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Chapter 1. 

 

Introduction 

Pathogenic microbes pose a serious threat to public health. Specifically, antibiotic 

abuse is creating new strains of antibiotic resistant bacteria and creating a public health 

crisis. There are many health risks associated with the overuse of antibiotics. Their broad 

bactericidal effects can disrupt an individual’s symbiotic relationship with beneficial 

bacteria [1]. Furthermore, antibiotics can be toxic to human and create serious side 

effects from skin sensitivity to organ failure [2]. In addition to some microbes’ inherent 

antibiotic resistive genes, microbes evolve and mutate quickly thereby quickly producing 

antibiotic resistance. Antibiotic sensitive bacteria are able to acquire antibiotic resistance 

genes via horizontal gene transfer, causing the organism to then become resistant to 

specific classes of antibiotics, further complicating treatment [3]. It is therefore of great 

interest in the scientific community to examine other methods of infectious disease 

prevention and treatment.  

The common solution to prevent pathogenic infections tends to rely on organic 

disinfectants or drugs, however this solution may lead to drug resistance and can harm 

the environment. Since about 80% of microbes are transmitted through surface contact, 

another approach to preventing the spread of harmful microbes is to develop surface 

technology which not only is bactericidal, but also overcomes the concern of drug 

resistance and is safe for the environment [4]. Additionally, most efforts dedicated to 

antimicrobial surface technologies are limited by the exposure hazard of the diffusion of 
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toxic agents or, as the case of cationic polymers, steric hindrance or interaction 

interference with the bacteria due to the immobilization of the agent [5] . Therefore, an 

effective surface-immobilized antimicrobial coating material which eliminates patient 

exposure to the active agents is necessary.  

Since the introduction of the GAIN Act in 2012, there has been new stimulated 

interest in the battle against bacteria, however no significant strides have been made yet 

[3]. Growing resistance to antibiotics continues to be a devastating public health problem. 

Attempts to tackle the problem involve research teams at the Massachusetts Institute of 

Technology (MIT) who utilize a type of phage therapy to target antibiotic resistance 

genes directly via the CRISPR (clustered, regularly interspaced short palindromic 

repeats) Cas9 gene editing technology [3]. The engineered phage (a phage is a virus 

which infects bacteria) delivers the CRISPR Cas9 RNA tool into resistant bacteria, 

resulting in genomic expression of the CRISPR Cas9 tool which then programs the 

bacteria to either become sensitive to drugs or to undergo lysis [6]. The CRISPR Cas9 

tool encodes a DNA nuclease (DNA degrading enzyme) that recognizes and cleaves 

specific genes which code for antibiotic resistance [3]. The phage tool selectively kills 

bacteria with chromosomally integrated resistance genes, while bacteria with plasmid-

integrated resistance genes become sensitive and continue to survive, adding a selective 

pressure which favors sensitive bacteria to resistant bacteria [6]. The surviving bacteria 

can then be effectively treated with antibiotics. Ironically, the CRISPR Cas9 system is a 

part of bacteria’s natural immune defense against phage attacks [3]. While this tool seems 

very promising in research, gene therapy is very difficult to implement and apply outside 
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research labs. Furthermore, it does not prevent the development of antibiotic resistance; 

there will always be too great a pressure for bacteria to evolve further resistance and 

survive. 

Naturally occurring structures can serve as templates for such bactericidal 

applications. It has been reported that the nanoscale structure of dragonfly wings may 

serve as a bactericidal surface [7]. Their natural structure can rupture adjacent microbial 

cells thereby killing and preventing bacterial growth. These organic templates can be 

reproduced synthetically and applied to the development of microbicide technologies. It 

has been observed that the interaction between synthetic nanoparticles and biological 

cells can be enough to cause cell lysis and death without any other external forces, 

chemical nor mechanical [8]. This idea is a promising opportunity for the development of 

novel bactericidal surface technologies which are effective and safe.  

Nanomaterials have the capacity to enhance the field of science that relies on 

public health and sterility, from water treatments, medical devices, and food processing 

[9].  Metal oxide nanoparticles such as zinc oxide and copper oxide exhibit antimicrobial 

behavior at different degrees in a variety of materials, forms, and morphologies [7]. The 

functional activity of nanoparticles is affected by material size, shape, and morphology. 

Analyzing and characterizing the effects of nanoparticles of varying properties is of 

current interest in research for biomedical and industrial applications. Medical devices 

may harbor harmful bacteria which can be deadly for an immune compromised or elderly 

patient [2]. Bacteria can produce highly resistant biofilms which allow them to survive on 

such surfaces for long lengths of time. Staphylococcus aureus (S. aureus) and 
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Escherichia coli (E. coli) are commonly acquired hospital infections that may cause 

deadly bloodstream, urinary tract, lung, heart, and skin infections [10]. These microbes 

can be very resistant to conventional antibiotics, requiring the need for novel methods of 

reducing microbial infections.  Metallic nanoparticles have been reported to show 

antimicrobial activity especially towards pathogenic bacteria such as E. coli and S. aureus 

[8] [11]. Antimicrobial effects of the nanoparticle depend on the particle size, stability, 

and concentration; with the right preparation and application, these particles can hold a 

promising future in safely reducing infection. Furthermore, graphene based nanomaterials  

show promising development in the antimicrobial community [7]. Graphene materials 

have been shown to interact with biomolecules such as proteins, nucleic acids and 

membranes; these material-microbial interfaces are worthy of analysis in order to further 

understand the beneficial application of such materials [7].  

