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Abstract 

Glycation is a non-enzymatic reaction that occurs between reducing sugars and proteins that occurs 

under physiological conditions. The final products of the glycation reaction are called advanced 

glycation endproducts (AGEs). AGEs impair protein function, promote inflammation, and disrupt 

a variety of processes in various tissues. Glycative stress contributes to the pathology of diseases 

associated with aging, as well as the general aging process itself. AGEs accumulate in the body 

over time, and under conditions of hyperglycemia glycative stress is heightened. 

It has been thought that because bacteria are short lived with high protein turnover that glycative 

stress via non-enzymatic glycation is not a significant factor for their physiology. However, in 

recent years glycative stress has been observed to occur in bacteria. Glycation and AGEs are not 

only relevant for the survival and growth of bacteria, but also alter the human body in ways that 

promote infection. 

Two major skin microbes that inhabit the skin microbiome are Staphylococcus epidermidis and S. 

aureus. 

S. epidermidis is a beneficial species. S. epidermidis produces antimicrobial peptides that inhibit 

the colonization and growth of pathogens. The presence of S. epidermidis also stimulates improved 

immune response by host skin cells, and inhabits ecological space that may otherwise be inhabited 

by pathogens.  

S. aureus is a potential pathogen. It is present among a plurality of the population, and the leading 

cause of skin infection. Colonization with S. aureus causes inflammation in the skin and nasal 

epithelia. S. aureus frequently forms biofilms on surgical implants, catheters, and skin lesions. 

Several conditions are strongly linked with skin lesions and S. aureus. Atopic dermatitis, psoriasis, 

and diabetes mellitus all show elevated abundance of S. aureus, associated with increased severity 

of symptoms and risk of infection. While the etiology of these disorders varies, all are associated 

with increased glycative stress throughout the body and accumulation of AGEs in the skin. I have 

also observed and increased abundance of S. aureus on the skin of healthy seniors, who have 

significantly increased fluorescent AGE accumulation in the skin compared to young adults. 
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I hypothesized that AGEs may increase pathogenicity of S. aureus, and conducted testing to 

examine the in vitro effects of glycated keratin.  

Results 

Previously, a loss of cell viability from elevated glucose and AGEs from was observed in S. 

epidermidis. Expanding testing to S. aureus, a similar reduction in cell viability was observed in 

both species. Exposure to glycated keratin triggered membrane damage and cellular aggregation 

in S. aureus. It was observed that S. aureus metabolizes fluorescent AGEs from high molecular 

weight forms to low. 

Glycated keratin induced biofilm formation in a dose dependent manner, and high molecular 

weight AGEs had a significantly stronger biofilm promoting effect at the same dosage. Exploring 

potential topical treatments against elevates skin AGEs and S. aureus biofilm formation, we 

examined the biofilm inhibitory effects of several known AGE crosslink breakers in the AGE-

biofilm model. Astaxanthin, clove extract, and rosemary extract demonstrated a strong ability to 

inhibit AGE-induced S. aureus biofilms.  

A review of the literature was conducted regarding the potential interactions between glycative 

stress, S. aureus colonization, and viral infection that may play a role in the increased vulnerability 

to COVID19 reported in those with diabetes. Finally, a stable form of sodium hypochlorite was 

tested for its skin safety and bactericidal efficacy against S. aureus for use as a hand sanitizer. It 

was determined to be a safe product, and demonstrated effectiveness at sterilizing S. aureus. 

Conclusion 

The aging microbiome of the skin is characterized by increasing abundance, in absolute and 

relative terms, of S. aureus. AGEs produced from glucose and keratin triggered cellular 

aggregation and biofilm production in S. aureus. The presence of elevated concentrations of AGEs 

in the skin likely exacerbates S. aureus dysbiosis. Treatments to reduce the buildup of AGEs in 

the skin may help to reduce the severity of skin lesions, recurring staph infections, and other risks 

of S. aureus carriage in those experiencing elevated glycative stress. Such preventative measures 

may also help to avoid the overuse of antibiotics and the development of further antibiotic strains 

of S. aureus and other bacteria. 
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1. INTRODUCTION 

1.1. Glycative Stress 

Glycation, also known as the Maillard reaction, is a non-enzymatic process that occurs between 

reducing sugars and protein or lipids. In addition to the well-known browning reaction that 

occurs during the cooking process, glycation also occurs under physiological conditions in living 

organisms. The resulting products of these reactions are called Advanced Glycation Endproducts 

(AGEs). AGEs contribute to the aging process and the pathogenesis of various age-associated 

illnesses such as diabetes mellitus 1,2 and neurodegenerative disease 3. When AGEs form in 

association with proteins, they disrupt protein function and can cause the formation of protein 

aggregates 4 that are difficult for the body to breakdown and remove. AGEs also activate the 

Receptor for AGEs (RAGE), triggering an inflammatory response 5. AGEs accumulate in the 

body over time and may interfere with a variety of processes from bone homeostasis 6 to the 

functioning of the immune system 7. 

Aging of the skin also involves glycative stress 8,9. AGEs form crosslinks between collagen 

fibers, reducing the skin’s elasticity and forming wrinkles. Glycation of keratin too has been 

detected in the skin 10, hair 11, and nails 12; the relative degree of glycation increases with 

chronological age 13, and is similarly elevated in those with diabetes. The accumulation of AGEs 

can also trigger melanogenesis and discolouration 14, further contributing to the physical signs of 

aging. In recent years, beauty products and dietary supplements are sold which aim to inhibit 

glycation and breakdown AGE cross-links and aggregates in the skin and throughout the body in 

order to maintain a healthy and youthful appearance. The healthy state of the skin is also of vital 

importance to overall health: the thinning and stiffening of the epidermidis that comes with age 

weakens the skin’s barrier function, increasing the risk of injury and infection.  

1.2. Glycative Stress and Bacteria 

Bacteria are overlooked when it comes to glycation as it is thought of as a slowly occurring 

reaction that takes months to years to accumulate glycative stress in mammalian/eukaryotic cells; 

this it at odds with the very short lifespan and generation time of bacterial cells. However, 
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glycation does occur in bacteria: non-enzymatic glycation and endogenous bacterial AGEs were 

first reported to be observed in E. coli 15. 

Glycative Stress is also a significant enough phenomenon in bacteria to appear to have applied 

enough evolutionary pressure for anti-glycation mechanisms to develop. Demonstrate that E. coli 

breakdown accumulated AGEs intracellularly and secrete them as < 3kDa units, using an 

unknown metallo-protease 16. Bacterial secreted AGEs may also have clinical/physiological 

significance in humans, as secreted AGEs are found to trigger an increase in pro-inflammatory 

cytokines in mammalian cells via RAGE 17.  

Research also suggests that glycopeptidase Gcp (OSGEP in humans) is responsible for 

preventing the accumulation of glycated proteins in E. coli 18. This protein is preserved in all 

three domains of life, emphasizing its physiological importance to all life, although its homologs 

play different roles in different species, usually as a chaperone molecule. However, the sequence 

is highly conserved across species despite the different functions, suggesting that a shared 

function may also be maintained, one that is relevant to all life: the defense against non-

enzymatic glycation and its consequences, which can occur in any biological system. 

1.3. The Human Microbiome 

As a part of many systems within the body that change and/or deteriorate with age, it is also of 

vital importance to consider the communities of symbiotic bacteria that inhabit a diverse range of 

environments throughout the body, making up the human microbiomes. Shifts in the makeup and 

abundance of the species inhabiting the human microbiomes have been reported to occur over 

time with age, leading to distinct patterns of bacterial populations between the gut flora of from 

infanthood to young adults and the elderly 19,20. The changes in the makeup of the microbiomes 

can progress through a process of ecological succession, with early colonizing species preparing 

the environment for later arrivals before arriving at a relatively stable climax community. 

Disturbances such as antibiotic treatment, injury, disease, and aging itself can alter the human 

environment, leading a healthy microbiome to fall out of balance. This is called dysbiosis, where 

shifts in species of the microbiome disrupt stable homeostasis. Dysbiosis can present as an 

overabundance of potentially pathogenic species, such as C. difficile in the gut 21, or the chronic 

colonization of the lungs that co-occurs with cystic fibrosis 22,23.  While the gut microbiome has 
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been a focus for study due to its important role in digestive health 24 and role in the gut-brain axis 

25, other ecological niches on the body have seen less attention, such as the skin. 

The skin plays a crucial role in maintaining separation between the nutrient rich and vulnerable 

body and the environment, with its barrier function maintaining distinction from the 

environment, preventing the loss of water and nutrients, and preventing invasion by hostile 

pathogens. While relatively dry and low in nutrients, the surface of the skin is nevertheless home 

to a diverse ecology of microorganisms that first colonize the surface of the body during birth. 

Humans inherit their skin microbiome from those closest to them in their early lives through 

physical contact, and a general pattern of succession of species can be recognized during infancy 

26. 

What role, if any, the species of the skin microbiome play in general health is still only 

beginning to be understood; the skin microbiome includes many uncharacterized and 

unculturable species. For the purposes of this research, I chose to focus on the genus 

Staphylococcus, due to their ubiquity, ease of culturing, and important role in human health. 

1.4. Staphylococcus epidermidis 

S. epidermidis is a gram-positive Firmicute, and a ubiquitous inhabitant of the human skin 

microbiome. It exists in a commensal symbiotic relationship with its human host, providing 

numerous beneficial effects. S. epidermidis can help prime the immune response of native 

keratinocytes, bolstering skin immunity and promoting the production of host antimicrobial 

peptides (Liu 2020). S. epidermidis also produces its own antimicrobial peptides in order to 

compete against rival species, which includes pathogens such as S. aureus (Newstead 2020), P. 

acnes 27, and Group A Streptococcus 28. Some strains have even shown the ability to disrupt S. 

aureus biofilms 29. 

1.5. Staphylococcus aureus 

S. aureus is a gram-positive Firmicute that frequently inhabits the skin and nasal epithelia of 

humans. S. aureus is a major pathogen that is a frequent cause of skin infections in hospital and 

community settings, including antibiotic resistant varieties (i.e., MRSA). It is one of the most 

common cause of skin and soft tissue infections, which are often recurring: among patients 

treated for S. aureus skin infections, recurrent infection rates after 6 months are as high as 51% 
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30.   S. aureus proteases harm the skin’s barrier function and can induce apoptosis in 

keratinocytes 31. S. aureus frequently colonizes skin lesions 32, its abundance is positively 

correlated with symptom severity 33, and its presence slows wound healing 34. S. aureus can enter 

the bloodstream and cause potentially fatal systemic infection, and carriage of the bacterium is a 

risk factor for post-surgery infection 35,36. S. aureus can also cause bacterial pneumonia, 

particularly in co-infection with viruses such as Influenza A 37,38 and SARS-CoV-2 39. S. aureus 

forms biofilms on the body and on medical implants and catheters, increasing its pathogenicity 

and protecting constituent cells from the body’s immune response, antibiotics, and competing 

bacteria. 

1.6. Glycative Stress and S. aureus Dysbiosis 

S. aureus dysbiosis is strongly associated with skin disorders linked to high glycative stress. The 

formation of skin lesions is a major complication of diabetes mellitus, and responsible for a 

plurality of hospitalizations of diabetic patients 40. Non-lesions skin is also affected, with a 

significant increase in S. aureus abundance and a loss of non-S. aureus staphylococcal species 

reported on the diabetic foot 41. Nasal carriage of S. aureus is also significantly elevated in those 

with diabetes 42, and carriage rates are further elevated in those with high fasting blood glucose 

levels 43 and increased levels of glycated hemoglobin 44. The incidence rate of S. aureus 

bacteremia is also significantly greater in diabetes 45. 

The same phenomenon can be observed in lesions skin disorders unrelated to diabetes as well. 

Atopic Dermatitis (AD) is a skin disorder characterized by dry and cracked skin that is linked to 

a loss of function mutation in the protein filaggrin 46. Severity of AD is correlated with S. aureus 

abundance 47, which is elevated on those with AD on both lesional and non-lesional skin 48. This 

colonization is characterized by biofilm formation, which allows S. aureus to persist on the skin 

in high concentrations 49,50. Surprisingly, it has been discovered that AGE content in the skin of 

those with AD is significantly elevated compared to healthy controls 51. 

Psoriasis is an inflammatory skin disorder that leads to excessive keratinocyte proliferation and 

the formation of lesional plaques on the skin 52. Psoriasis is also associated with elevated S. 

aureus colonization and abundance 53,54. Blood and skin glycative stress markers are also 

elevated 55,56. 
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Despite their disparate etiologies, diabetes, atopic dermatitis, and psoriasis are all associated with 

skin lesions, S. aureus dysbiosis and biofilm formation, elevated glycative stress markers, and 

AGE accumulation in the skin. Glycation of keratin in the stratum corneum is significantly 

elevated in those with diabetic skin ulcers 57. and among hospital patients suffering from 

microbial eczema 58. Observing this association, it was hypothesized that AGEs may play a 

causative role in S. aureus dysbiosis, leading to increased risk of infection in those under a high 

glycative stress burden. 

During my master’s research, I examined the composition of the Staphylococcal skin population 

of the volar forearm of healthy young adults and elderly participants (see Table 1). A significant 

increase in S. aureus abundance and loss of S. epidermidis carriage was observed on the elderly 

skin, which was coincident with an increase in skin fluorescent AGE content. S. aureus dysbiosis 

may be a risk for those with elevated glycative stress, regardless of the lack of co-morbid 

illnesses like diabetes or atopic dermatitis.  

