prof. Danny Rabah- Surgery Department 

Chairman. Email: drabah@ksu.edu.sa 

 

Teaching Assistantship, November 2017 

Teaching undergraduate students at Winston Salem State University. Giving three lectures 

covering Renal System anatomy and physiology and facilitated small group discussion.   

Contact: Dr. Jeffery Overholt, Associate Professor of Physiology Department of Life 

Sciences. Winston-Salem State University. Email: overholtj@wssu.edu 
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Clinical Experience, February-April 2018 

Shadowed Dr. Clancy Clark, Assistant Professor of Surgery, Associate Program Director 

General Surgery Residency, Hepatobiliary and Pancreatic Surgery Consultant, in the clinic 

under the Department of General Surgery at Wake Forest Baptist Medical Center. Gained 

experience in clerking the patient in the clinic, breaking bad news, diagnosing and managing 

complex and rare hepatobiliary and pancreatic cases. Email: cjclark@wakehealth.edu 

 

Clinical Experience, November 2017- March 2018 

Participated in the Department of Plastic and Reconstructive Surgery at Wake Forest Baptist 

Medical Center. Gained experience in dealing with burn patients, hand injuries, amputations 

with OR exposure, wound care for acute and chronic wounds under the supervision of Dr. 

Joseph Molnar, Professor of Plastic and Reconstructive Surgery and Regenerative Medicine, 

Medical Director-Wound Care and Hyperbaric Center, Associate Director-Burn Center. Email: 

jmolnar@wfubmc.edu 
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Clinical Experience, October 2016- December 2016 

Shadowed Dr. Giuseppe Orlando, M.D., Ph.D. Assistant Professor, Surgical Sciences-

Transplant, in the wards and the OR. Scrubbing in renal transplant cases under the Department 

of General Surgery at Wake Forest Baptist Medical Center. Clerking interesting cases and 

presenting it at the clinical experience course end of semester presentation. Email: 

gorlando@wakehealth.edu 

 

Breast and Endocrine Surgery Elective, 2014 

Attended for four weeks at King Faisal Hospital and Research Center and worked with cancer 

patients and their families. Clinical hours were distributed on clinical and academic activities 

(Pre-rounds with residents, Rounds, OR, and Clinics), continuous in-house calls. Department 

of Surgery, MBC-40, King Faisal Specialist Hospital & RC. Email: jpangcoga@kfshrc.edu.sa 

 

Internship year July 2014-August 2015 

Clinical Clerkship as an intern for (8) weeks in Medicine, (8) weeks in Surgery, (8) weeks in 

Obstetrics and Gynecology, (8) weeks in Pediatrics, (8) weeks in the Emergency Department 

with excellent overall evaluation. Contact: Dr. Faisal Alsaif, Vice Dean for Academic Affairs. 

Email: falsaif@ksu.edu.sa 

 

Research Experience: 

Graduate Research Associate at Wake Forest Baptist Hospital, 2017-Present   

Working under Dr. Nicole Levi’s supervision on multiple projects related to wound infections 

and healing and the use of nanoparticles for cancer treatment. Contact: Dr. Nicole Levi Ph.D., 

an Associate Professor, Plastic & Reconstructive Surgery at Wake Forest University. Email: 

nlevi@wakehealth.edu 
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2017   Helmi, H. Hassanain, M. Altamimi, A. Nouh, T. Aljiffry, M. Al Saied G, Alsareii S. The 

Impact of Age on Cost of Emergency Abdominal Surgery in a Developing Country. (Submitted 

for publication, Canadian Journal of Surgery). 
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2015  Janati, B. ALGhasab, N. Al-Thwainy, A and Altamimi, A. "FOIXALAJOUANINE Syndrome: 
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Cases Obstet Gynecol, 2015;2(2):22-24.  

2014   Almadi, M. Almousa, M. Althwainy, A. Altamimi, A. Alamoudi, M. Alshamrani, H Alharbi, 

O. Azzam, N. Sadaf, N.  Aljebreen, A. Prevalence of symptoms of gastroesophageal reflux in 

a cohort of Saudi Arabians: A study of 1265 subjects. Saudi Journal of 

Gastroenterology.2014; 20(4):248-254. 
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Abstracts (Oral/Poster Presentation)  

  

2019   Altamimi, A. Abdelaal, O. Sadri-Ardekani, H. Levi-Polyachenko, N. The use of gold 

nanoparticles for targeted leukemia cell ablation in mixed testicular cell cultures. 36th Annual 

Society for Thermal Medicine Meeting.  

2017   Helmi, H. Hassanain, M. Altamimi, A. Nouh, T. Burden of Emergency Abdominal Surgery 

on a Developing Country; The Importance of Quality and Cost. Poster presentation at the 

Scientific Form program at the ACS clinical congress. The abstract was published in the 

Journal of the American College of Surgeons, Volume 225, Issue 4, e104 

2017 Zhou, S. Dadhich, P. Altamimi, A. Zakhem, E. Bitar, K. Cell Therapy for Gastroparesis. 

WIFRM 2017 Summer Scholars Program Research Day, Winston Salem, North Carolina, 

United States. 

2016 Altamimi A, Hassanain M, Nouh T, Ateeq K, Aljiffry M, Nawawi A, Al Saied G, Riaz M, 

Alanbar H, Altamimi A, Alsareii S, Al-Moosa M, Al-shammari A, Alnuqaydan S, Ghzwany 

A. A National Study: Predictors of Morbidity and Mortality Post Emergency Abdominal 

Surgery. Poster Presentation at the Canadian Surgery Forum, Toronto, Canada.  