Here, an economical, scalable and facile sol-gel method to synthesize a metallic 

copper nanoparticle embedded carbon matrix material (CMAT) is described.  

Furthermore, CMAT’s antimicrobial potential is investigated. CMAT possesses 

hydrophobic properties as well as high flame resistivity and a high absorption ability of 

oils. These properties generate a spectrum of prospective CMAT applications ranging 

from environmental decontamination, biomedical antimicrobial coatings, storage 

solutions, and air filters.  

 
 

 

Chapter 2. Scalable Copper CMAT 
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2.1 Introduction 

Developing safe materials with effective antimicrobial activity, such as 

nanoparticle surface coatings, is fundamental for public health progress. Carbon based 

materials have widespread applications ranging from catalysis to remediation [12]. 

Specifically, activated carbon, characterized by high surface area due to presence of 

micropores, loaded with metal oxide nanoparticles possess attractive versatile properties 

[13]. Graphene is a recent carbon based nanomaterial that deserves further investigation 

and research for such applications. Graphene is a single atom thick sp2 carbon hexagonal 

sheet; it can be considered a two-dimensional sheet of graphite [14]. 2-D materials are a 

topic of interest for researchers because of their scaling down ability. As the scaling-

down of electrical components such as field-effect transistors (FETs) reaches design and 

mechanical thresholds, novel 2-D materials are thus needed to bridge the gap between 

size and efficiency. Graphene along with other 2-D materials exhibit promising properties 

for novel applications. Besides their use in convenient technology, energy conservation 

and restoration are also vital research topics as we continue to observe the detrimental 

effects of pollution and overconsumption of our natural resources. Green synthesis, or 

utilizing non-toxic and eco-friendly methods of material synthesis, is an important 

approach in conservation and nanotechnology which deserves further investigation.  

Nanotechnology has vast potential in public health. The combination of 

nanotechnology and biology can be a powerful force in fighting not only infectious 

disease and pathogens, but cancer and other genetic disorders as well. Nanoparticles have 

unique properties relative to their respective bulk material: they exhibit increased 
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membrane solubility, unique biochemical reactivity, and antimicrobial properties [15]. 

Metallic nanoparticles therefore have large potential in the engineering and biomedical 

sciences. Such particles typically range in size between 10 and 500 nanometers; this size 

can facilitate varying interactions with contact cell surface molecules [15]. It has been 

reported that silver, copper, and gold nanoparticles exhibit a wide spectrum of 

antimicrobial activity [15]. The availability and the cost of copper make it a more 

favorable particle to work with; it shares similar properties to gold and silver as well as 

antimicrobial properties against a wide range of bacteria and fungi. Copper nanoparticles 

and their potential in sensors, catalysis, batteries, and superconductors have also been 

studied [16]. Furthermore, copper nanoparticles exhibit stable shelf lives, antifungal and 

antibacterial properties. R. Sivaraj et al reported using Acalypha indica leaves for the 

environmentally friendly biosynthesis of copper oxide nanoparticles [17]. It was observed 

that these naturally synthesized particles not only exhibit antimicrobial properties, but 

also can aid in treating asthma, pneumonia, and rheumatoid arthritis [17] [18]. 

Nanopatterns of surfaces such as polymers, titanium oxide, and black silicon and 

their subsequent bactericidal-contact interactions have been studied for their 

antimicrobial applications [7]. These surfaces are generally prepared via a top-down 

method however their high synthesis cost pose a large obstacle in research and 

development. It is then critical to develop a facile, scalable, environmentally safe, and 

cost effective method of creating a bactericidal coating for application on common 

surfaces.  Guanshun et al have demonstrated a method for growing ZnO nanopillars by 

spin coating a layer of ZnO seeds on a substrate, then growing ZnO nanopillars in 
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aqueous zinc salts [7]. The morphology of these nanostructures is consistent with 

naturally occurring bactericidal nanostructures on dragonfly wings. The ZnO pillars were 

observed to have surface bactericidal effects through contact-dependent cell lysis. 

Furthermore, remote bactericidal effects were also observed. These remote effects can be 

accounted for by the effects of radicals or reactive oxidative species (ROS) released by 

ZnO [7]. ZnO nanostructures are able to generate superoxide species by using electrons 

in their conduction band [7]. Reactive oxide species formed from such semiconductors 

are quickly lethal to bacteria. However, surface defects in such materials can limit radical 

generation. Furthermore, electrons or holes may require photo irradiation to form those 

toxic radicals, which is not always practical in application [7].  