1.7. Role of Glycative Stress in Other Bacterial Diseases 

While the effects of glycative stress on aging and the pathogenesis of various diseases has come 

to be better understood in the recent years, knowledge about its interactions with bacteria is still 

quite scarce. While it has been known for some time that AGEs in culture media may influence 

the growth of some microorganisms under laboratory conditions 59, the implications for human 

health in more complex systems are still prime targets for study. Among that little research has 

already been published, there are indications that glycative stress is a factor in some infectious 

disease. Glycation of the bladder epithelium increases the binding affinity of E. coli 60, 

facilitating bacterial adhesion and infection, partially explaining the increased frequency of UTIs 

in diabetes. Dietary AGEs may impact the gut microbiome 61, and coffee melanoidins have been 

reported to modulate adhesion by H. pylori in the stomach 62. 

1.8. Research Aim 

In order to better understand age-related changes in the skin microbiome, with consideration of 

glycative stress, I examined the effects of glycative stress induced by exogenous AGE exposure 

on Staphylococcus epidermidis (Master’s research 63), and here primarily Staphylococcus aureus. 

Based on the reported roles of S. aureus dysbiosis in diseases associates with high levels of 
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glycative stress, it was hypothesized that exogenous host AGEs may affect S. aureus in ways that 

promote increased pathogenicity.  
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2. MATERIALS AND METHODS 

2.1. Glycation Model 

Glycated keratin solutions used in testing were produced by incubating proteins with glycating 

agents in accordance with the recipes outlined by 64. The final concentration of the solution 

consisted of 50 mM phosphate buffer (pH 7.4), 0.60 mg/mL keratin (Nacalai Tesque, Kyoto, 

Japan), and 40 mM glucose. Solutions were incubated at 60°C for 10 days to accelerate the 

glycation process. After incubation, ultrafiltration was performed using Amicon Ultra 

Centrifugal Filters according to the manufacturer’s instructions (Merck Millipore Ltd, Cork, 

Ireland) to remove unreacted glucose and concentrate solutions. Protein concentration of 

glycated keratin solutions was measured by BCA Protein Assay (Thermo Fisher Scientific, MA, 

USA) according to the manufacturer’s instructions. 

2.2. High-Performance Liquid Chromatography 

HPLC analysis and pentosidine measurement of glycated keratin solution was performed using 

the following column type: 

 Column:  Cadenza CD-003, 5 µm (Imtakt, Kyoto, Japan) 

 Column  Size: 150 x 4.6 mm I.D. 

Device settings were as follows: 

 Eluent Fluid:   A: 100 mM citric acid / acetonitrile = 995 / 5 

    B: acetonitrile 

 Time Program: 0-15 min (0% B) 

    15.5-20.5 min (50% B) 

    20.5-60 min (0% B) 

 Flow Speed:  1.0 mL/min 

 Column Temp.: 20°C 

 Detection:  Ex: 325nm, Em: 385 nm 

 Injection Volume: 20 µL 

 Sample Cooler: 4°C 
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2.3. Bacterial Strains and Growth Conditions 

S. epidermidis NBRC100911 (ATCC 14990) and S. aureus NBRC100910 (ATCC 12600) were 

purchased from the National Institute of Technology and Evaluation Biological Resource Center 

(Tokyo, Japan). 

S. aureus ATCC 12600 is a moderate biofilm producer that contains all the components of the 

ica gene complex that regulates the production and secretion of poly-beta-1,6 N-acetyl-D-

glucosamine, the polysaccharide component biofilms [also known as polysaccharide intercellular 

adhesin (PIA)]. ATCC 12600 also possesses SigB, which plays a role in autolysis and the release 

of DNA in the formation of eDNA biofilms. It lacks biofilm associated protein (Bap), which is 

necessary for some types of PIA-independent biofilm formation. However, Bap is generally not 

found in humans trains of S. aureus, but is more common in bovine varieties.  

2.4. Bacterial Growth Conditions 

Planktonic bacterial cultures were grown in Tryptic Soy Broth (TSB) at 37°C, with 250 rpm 

shaking. Solid media cultures were grown on either Tryptic Soy Agar or Mannitol Salt Agar at 

37°C. Colony counting of agar plates was performed after 24 to 72 hours of incubation. All 

growth media used was purchased from Becton, Dickinson, and Company (MD, USA). 0.1 M 

phosphate buffer (pH 7.4) with 0.14M NaCl was used as carbon-free non-growth media. 

2.5. Cellular Viability 

Bacterial viability of planktonic cultures was determined by plate-counting after serial dilution; 

Tryptic Soy Agar plates were inoculated in triplicate and incubated at 37°C for 72 hours with 

daily colony counting. Turbidity assay (OD600) was found to poorly correlate with viable cell 

concentration in post-logarithmic growth phase cultures containing glycated keratin, and was 

omitted from the results. 

2.6. Cellular Aggregation: Sedimentation Assay 

S. aureus is a non-motile bacterium, and cannot move under its own power. Consequently, cells 

in planktonic solution will slowly settle to the bottom of sample tubes over time without 

agitation. The rate of this sedimentation depends upon the size of aggregates: larger aggregates 

settle out of solution more quickly than smaller ones. 
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5 mL solutions of TSB (supplemented with either 0.5 mg/mL glycated keratin or milliQ as a 

control) in sterile 12 mL sample tubes were inoculated with S. aureus and incubated under 

planktonic conditions for 24 hours. After incubation, both samples were vortexed and left to sit 

undisturbed at 4°C. Periodically, 150 µL aliquots were collected from near the air-liquid 

interface at the top of each solution and their turbidity was measured by absorbance at 600 nm 

(OD600) in triplicate.  

2.7. Cellular Aggregation: Image Analysis 

Planktonic cultures were supplemented with either milliQ (control) or 0.5 mg/mL glycated 

keratin (AGE+) and incubated for 24 hours. After incubation, samples were vortexed and 2 µL 

aliquots were collected, transferred to microscope slides, and flame fixed.  Slides were observed 

via brightfield microscopy, and images were captured at a maximum magnification of 400X. 

Image analysis was performed using ImageJ (National Institutes of Health) analysis software. 

Briefly, images were converted to black and white and size of cells and cellular aggregates was 

measured (size represented by area in µm2). 

2.8. Biofilm Crystal Violet Assay 

Biofilm assay was performed as previously reported 65. 1 mL solutions of TSB were prepared, 

with the desired amount of glycated keratin added per sample type. Each solution was inoculated 

with 1:100 volume (10 µL) of Staphylococcus overnight stock and thoroughly vortexed before 

pipetting 100 µL aliquots of each sample into the wells of a sterile un-treated 96-well plate (8 

replications per sample). The outer wells of each plate were filled with purified water to prevent 

evaporation of test wells. Plates were then sealed and incubated at 37°C for 48 hours before 

staining with 1.0 mg/mL crystal violet solution for 10 minutes. After staining, plates were gently 

washed with water twice and left to dry overnight. Each dried and stained biofilm well was 

solubilized using 200 µL of 30% glacial acetic acid solution. Finally, the absorbance of 125µL 

aliquots were measured at 587 nm using a Varioskan Flash Multimode Microplate Reader 

(Thermo Fisher Scientific, MA, USA). 

2.9. Membrane Integrity Test: DNA Release Assay 

The membrane integrity assay was performed as previously described 66. Cells that have 

sustained membrane damage leak their cytoplasmic contents, and nucleic acids can be detected 
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photometrically at a wavelength of 260 nm. Aliquots of S. aureus overnight culture were 

collected and the cells resuspended in carbon free media (0.1 M phosphate buffer, 0.14 M NaCl), 

before the addition of 1.0 mg/mL of glycated keratin solution. After incubation at 37°C, samples 

were centrifuged for 5 minutes at 4500 g and the supernatant collected for absorbance assay at 

260 nm using a Varioskan Flash Multimode Microplate Reader (Thermo Fisher Scientific, MA, 

USA).  

2.10. Membrane Integrity Test: Propidium Iodide Assay 

Membrane integrity was further examined by propidium iodide staining. 1 mL sample cultures 

were prepared and inoculated with 10 µL of S. aureus overnight stock, before incubation under 

planktonic conditions. After 24 hours, sample aliquots were centrifuged at 4500 g for 5 minutes. 

Bacterial pellets were stained with 100 µL of 30 µM propidium iodide (Sigma-Aldrich, MI, 

USA) in 0.1 M phosphate buffer for 10 minutes in the dark at room temperature. After staining, 

samples were centrifuged again and washed with phosphate buffer, before final resuspension in 1 

mL phosphate buffer. 200 µL aliquots of each sample were transferred in triplicate to a black 96-

well plate, and fluorescence emission measured at 617 nm after excitation at 535 nm. 

2.11. In vitro Fluorescent AGE Measurement 

Fluorescent AGE content was measured photometrically as previously described 67. 200 µL 

aliquots of solution were transferred in triplicate to black 96-well microplates. Emission at 440 

nm after excitation at 370 nm was measured using a Varioskan Flash Multimode Microplate 

Reader (Thermo Fisher Scientific, MA, USA). Absorption values were normalized to the 

reference value of 5 µg/mL if quinine sulphate using the following equation: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒 =  
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑄𝑢𝑖𝑛𝑖𝑛𝑒 𝑆𝑢𝑙𝑝ℎ𝑎𝑡𝑒
 ×  1000 

2.12. Biofilm Inhibition Materials Preparation 

Aminoguanidine, ascorbic acid, and N-Phenacylthiazolium Bromide (PTB) were dissolved 

directly in milliQ at room temperature.  
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For rosemary extract, a commercial anti-aging supplement, AGE Breaker (manufacturer), was 

tested. Capsules of the supplement were ground into a powder and dissolved in 0.1 M phosphate 

buffer (pH 7.4) at room temperature.  

For clove extract, a heated water extraction was performed. 2 g of clove powder was added to 40 

mL of milliQ and heated at 80°C for 75 minutes. After heating, the resulting solution was 

centrifuged at 2500 rpm for 10 minutes and the supernatant was collected as the clove extract 

solution. Concentration of the solution was determined by measurement of the dry mass of 

aliquots after evaporation.  

Melatonin and Astaxanthin were both solubilized in dimethyl sulfoxide (DMSO) at room 

temperature. 

2.13. Dose-Response Curve Fitting 

Logistic curve-fitting was performed in R 68 using the Dose Response Curve package 69. 

2.14. Statistical Analysis 

Simple descriptive statistical analysis was performed using Excel (Microsoft). Between group 

statistical difference was calculated using Student’s T-test. For multiple comparisons, One-way 

ANOVA was performed with an α of 0.05, followed by Tukey’s test using SPSS Statistics 

(IBM). 
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3. IN VITRO EFFECTS OF AGES ON 

STAPHYLOCOCCUS 

3.1. Antimicrobial Effect of AGEs: Background 

The earliest reports of the effects of glycative stress on microbial organisms can be found in the 

literature going back to the early 20th century, although AGEs were not yet known at the time. A 

1930 paper 70 describes the effects of heat-sterilized culture media containing sugars on the 

growth of several species of bacteria. Some, like S. aureus and B. anthracis, were inhibited, 

while others including E. coli, B. subtilis, and K. aerogenes were unaffected. The reported 

inhibition occurred alongside caramelization of the media. However, when glucose was 

caramelized separately from growth media and added after sterilization, the inhibitory effect 

disappeared. This strongly implies that the Maillard Reaction and the production of AGEs from 

glucose and nitrogen sources in the media. Other papers from the time describe a similar 

phenomenon in other microorganisms, although growth could be inhibited or stimulated 

depending on the species being cultured. Growth of yeasts such as S. cerevisiae 71 or bacteria like 

Streptococcus salivarius 72 was reportedly enhanced. Decades later, when Maillard Reaction 

Products (aka AGEs) were beginning to be more well-known, a handful of studies examined 

their mutagenic effects on S. typhimurium 73,74, or interactions with gut microbes 75. 

The implications of glycation of media under laboratory conditions remains relevant to this day; 

growth media glycation has been noted to hinder study of difficult to culture extremophile 

archaea 59. In the food sciences, it has been reported that melanoidins, AGE polymers formed in 

foods cooked at high temperatures, have antibacterial properties 76, and may interfere with the 

adhesion of H. pylori to host tissues 62. AGEs formed in foods prepared at high temperatures may 

help to prevent spoilage or impact human health through dietary AGE intake. However, the 

effects on microorganisms of AGEs produced from human or mammalian proteins under 

physiological conditions is largely unknown. 

Previously, I examined the effects of AGEs formed from glucose or fructose and HSA, type I 

collagen, or keratin on planktonic cultures of Staphylococcus epidermidis and observed a 

consistent growth inhibition/loss of viability that was correlated with fluorescent AGE content. 
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These tests were performed on wild-type SE of unknown strain isolated from healthy human 

skin. As I observed a decreased abundance of SE and increased SA on the skin of the elderly, I 

hypothesized that the two species may differ in susceptibility to the anti-microbial effect of 

AGEs. As the skin increased in AGE content with age, the aged skin environment may be less 

hospitable to SE while allowing SA to survive. In order to test this, known strains of SE and SA 

were chosen for comparative testing. Keratin was chosen as the protein of choice due to its 

predominance in the stratus corneum of the skin where Staphylococcus species reside. 

3.2. Detection of Keratin Glycation and the Limitations Thereof 

In the past, researchers have utilized colorimetric techniques to measure glycation by reacting 

glucose adducts with thiobarbituric acid after hydrolysis of glycated proteins 77.  More recently, 

fluorometric 67 and immunostaining 78 methods have been used to identify glycated proteins. 

However, these techniques are indirect or relative measures of the amount of glycation or 

concentration of AGEs, and do not represent in absolute terms the degree of polymerization, or 

the number of modified amino acid residues present on particular proteins. 

More specific measurements of the local chemical changes involved in the glycation of keratin 

remain unknown. Literature on the topic is not available, and it is considerably difficult to 

determine. Though interesting, this problem is difficult to solve in the limited time available. 