2016 Altamimi A, Hassanain M, Nouh T, Ateeq K, Aljiffry M, Nawawi A, Al Saied G, Riaz M, 

Alanbar H, Altamimi A, Alsareii S, Al-Moosa M, Al-shammari A, Alnuqaydan S, Ghzwany 

A. Predictors of Morbidity and Mortality Post Emergency Abdominal Surgery: A National 

Study. Oral presentation at the 15th Annual Surgery Research Day, King Khalid University 

Hospital, King Saud University.    

2014 AlQahtani, A. Altamimi, A. Alhamad, M. Alshihri, A. Systemic Review of Unusual sites of 

metastasis of well-differentiated thyroid cancer. Oral presentation at the 13th Annual Surgery 

Research Day, King Khalid University Hospital, King Saud University.    
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2014 Altamimi, A. Determining the Molecular Factors That Predict Redevelopment of Diabetes 

after Bariatric Surgery, Oral Presentation in Bench to Bed Side Course, Johns Hopkins 

University Hospital, Baltimore, United States.      

 

   

Current Research Projects 

  

- Altamimi, A. Levi, N. Examining the Effect of H2S-Releasing Gel on Infected Burn 

Wounds.  

- Altamimi, A. Levi, N. Sadri-Ardekani, H. Leukemia Cell Elimination from human testicular 

cell cultures prior to auto-transplantation using functionalized Gold Nano rods.  

- Klein, I. Altamimi, A. Levi, N. Photothermal Treatment of E. Coli Infected Artificial 

Kidney Stones. 

 

Selected Courses and Additional Training  

  

2017 Teaching Students How to Learn, Wake Forest University, Winston Salem, North Carolina, 

USA. 

2017 TA and PostDoc Series: Active Learning, Wake Forest University, Winston Salem, North 

Carolina, USA. 

2017 Regenerative Medicine Essentials, Wake Forest Institution for Regenerative Medicine, 

Winston-Salem, North Carolina, USA.     

2016 Good Lab Practice Training, Animal Research Training. 

2016 Introduction to Regenerative Medicine Elective Course. 
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2014 Advanced Trauma Life Support (ATLS) Course, by the American College of Surgeons. 

2014 Basic Operative Surgical Skills (BOSS) Course, Armed Forces Hospital, Southern Region, 

Saudi Arabia.   

2014 Bench to Bed Side Research Course, Johns Hopkins University Hospital, Baltimore, United 

States.  

2014 Advanced Cardiac Life Support (ACLS) Provider, American Heart Association.  

2014 Basic Life Support (BLS) Provider, American Heart Association. 

2014 Basic Course in ECG, King Khaled University Hospital, Riyadh. 

2014 Basic Clinical Skill Course, Clinical Skill & Stimulation Center, Medical Education 

Department- King Khaled University Hospital. 

2014 Design and Interpretation of Clinical Trials, 6 Weeks online course, Johns Hopkins University. 

2013 Programmed Cell Death 6-week online course, Ludwig Maximilians Universität München 

(LMU).  

2013 Extensive Medical Review, King Fahd University Hospital, Al Khobar. 

2012 Communication Skills Course, King Khaled University Hospital, Riyadh. 

  

Conferences and Symposiums  

 

2014 13th Annual Surgery Research Day, King Khalid University Hospital, King Saud University.   

2014 Online Webcast - Current and Future Technologies Used to Assess Surgical Skills 

2014 January, February Riyadh Surgical Club Meetings. 

2012 Awareness week of Breast Cancer Symposium. 

2011 The First Scientific Symposium on the Health Sciences Research.   
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Leadership Experience:  

  

2014-16 Surgery Club Leader, Student-Led Interest Group aiming to introduce the field of Surgery 

and its subspecialties to all interested medical students and to help them with whatever their 

success would demand. 

2015-16  KSA Country lead and local collaborator, Determining the Worldwide Epidemiology of 

Surgical Site Infections after Abdominal Surgery. 

2014-15 KSA Country Lead and Local Collaborator, Determining Universal Processes Related to 

Best Outcome in Emergency Abdominal Surgery: An International Evaluation. 

2014 Organizer and Participant, National Saudi Scoliosis 3 Campaign. 

2013 Organizer and Participant, The Prevalence of GERD in Riyadh City (Data Collection). 

2012 Organizer and Participant, Awareness week of Breast Cancer and its symposium. 

2012 Organizer and Participant, Fatty Liver Campaign. 

  

 

Selected Experiences and Volunteer Work: 

 

2016 Volunteer, Samaritan Ministries Computer Lab. 

2014 Member, Internship Day as a Member of Beyond Internship Day Team. 

2014 Participant, You Are Not Alone Campaign, Saudi celiac support group activity. 

2012 Participant, Women Health Research Chair Awareness Campaign. 

2012 Participant, Kidney Awareness Day Campaign. 

2011 Participant, GCC – KSU Celebration of World Health Day. 
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Membership   

2014- 2016: Surgery Club  

Supervised all team leaders’ activities, wrote and enforced club policies and solved any disputes 

among team members that could not be managed by team leaders.  

2012-2014: King Saud University Health Club (Member)                                                       

Helped organize and advertise club events, sponsored by KSU Health Club (GI team).  

2012-2014: Surgery Interest Group (Photography Team Leader) 

Responsibilities included supervising and distributing tasks to team members. Also helped organize, 

manage, and document SIG events. 

  

Skills  

In-vivo Imaging.  

Nano particle conjugation.  

Confocal Laser Microscopy  

Scanning Electron Microscopy 

Computer skills include Microsoft Excel, Access, Word, PowerPoint, Photoshop, EndNote, and 

SPSS.  

Prokaryote and eukaryote cell Culture. 

Animal Research: Worked with Rabbits, Pigs and Rats.  

Language: Arabic, English 

 
 

 

 