Here, the synthesis of a graphene matrix material (formly known as G-sponge)  

interspersed with metallic nanoparticles via a sol-gel process followed by curing and 

annealing at high temperatures is described. The process which has been adapted and 

optimized from Hamed’s previous work, allows for an inexpensive, scalable, three-

dimensional graphene product which can be doped with various nanoparticles and has 

potential for many bioengineering and environmental applications [19]. Three-

dimensional graphene architectures have great oil absorption as well as hydrophobic 

properties making such products an excellent candidate not only in environmental 

decontamination and sustainability applications, but in biological, sensing, and imaging 

applications as well [20]. Raman spectroscopy, X-Ray Diffraction (XRD), and scanning 

electron microscopy (SEM) are used for characterization and analysis of the material. 
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The antimicrobial properties of CMAT are analyzed by a microbiology disk-diffusion 

method, fluorescent viability and cytotoxicity assays. 

 

2.2 Method 

The copper CMAT is synthesized following a sol-gel process followed by curing 

and annealing. An aqueous solution of deionized water, polyvinyl alcohol, sucrose, and 

copper nitrate is mixed and stirred at 90C overnight until a gel is formed. The gel is 

placed in a clean glass beaker and cured in a vacuum oven at 120C for two hours to form 

the sponge matrix. The matrix is then cut and annealed in a horizontal tube furnace 

between 500 -1000C with a rate of 10C per minute. under argon and hydrogen gas. The 

final annealed sponge has a graphitic grey color and is very brittle to the touch.  

 

 

 

 

Figure 2.1: “Sol” step of CMAT synthesis stirred on a hot plate. Final annealed product 

mechanically pressed into a fine powder (less than 2 micron particles). 
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2.3 Characterization 

CMAT was characterized using Raman Spectroscopy, SEM, and XRD. Figure 2.2 

shows the amorphous and highly textured surface of sponge material using SEM 

imaging. The highly porous architectures of the sponge give the material its low density, 

high surface area, and light weight properties.  

 

Figure 2.2: High magnification SEM of CMAT surface showing rough, highly porous 

architectures of CMAT. 

 

Raman-spectrum of CMAT was recorded using a 532nm diode laser and CCD 

camera. Raman spectroscopy is a nondestructive, standard method for characterization of 

carbon containing materials. The G peak dispersion of the Raman spectra can be obtained 
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and correlated with chemical composition, density, and !"# content [21]. The multitude 

of properties arising from carbon greatly depends on the ratio of !"$ to !"# bonds in the 

material. The forms of  !"$ carbon can range from micro-crystalline graphite to glassy 

carbon; amorphous carbon can have a mixture of !"$, !"#, and  !"%. &"$ carbon films 

are very intriguing at the nanoscale; specifically, in sensor and electrochemical 

applications as well as fuel cells and supercapacitors [21].  

 Graphite’s phonon dispersion has been extensively studied. In defected graphite, 

it is crucial to correctly interpret the phonon dispersion around K in order to correctly 

analyze the Raman D peak [21]. It has been shown that the dispersion of the D peak 

depends on the shape of the phonon branches around K. Piscanec et al. showed that the 

metallic like characteristic of the electronic structure of graphite is critical when 

understanding the D peak [14]. The Kohn anomaly is used to describe the behavior of the 

phono dispersion in graphite and essentially describing its electronic band dispersion as 

by an isolated graphene sheet where the gap between empty and occupied electronic 

states is zero at K and K’ in the Brillioun Zone [14].  

 The Raman spectra is affected by a number of characteristics: bond length and 

bond angle disorder, !"$ chains or rings, and the ratio of !"$ to !"#. Also, the spectra is 

directly affected by the configuration of the !"$ phase and indirectly by the quantity of 

the !"$ phase [14] [21]. The configuration of the !"$ phase can vary independently from 

the !"$ to !"# ratio, known as non-uniquness, and this phenomenon may be a result of 

annealing after deposition, high temperature deposition or unfiltered deposition methods 

[21]. All carbons show shared features in the 800-2000	()*% area, the G (1560	()*%) 
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and D (1360	()*%) peaks which can be seen on the far left of the Raman spectra in 

Figure 2.3.  The G and D peaks are a result of !"$ sites; the G peak is in consequence to 

ring and chain !"$ bond stretching whereas the D peak is related to disorder and a result 

of cyclic !"$ atoms [21]. The D peak in the Raman spectra as seen in Figure 2.3 thus 

means the presence of !"$ carbon hexagonal rings and defects [21].  Stage 1 of the 

amorphization trajectory of graphite is characterized by the G peak moving from 1581 to 

1600 ()*% and an increase in D peak intensity. It can be observed the that G peak in the 

Raman Spectra in Figure 2.3 is at about 1560 ()*% therefore the material  is not in this 

stage of order. Stage 2 is characterized by weaker bonds bringing the G peak to about 

1510 ()*% while stage 3 configuration brings the G peak closer to 1570 ()*% due to p 

electron confinement in short chains [21]. CMAT is therefore most likely in the stage 3 

amorphous carbon configuration.  