In the current glycation model, glycosylation of keratin (in comparison to keratin solution 

processed without glucose) was detected by the increase in fluorescence intensity associated with 

AGEs (Excitation 370 nm, Emission 440 nm), the formation of a specific AGE (pentosidine) 

measured by High-Performance Liquid Chromatography, and the presence of the characteristic 

browning that is observed in the Maillard Reaction. 

3.3. S. epidermidis Loss of Viability due to Glycated Keratin 

Addition of glycated keratin to S. epidermidis NBRC 100911 growth media was examined for its 

effects on growth and cell viability as determined by colony counting after serial dilution. 

Samples with glycated keratin showed typical signs of active growth, developing obvious 

turbidity, with a peak cell count observed after 24 hours of incubation (24-hour viability shown 

in Figure 1). However, the CFUs/mL at this time were significantly reduced compared to 

controls. By 72 hours of incubation, viable cell count fell below the concentration of the initial 
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inoculum (see Figure 2 for 72-hour viability). The IC50 at 72 hours was estimated to be 0.38 

mg/mL, and a maximum 2.08 log reduction was observed in CFUs/mL at a glycated keratin 

concentration of 1.5 mg/mL. 

3.4. Free Pentosidine/CML Tests 

The glucose-keratin glycation model, as was previously known, demonstrated production of 

fluorescent AGEs. One such fluorescent AGE that is a common target for study is pentosidine; 

the pentosidine content of the final glycated keratin solution was measured using HPLC. The 

solution was determined to contain roughly 11 ng pentosidine / mg keratin (Figure 3). In order 

to test the efficacy of pentosidine in isolation, free pentosidine was introduced into TSB media 

and inoculated with S. epidermidis at concentrations of 10, 50, and 100 ng/mL. At all tested 

concentrations, free pentosidine failed to produce a significant change in cell viability or growth 

compared to controls (see Figure 4). 

In addition to pentosidine, carboxymethyl lysine, a non-fluorescent AGE that is also commonly 

observed in the epidermis, was also tested in its free form. At dosages of 50, 100, and 1000 

ng/mL, no significant loss of cell viability was observed (see Figure 5). 

3.5. S. aureus Loss of Viability due to Glycated Keratin 

S. aureus NBRC 100910 was also tested with glycated keratin to observe its effects on cell 

viability. At a dosage of 1.0 mg/mL, glycated keratin was added to growth media of both S. 

aureus and S. epidermidis for comparison at a concentration of 1.0 mg/mL over 72 hours (see 

Figure 6). Observing the increasing dominance of S. aureus on skin high in fluorescent AGEs, it 

was initially hypothesized that S. aureus may be more resistant to glycative stress from 

exogenous AGEs, and a reduced loss of viability would be observed. Both species experienced a 

similar loss of cell viability, following the same pattern of growth inhibition. After 72 hours, S. 

epidermidis CFUs in glycated keratin cultures were reduced by 3.6 log compared to control 

cultures, and S. aureus samples were reduced by 3.1 log. In both species, growth peaked at 24 

hours at significantly reduced concentrations than control, followed by a further reduction of 

viable cells after further incubation (24-hour comparison shown in greater detail in Figure 7). 

After incubation with glycated keratin, large aggregates that were visible macroscopically were 

observed to form at the bottom of sample tubes inoculated with S. aureus.  
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3.6. Membrane Damage 

It has been reported that the antimicrobial effect of coffee melanoidins on E. coli is exerted by 

membrane damage 79. I speculated that a similar phenomenon may be involved in the 

antimicrobial effect observed in Staphylococcus from glucose-keratin AGEs. 

An assay of extracellular DNA release after addition of 0.5 mg/mL glycated keratin to 0.M 

phosphate buffer containing resuspended S. aureus cells indicated no increase in the release of 

intracellular contents in glycated keratin conditions over a period of 40 minutes (See Figure 8). 

Additional samples incubated for up to 24 hours also showed no increase in the release of eDNA 

(not shown), suggesting there was no significant direct membrane damage cause by the mere 

presence of glycated keratin, as is reported for coffee melanoidins. 

A propidium iodide assay was also performed to assess membrane damage in TSB growth media 

(Figure 9), as the media itself interfered with the direct photometric measurement of DNA under 

these circumstances. S. aureus grown in culture media with added glycated keratin (0.5 mg/mL) 

demonstrated 4.7-fold higher fluorescence intensity than control after 24 hours of incubation, 

indicating significantly increased membrane permeability and/or release of DNA (p < 0.001). To 

better understand the requisite conditions for this membrane damage to occur, an assay was also 

performed comparing active growth media and non-growth media with added 0.5 mg/mL of 

glycated keratin (Figure 10). In the non-growth media with added glycated keratin, there was no 

significant change in the measured results. Only samples in which S. aureus passed through its 

logarithmic growth phase in active growth media in the presence of glycated keratin produced 

significant fluorescence, indicating significant membrane damage and/or release of eDNA. 

3.7. Cellular Aggregation: Sedimentation Assay 

S. aureus cellular aggregation in response to glycated keratin was initially quantified by 

sedimentation assay. As Staphylococcus is non-motile, cells will settle at the bottom of culture 

solutions over time without agitation. The rate of this settlement is dependent upon the size of 

the cells or cell aggregates, with larger particles accumulating at the bottom of sample tubes at a 

faster rate. After 24 hours of growth, the turbidity of S. aureus cultures with and without added 

0.5 mg/mL glycated keratin was measured over time (Figure 11). Turbidity of AGE+ culture 

rapidly fell over the initial 4 hours of observation, while control the culture remained relatively 
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stable. The sedimentation rate during the first 4 hours of testing was 14 times faster in the 

glycated keratin culture (0.0014 absorbance units/min) compared to control (0.0001 absorbance 

units/min). After 24 hours, the AGE+ samples’ turbidity had fallen by 88% of initial turbidity, 

while that of control samples had only decreased by 45%.  Following this test, aggregation was 

quantified more precisely by image analysis. 

3.8. Cellular Aggregation: Image Analysis 

When observed microscopically, the initial formation of small clumps of up to a dozen cells 

differentiated glycated keratin cultures from controls in the logarithmic growth phase, roughly 5 

hours after inoculation. Microscope captured images of S. epidermis and S. aureus cellular 

aggregates were collected after 24 hours of incubation under planktonic conditions, with and 

without 0.5 mg/mL of added glycated keratin (see Figure 12). After conducting an analysis of 

captured microscope images, AGE+ samples demonstrated significantly greater cellular 

aggregation compared to controls in terms of aggregate size for both S. epidermidis and S. 

aureus (see Figure 13). Aggregate size was considerably larger in S. aureus than S. epidermidis, 

agreeing with the visual observations of macroscopic aggregates noted in test cultures. Glycated 

keratin at a concentration of 0.5 mg/mL provoked an 8.0-fold increase in mean aggregate size in 

S. aureus, and a 3.3-fold increase in S. epidermidis compared to control samples (p < 0.001). 

3.9. Cellular Aggregation: Mechanisms and Significance 

The most well-known regulatory pathway for aggregation in S. aureus is that regulated by the 

ArlRS two-component system. ArlS is a membrane bound sensor protein that detects a yet 

unknown signal from the environment, which phosphorylates its cytoplasmic counterpart ArlR. 

ArlR then activates MgrA 80, which is a global regulator that modulates many processes in S. 

aureus physiology 81, including autolysis and cell surface protein expression. In the case of 

aggregation, MgrA represses expression of the giant Staphylococcal surface protein, Ebh 82 

(Figure 14). This protein’s large size prevents agglutination by blocking neighboring cells from 

binding to one another in fibrinogen-based aggregates 83. Fibrinogen aggregation occurs during 

infection in the blood and synovial fluid; binding substrates such as fibrin/fibrinogen are ligands 

for cell surface binding receptors, acting as nucleating agents for the formation of bacterial 

aggregates. Cells in the interior of aggregates are physically shielded from the environment, and 

the surface area to volume ratio of the total aggregate is increased, reducing exposure to harmful 
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substances such as antibiotics 84,85. Large aggregates are also more difficult for phagocytes to 

engulf 86. Bacteria that have lost the ability to aggregate show a significant loss of virulence in 

animal models of S. aureus infection 87–90.  

Fibrin-based cellular aggregation during infection occurs rapidly upon addition of human plasma 

83 or synovial fluid 91 into buffers containing resuspended S. aureus cells, without the need for 

plentiful energy or nutrient sources (e.g., free glucose, amino acids, etc.). However, in testing 

glycated keratin did not provoke the formation of aggregates in non-growth media such as 

phosphate buffer, regardless of growth phase. When aggregates were observed in growth media 

containing glycated keratin, the process was relatively slow, with initial small aggregates of up to 

a dozen cells only appearing after roughly 5 hours of incubation.  

Aggregation may also occur in response to antibiotic compounds as a response to the induced 

stress or damage to the cell. I have observed S. aureus aggregation in response to certain 

antimicrobial compounds, and aggregation in response to sub-lethal concentrations of antibiotics 

is reported in the literature for S. aureus 92 and other species 93. With regards to S. aureus, the 

mechanism for this type of aggregation appears to be less understood, but may rely on the release 

of eDNA. As observed in the experiments, glycated keratin mediated cellular aggregation co-

occurred with significant membrane damage, and neither were observed in samples of S. aureus 

resuspended in buffers containing glycated keratin. This suggests that the mere presence of 

glycated keratin did not directly damage S. aureus membranes or act as a binding substrate for 

already present cell surface anchors, but relies on an energetic response from the bacteria or 

occurs only during active replication. I speculate that high demand for amino acids during 

replication may lead to increased metabolism and uptake of glycated keratin, resulting in the 

observed growth inhibitory and antimicrobial effects of glycated keratin. The glycative stress 

exerted by consumed AGEs may promote autolysis and the release of eDNA and/or the 

production of extracellular polysaccharides (PNAG), which would then act as substrates for both 

aggregation and biofilm formation. 

Aggregation may or may not be accompanied by biofilm formation, but is a step in the formation 

process as individual cells amass to create the biofilm. Observing the occurrence of aggregation 

in planktonic cultures, I hypothesized that this may indicate the potential for biofilm formation as 
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well. Skin disorders associated with S. aureus dysbiosis often involve biofilm formation on the 

skin and in lesions; I formed the hypothesis that glycated keratin may trigger biofilm formation.  
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4. AGE-MEDIATED BIOFILM FORMATION 

4.1. Bacterial Biofilms: Background 

Biofilms are a viscous extracellular matrix containing polysaccharides, peptide chains, and 

eDNA that are secreted by certain bacteria. The viscosity of the biofilm, the density of cells, 

presence of protective enzymes, and changes in metabolic state of resident bacteria all contribute 

to increased resistance to antibiotics and host immune response 94. S. aureus readily forms 

biofilms on catheters and medical implants which can lead to serious infection 95.  

In addition to medical plastics, S. aureus is also known to form biofilms on the skin itself. Skin 

lesions resulting from poorly treated diabetes mellitus often form on extremities where they are 

readily colonized, leading to staph infection. S. aureus abundance increases while the diversity of 

commensal and/or mutualistic Staphylococcus species is lost on the feet of diabetic patients 41. 

Other skin conditions associated with elevated glycative stress, such as atopic dermatitis 51,96 and 

psoriasis 56,97, are also characterized by colonization with S. aureus 48,98, which forms biofilms in 

skin lesions and exacerbates the severity of accompanying symptoms. Biofilms contain bacterial 

proteases that contribute to breaking down skin proteins, and induce apoptosis in keratinocytes 

31. Once the skin’s barrier function is impaired, potentially fatal systemic infection is a 

significant risk factor. 

4.2. Glycated Keratin Induces Biofilm Formation 

Speculating that the cellular aggregation observed in planktonic cultures may indicate the 

potential for biofilm formation, biofilm assays were performed in order to quantitatively measure 

the response of S. aureus to glycated keratin AGEs. The initial measurement was performed with 

S. aureus at a glycated keratin concentration of 0.5 mg/mL. Biofilm absorbance was measured at 

587nm after 48 hours of stationary incubation.  

Figure 15 demonstrates the biofilm response of S. aureus alongside several controls. Sterile TSB 

was used as a background to ensure there was no interference during the crystal violet staining, 

producing negligible absorbance values (not shown). For the glucose condition, an additional 2.5 

mg/mL of glucose was added to TSB, resulting in a final glucose concentration of 5.0 mg/mL. 

Heated keratin, produced following the same procedure as glycated keratin, but without glucose, 
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did not differ significantly from control. All sample varieties resulted in significantly less biofilm 

formation than glycated keratin, which produced the strongest response at 1.9 units. Exposure to 

glycated keratin resulted in a roughly 10-fold increase in biofilm production compared to heated, 

un-glycated keratin (p < 0.001). 

The biofilm response of S. epidermidis and S. aureus are compared in Figure 16. While glycated 

keratin produced a significant increase in biofilm formation in both species, S. aureus produced 

significantly more biofilm than S. epidermidis at the same dosage (p < 0.001).  

4.3. Biofilm Dose-Response 

The dose-response curve of S. aureus biofilm production in response to glucose-keratin exposure 

was also examined. The resulting curve, shown in Figure 17, reveals a classic sigmoidal 

relationship with a midpoint of 0.64 mg/mL of glucose-keratin (R2 = 0.99). Biofilm abundance 

rises rapidly at increasing dosage below 1 mg/mL, before beginning to plateau at an absorbance 

value of roughly 3.0 above baseline between a dosage of 2 – 5 mg/mL. 

4.4. Heated Keratin Dose-Response 

The dose-response relationship of glucose concentration on biofilm formation was examined in 

more detail. Starting with standard TSB media as a control, with 2.5 mg/mL of glucose, the 

concentration was raised in 2.5 mg/mL intervals up to a maximum of 10 mg/mL. Biofilm 

formation was quantified after 48 hours under static conditions (see Figure 18).  

