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ABSTRACT 

 

Group A Streptococcus (GAS) is an obligate human pathogen capable of causing a wide 

array of diseases ranging in both severity and site of infection. The current forms of 

treatment are limited, consisting of antibiotic regimens and in severe cases surgical 

debridement to remove infected tissue. Treatment failure has been reported in 

approximately 35% of GAS pharyngitis patients. It is hypothesized that a major 

contributing factor to this treatment failure is the increase in antibiotic resistance among 

GAS strains. To address the need for alternative methods of GAS treatment, this study 

focused on two potential approaches to limiting GAS virulence. First, we investigated 

GAS mechanisms of copper tolerance. Copper plays an important role in the 

development and maintenance of the human immune system. Macrophages utilize copper 

as an additional stressor to aid in bacterial killing. In GAS, we identified a highly 

conserved set of copper-responsive genes among a range of clinical isolates. Evaluation 

of the effect of copper stress on S. pyogenes in a planktonic or biofilm state revealed that 

biofilms may aid in protection during initial exposure to copper.  However, copper stress 

appears to prevent the shift from planktonic to the biofilm state. Therefore, our results 

indicate that GAS may use several virulence mechanisms including altered gene 

expression and a transition to and from planktonic and biofilm states to promote survival 

during copper stress. The GAS virulence mechanisms utilized to combat copper stress 

could serve as potential therapeutic targets to reduce GAS survival during infection. In 

our second approach, we investigated a novel nanotechnology therapy for its 

effectiveness in eradicating GAS. Certain nanoparticles can generate heat when exposed 

to near infrared light that reach high temperatures sufficient for bacterial killing. In this 
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study, we found that multi-wall carbon nanotubes (MWNTs) when exposed to infrared 

light were capable of generating sufficient heat to kill GAS in planktonic culture and 

within a biofilm. Furthermore, antibody labeled nanotubes had enhanced killing of GAS 

in planktonic culture and within a biofilm when used in conjunction with infrared light 

compared to unlabeled nanotubes. Analysis of GAS photothermally ablated in direct 

contact with ex vivo porcine skin showed that heat sufficient for killing GAS remained 

local and did not cause collateral damage in tissue adjacent to the treated area. The results 

of this study support the use of nanoparticles as highly localized photothermal agents 

with vast potential for translation into the clinical treatment of GAS soft tissue infections. 

Overall, the findings from this two-part study provide a platform that will be useful for 

developing novel treatments to GAS in the future. 
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CHAPTER I. INTRODUCTION 

 

Group A Streptococcus (GAS) or Streptococcus pyogenes is a Gram-positive 

obligate human pathogen capable of causing a number of diseases (1). These diseases can 

range in severity from relatively mild including pharyngitis, scarlet fever, and impetigo to 

more invasive infections such as streptococcal toxic shock syndrome (STSS) and 

necrotizing fasciitis. In the United States several million cases of GAS-related pharyngitis 

and impetigo occur each year, with school-aged children being at the highest risk (2). 

GAS invasive infections occur less frequently with approximately 9,000 to 11,500 cases 

each year typically in the elderly, immunosuppressed, and those with other predisposing 

factors (2-4). However, there have been reported cases of healthy individuals acquiring 

these infections (2, 5-8). There is a 10-15% mortality rate among those infected with 

invasive GAS diseases (2). In a small percentage of infected individuals, post-infectious 

sequelae can develop, with the most common being acute rheumatic fever (ARF) and 

post-streptococcal glomerulonephritis (PSGN) (2-4, 9).  

 

GAS pathogenesis 

GAS can be isolated from the nasopharynx of approximately 5-15% of the human 

population without signs of disease. The dominant carriers are children and young adults 

(1, 10). GAS is routinely transmitted to a new host by fomites or through direct contact 

with respiratory secretions and infected wounds from an individual carrying the bacteria 

(2, 10, 11). Upon contact with a new host, GAS can colonize the pharyngeal or dermal 

tissue. To penetrate and colonize beyond the superficial epithelium, GAS must overcome 

mechanical, chemical, and microbiological barriers at the site of entry (1, 11).  Once GAS 
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has overcome these barriers, the bacteria adheres utilizing a two-step process involving 

initial weak hydrophobic interactions followed by a ligand-receptor specific adherence 

(3). GAS possesses many cell surface adhesins that aid in adherence including M protein, 

lipoteichoic acid (LTA), protein F, and hyaluronic acid capsule. Protein F can also 

mediate GAS internalization into host cells which has been linked to treatment failure 

and subsequent recurrent cases of pharyngitis (12-14). GAS adherence and colonization 

are necessary for bacterial survival and initiation of disease progression in the host.  