 It is likely that the 2950()*% mode may be a defect mode induced from local 

defect modes [22]. It has been shown by Sato et al. that Raman spectra of carbons from 

copper containing starting materials show similar narrow D and G bands and relative 

intensities as well as a 2950()*% band, as observed in the CMAT spectra [22]. The 

2450()*%  peak is concerned with double resonance Raman scattering in phonon 

dispersion of two-dimensional graphite [22].  
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Figure 2.3: Raman spectra of CMAT in arbitrary units.  

 

 Crystal structure identification was performed by X-ray diffraction (XRD) 

analysis. XRD is a convenient tool to analyze the size and shape of the unit cell for a 

material. Phase identification as well as quantitative analysis is possible with XRD. The 

diffraction pattern of a compound gives insight on translational symmetry and 

information on electron density inside the unit cell as well as defects [16]. In Figure 2.4, 

X-ray diffraction peak at 43 may indicate C (100) signifying reduced graphite oxide. The 

peaks at 43, 50, and 74 may correspond to (111), (200), and (220) planes of copper [23]. 

These represent crystal face-centered cubic of copper. The XRD peak at 90 and 95 may 
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indicate (311) and (222) planes of copper [24]. The sharper peaks in the XRD plot shown 

in Figure 2.5 suggests higher crystallinity of the final product when sucrose is as a 

precursor as opposed to glucose.  

 

Figure 2.4: XRD peaks of CMAT with sucrose precursor.  
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Figure 2.5: Synthesis of CMAT using sucrose as a precursor may yield higher 

crystallinity, as suggested by the sharper peaks in its XRD plot.  

 

2.4 Conclusion 

 The synthesis of a scalable carbon matrix embedded with copper nanoparticles 

and with high porosity is demonstrated following a sol gel process. The synthesis process 

is facile, inexpensive and easily scalable for a wide spectrum of applications. 

Characterization of CMAT validating its composition is accomplished using Raman 

spectroscopy, XRD, and SEM imaging. The material’s oil absorption properties and 
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possible antimicrobial properties, which will be investigated next, make it a versatile 

material for environmental cleaning and decontamination applications.  

 

Chapter 3: Antimicrobial Susceptibility: Disk Diffusion 

3.1 Introduction 

The gold standard of measuring antimicrobial susceptibility is the Kirby-Bauer 

Disk Diffusion method of susceptibility. This method allows microbial susceptibility 

categorization of bacterial isolates against a variety of antimicrobial agents. On a nutrient 

rich agar petri-dish, a bacterial lawn consisting of the isolated organism is cultured in the 

presence of antimicrobial agent in question. Minimum inhibitory concentration (MIC) 

values are determined based on the diameter free of microbial growth (zone of inhibition) 

around each disk. This data allows for further analysis and characterization of specific 

antimicrobial agents [3].  

Antimicrobial agents can be characterized in terms of its respective bacteriostatic 

or bactericidal effect, its spectrum of action, and its concentration dependent and time 

dependent effects on organisms [3]. A bactericidal agent kills organisms rapidly after 

exposure whereas a bacteriostatic agent only inhibits bacterial growth therefore the 

number of viable bacteria remains relatively constant. Bactericidal agents are usually the 

preferred path of action because they produce a quicker response and are less likely to 

promote microbial resistance. Some bactericidal antimicrobial agents include the physical 

or mechanical rupture of cell wall and therefore cell death, inhibition of the synthesis of 

the cell wall or activation of lytic enzymes leading to apoptosis (such as penicillin’s 
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mechanism of action), or other lethal changes in gene expression or inhibition of gene 

expression [3]. Bacteriostatic drugs may inhibit a metabolic pathway required for growth, 

but not necessarily required for survival.  

Resistance in microbes may be innate, or may be acquired. Acquired resistance 

can result from transfer of plasmids enclosing resistance genes or from mutation and 

selection. Random DNA mutations occur regularly; in microbes, the rate of mutation is 

relatively constant at about 1 in 10%$ organisms [3]. A random mutation may form 

resistance to a particular antimicrobial agent: if organisms are exposed to an 

antimicrobial agent during a mutation period which renders them resistant, the resistant 

organisms survive and become the prominent strain while the sensitive organisms die off 

(Figure 3.1). If the organisms are exposed to a suboptimal concentration of the 

antimicrobial agent, the chances of a mutation and selection of the resistant mutation 

increases [3]. Therefore, dosage and duration is critical.  

Resistance factors, or genes which encode proteins responsible for resistance, can 

be transferred between organisms in a number of ways including the transfer of plasmids 

between organisms, or transduction mediated by bacteriophages leading to transfer of 

DNA between bacterial species. Studies have been done in effort to create drugs which 

block the expression of resistance factors by developing antisense nucleotides which 
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block transcription of resistance genes [3]. 

 

 

Figure 3.1: Schematic of antibiotic resistance methods. Antibiotic resistance may 

arise from A) exposure to a resistant mutant or B) bacterial conjugation and exchange of 

resistance factors in plasmids. 