The addition of glucose to growth media induced mild biofilm formation, peaking with 5.0 

mg/mL of glucose at a biofilm abundance 4.4-fold that of standard media. As glucose 

concentration increased beyond this peak, there was a negative trend in biofilm abundance, as it 

began to decrease with increasing glucose content.   

4.5. Glucose Dose-Response 

Heated keratin did not significantly increase biofilm formation compared to controls at a dosage 

of 1.0 mg/mL in preliminary tests, nor did it at 0.5 mg/mL in the previous biofilm response data 

(Figure 15). Nevertheless, a wider range of heated keratin concentrations were tested to 

determine if sufficiently high concentrations may have a stronger effect on biofilm formation. 

The results of the assay can be seen in (Figure 19). 
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Increasing heated keratin concentration was positively correlated with biofilm abundance, 

although the magnitude of the increase was small, reaching a maximum absorbance value of only 

0.26, roughly 3.2 times that of control, at a keratin concentration of 1.6 mg/mL. In contrast to the 

sigmoidal curve of glycated keratin, the dose-response of biofilm formation to un-glycated 

keratin was linear and variance between replicates was large. At the maximum tested dosage of 

1.6 mg/mL of heated keratin, glycated keratin produced a 11.1-fold greater biofilm response in S. 

aureus. 

4.6. Molecular Weight Fractions 

In order to determine whether the molecular weight of glycated keratin had an impact on the 

biofilm response, intermediate (between 3 – 10 kDa), high (> 10 kDa), and mixed (> 3 kDa) 

molecular weight fractions were prepared by ultrafiltration. Biofilm assays were performed 

examining a range of concentrations of each molecular weight fraction of glycated keratin, the 

results of which are shown in Figure 20. Intermediate weight AGEs exhibited a significantly 

weaker biofilm response than the equivalent concentration of high molecular weight AGEs at the 

same dosage, plateauing at a dosage of roughly 0.25 mg/mL. The results at 0.25 are shown in 

greater detail in Figure 21. While heavier weight AGEs above 10 kDa promoted a significantly 

stronger biofilm response, the maximum amount of biofilm at the same dosage was produced by 

the combined fraction containing all AGEs above 3 kDa in weight.  

4.7. Effect of S. aureus growth phase on Biofilm Formation 

To better understand the context of AGE-induced biofilm formation, the effect of the timing of 

glycated keratin addition to S. aureus cultures during different growth phases was examined. The 

standard protocol used in previous experiments was to prepare growth media with added 

glycated keratin (typically 0.5 mg/mL), inoculate samples with S. aureus, and begin incubation. 

In these cases, bacteria passed through their logarithmic growth phase in the presence of glycated 

keratin, before reaching stationary phase after 12-24 hours of incubation.  

For stationary phase addition of glycated keratin, initially 0.5 mg/mL of glycated keratin was 

directly added to 24-hour overnight cultures of S. aureus and transferred to static conditions for a 

further 48 hours. As a result, there was no significant increase in biofilm formation compared to 

control samples without glycated keratin (not shown). However, the glucose and other nutrient 
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content of the growth media was likely exhausted by the initial incubation, potentially leaving no 

suitable resources for S. aureus cells to produce biofilm under these conditions.  

In order to remedy this problem, 24-hour culture S. aureus cells were resuspended in fresh TSB 

broth with added 0.5mg/mL glycated keratin and incubated for 48 hours under static conditions 

(see Figure 22). The resulting quantification of biofilm formation indicates that stationary phase 

cultures reached only 41% the amount of biofilm of those that passed through the logarithmic 

growth phase in AGE+ media, a significant reduction in biofilm abundance (p < 0.001). 

4.8. Biofilm Response: Discussion 

In response to cellular stress, many bacteria from biofilms to protect themselves from adverse 

environmental conditions or host immune response. S. aureus is known to modulate its biofilm 

production in response to conditions such as hyperoxia 99, anoxia and hypoxia 100,101, pH 102, high 

salt and suboptimal temperature 103, and sub-lethal concentrations of alcohol 104. Based on the 

experimental observations, it is likely that glycative stress is also a factor in S. aureus biofilm 

formation and regulation.  

In S. aureus there are several physiological processes that govern biofilm formation. As a natural 

process of their life-cycle, S. aureus may form biofilms from the presence of suitable binding 

substrates (e.g., fibronectin 105, collagen 106, and keratin 107 depending on strain) for cell-surface 

adhesins or high concentrations of neighboring cells. As can be seen by the comparative biofilm 

assays (Figure 15) there is a small baseline amount of biofilm formation under normal culture 

conditions, and non-glycated heated keratin did not significantly alter biofilm formation 

compared to controls. While it is possible that glycated keratin contains new binding substrates 

that are compatible for cell-surface binding, loss of viability observed in planktonic cells exposed 

to glycated keratin and the lack of aggregation in non-growth buffer as previously described 

suggests that cell-surface binding is unlikely to be the direct cause.  

The failure of exogenous pentosidine and CML to trigger any of the effects observed with 

glycated keratin provide further evidence against a receptor hypothesis; if a cell-surface receptor 

relating to biofilm formation pathways is sensitive to binding by these AGEs (analogous to 

human RAGE), it should be expected that the free forms of AGEs unbound to keratin to trigger a 

similar effect. A database search for receptors with similar binding site structure to RAGE in 
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Staphylococcus and other bacteria failed to return any similar examples; a highly specific 

homologous or analogous receptor may not exist. In a study of glycative stress in E. coli 108, 

CML was observed to form within E. coli in high glucose cultures over time, and CML 

formation and mortality were both alleviated by treatment with aminoguanidine (a chemical 

which inhibits glycation 109). CML does seem to be related to mortality in E. coli. In this case, 

CML and other AGEs may be forming intracellularly among bacterial proteins, and causing 

damage or stress internally.  

I speculate that the causative mechanism relies on the metabolism of glycated keratin. As part of 

S. aureus’s peptide metabolism, glycated peptides may be taken up by oligopeptide transporters 

and metabolized intracellularly. Once inside the cell, AGEs would able to exert stress directly by 

disrupting protein function or interfering with other physiological processes. Those cells 

experiencing sub-lethal stress respond by upregulating biofilm formation. In the case of glycated 

keratin being added to stationary phase S. aureus cultures, the necessary materials for replication 

are readily available, but the culture has reached carrying capacity and growth has generally 

stabilized. Thus, there is significantly reduced protein demand, reduced AGE uptake, and 

reduced biofilm formation (as seen in Figure 22). 

4.9. Fluorescent AGE Metabolism: Background 

The metabolism of AGEs has been observed in E. coli 16,110. Bacterial AGEs formed during 

normal metabolism are broken down from high molecular weight forms into low molecular 

weight forms and secreted from the cell. Exogenous AGEs can also be metabolized, such as 

carboxymethyl-lysine (CML) by E. coli 110 and dietary AGEs by gut bacteria 111. As AGE 

metabolism was suspected, I attempted to observe a reduction in fluorescent AGEs in media 

cultured with S. aureus. While such a decrease could be observed (see Figure 23), the TSB 

media itself also fluoresced strongly over the same range as fluorescent AGEs, potentially 

confounding the results and obscuring a more detailed examination. In order to counter this, 24 

overnight stock of S. aureus was prepared and resuspended it in non-growth media (0.1 M 

phosphate buffer) which would not interfere with photometric examination. Understanding that 

metabolic demand would be greatly reduced in this culture, the results were expected to be small 

in magnitude, but nevertheless conduced the photometric assay of media supernatant before and 
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after incubation, and filtered between low (< 3 kDa) and intermediate + heavy (> 3 kDa) 

molecular weight AGEs. 

4.10. Fluorescent AGE Metabolism: Results 

The results of the fluorescent AGE measurement following 24 hours of incubation with S. aureus 

are shown in Figure 24. High molecular weight fluorescent AGEs (> 3 kDa) were observed to 

significantly decrease after incubation with S. aureus, while low molecular weight AGEs 

significantly increased (p < 0.001). These results seem to agree with speculation regarding 

breakdown/metabolism of AGEs. The rate of metabolism, and the magnitude of the effects of the 

resulting glycative stress, are likely to be substantially enhanced in active growth cultures. 

4.11. Fluorescent AGE Metabolism: Discussion 

While these experiments were initially attempted under the optimal conditions for biofilm 

formation (inoculation into TSB containing glycated keratin), the media itself interfered with the 

fluorescence assay and it was not possible to distinguish between changes in AGEs and changes 

to other media contents. By using non-growth media, it was possible to clearly observe 

fluorescent AGEs. However, as previously shown in Figure 8 and Figure 10, membrane damage 

and other glycative stress effects were greatly reduced under these conditions, as were the 

metabolic demands of S. aureus. While significant results were still observed, the absolute 

magnitude of the changes in fluorescent AGEs was relatively small. I suspect that under optimal 

conditions the metabolism of AGEs would be substantially higher, leading to a higher glycative 

stress load, thus provoking a stronger stress reaction in the form of greater biofilm formation. 

A recent study on CML metabolism in E. coli 110 showed that CML dipeptides were 

preferentially metabolized by the bacterium before free CML. During the earlier studies with S. 

epidermidis, attempts were made to replicate the observed effects of glycated proteins using free 

CML and free pentosidine (see Figure 4 and Figure 5) , two AGEs that form in the skin and are 

used as markers of skin glycation 112. Despite testing dosages reaching orders of magnitude 

higher than the amount of pentosidine measured in the glucose-keratin glycation model (roughly 

11 ng/mg of keratin), free pentosidine and free CML failed to exert any observed effect on S. 

aureus viability, in contrast to that observed with glycated keratin. The primary nutritional 

peptide transporter of S. aureus, Opp-3, has broad specificity and is capable of transporting 
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peptide chains 3 to 8 residues in length 113. Using this transporter, S. aureus would be incapable 

of taking up free AGEs composed of a single amino acid residue, explaining the lack of effect of 

free AGEs if cellular uptake is necessary.  

4.12. Biofilm Formation Mechanisms 

There are several known pathways that contribute to biofilm formation in S. aureus based on the 

production and secretion of various components that make up the extracellular matrix of the 

biofilm itself. S. aureus biofilms may be primarily composed of a single component, or a 

combination of several or all of them. Biofilm phenotypes may differ due to the strain of S. 

aureus or the circumstances and environmental context under which it develops. 

Polysaccharide Intercellular Adhesin (PIA or PNAG) is the primary polysaccharide produced by 

Staphylococcus, consisting of a polymer of ~20% deacetylated N-acetylglucosamine 114. PIA 

production is regulated by the icaADCB gene cluster, which is found in both S. aureus 100 and S. 

epidermidis 115. In addition to its role as a structural component of biofilms, PIA also provides 

protection against immune response 116. While ica is regulated by the ArlRS two-component 

system in S. epidermidis, ica-related biofilm formation is independent of ArlRS in S. aureus 117. 

In S. aureus, ica is controlled by Staphylococcus Accessory Regulator SarA, which is itself 

activated by Alternative Sigma Factor σB 118, which modulates the response to a variety of 

cellular stressors in various Gram-positive bacteria 119, including S. aureus 120,121. However, the 

precise mechanism through which σB is activated by stress or a noxious environment is still 

poorly understood. 

Biofilm extracellular matrix may also be composed of proteins, whether they are sourced from 

the host such as fibrin/fibrinogen, or secreted bacterial proteins. Biofilm associated protein (Bap) 

is a major component of protein-based biofilms in S. aureus and other bacteria 122, which can 

form independently of PIA biofilms in strains lacking ica 123. However, it is primarily found in 

livestock strains of S. aureus, such as those that cause Staph infections in cows 124, and has not 

been observed in human clinical strains 125. Bap is not present in the genome of the tested strain, 

S. aureus NBRC100910. Furthermore, as the in vitro models do not contain fibrin or fibrinogen, 

the AGE-mediated biofilms observed do not involve these proteins. Thus, it is likely that other 

biofilm components play a more prominent role in AGE-induced biofilm formation. 
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Extracellular DNA can also act as a trigger of S. aureus biofilms 126,127. The eDNA released from 

damaged or auto-lysed cells becomes a major part of the biofilm itself, and upregulates biofilm 

formation in surviving cells. Membrane damage by AGEs could lead to an increase in mortality 

and biofilm formation due to the leakage of intracellular contents, such as eDNA. As mentioned 

previously in the discussion regarding cellular aggregation, ArlRS regulates some autolysis 

pathways in S. aureus, although this can differ by strain 128. Two known proteins, CidA and 

LrgA, play a significant role in S. aureus cell death and autolysis. Both proteins share similarity 

with holins 129, bacteriophage proteins that produce pores in bacterial membranes 130. CidA is a 

holin-like protein that promotes cell lysis and the release of DNA, contributing to biofilm 

development 131. LrgA, on the other hand, is an anti-holin that inhibits cell lysis 132. Expression 

of LrgA is regulated by the LytSR two-component system, and contributes to DNA-related 

biofilm formation 133.  