 

Innate immune response 

At the onset of colonization, GAS will encounter innate immune defenses. First 

line defenses include induced antimicrobial proteins and peptides, phagocytes, and 

complement, all of which work together to prevent growth and spread of GAS at the site 

of infection (15). Early innate immune cells include neutrophils, macrophages, and 

dendritic cells. These cells recognize GAS-derived pathogen-associated molecular 

patterns (PAMPs) by their pattern recognition receptors (PRR) and upon interactions, will 

activate signaling cascades leading to the production of cytokines and chemokines. These 

signals draw additional immune cells to the location of infection (15, 16).  A specific type 

of PRRS, toll-like receptors (TLRs), can be triggered by PAMPs. However, the 

importance of particular TLRs in the context of GAS infection is currently unknown. It is 

known that the main signaling adaptor downstream of TLRs, MyD88, is necessary for 

launching a functional inflammatory response to a GAS infection. Individuals that are 

deficient in this adaptor are at risk to GAS pyogenic infections (e.g. pharyngitis, 
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impetigo, NF, etc.) in early childhood, but as adults have protective adaptive immune 

responses to prevent these diseases (3, 16).  

Neutrophils control GAS infections through the production of antimicrobial 

peptides, reactive oxygen species (ROS), and by the ability for GAS to induce extensive 

formation of neutrophil extracellular traps (NETs).  NETs are another distinct 

antimicrobial activity of neutrophils and are formed when neutrophils undergo a cell 

death process that releases a meshwork of chromatin fibers decorated with various types 

of granules (e.g. elastase and myeloperoxidase)(17).  NETs are an important strategy for 

immobilizing invading microorganisms and for GAS have been found to restrict 

dissemination (16-18).  Macrophages and dendritic cells recruited to a GAS infection site 

will produce interleukin-1β (IL-1β) and CXCL1, which will recruit additional neutrophils 

to the site of infection (16).  Dendritic cells produce a signficant amount of GAS-elicited 

interleukin-12 (IL-12), which stimulates natural killer cells. Upon stimulation these 

natural killer cells release interferon gamma (IFN-γ), which is thought to enhance the 

antimicrobial activity of macrophages (16).  However, natural killer cell activity may in 

fact cause harm to the host by contributing to STSS, due to its unrestricted stimulatory 

function (16).  Therefore, tight control of these systems needs to be in place in order to 

fight off GAS infection without causing undue harm to the host.  

GAS will also encounter a number of small proteins with immune function (19). 

These proteins together comprise the complement system, which serves four basic 

functions in fighting GAS: opsonization, chemotaxis, cell lysis, and agglutination. GAS 

can activate all three pathways of the complement system (classical, alternative, and 

mannose-binding lectin) (19). C3b is an opsonin and is deposited on the surface of GAS, 
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acting as a tag for complement-mediated opsonization by phagocytic cells (19-21). Once 

internalized by these immune cells, GAS is quickly killed.  Complement activation also 

results in the release of two anaphylatoxins, C3a and C5a, which act as chemokines to 

recruit inflammatory cells as well as increase vascular permeability, collectively creating 

a highly inflammatory environment at the site of infection (19, 21).  The release of C5b 

together with C7-9 form a cytolytic endproduct called the MAC which forms holes in the 

GAS membrane resulting in cell lysis and death (19, 20). 

The innate immune response is critical in preventing GAS invasive infections. 

Much less is known regarding the role of the adaptive immune system in GAS infections. 

Mice deficient in B and T cells exhibited similar resistance against GAS infection as 

control mice, suggesting the innate immune system is more profound than the adaptive 

response (22).  Alternatively, it is viewed that the importance of the adaptive response is 

underestimated and needs further attention (22). 

 

GAS virulence mechanisms 

GAS strains contain a complex pathogenic profile providing the bacteria a 

plethora of mechanisms to evade the host immune response (1, 3, 4, 23). In addition to 

cell surface factors necessary for attachment, GAS utilizes a variety of other virulence 

mechanisms to combat and evade the host immune response. These defenses include 

antiphagocytic mechanisms, extracellular invasins and exotoxins, molecular mimicry, 

and biofilm formation (4, 9, 12-14, 24-29).  
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Antiphagocytic mechanisms: To defend against phagocytosis, GAS has coated its surface 

with factors that are antiphagocytic: M protein and hyaluronic acid capsule (3). There are 

two known mechanisms in which the M protein can prevent phagocytosis, by binding 

factor H (inhibitor of the complement pathway) or fibrinogen (blocks activation of 

complement via the alternate pathway) (3, 18). Both of these methods decrease the 

quantity of bound C3b on the cell surface and therefore reduce phagocytosis. Individuals 

that have previously been exposed to a particular GAS strain will have type-specific M 

protein antibodies. Although GAS has mechanisms to block complement activation, type-

specific M protein antibodies can overcome this effect by activating the classical 

complement pathway, C3b deposition, and subsequent phagocytosis (3). Unlike the M 

protein the hyaluronic acid capsule does not block C3b deposition on the GAS cell 

surface, but instead shields phagocytes from opsonins bound to the bacterial surface (18). 