Innate resistance describes an organism’s ability to survive a stressor by utilizing 

its existing genetic script. Regulated genetic factors naturally protect bacteria from 

antibiotics by induction and transcription of certain efflux genes, biofilm development, 



 18 

and decreased membrane permeability [25]. Biofilm resistance is a multifactorial innate 

mechanism which greatly increases cells’ resistance to antibiotics and other bactericidal 

factors.  During biofilm development, a thick polysaccharide matrix encompasses the 

cells and upregulation of antimicrobial factors is observed. The nature of the genotypic 

changes of bacteria during biofilm development is not well understood. However, it is 

likely that a combination of factors which decrease membrane permeability and the 

alteration of target antimicrobial proteins and enzymes play a role in this innate resistance 

pathway [10]. Understanding the nature of these pathways is important in developing 

novel antimicrobial mechanisms.  

 

3.2 Methods 

In order to measure the level of antimicrobial sensitivity of the copper sponge 

material, disk-diffusion method was performed. Meuller-Hinton growth media plates 

(Hardy Diagnostics) were brought to room temperature and 10mm wells were punched 

out of the agar (Figure 3.2). The plates were then inoculated with a pre-cultured solution 

of 0.5 Mcfarland adjustment (~150e6 CFU/ml) concentration of E. coli using a 

densitometer (DensiCheck). Wells were filled with 0.2 grams of copper CMAT, with  

CMAT lacking copper, and incubated overnight. Positive and negative controls were 

prepared with each experiment.  Results were compared to a positive control of the 

standard antibiotic ciprofloxacin (concentration 20ug/ml). Plates were incubated 

overnight at 37C and 5% carbon dioxide. Next, plates were removed and observed the 

following day. Antimicrobial activity assessment was made by measuring the diameter of 
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the zone of inhibition which formed around each well. 

 

Figure 3.2 Modified Meuller Hinton agar plates containing wells for CMAT 

susceptibility testing. 

 

Antimicrobial agents, such as chemical antibiotics, exhibit variable concentration-

dependent as well as time-dependent effects which can play a role in their effectiveness 

against a specific organism or group of organisms. Such effects include the minimal 

inhibitory concentration (MIC), concentration-dependent killing rate, and the post 

antibiotic effect. The minimum inhibitory concentration is the lowest concentration of an 

agent that prevents the growth of bacteria [26]. This value dictates whether a specific 
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bacterial strain is classified as susceptible or resistant to the agent. Some agents, such as 

the antibiotic classes fluoroquinolones and aminoglycosides, exhibit an increase in 

bacterial killing rate with an increase of agent concentration [26] [27]. A standard 

concentration titration was performed and graphed in Figure 3.3 showing how antibiotic 

efficacy is exponential against E. coli with increasing concentration. 

 

Figure 3.3: Concentration dependent effects of antimicrobial agents. When a 10- starting 

concentration of E. coli is incubated in ciprofloxacin, a concentration dependent killing 

rate is observed. An antibiotic concentration doubling results in a ten-fold decrease of 

cells. 

 

3.3 Results  

 Figure 3.5 demonstrates clear diameter zone of inhibition formed around 

ciprofloxacin antibiotic disks of 30 millimeters after an eighteen-hour incubation, which 

is considered susceptible by standard antibiotic susceptibility testing guidelines [26]. 

Control plates with no antibiotic showed clear expected growth covering the agar plate. 
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 A clear zone of inhibition is observed surrounding the wells containing CMAT, 

indicating that E. coli exhibits some susceptibility to CMAT (Figure 3.4).  

 

 

Figure 3.4: Zones of inhibition surrounding CMAT test material where E. coli growth is 

suppressed following overnight incubation.  
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 Figure 3.5: Close-up of clearing surrounding CMAT well and ciprofloxacin 

control. The inhibition zone diameter of 30mm surrounding ciprofloxacin is the current 

accepted value of susceptibility for E. coli, although high rates of resistance is observed 

in many strains to this conventional antibiotic.  
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Figure 3.6: Zone of inhibition containing satellite colonies surrounding ciprofloxacin 

disk in E. coli culture on Meuller-Hinton agar demonstrates the active evolution of 

antibiotic resistance. 

 

3.4 Conclusion 

Copper CMAT prevented proliferation of E. coli as indicated by growth inhibition 

zones around the perimeter of copper CMAT deposited on agar plates. This result 

confirms that copper nanoparticles are actively available in CMAT; the metal particles 

are not hindered by carbon matrix and may be further processed or functionalized for 

sensing and therapeutics in addition to antimicrobial applications. Furthermore, CMAT 

did not demonstrate the rapid evolution of resistance by E. coli over time such as the 
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conventional antibiotic ciprofloxacin. Figure 3.6 shows the shift of E. coli from antibiotic 

susceptible into antibiotic resistant indicated by the formation of satellite colonies 

surrounding the antibiotic. E. coli did not develop this resistance during the same time 

period.  

Due to the present need for dynamic, inexpensive, and versatile antimicrobial 

materials, the antimicrobial effects on other common pathogens are investigated. 