The precise mechanism of AGE-mediated biofilm formation is still unclear, and there are many 

potential targets for further study. Examination of the expression of these various proteins and 

their genes will provide insight into the role AGEs in S. aureus biofilm formation and 

pathogenicity. Considering the current experimental data, it is clear that the release of DNA is 

involved in the response to glycated keratin exposure. Nevertheless, the involvement of other 

biofilm regulatory mechanisms, such as polysaccharide production, cannot be ruled out at this 

stage. 
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5. BIOFILM INHIBITION BY AGE BREAKING 

COMPOUNDS 

5.1. Anti-Glycating and AGE Breaking Compounds 

Due to the role of glycative stress in aging process and various related diseases, preventing and 

treating glycative stress are important factors for sustaining overall health and delaying the decline 

associated with old age. Preventative measures such as controlling blood sugar levels to dampen 

glucose spikes, avoiding ultraviolet damage to the skin, and reducing intake of things like 

cigarettes and alcohol that promote glycative stress is crucial to reduce the formation of AGEs in 

the first place. Anti-glycating compounds inhibit the glycation reaction from occurring, reducing 

the buildup of AGEs within body tissues. In the case of already formed AGEs, AGE breaking 

compounds react directly with AGE crosslinks or glycated protein aggregates to break them down 

and allow them to be excreted from the body.  

Anti-glycating and AGE breaking compounds can be found in dietary supplements and cosmetic 

treatments that seek to prevent aging. Considering the role of AGEs in skin disorders associated 

with S. aureus skin dysbiosis and the experimental results of the link between glycated proteins 

and biofilm formation, it can be predicted that reducing glycative stress will likely be an 

important preventative measure to prevent infection in high-risk populations, such as those with 

diabetes or the elderly living in care facilities. In the case of active lesion formation and infection 

with S. aureus, topical treatment with AGE breakers may help to reduce glycative stress and 

ameliorate dysbiosis and the associated symptoms. However, the potential interactions of various 

AGE breakers with the S. aureus biofilm system are unknown. In these experiments, the ability 

of known AGE breaking compounds to inhibit the formation of AGE-mediated biofilms in S. 

aureus under static conditions was tested in vitro in order to evaluate their potential for use in 

topical applications on the skin. A summary of the effective dosages of the tested materials can 

be found in Table 2. 

5.2. Aminoguanidine: Background 

Aminoguanidine is known for its ability to inhibited the non-enzymatic reaction that leads to the 

formation of AGEs, and is commonly used as a reference for testing novel glycation inhibitors. It 
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does not have any AGE breaking ability against already formed AGEs. Nevertheless, it was 

tested for its activity in the AGE biofilm model. 

5.3. Aminoguanidine: Results 

As a preliminary test, aminoguanidine (AG) was tested at a typical dosage (0.1 mg/mL) against 

the equivalent concentration of glycated keratin (0.1 mg/mL). As predicted, aminoguanidine had 

no significant impact on biofilm formation after 48 hours (see Figure 25).  

High glucose levels are well known to stimulate biofilm formation, so AG was also tested in 

high glucose (5.0 mg/mL) culture conditions. Again, there was no significant change in biofilm 

formation due to AG. 

5.4. Aminoguanidine: Discussion 

Aminoguanidine was tested early in the experimental process, before biofilm inhibition testing 

protocol was fully optimized and standardized, as it was for the other compounds tested. Due to 

the lack of preliminary results, and the fact that AG is not an AGE breaker, more detailed 

experiments, such as dosage effect, were not carried out. 

While AG failed to inhibit biofilm formation, it has been reported in the literature that AG 

products against glycative stress exerted by high glucose levels in E. coli 108 and other 

microorganisms such as yeasts. Yeast grown with aminoguanidine at standard glucose 

concentrations have increased longevity compared to glucose alone, experienced a benefit of a 

similar magnitude as observed in calorie restricted cultures 134. In order to replicate the same 

phenomenon in S. aureus, a range of aminoguanidine concentrations were tested in elevated 

glucose cultures. Surprisingly, viable cell counts were significantly decreased in a dose-

dependent manner in high glucose samples (with some recovery at the highest AG dosage of 

12.8 mg/mL), as shown in Figure 26. The effects of aminoguanidine require more examination 

and replication, however they are not strictly relevant to biofilm inhibition so further testing was 

postponed in favor of more relevant materials. 

5.5. Ascorbic Acid: Background 

Ascorbic acid, also known as Vitamin C, is an essential dietary nutrient that is necessary for a 

variety of physiological processes in the human body, including wound repair and collagen 



35 

 

production 135. Ascorbic acid is also an antioxidant 136 with antibacterial activity 137, and the 

ability to disrupt exopolysaccharide biofilm formation in E. coli 138, S. mutans 139, B. subtilis 140, 

and S. aureus 141. Ascorbic acid is a glycation inhibitor 142,143 via its antioxidant activity and 

ability to ionically bind to proteins, competitively inhibiting the binding of glucose. 

5.6. Ascorbic Acid: Results 

Ascorbic acid was tested for its antimicrobial and antibiofilm effects. Under planktonic 

conditions, total growth inhibition was observed at dosages of 1.5 mg/mL and higher (Figure 

27). Under static conditions with AGE-mediated biofilm formation, S. aureus was able to survive 

and grow at all ascorbic acid concentrations, likely due to the biofilm’s protection. Positive 

controls with only ascorbic acid and no AGEs show a moderate dose-dependent increase in 

biofilm formation (one to three times baseline), shown in Figure 28.  

In AGE positive cultures, ascorbic acid significantly reduced biofilm formation at dosages above 

2 mg/mL (Figure 27). A peak reduction in biofilm abundance of 40% was observed at 3 mg/mL, 

with the inhibitory effect weakening and stabilizing with further increases in ascorbic acid 

concentration. 

5.7. Ascorbic Acid: Discussion 

Ascorbic acid, or vitamin C, appeared to be a strong candidate for treating biofilms: it has been 

reported 141 that AA prevents biofilm formation in MRSA by impairing EPS production and 

downregulating ica, and consequently inhibiting PNAG production. In current testing, AA 

moderately inhibited biofilm formation at a dosage of 3 mg/mL, but failed to completely inhibit 

biofilm formation as was previously reported. However, at the tested dosages, ascorbic acid fully 

inhibited planktonic growth of S. aureus. Static cultures with AGE-mediated biofilm formation 

survived to produce significant biomass, suggesting that the antimicrobial effects of AA were 

protected against by the biofilm.  

A similar result was reported by 144, who observed that the minimal inhibitory concentration of 

ascorbic acid prevented biofilm formation entirely, and sub growth-inhibitory concentrations 

significantly inhibited ica-dependent biofilm formation in a dose dependent manner in S. aureus. 

Again, the results showed that ascorbic acid concentrations above the planktonically inhibitory 
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concentration failed to prevent the formation of biofilms, and only moderately inhibited biofilm 

production. 

This discrepancy suggests that AGE-induced biofilm formation may be ica-independent, which 

would explain the lack of efficacy. Strategies that are typically effective in the inhibition of 

primarily PIA biofilms may be less effective in the treatment of AGE-related skin infections 

involving SA. 

5.8. Astaxanthin: Background 

Astaxanthin is a carotenoid produced by the algae Haematococcus pluvialis, and found in high 

concentrations in animals that consume the algae, such as salmon, shrimp, and crabs. 

Astaxanthin is a strong anti-oxidant 145 and anti-inflammatory compound, and is commercialized 

as a dietary supplement for these properties. Astaxanthin has also been found to exert anti-

glycation effects 146,147. Previous work in the lab has examined the effects of dietary astaxanthin 

intake in both animal and human models; astaxanthin was found to ameliorate high fat diet 

induced gut dysbiosis in mice, and improved reported gastro-intestinal symptoms (e.g., 

constipation) in human participants 148. 

5.9. Astaxanthin: Results 

Astaxanthin exhibited weak antimicrobial/growth inhibitory effect on S. aureus planktonic 

cultures (see Figure 29). At a dosage of 0.06 mg/mL astaxanthin, growth was significantly 

enhanced by a small amount. At 0.6 mg/mL, astaxanthin was saturated in the growth media 

solution, and CFUs/mL did significantly decrease, but not substantially. 

Under static conditions, astaxanthin alone reduced baseline biofilm formation at all tested 

dosages by roughly half (Figure 30). In the AGE positive samples, astaxanthin significantly 

reduced biofilm formation in a dose-dependent manner, achieving total inhibition beyond a 

concentration of roughly 0.4 mg/mL (Figure 29). Logarithmic curve-fitting was preformed, and 

indicated an Age-related IC50 of 0.06 mg/mL (Figure 31). The standard deviation of absorbance 

values was quite large for astaxanthin samples at low dosages due to large variance in biofilm 

loss and detachment between replicate samples. 
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5.10. Astaxanthin: Discussion 

While biofilm formations itself was inhibited, astaxanthin also appeared to have been 

incorporated into the biofilm itself, changing the white colour of the unstained biofilm into a pale 

red. In addition to direct inhibition, the ability of the existing biofilm to adhere to the surface of 

the microwell plats appeared to be impaired. Remaining biofilms were easily detached by gentle 

washing with milliQ, while biofilms in the lowest dosage wells were strongly adhered and could 

not be removed even by vigorous shaking, as is typical of standard S. aureus biofilms. When 

high concentration astaxanthin planktonic samples were examined microscopically, aggregation 

of S. aureus around particles of astaxanthin was observed (Figure 32).  This suggests that 

astaxanthin may be a competitive ligand for cell surface anchors, weakening surface attachment. 

5.11. Clove Extract: Background 

Cloves are produced from the dried flowers of the plant Syzygium aromaticum. Cloves are 

typically used as a culinary spice, but also have a centuries long history of use in traditional 

medicine for their anti-inflammatory properties. Modern research has demonstrated the powerful 

antioxidant 149 and anti-inflammation 150 activity of clove extracts. A significant active 

component of clove is eugenol 151, which has additionally demonstrated anti-carcinogenic/anti-

tumor 152,153, and antimicrobial effects 154. Recently, research in my lab has found that extract 

from clove powder has powerful age cross link breaking activity, which is mediated by the 

compound biflorin. Considering these properties, the combined effects of eugenol and biflorin 

make clove extract a strong candidate for use in the age-biofilm system for potential treatment of 

SA dysbiosis and associated skin lesions, although clove extract may also exert a cytotoxic on 

human skin cells effect at sufficient dosages 155. 

5.12. Clove Extract: Results 

Clove extract exerted a strong antimicrobial/bacteriostatic effect, with a significant loss of cell 

viability in a dose-dependent manner after 24 hours in planktonic conditions. A maximum 3.4 

log reduction in CFUs was observed at the highest tested dosage of 1.5 mg/mL, with a roughly 1 

log reduction at 0.05 mg/mL (Figure 33). 

For the biofilm assay, clove was incredibly effective. Biofilm formation was completely 

inhibited at all tested dosages, ranging from 0.05 mg/mL to 2 mg/mL. Macroscopic cellular 
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aggregates were visible in sample wells, and it appeared that S. aureus cells did not adhere to the 

surface of the plate wells when clove extract was present in solution at dosages above 1.25 

mg/mL. Positive control test of clove extract did not significantly alter baseline biofilm 

production (Figure 34). 

5.13. Melatonin: Background 

Melatonin is an indoleamine hormone primarily known for regulating the circadian rhythm and 

sleep-wake cycles. In addition to this important physiological role, melatonin has also been 

discovered to have antioxidant and anti-inflammatory behavior 156. Melatonin has been shown to 

protect against AGEs and promote wound healing in diabetic mice 157, as well as exhibiting 

glycation inhibiting 158 and AGE crosslink breaking activity 159. Due to these properties, 

melatonin is a strong candidate for testing in the AGE biofilm model, and may additionally be 

useful in the treatment of diabetic and other skin lesions.  

Some bacteria, such as gut microbe E. aerogenes, demonstrate circadian rhythms in behavior and 

gene expression that are regulated by host secretion of melatonin 160. Stress induced reduction in 

host melatonin secretion can also lead to gut dysbiosis promoting intestinal dysfunction, which 

can me ameliorated by exogenous melatonin treatment 161,162. In fact, some bacteria produce 

melatonin themselves 163.  

Melatonin has shown efficacy in treating bacterial infections of S. aureus and E. coli, although 

via its anti-inflammatory effects 164 There are mixed reports regarding the antibacterial activity 

of melatonin. It was reported that it appears to inhibit the growth of some species, including S. 

aureus 165. Conversely, melatonin has also been found to protect bacteria against antibiotics 166 

and mycotoxins 167 whose mechanisms rely on exerting oxidative stress.  

5.14. Melatonin: Results 

In the viability assay under planktonic conditions, melatonin did not appear to exert any 

substantial growth inhibitory or antimicrobial effects. At a dosage of 1 mg/mL, melatonin 

samples demonstrated slightly increased CFUs compared to controls (Figure 35). 

In the biofilm control tests, melatonin concentration was positively correlated with a slight 

increase in biofilm abundance (Figure 36). With the addition of AGEs, melatonin failed to 

significantly reduce biofilm formation at most concentrations (Figure 35). While 14% inhibition 
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of biofilm was observed at a dosage of 0.5 mg/ml, further increase in melatonin concentration 

led to an increase in biofilm abundance at 1.0 mg/mL and 1.5 mg/mL compared to baseline. 

5.15. Melatonin: Discussion 

While reports indicate that the MIC of melatonin was 250 µg/mL for S. aureus ATCC 29123 165, 

no such effect was observed at substantially greater dosages in the S. aureus strain used in this 

experiment. Conversely, melatonin at a concentration of 1 mg/mL slightly enhanced S. aureus 

growth after 24 hours under planktonic conditions in current testing. The authors of the study 

speculate that the antibacterial effect of melatonin is a result of its metal chelating properties, 

absorbing free iron that is necessary for bacteria to survive and function. If their results are 

correct, then perhaps differences in the levels of iron in the growth media used may account for 

the difference; this experiment used a different growth medium, however both varieties of media 

used are complex media with unknown iron content. If their proposed mechanism for the 

antibacterial effect of melatonin is correct, then strain differences are unlikely to account for the 

difference in susceptibility to such a vital mineral.  

Testing occurred at significantly greater concentrations than those found under physiological 

conditions. Secretion of melatonin by the pineal gland fluctuates throughout the day, rising in the 

evening and peaking during the middle of the night, before falling to daytime levels by morning. 