Furthermore, it is helpful to deduce whether the material is bacteriostatic, that it, it 

prevents bacterial growth as opposed to bactericidal. A more sensitive and reliable 

technique for quantifying bacterial cells is therefore necessary to compare and measure 

the activity of the antimicrobial agent in question. A Resazurin-Resofurin viability assay 

can better measure sensitive changes and cell proliferation. 

 

Chapter 4: Viability and Cell Proliferation Assays 

4.1 Introduction 

Resazurin is a water soluble, stable, cell membrane permeable dye. It is a non-

flurescent dye that is reduced to highly fluorescent resofurin. The dye acts as an electron 

acceptor and can be reduced by several metabolic compounds including:  NADH, FADH, 

FMNH, and NADPH in addition to cytochromes. The change from the oxidized to 

reduced state is detected fluorescently or colorimetrically for the detection of viable cells.  

Resazurin Viability Assays are vastly advantageous because they perform with superior 

sensitivity and contain a wide dynamic range. Measuring light emitted during a chemical 

reaction is practical because the light output is a relative quantification of the number of 
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viable cells. Since cell growth creates a reduced environment and inhibition of growth 

maintains an oxidized environment, the resazurin assay can be used to reproducible 

detect cells. Here, bacterial strains Escherichia coli (E. coli), Pseudomonas aeruginosa (P. 

aeruginosa), and Staphylococcus aureus (S. aureus) are incubated in the presence of 

copper CMAT and their viabilities are measured by fluorescence of resazurin reactions.  

4.2 Methods 
E. coli, P. aeruginosa, and S. aureus control slants are inoculated in liquid Meuller 

Hinton broth (Sigma) and incubated overnight at 37 degrees Celsius. Approximately 150 

million CFU of each bacterial strain is prepared using optical density measurements and 

dispensed in a 96-deep well plate containing copper CMAT to a final volume of 1 mL 

using fresh Meuller Hinton nutrient broth. The deep well plate is incubated on a shaker 

overnight at 37 degrees Celsius. Following incubation, 100uL of resazurin (Biotium 

Resazurin Cell Viability Kit) is added to each well of test samples and controls and 

incubated again for 1 hour at 37 degrees Celsius as outlined in assay kit protocol. 

Fluorescence is measured using an Eppendorf plate reader with an excitation wavelength 

of 57nm and emission wavelength of 585nm. Normalization is performed by subtracting 

background fluorescence measured by the assay blank. Standard curves of titrated control 

cells are added and measured each experiment. The over incubation of resazurin dye must 

be carefully avoided to prevent over reduction of resorufin to the non-fluorescent 

product, hydroresorufin (indicated by color change of pink to colorless).  
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4.3 Results 

No active growth of E. coli, P. aeruginosa, or S. aureus was detected in samples 

treated with copper CMAT as indicated by normalized RFU measurements (Figure 4.1) 

following end-point measurements after overnight incubation.  

 

Figure 4.1 Bacterial viability as correlated to relative fluorescence of E. coli, P. 

aeruginosa, and S. aureus resazurin assays treated with copper CMAT compared to 

untreated wells.  
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4.4 Conclusion 

 Resazurin viability assay results indicate that copper CMAT prevents the growth 

of E. coli, P. aeruginosa, and S. aureus in vitro. While agar disk diffusion is inherently 

very subjective due to the dependency of the observer’s naked eye to interpret disk zones, 

resazurin assays are much more sensitive and accurate.  Therefore, the antimicrobial 

[28]properties of CMAT further confirmed by the results of the resazurin viability test. 

Additionally, these specific test organisms contribute to the cause of most hospital 

acquired infections worldwide and possess high rates of antibiotic resistance [29]. 

Therefore, CMAT provides a possible inexpensive, easily manufactured, novel solution 

as an antibacterial coating material for hospital equipment, floors, and walls effective 

against these microorganisms.  

However, the resazurin viability assay only indicates viable and metabolically 

active cells and does not consider inactive or dormant cells, which may turn active given 

the right conditions. It is important to investigate the bacteriostatic and bactericidal 

capacity of CMAT, and compare the kinetics of CMAT to those of conventional 

antibiotics by measuring the change in cell growth over time.  

Chapter 5. Liquid Broth Culture 

5.1 Introduction 

 The previous antimicrobial experiments have indicated that CMAT can prevent 

the growth of common bacteria like E. coli, P. aeruginosa, and S. aureus. An important 

parameter that must be analyzed is the kinetics and type of growth inhibition. Measuring 

the growth over time can be accomplished by incubating the test sample in liquid broth 
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and dispensing and streaking a fixed volume of the broth onto agar plates at multiple time 

points. After incubating the agar streak plates overnight, colonies are counted and 

converted to colony forming units (CFUs) as a measure of bacterial concentration. Any 

inactivated or stressed cells will also grow and be accounted for in this method since cells 

are reintroduced into a nutrient rich environment, while truly dead cells are not 

quantified. This method can reveal if the antimicrobial in question is bacteriostatic or 

bactericidal. Here, we test copper CMAT against gram positive bacteria, gram negative 

bacteria, as well as fungus and measure growth rate during incubation in solution 

containing CMAT.  