Daytime serum concentrations of melatonin are reported at roughly 2-4 pg/mL 168,169. Aging is 

correlated with a decrease in melatonin production: peak serum melatonin can reach as high as 

100 pg/mL in the young, while falling to around 40 pg/mL in the elderly 170. 

Melatonin is also produced endogenously in the skin, where it preserves the integrity of the skin, 

has antioxidant activity, and protects against UV damage 171. Melatonin concentrations in the 

skin can be several times higher than serum levels, ranging from 0.1-4 ng/mg depending on 

various population factors 172.  

Melatonin is reported to enhance diabetic wound healing and protect against glycative stress at 

concentrations significantly higher than typical physiological levels (1 mM 173 and 10-200 uM 

157). While melatonin may be an effective treatment for skin lesions in diabetes which are often 

colonized by S. aureus, this benefit is primarily from the protective effects of melatonin on 

keratinocyte and skin physiology. Considering the results of the tests, melatonin is unlikely to 
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have a significant effect directly on S. aureus dysbiosis via anti-microbial or anti-biofilm 

activity, but will likely enhance healing by the previously mentioned mechanisms. 

5.16. N-Phenacylthiazolium Bromide: Background 

PTB is a compound known for cleaving the AGE crosslinks that form between proteins such as 

collagen: these crosslinks are responsible for the increased stiffness and loss of elasticity 

observed in aged skin. The crosslink breaking abilities of PTB have been demonstrated in both in 

vitro and in vivo studies 174. PTB has shown effectiveness in breaking down AGEs and 

preventing their accumulation in vascular tissues 175, lens proteins 176, periodontic tissue 177 and 

bone 178. Any antibacterial or antibiofilm properties of PTB have not been reported at this time.  

5.17. N-Phenacylthiazolium Bromide: Results 

In testing the effects of PTB without glycated keratin, PTB provoked significant biofilm 

formation by itself (see Figure 37). With the addition of even a small amount of glycated keratin 

(e.g., 0.1—0.35 mg/mL), biofilm formation was greatly increased compared to controls.  

Only at a high dosage of 20 mmol/L and above did PTB begin to inhibit biofilm formation. 

(Figure 38). This coincided with a substantial loss of cell viability, suggesting that antimicrobial 

effects of PTB are responsible for the lack of observed biofilm at high dosages. As the biofilm 

response was strongly enhanced at sub-lethal dosages, PTB may not be suitable for topical use 

on the skin under all circumstances. 

5.18. Rosemary Extract: Background     

Salvia Rosmarinus, known commonly as rosemary is a plant that grows in the Mediterranean. 

The leaves of the plant have long been used as a culinary spice and in traditional medicines. 

Rosemary extract exhibits strong antioxidant and antibacterial effects 179, and is also known for 

its glycation inhibiting 180 and AGE cross-link breaking abilities 181 via its active ingredient 

rosmarinic acid. For this experiment, rosemary extract was utilized in the form of a dietary 

supplement named AGE Breaker (A2P Sciences, France), marketed as an anti-aging supplement. 

5.19. Rosemary Extract: Results 

Rosemary exhibited a dose-dependent antimicrobial effect against S. aureus under planktonic 

conditions (Figure 39). Control samples of rosemary extract under biofilm conditions indicated a 
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mild increase in biofilm formation at elevated dosages (Figure 40). Under AGE-mediated 

biofilm conditions, rosemary extract significantly inhibited biofilm formation in a dose 

dependent manner, achieving total inhibition at a concentration of 2 mg/mL and greater (Figure 

39). The dose-response relationship of extract concentration and biofilm abundance formed a 

sigmoidal relationship, and logarithmic curve fitting was performed (Figure 41). The IC50 was 

determined to be roughly 0.5 mg/mL, following. The biofilm inhibitory effect was present even 

at sub-lethal concentrations of the extract.  
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6. THE POTENTIAL ROLES OF GLYCATIVE STRESS 

AND S. AUREUS IN COVID19 

6.1. COVID19 and Diabetes Mellitus 

Starting in early 2020, the SARS-CoV-2 pandemic began to spread across the world, which has 

impacted countless people. As data about COVID19 (the respiratory infection caused by the 

SARS-CoV-2 virus) began to be reported, increased susceptibility to infection and severity of 

symptoms appeared to be elevated among those with diabetes mellitus 182–185. Pneumonia is a 

relatively common cause of death among diabetics, who are 1.8 times more likely to develop 

pneumonia than the general population 186.  

In a whole population study conducted in England 187, it was found that death rate of those with 

COVID19 was significantly elevated in all age groups, with a 3.51 odds ratio for death by 

SARS-CoV-2 association pneumonia in Type 1 diabetes, and 2.03 in Type 2 diabetes. 

Additionally, the death rate was highly correlated with blood glucose levels, indicating that those 

with poor glucose control were ae higher risk of death 188. 

An additional reported risk during COVID19 is co-infection: secondary infections, often by 

bacteria or fungi, leading to the development of pneumonia alongside SARS-CoV-2 viral 

infection. Co-infection has a significant impact on the outcome of COVID19: patients with co-

infection are twice as common in intensive care units than they are under standard care 189. Case 

reports indicate that in some hospitals, the incidence of co-infection is as high as 50% among 

fatal cases 190. The most common bacterial pathogen reported was Mycoplasma pneumoniae, 

however S. aureus has also been reported in fatal cases of bacterial pneumonia coincident with 

COVID19 39. 

Considering these reports, a literature review was conducted to elucidate the relationship 

between glycative stress and COVID19 infection, as well as what role S. aureus may play in 

susceptibility to SARS-CoV-2. 
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6.2. Glycative Stress and Immune Functioning 

Glycative stress directly impairs immune response in various ways, including by directly 

disrupting the functioning of immune cells (summary in Figure 42). Diabetes and the resulting 

glycative stress cause mitochondrial dysfunction 191, which leads to impaired energy production 

and an increase in fumaric acid, which reacts with proteins to create succinylated proteins 192, 

disrupting their proper functioning. Endoplasmic reticulum stress also occurs in response to 

glycative stress, as AGEs are up-taken by immune cells through cell surface scavenger receptors 

193,194. The burden of processing all the scavenged matter leads to a decline in cell functioning 

and apoptosis 195. Downstream of these effects, a variety of vital immune cell functions are 

diminished in those experiencing high levels of glycative stress, increasing vulnerability to 

infection. 

Phagocytosis is a process through which pathogens are engulfed and degraded by neutrophils 

and macrophages. AGEs suppress macrophage phagocytosis, significantly decreasing phagocytic 

activity in individuals with Diabetes 196. Phagocytosis of AGEs can also cause apoptosis, further 

reducing the number of viable macrophages in addition to reducing their effectiveness (Gao 

2017).  

The ability of cells to move in a specific direction in response to signals from chemical gradients 

is known as chemotaxis. In the early phase of infection or inflammatory response, neutrophils 

move towards the appropriate location vie chemotaxis. Neutrophils that are exposed to diabetic 

donor serum are less able to migrate in response to chemical signals 197. Additionally, activation 

of the receptor for AGEs (RAGE) increases the binding of neutrophils to collagen 198, impairing 

their ability to move through the extracellular matrix. This impairment of chemotaxis slows the 

response of immune cells.  

Additionally, the production of antibodies in response to infection is reduced by glycative stress 

199, weakening the ability to target pathogens. At the same time, cytokine production is 

stimulated by activation of RAGE 200, increasing inflammation, and potentially contributing to 

the potentially lethal cytokine storm that has been observed during SARS-CoV-2 infection 201. 

 



44 

 

6.3. Mechanisms of SARS-CoV-2 Infection 

The primary transmission routes of SARS-CoV-2 are droplet infection and contact infection. In 

droplet infection, small droplets of fluid containing viral particles are expelled from an infected 

person by coughing or sneezing. Drops suspended in the air may be directly inhaled into the 

bronchial mucosa of the lungs, or encounter the mucosal membranes of the mouth, nose, or eyes. 

In contact infection, surfaces exposed to viral particles are physically touched, transferring the 

virus to the skin or hands of a person. If that person then touches a vulnerable are of the body, 

such as the mucous membranes of the mouth, nose, or eyes, the virus can enter the body and 

potentially cause infection. 

Once SARS-CoV-2 has entered a new host, the virion targets the receptor Angiotensin-

Converting Enzyme 2 (ACE2) found on the surface of cells susceptible to infection. ACE2 is 

expressed by a wide variety of human tissues, including the small intestine, heart, and lungs 202. 

The viral spike protein found on the surface of the viral capsule is composed of two subunits, S1 

and S2, that are connected by an exposed protein chain designated site S1/S2. The S1 subunit 

bind to the ACE2 receptor, before site S1/S2 is cleaved by a host protease such as serine 

proteases TMPRSS2 or furin 203. Once the spike protein is cleaved the virus fuses with the target 

cell’s cellular membrane 204, releasing its RNA and initiating replication.  

In contrast previous coronaviruses such as SARS-CoV-1, SARS-CoV-2 possess a novel 4 amino 

acid insert at the S1/S2 site that allows it to be cleaved by a broader range of proteases such as 

proprotein convertase 1, tryptase, TTSP matriptase, and cathepsins B and L 205. This trait may in 

part explain the increased infectiousness and pathogenicity of SARS-CoV-2. 

6.4. S. aureus and Increased Vulnerability to Infection 

As previously noted, S. aureus carriage is increase on the skin of people with diabetes or skin 

disorders associated with high glycative stress. S. aureus is also present in high abundance in the 

nasal cavity. Considering the capabilities of S. aureus and SARS-CoV-2, the literature was 

reviewed for potential mechanisms that could contribute to increased susceptibility to COVID19 

(summarized in Figure 43). 

The presence of S. aureus and its metabolites triggers increased protease activity in human 

keratinocytes. In vitro human keratinocyte and in vivo murine models have demonstrated 
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increased expression of trypsin and KLK family proteases in the skin after exposure to S. aureus 

206. When colonizing the skin, S. aureus strongly upregulates protease expression 207. 

Additionally strains of S. aureus collected from atopic dermatitis skin lesions demonstrate 

increased proteolytic activity compared to reference strains 208. The increased proteolytic activity 

of tissues colonized by S. aureus may increase viral fusion and infection rate.  

S. aureus employs a wide variety of proteases for the purposes of nutrient metabolism and 

protection against host immune defenses during infection 209. Major proteases include: six serine 

protease-like proteins (SplA – SplF), two cysteine proteases (staphopain A and B), a serine 

protease (V8), and a metalloprotease (auerolysin). While the ability of bacterial proteases to 

cleave SARS-CoV-2 spike protein site S1/S2 has not yet been tested, the wide variety and 

general specificity of many S. aureus proteases makes the possibility highly likely. S. aureus also 

secreted protease inhibitors that inhibit proteases from host neutrophils while allowing other 

serine proteases to remain functional 210, further impeding the immune system from clearing 

invading pathogens. 

The carriage of S. aureus may also contribute to the risk of complications during viral infection. 

In the case of the Influenza A virus, S. aureus protein lipase 1 has been reported to increase 

replication of the virus 38. In the other direction, Influenza can trigger virulence in otherwise 

commensal S. aureus in the nasal cavity 37, which can lead to pulmonary infection and bacterial 

pneumonia. Elevated body temperature, such as from a fever, promotes the dissolution of S. 

aureus biofilms; the dispersal of nasal biofilms could lead to high concentrations of S. aureus 

cells being aspirated into the lungs and causing a secondary infection. 

6.5. Possibility of SARS-CoV-2 Skin Infection 

While SARS-CoV-2 is primarily transmitted through mucous membranes, infection through the 

skin is also theoretically possible. ACE2, while highly expressed in nasal 211 and oral mucosa 202, 

it also expressed in keratinocytes at a similar level to that observed in lung tissues 212. Skin 

rashes during early SARS-CoV-2 infection have been reported. In a survey of patients with 

COVD19, 17% reported experiencing a rash as their first symptom 213. Case studies have also 

noted skin lesions in some patients 214–216 including the formation of vesicular rashes, which are 

typically a sign of viral replication in the skin in other diseases such as poxviruses.  
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While healthy skin is unlikely to be infected by exposure to SARS-CoV-2, damaged skin may 

provide a pathway for infection. DNA/RNases are produced by the skin to defend against 

pathogens 217.  The presence of biofilm prevents these enzymes and other antimicrobial peptides 

from clearing pathogenic S. aureus; SARS-CoV-2 coming in to contact with biofilm-colonized 

skin may prolong its survival, increasing the risk of contact transmission or infection through 

broken or lesional skin. Further, the release of bacterial protease by S. aureus present on the skin 

not only could assist activation of the SARS-CoV-2 spike protein, but also break down skin 

proteins, weakening barrier function and promoting the formation of skin lesions.  

Viral particles that encounter lesions may be able to enter the body and cause infection. Hospitals 

have also reported concerns regarding increased of infection in dermatological patients 218,219, 

and note the increased incidence of dermatitis of the hands due to increases in hand-washing 

during the pandemic. Despite this, sanitation of the hands is of vital importance, as according to 

recent research SARS-CoV-2 can survive on human skin for up to 9 hours 220, significantly 

longer than other viruses like influenza.  

6.6. Stable Sodium Hypochlorite 

Despite the necessity of hand sanitation during the ongoing pandemic, frequent hand washing 

with soaps and other detergents damages proteins of the stratum corneum, removes beneficial 

lipids, and may trigger contact dermatitis 221. While alcohol-based hand sanitizers are 

significantly less irritating than washing with soap 222,223, they can still cause dryness. Alcohols 

such as isopropanol and n-propanol may also perturb keratinocyte functioning and cause 

significantly more irritation than ethanol 224. During the initial months of the pandemic, the 

supply of alcohol-based sanitizers was insufficient and they were frequently out of stock.  

Due to these issues, alternative forms of hand sanitation are necessary. Here, a sanitizing solution 

(AirRish) containing a stable form of sodium hypochlorite (NaClO) was tested for potential use 

as a hand sanitizer. This included skin safety testing, and an evaluation for its bactericidal 

efficacy against S. aureus. 

6.7. Stable Sodium Hypochlorite: Skin Safety Testing 

Skin safety testing of 200 ppm stable NaClO solution was conducted with 20 participants 

between the ages of 20 and 60 (4 makes, 16 females, mean age 39.5 ± 10.7 years). A patch test 
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was performed over 24 hours using Finn chambers on Scanpor tape (SmartPractice Japan 

Corporation, Yamato City, Kanagawa Prefecture, Japan). Sample materials, consisting of stable 

sodium hypochlorite and negative control materials (saline, water, and Vaseline), were applied to 

filter papers in at a volume of 15 µL. Test units were applied to the backs of participants and left 

for 24 hours before removal. Skin condition was evaluated at 2 and 24 hours, according to the 

patch test standardized criteria 225 shown in Table 3: evaluations were scored according to the 

cosmetic skin irritation index, seen in Table 4. Skin irritation index was calculated according to 

the method of Sugai et al. 226, using the following formula: 

Skin irritation index = (Overall score of the one with the strongest reaction after 24 or 48 hours / 

the Number of subjects) ×100 

The final skin irritation index score was 0.0 (results summarized in Table 5). There were no 

adverse events or irritation recorded in any of the subjects. As a result, 200 ppm stable sodium 

hypochlorite was classified as a safe product, and the results published 227. 

6.8. Stable Sodium Hypochlorite: S. aureus Bactericidal Efficacy 

The antibacterial and antiviral efficacy of stable NaClO has been demonstrated at concentrations 

of 1,000 to 2,000 ppm, where it sees use in surface sterilization. However, the efficacy of the 100 

and 200 ppm formulations that are being tested for use as hand sanitizers requires confirmation. 

As my current lab does not possess the biosafety facilities to enable safe handling of and 

experimentation on viruses, the antibacterial efficacy of the sanitizing solution was tested against 

the bacterium S. aureus. 

Overnight stock of S. aureus was prepared in TSB growth media and incubated for 24 hours 

before testing. 100µL aliquots of S. aureus culture was inoculated into 9.9 mL test solutions of 

100 ppm and 200 ppm stable NaClO, 70% ethanol, and 0.1M phosphate buffer (pH 7.4) as a 

control. Solutions were vortexed and incubated for 5 minutes at room temperature, then 

neutralized by 0.1M phosphate buffer before serial dilution. Viability of S. aureus was 

determined by CFU counting after inoculation and incubation of TSA solid media plates. 

All tested sanitizers showed excellent bactericidal efficacy against S. aureus (Figure 44). No 

colonies were detected in either 100 ppm or 200 ppm NaClO solutions, with a minimum 

detection limit of 10 CFU/mL. Stable NaClO was just as effective as 70% ethanol, which also 
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showed no signs of colony growth. Sanitizing solution samples showed at least a 6.6 log 

reduction in viable colony counts compared to the 0.1M phosphate buffer control. 
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7. CONCLUSION 

The aging microbiome of the skin is characterized by increased abundance of S. aureus, and a 

loss of S. epidermidis. In vitro under planktonic conditions, the addition of exogenous AGEs 

produced from glucose and keratin exert an antibacterial effect against both S. epidermidis and S. 

aureus, causing membrane damage and provoking cellular aggregation. At the same time, S. 

aureus appears to be able to metabolize high molecular weight AGEs, which may play a part in 

the mechanism of glycated keratin’s effects. This requires further study. 

Under static conditions, glycated keratin induces biofilm formation, which protects the resident 

bacteria from noxious stimuli and enhances defenses against host immune response, increasing S. 

aureus’s pathogenicity. The presence of elevated concentrations of AGEs in the skin may 

promote the formation of S. aureus biofilms on the skin, exacerbating existing skin conditions 

and damaging the skin’s barrier function, increasing the risk of serious infection in those with 

elevated glycative stress. Avenues of research regarding the gene and protein expression of the 

pathways that regulate S. aureus biofilms will provide insight into the causative mechanisms of 

AGE-mediated biofilm formation.  

Treatments to reduce the buildup of AGEs in the skin may help to reduce the severity of skin 

lesions, recurring staph infections, and other risks of S. aureus carriage in those experiencing 

elevated glycative stress. Astaxanthin, clove extract, and rosemary extract distinguished 

themselves as candidates for topical use in treatment of S. aureus dysbiosis, demonstrating 

strong biofilm inhibitory effects in addition to their known activity as AGE breakers. Such 

preventative measures may also help to reduce AGE accumulation and prevent recurring 

infections, avoiding the overuse of antibiotics and the development of further antibiotic strains of 

S. aureus and other bacteria. Preventing S. aureus dysbiosis is vital to avoiding the most 

common cause of skin infections in humans. Maintaining a healthy and balanced microbiome 

may also reduce the risk of complications during viral infections such as Influenza and 

COVID19 in vulnerable populations.  
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Table 1. Skin Sampling Data 

 Young Cohort 

(20-30 years) 

Elderly Cohort 

(65+ years) 

p value 

Age (years) 
23.5 ± 2.1 79.0 ± 5.7 2.02E-26 *** 

Skin Autofluorescence (units) 
1.6 ± 0.2 2.8 ± 0.5 3.24E-09 *** 

 Abundance (CFU/Sample)  

Coagulase-Negative 

Staphylococcus 50.8 ± 73.0 61.4 ± 94.6 7.35E-01 

S. aureus 
5.5 ± 6.6 55.9 ± 71.6 1.70E-02 * 

Total Colony Forming Units 
56.3 ± 77.3 117.3 ± 132.2 1.40E-01 

S. aureus Proportion (%) 
12.0 ± 14.9 50.0 ± 36.8 1.30E-03 ** 

 Detection Rate (%)  

Coagulase-Negative 

Staphylococcus 100 81 4.97E-02 * 

S. aureus 
69 81 4.49E-01 

 

Coagulase-negative Staphylococcus was differentiated from S. aureus by colour after growth on 

Mannitol Salt Agar selective media. The young cohort consisted of 13 volunteers, and the elderly 

21Mean ± standard deviation. Statistical difference calculated by Student’s t-test. *p < 0.05, **p 

< 0.01, *** p < 0.001. 
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Table 2. Biofilm Inhibition Summary 

Material ED50 (mg/mL) 

Aminoguanidine n/a 

Ascorbic Acid n/a 

Astaxanthin 0.06 mg/mL 

Clove Extract < 0.05 mg/mL 

Melatonin n/a 

N-Phenacylthiazolium Bromide 18.7 mmol/L 

Rosemary Extract (AGE Breaker) 0.5 mg/mL 

 

Sample concentrations indicates as “n/a” failed to reach 50% biofilm inhibition under the tested 

range of dosages. 
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Table 3. Patch test criteria.  

             
 

 

 

 

 

 

 

 

 

 

 

 

  

Japanese 

standard 
Score Reaction 

— 0.0 No reaction 

± 0. 5 Slight erythema 

+ 1.0 Apparent erythema 

+ + 2. 0 Erythema + edema, papules 

+ + + 3.0 
Erythema + edema + papules 

+ vesicles 

+ + + + 4. 0 Large blisters 



54 

 

Table 4. Classification of Cosmetics by Skin Irritation Index 

 

 

 

 

 

 

 

 

 

Skin irritation index = (Overall score of the subject with the strongest reaction after 24 or 48 

hours / Number of subjects) ×100 

  

Skin irritation index 1995 Classification 

5. 0 or lower Safe products 

5. 0 ~ 15. 0 Acceptable products 

15. 0 ~ 30. 0 Product requiring improvement 

30.0 or higher Hazardous products 
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Table 5. Patch Test Data Profile 

Sample 

name 

Test sample Negative control 1 Negative control 2 Negative control 3 

s-SH 200 ppm Saline Water for injection Vaseline 

Results 

Classification Index* Classification Index* Classification Index* Classification Index* 

Safe products 0.0 － 0.0 － 0.0 － 0.0 

ID 
2 

hours 

24 

hours 
Score 

2 

hours 

24 

hours 
Score 

2 

hours 

24 

hours 
Score 

2 

hours 

24 

hours 
Score 

1 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

2 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

3 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

4 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

5 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

7 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

8 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

9 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

10 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

11 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

13 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

14 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

15 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

16 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

17 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

18 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

19 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

20 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

21 － － 0.0 － － 0.0 － － 0.0 － － 0.0 

45 － － 0.0 － － 0.0 － － 0.0 － － 0.0 
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Figure 1. Effect of Glycated Keratin on Viability of S. epidermidis at 24 Hours 

 
 

S. epidermidis viable cell count after 24 hours of incubation with increasing glycated keratin 

concentration. Results represented in logarithmic (left) and standard scale (right). n = 3. Mean ± 

standard deviation. Statistical difference calculated by Student’s t-test versus Control. *p < 0.05. 
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Figure 2. Effect of Glycated Keratin on Viability of S. epidermidis at 72 Hours 

 
 

S. epidermidis viable cell count after72 hours of incubation with increasing glycated keratin 

concentration. Results represented in logarithmic (left) and standard scale (right). n = 3. Mean ± 

standard deviation. Statistical difference calculated by Student’s t-test versus Control. *p < 0.05, 

*** p < 0.001. 
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Figure 3. Glycation Model HPLC Chromatograph 

 
 

 igh-Performance  iquid Chromatography Spectrum of Glycated and Un-Glycated  eratin. 

Peak indicated by arrow represents pentosidine. Other peaks show the presence of unknown 

glucose-keratin adjuncts. Values of  eated  eratin Intensity are shifted upwards by 50 000 units 

for better visibility. 
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Figure 4. Effect of Free Pentosidine on Viability of S. epidermidis 

 
Effect of 10 ng/m  of free pentosidine on S. epidermidis viable cell count over time (left). 24-

hour cell viability of S. epidermidis incubated with 50 and 100 ng/m  of pentosidine compared 

to control cultures.  ogarithmic scale. n = 3. Mean ± standard deviation. Statistical difference 

calculated by Student’s t-test versus Control. Not significant. 
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Figure 5. Effect of Free CML on Viability of S. epidermidis 

 
Effect of 50 and 100 ng/m  of free carboxymethyl lysine (CM ) on S. epidermidis viable cell 

count at 24 hours post incubation (left). Effect of 1 µg/m  free CM  on 24-hour cell viability of 

S. epidermidis(right).  ogarithmic scale. n = 3. Mean ± standard deviation. Statistical difference 

calculated by Student’s t-test versus Control. Not significant. 
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Figure 6. Growth Curve Comparison of S. epidermidis and S. aureus with Glycated Keratin 

 
Viable cell counts of S. epidermidis (left) and S. aureus (right) over a period of 72 hours in 

growth media containing 1.0 mg/m  glycated keratin. Standard Scale. n = 3. Mean ± standard 

deviation. Statistical difference calculated by Student’s t-test versus Control. *** p < 0.001. 

  

1.0E+00

2.0E+08

4.0E+08

6.0E+08

8.0E+08

1.0E+09

1.2E+09

1.4E+09

1.6E+09

1.8E+09

0 20 40 60 80

C
F
U

s/
m

 

Incubation Time ( ours)

S. epidermidis

1 mg/m  Glycated  eratin

Control

1.0E+00

5.0E+07

1.0E+08

1.5E+08

2.0E+08

2.5E+08

3.0E+08

3.5E+08

4.0E+08

4.5E+08

5.0E+08

0 20 40 60 80
C

F
U

s/
m

 
Incubation Time ( ours)

S. aureus

1 mg/m  Glycated  eratin

Control

            
      



62 

 

Figure 7. Growth Inhibitory Effect of Glycated Keratin: Close-Up at 24 Hours 

 
24-hour cell viability of planktonic cultures of S. epidermidis and S. aureus in media with 1.0 

mg/m  glycated keratin.  ogarithmic scale. n = 3. Mean ± standard deviation. Statistical 

difference calculated by Student’s t-test. *** p < 0.001. 
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Figure 8. DNA Release from AGE Exposure in Non-Growth Media 

 

Release of intracellular material as indicated by absorbance at 260 nm of culture supernatant 

over a period of 40 minutes at 37°C in minimal media. n = 6.  
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Figure 9. Membrane Damage from AGE Exposure in Growing Culture 

 

Membrane permeability determined by propidium iodide staining after 24 hours under 

planktonic conditions in TSB media. n = 14. Mean ± standard deviation. Statistical difference 

determined by Student’s t-test. ***p< 0.001. 
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Figure 10. Membrane Damage in Growing and Non-Growth Cultures

 

Membrane permeability determined by propidium iodide staining after 24 hours under 

planktonic conditions in TSB media (Control), TSB with 0.5 mg/mL glycated keratin, and non-

growth media with 0.5 mg/mL glycated keratin. n = 6. Mean ± standard deviation. Statistical 

difference determined by Student’s t-test compared to Control. ***p< 0.001. 
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Figure 11. S. aureus Sedimentation Assay 

 

Measurement of cellular aggregation induce by 0.5 mg/mL glycated keratin via sedimentation. 

Sample tubes kept at 4°C and aliquots collected from upper portion of solution over time. 