 5.2 Methods 

E. coli, P. aeruginosa, and S. aureus, C. parapsilosis, E. faecalis, and K. 

pneumoniae controls are inoculated in liquid Meuller Hinton broth (Sigma) and incubated 

overnight at 37 degrees Celsius. Approximately 150 million CFU of each bacterial and 

fungal strain is measured out using optical density turbidity measurements and dispensed 

in a 96-deep well plate containing copper CMAT to a final volume of 1 mL using fresh 

Meuller Hinton nutrient broth. Positive controls of each microorganism are tested in 

wells without the addition of CMAT and negative controls are prepared with each 

organism in the presence of its susceptible antibiotic. The plate is incubated on a low 

speed shaker. Every hour, the plate is removed and 10uL of each sample is dispensed 

onto agar plates and streaked evenly across the plate with a disposable plastic loop. Time 

point agar plates and the deep well sample plate are returned to the incubator. A final 
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aliquot is taken at 12 hours and agar plates are further incubated 18 hours. Colony 

forming units are quantified and plotted over time.  

5.3 Results 

No viable cells were observed by one hour following incubation with copper 

CMAT. All positive controls had acceptable growth as seen plotted in Figure 5.3. Figure 

5.1b gives a snapshot of E. coli after 1 hour incubation with copper CMAT exhibiting a 

100% killing rate to 5.1a, E. coli positive control (no CMAT treatment).  

Additionally, CMAT demonstrated 100% effective killing of the fungal organism, 

C. parapsilosis, as seen in the agar plate pictured in Figure 5.2. In Figure 5.2, the fungal 

plate is split in half, with growth of the C. parapsilosis positive control on the bottom half 

and the CMAT treated sample on the top half.  

 

Figure 5.1: Dense growth of E. coli positive control (A) compared to E. coli after 1 hour 

incubation in copper CMAT (B). 
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Figure 5.2: Snapshot showing growth of the fungus C. parapsilosis positive control on 

bottom half of agar plate and C. parapsilosis treated with copper CMAT on top half of the 

agar plate.  

 
CMAT effectively inhibits the growth of E. coli, P. aeruginosa, and S. aureus, E. 

faecalis earlier and more effectively than their respective antibiotics (Figure 5.4).  K. 

pneumoniae shows equal susceptibility to both CMAT (Figure 5.5) and conventional 

antibiotics (Figure 5.4). In addition to increased susceptibility, no resistance progression 

is observed to CMAT treatment, whereas the development of antibiotic resistance is 

common in these microorganisms; P. aeruginosa and E. faecalis exhibit resistance to the 

antibiotic Ciprofloxacin by hour 12 in as indicated by increased growth concentration of 

these organisms by hour 12 in Figure 5.4.  
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Figure 5.3: Growth of positive controls (no treatment with antimicrobials) plotted over 

12 hours of gram negative E. coli, K. pneumoniae, P. aeruginosa, gram positive E. 

Faecalis, and the fungus C. parapislosis. 
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Figure 5.4: Viability of microorganisms treated with antibiotics plotted over time. 

Enterococcus spp and Pseudomonas spp develop resistance by hour 12 indicated by 

positive slope over time. These organisms are becoming more and more difficult to treat 

due to their well adapted and abrupt antibiotic resistance evolvement characteristics.  
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Figure 5.5: Viability of microorganisms treated with copper CMAT plotted over time. 

No increase nor re -growth rate is observed in samples treated with CMAT.  
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Figure 5.6: Growth rates of microorganisms treated with CMAT compared to no 

treatment.   

 
 5.4 Conclusion 
  
 CMAT exhibits effective and quick killing mechanisms on a number of gram 

positive bacteria, gram negative bacteria, as well as fungi. The bactericidal effects of 

CMAT here resulted in more effective killing than those of the tested antibiotics; all 

microbial growth is inhibited by the first hour incubation in CMAT (Figure 5.5). 

Furthermore, no development of resistance to CMAT is observed, while resistance to 

conventional antibiotics is actively demonstrated. To broaden the applications of CMAT 

as an antimicrobial surface coating, it is necessary to test whether this antimicrobial 
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activity is preserved outside of an aqueous environment and effective as a surface coating 

antimicroabial.  

 

 Chapter 6. Modified Cytotoxicity Fluorescence Assay 

6.1 Introduction 

Millions of cases of hospital acquired infections occur every year involving 

difficult to treat bacterial and fungal agents. These pathogens most commonly infect 

patients through IV lines, intubation, catheters, devices, and medical implants [29]. In 

effort to improve patient outcomes and provide better infection control, antimicrobial 

coatings are ideal to apply in clinical settings in addition to aseptic practices. Most efforts 

involving effective antimicrobial surface technologies are limited by toxicity of exposure 

due to the diffusion of the toxic agents [28].  Other contributions in literature include 

profound investigations and design of cationic polymers containing intrinsic 

antimicrobial activity; the most prominent are those derived from (meth)acrylates 

containing quaternary ammonium salts [5]. These biocidal polymers are hypothesized to 

function by establishing electrostatic interactions with the negatively charged cell walls 

of bacteria leading to cell lysis. However, the antimicrobial activity of these cationic 

polymers significantly deceases when used as a surface coating due to steric hindrance 

and immobility, preventing interaction with the microbe [5]. There polymers require a 

combined system with another antimicrobial agent in a synergistic effort in order to be 

effective. Therefore, there is a need for effective, manageable, and stable surface 

immobilized antimicrobial agents as a solution to infection control.  
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To investigate the antimicrobial effect and activity on a surface treated with 

CMAT, a modified Live/Dead cytotoxicity assay was designed. Modification of this 

fluorescence staining technique helps to distinguish surface antimicrobial agents from 

solution diffusion agents. Figure 6.1 provides a snapshot of E. coli stained with 

propidium iodide (Live/Dead stain) in solution; live cells stain green whereas dead cells 

stain red [30]. Here, an inoculation chamber is created with the test substrate and a glass 

coverslip. CMAT is embedded in PMMA to simulate a surface coating (Figure 6.2) and 

inoculated with fluorescently stained bacterial cells then coverslipped. Two distinct 

populations are probed by fluorescence microscopy for viability: cells in solution, and 

cells adhered to the surface of the test substrate. Effective killing of cells is found only on 

the substrate surface of truly surface immobilized agents, whereas exclusively diffuse 

agents result in killing of cells only in solution.  

 

 

Figure 6.1: Snapshot of E. coli dilution sample in solution fluorescently stained with 

propidium iodide (Live/Dead stain) under a hemocytometer viewed with a 200x 
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Fluorescent in-situ hybridization combo red/green filter microscope for cell 

quantification and viability.  

 

Figure 6.2:  CMAT embedded in PMMA surface coating  

6.2 Methods 

 Centrifuge tubes of Meuller Hinton broth were inoculated with slants of E. coli 

and S. aureus and incubated overnight. The cultures were pelleted in a centrifuge and 

washed three times in saline. The concentration was adjusted to about 107 cfu/ml using 

optical density.  

The Live/Dead stain solutions were prepared from the Baclight Bacterial Viability 

Kit from Invitrogen. The stain stock solution was prepared by mixing 1.5 µL of 

propidium iodide stock and equal volume of Invitrogen SYTO9 stock in 97µL saline. 100 

µL of the stock solution was then added to 900µL of each washed solution of E. coli and 

S. aureus and incubated for 15 min. 100 µL of the stained cells were dispensed onto the 
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surface of CMAT-PMMA and coverslipped. A fluorescent microscope is used to image 

the samples. 

 

6.3 Results and Conclusion 

Immediately following inoculation of PMMA-embedded CMAT with E. coli and 

S. aureus, the inoculation chambers are visualized with a fluorescence microscope. No 

live cells are visualized at the surface of CMAT as characterized by red stained cells in 

Figure 6.3. In addition to PMMA- embedded CMAT coating providing effective killing 

of E. coli and S. aureus, killing was observed immediately after contact with the surface. 

This quick killing action could be a result of direct membrane interaction and cell lysis, 

opening broad application opportunities as an immobilized, effective antimicrobial 

surface coating. Some killing was observed in solution portion of chamber, indicating 

that some agent diffusion is still taking place in PMMA-embedded CMAT coating.  

A.                                                               B.     

  

Figure 6.3: (A) E. coli stained with Live/Dead kit imaged at surface of PMMA-

embedded CMAT. (B) S. aureus stained with Live/Dead kit imaged at surface of PMMA-

embedded CMAT. Dead cells stain red while live cells stain green.  
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Chapter 7: Conclusion 

Here we have described the novel, facile synthesis and characterization of an 

inexpensive, scalable, copper doped carbon matrix material intended for antimicrobial 

surface, filtration, and packaging applications. Copper CMAT is a low density and 

porous carbon foam material of graphitic, amorphous carbons sheathed in ~ 500nm 

diameter copper and copper oxide nanoparticles. CMAT can be synthesized efficiently 

with economical resources using straightforward methods. It is easily scalable for high 

throughput production and manufacturing. Copper CMAT demonstrates excellent 

antimicrobial properties by inhibiting growth and killing gram positive and gram negative 

bacteria as well as yeast organisms with no observed development of resistance to CMAT 

by the tested organisms. Copper CMAT also exhibits bactericidal mechanisms at the 

material surface level as well as in solution.  

In a solution form, CMAT acts as an effective antimicrobial agent via surface killing 

as well as mobile diffusion. Additionally, PMMA-embedded CMAT as an immobile 

surface coating retains its antimicrobial effects at the surface level of the material, 

making CMAT a promising material of antimicrobial applications. Some diffusion may 

still take place in the presence of liquids, therefore optimization of CMAT as a polymer 

based coating may be required to eliminate the diffusion of the agent that can be utilized 

as a non-toxic surface treatment for in-vivo coatings in addition to external coating 

applications.  
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