Turbidity measured by absorbance at 600 nm. n = 3. Mean ± standard deviation. 
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Figure 12. Glycated Keratin Induced Cellular Aggregation 

 

Representative bright-field microscopy images of S. aureus and S. epidermidis cellular 

aggregation after 24 hours under planktonic conditions. Images captured at 400X magnification.  
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Figure 13. Glycated Keratin Induced Cellular Aggregation 

 

Mean bacterial aggregate size. Samples were vortexed and 2 µ  inoculates were transferred to 

microscope slides. n = 10. Mean ± standard deviation. Statistical difference determined by 

Student’s t-test. *** p < 0.001 
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Figure 14. Potential Pathway for Initiation of Cellular Aggregation. 

 

ArlS and ArlR, two-component response regulator; MgrA, HTH-type transcriptional regulator; 

Ebh, extracellular matrix binding protein. 

  



70 

 

Figure 15. Glycated Keratin Induced Biofilm Formation 

 

Increase in biofilm formation by addition of 0.5 mg/m  of keratin. Glucose conditions contain 

5.0 mg/m  of glucose, double the concentration of standard TS . Statistical difference was 

calculated via One-way ANOVA followed by Tukey’s test. p < 0.001. n.s. = not significant. 
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Figure 16. Difference in Biofilm Response: S. epidermidis vs. S. aureus 

 
( ) Difference in biofilm formation between S. epidermidis and S. aureus.  n = 8. Mean ± 

standard deviation. Statistical difference was calculated via One-way ANOVA followed by 

Tukey’s test. p < 0.001. n.s. = not significant 
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Figure 17. Glycated Keratin Dose-Response Relationship 

 

Dose-response relationship of S. aureus biofilm formation and >10 kDA glucose-keratin 

concentration.  iofilms were stained with crystal violet and absorbance was measured at 587 nm 

after 48 hours of growth under static conditions at 37°C. Each data point represents the mean of 

eight samples. Midpoint = 0.64. R
2
 = 0.99. 
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Figure 18. Heated Keratin Dose-Response Relationship. 

 
Dose-response relationship of S. aureus biofilm formation and > 10kDa heated-keratin 

concentration.  eated keratin was prepared following the same protocol as glycated keratin, 

without the addition of glucose to the sample solution.  iofilms were stained with crystal violet 

and absorbance was measured at 587 nm after 48 hours of growth under static conditions at 

37°C. n = 8. Mean ± standard deviation. 
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Figure 19. Glucose Dose-Response Relationship. 

 
Dose-response relationship of S. aureus biofilm formation and media glucose concentration. 

 iofilms were stained with crystal violet and absorbance was measured at 587 nm after 48 hours 

of growth under static conditions at 37°C. n = 8. Mean ± standard deviation. 
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Figure 20. Biofilm Response by Molecular Weight Fractions 

 

Biofilm promotion by different molecular weight fractions of glycated keratin over a range of 

dosages. Biofilms were stained with crystal violet and absorbance was measured at 587 nm after 

48 hours of growth under static conditions at 37°C n = 8.  
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Figure 21. Biofilm Response by Molecular Weight Fraction at 0.25 mg/mL 

 

Biofilm promotion by different molecular weight fractions of glycated keratin at a dosage of 0.25 

mg/mL. Biofilms were stained with crystal violet and absorbance was measured at 587 nm after 

48 hours of growth under static conditions at 37°C n = 8. Mean ± standard deviation. Statistical 

difference was calculated by One-way ANOVA and Tukey’s test. p < 0.001 between all sample 

groups. 
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Figure 22. Influence of Growth Phase on AGE-Induced Biofilm Formation 

 

The effect of the timing of glycated keratin addition to S. aureus culture based on growth phase. 

For logarithmic phase samples, S. aureus overnight stock was inoculated into TSB media 

containing 0.5 mg/mL glycated keratin. For stationary phase addition, cells were collected from 

24-hour S. aureus cultures in the post-logarithmic growth phase and resuspended in fresh media 

containing 0.5 mg/mL glycated keratin. Biofilms were stained with crystal violet and absorbance 

was measured at 587 nm after 48 hours of growth under static conditions at 37°C. n = 8. Mean ± 

standard deviation. Statistical difference was calculated via One-way ANOVA followed by 

Tukey’s test. p < 0.001 between all sample groups. 
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Figure 23. Media Fluorescent AGE Decrease 

 

Apparent decrease of fluorescent AGE content in S. aureus planktonic culture over time. TSB 

growth media with 1 mg/mL glycated keratin. Fluorescence intensity values are standardized in 

reference to 5 µg/mL quinine sulphate solution as 1000 units. n = 3. 
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Figure 24. Fluorescent AGE Metabolism 

 

1 mL aliquots of overnight stock were resuspended in the equivalent volume of minimal media; 

1 mg/mL of glucose-keratin was added to the test condition. After 24 hours of incubation under 

planktonic conditions, media supernatant was collected and filtered to separate high and low 

molecular weight glycated proteins (greater or less than 3 kDa). n = 5. Mean ± standard 

deviation. Absorbance values were standardized in reference to 5 µg/mL quinine sulphate 

solution as 1000 units, and background values of un-inoculated solution were subtracted. 

Statistical difference calculated by Student’s t-test compared to time-zero. *** p < 0.001. 
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Figure 25. Aminoguanidine Biofilm Inhibition Effect 

 

Effect of 0.1 mg/mL aminoguanidine on S. aureus biofilm formation in 0.1 mg/mL glycated 

keratin and 5.0 mg/mL glucose cultures. Biofilms were stained with crystal violet and 

absorbance was measured at 587 nm after 48 hours of growth under static conditions at 37°C. n 

= 8. Mean ± standard deviation. Statistical difference determined by Student’s t-test compared to 

controls. 
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Figure 26. Aminoguanidine Cell Viability 

 

Effect of aminoguanidine on S. aureus cell viability after 72 hours under elevated glucose 

conditions (5.0 mg/mL). n = 3. Mean ± Standard Deviation. Statistical difference was calculated 

via One-way ANOVA followed by Tukey’s test. ** p < 0.01, *** p < 0.001.  

1.0E+00

1.0E+02

1.0E+04

1.0E+06

1.0E+08

1.0E+10

Control

(2.5

mg/m 

Glucose)

Glucose

(5.0

mg/m 

Glucose)

Glucose +

0.128 mg

AG

Glucose +

1.28 mg

AG

Glucose +

12.8 mg

AG

C
F
U

s/
m

 

  

   

   



82 

 

Figure 27. Ascorbic Acid: Cell Viability and Biofilm Inhibition 

 

(Left) S. aureus cell viability after 24 hours of incubation under planktonic conditions with 

added ascorbic acid. n = 3. Mean ± Standard Deviation. Statistical difference determined by 

Student’s t-test compared to control. *** p <0.001. 

(Right) Effect of ascorbic acid on S. aureus biofilm formation provoked by 0.5 mg/mL of 

glycated keratin. Biofilm assayed after 48 hours of growth under static conditions. n = 8. Mean ± 

standard deviation. 
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Figure 28. Effect of Ascorbic Acid on Baseline S. aureus Biofilm Formation 

 

S. aureus biofilm response to various concentrations of ascorbic acid. Biofilm assayed after 48 

hours of growth under static conditions. n = 8. Mean ± standard deviation. 

  

0

0.1

0.2

0.3

0.4

0 1 2 3 4 5

 
io

fi
lm

 A
b
u
n
d
an

ce

(A
b
s 
5
8
7
 n

m
)

Ascorbic Acid Concentration (mg/m )



84 

 

Figure 29. Astaxanthin: Cell Viability and Biofilm Inhibition 

 

(Left) S. aureus cell viability after 24 hours of incubation under planktonic conditions with 

added astaxanthin. n = 3. Mean ± Standard Deviation. Statistical difference determined by 

Student’s t-test compared to control. ** p <0.01, *** p <0.001. 

(Right) Effect of astaxanthin on S. aureus biofilm formation provoked by 0.5 mg/mL of glycated 

keratin. Biofilm assayed after 48 hours of growth under static conditions. n = 8. Mean ± standard 

deviation. 
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Figure 30. Effect of Astaxanthin on Baseline S. aureus Biofilm Formation 

 

S. aureus biofilm response to various concentrations of astaxanthin. Biofilm assayed after 48 

hours of growth under static conditions. n = 8. Mean ± standard deviation. 
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Figure 31. Dose-Response Curve of Astaxanthin Biofilm Inhibition

 

Dose-response relationship of S. aureus biofilm abundance induced by exposure to 0.5 mg/m  

glycated keratin, and astaxanthin concentration.  iofilms were stained with crystal violet and 

absorbance was measured at 587 nm after 48 hours of growth under static conditions at 37°C. 

Each data point represents the mean of eight samples. Midpoint = 0.06. R
2
 = 0.98. 
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Figure 32. Astaxanthin Culture Microscope Capture 

 

Representative microscope image capture at 400X magnification of S. aureus aggregates 

observed in 0.6 mg/mL astaxanthin control culture after 24 hours under planktonic conditions. 

Red boxes indicate small S. aureus aggregates around red structures which appear to be small 

particles/crystals of astaxanthin that failed to fully dissolve in the mixed water and DMSO 

solution at this concentration. 
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Figure 33. Clove: Cell Viability and Biofilm Inhibition 

 

(Left) S. aureus cell viability after 24 hours of incubation under planktonic conditions with 

added clove extract. n = 3. Mean ± Standard Deviation. Statistical difference determined by 

Student’s t-test compared to control. *** p <0.001. 

(Right) Effect of clove extract on S. aureus biofilm formation provoked by 0.5 mg/mL of 

glycated keratin. Biofilm assayed after 48 hours of growth under static conditions. n = 8. Mean ± 

standard deviation. 
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Figure 34. Effect of Clove Extract on Baseline S. aureus Biofilm Formation 

 

S. aureus biofilm response to various concentrations of clove extract. Biofilm assayed after 48 

hours of growth under static conditions. n = 8. Mean ± standard deviation. 
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Figure 35. Melatonin: Cell Viability and Biofilm Inhibition 

 

(Left) S. aureus cell viability after 24 hours of incubation under planktonic conditions with 

added melatonin. n = 3. Mean ± Standard Deviation. Statistical difference determined by 

Student’s t-test compared to control. ** p <0.01. 

(Right) Effect of melatonin on S. aureus biofilm formation provoked by 0.5 mg/mL of glycated 

keratin. Biofilm assayed after 48 hours of growth under static conditions. n = 8. Mean ± standard 

deviation. 
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Figure 36. Effect of Melatonin on Baseline S. aureus Biofilm Formation 

 

S. aureus biofilm response to various concentrations of melatonin. Biofilm assayed after 48 

hours of growth under static conditions. n = 8. Mean ± standard deviation. 
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Figure 37. Effect of PTB on Baseline S. aureus Biofilm Formation 

 

S. aureus biofilm response to various concentrations of PTB. Biofilm assayed after 48 hours of 

growth under static conditions. n = 8. Mean ± standard deviation. 
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Figure 38. PTB: Cell Viability and Biofilm Inhibition 

 

(Left) S. aureus cell viability after 24 hours of incubation under planktonic conditions with 

added PT . n = 3. Mean ± Standard Deviation. Statistical difference determined by Student’s t-

test compared to control. ** p < 0.01, *** p <0.001. 

(Right) Effect of PTB on S. aureus biofilm formation provoked by 0.5 mg/mL of glycated 

keratin. Biofilm assayed after 48 hours of growth under static conditions. n = 8. Mean ± standard 

deviation. 
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Figure 39. Rosemary Extract: Cell Viability and Biofilm Inhibition 

 

(Left) S. aureus cell viability after 24 hours of incubation under planktonic conditions with 

added rosemary extract. n = 3. Mean ± Standard Deviation. Statistical difference determined by 

Student’s t-test compared to control. ** p <0.01. 

(Right) Effect of rosemary extract on S. aureus biofilm formation provoked by 0.5 mg/mL of 

glycated keratin. Biofilm assayed after 48 hours of growth under static conditions. n = 8. Mean ± 

standard deviation. 
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Figure 40. Effect of Rosemary Extract on Baseline S. aureus Biofilm Formation 

 

S. aureus biofilm response to various concentrations of rosemary extract. Biofilm assayed after 

48 hours of growth under static conditions. n = 8. Mean ± standard deviation. 
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Figure 41. Dose-Response Curve of Rosemary Extract Biofilm Inhibition 

 

Dose-response relationship of S. aureus biofilm abundance induced by exposure to 0.5 mg/m  

glycated keratin and rosemary extract concentration.  iofilms were stained with crystal violet 

and absorbance was measured at 587 nm after 48 hours of growth under static conditions at 

37°C. Each data point represents the mean of eight samples. Midpoint = 0.5. R
2
 = 0.99. 
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Figure 42. Glycative Stress and Immune Cell Functioning 

 

AGEs, advanced glycation endproducts; RAGE, receptor for AGEs; T2DM, type 2 diabetes 

mellitus; TCA, tricarboxylic acid; ER, endoplasmic reticulum. 

  

AGEs
Glycative
stress

Immune cell function 

RAGE

Scavenger
receptor

Cytokine 
production

Inflammatory cytokine
release

TCA disorder

Fumarate 
Succinylation 

Mitochondria 
dysfunction

AGEs 

Phagocytosis 
Chemotaxi 
Immunoglobulin production  
Cooperation 

Hyperglycemia

i.e. T2DM

Succinylated
protein

ER stress 

Cytokine storm 



98 

 

Figure 43. Glycative Stress and Skin Microflora. 

 

AGEs, advanced glycation endproducts. 
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Figure 44. Hand Sanitizer Bactericidal Efficacy Test 

 

Cell viability of S. aureus after 5-minute exposure to hand sanitizing solutions. 1.0E+01 

CFUs/mL (10 CFU/mL) is the theoretical minimum detection limit, although no viable colonies 

were observed. n = 3. Mean ± Standard Deviation. Statistical difference calculated by Student’s 

t-test compared to control. *** p < 0.001. 
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