GAS also secretes many extracellular toxins and proteases that protect against 

complement function and phagocytosis including a C5a peptidase and two streptolysins 

(18). These factors prevent phagocyte recruitment to the site of infection and kill 

phagocytes upon arrival.  

 

Extracellular invasins and exotoxins: GAS can secrete several extracellular substances 

that allow for bacterial dissemination while also aid in protection against host defenses 

(1, 3, 4, 23). These include: 1) leukocidins, 2) hyaluronidase, 3) streptokinases, 4) 

proteases, and 5) pyrogenic exotoxins (1, 3, 4, 16, 18, 23). These factors interact with 

host components to kill cells and provoke a damaging inflammatory response. 

Streptococcal pyrogenic exotoxins (SPEs) act as superantigens and can stimulate T-
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lymphocytes, resulting in a massive detrimental cytokine release (3, 4, 30, 31). The 

massive release of cytokines causes the signs of shock (fever, rash, low blood pressure) 

associated with STSS (3, 22). 

 

Molecular mimicry: The GAS cell surface is coated with components that contain 

antigenic epitopes that mimic those of mammalian muscle and connective tissue (3, 4, 9). 

For example, M proteins contain antigenic epitopes similar to heart muscle and the 

hyaluronic acid capsule is chemically similar to that of host connective tissue. The 

hyaluronic acid within the connective tissue as well as that produced by GAS is a high 

molecular weight polymer that consists of alternating residues of N-acetylglucosamine 

and glucuronic acid (32, 33).  The identical structure is likely the cause for poor 

immunogenicity of the GAS capsule in the human host (33).  Molecular mimicry can 

result in an autoimmune response following an acute GAS infection leading to the 

acquisition of post-infectious sequelae (3, 4, 9). 

  

Biofilm formation: Biofilms are a community of organisms encased in a matrix of 

extrapolymeric substances and attached to a substratum, interface, or to each other (34) 

(25, 35). Typically, biofilms exhibit an altered phenotype with respect to growth rate and 

gene transcription (34). These bacterial communities have been reported to account for 

over 80% of the microbial infections in the human body (36). For GAS, a mature biofilm 

can be visualized as clusters of chains of cocci encased in an extrapolymeric substance 

consisting of proteins, DNA, and a polysaccharide-containing material (glycocalyx) (25, 

35). GAS biofilms have been associated with mild human diseases like impetigo (25), 
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pharyngitis (26), and periodontitis (27). However, studies involving animal models have 

indicated GAS biofilms may play an important role in more severe GAS infections like 

myositis (28) and cellulitis (29). Collectively, these studies hypothesize GAS biofilms are 

an important mechanism utilized in vivo to protect against host defenses and treatments 

(25-29). 

 

M serotypes linked to disease  

For GAS strains the antigenic variation of the M protein has been used as a 

serological marker. This process termed emm typing has identified greater than 200 M 

serotypes (37-40).  To protect against GAS infections, the host produces type-specific 

opsonic antibodies against the M protein of GAS strains. It is hypothesized that these 

opsonic antibodies in combination with type-specific antibodies at the mucosal surface  

prevent colonization and multiplication of the bacteria in the host (3).  In cases in which a 

host is unprotected from a GAS strain there is the likely chance a suppurative infection 

(e.g. pharyngitis, scarlet fever, impetigo, cellulitis, NF, STSS) will occur,  with a small 

percentage of these leading to nonsuppurative sequelae (e.g. acute rheumatic fever (ARF) 

and post-streptococcal glomerulonephritis (PSGN)) (3).  Studies investigating M types 

have associated certain strain characteristics with a particular disease outcome.  

Strains that cause upper respiratory tract and skin infections are also capable of 

causing serious nonsuppurative sequelae (3, 4).  One noted difference among the strains 

isolated from skin infections and those from upper respiratory tract infections is the 

expression of serum opacity factor.  Serum opacity factor derives its name from its ability 

to make serum opaque, which occurs when opacity factor targets and disrupts high-
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density lipoproteins resulting in the formation of large lipid vesicles (41).  In GAS, serum 

opacity factor is a virulence factor that exhibits multiple functions including serum 

opacity and adhesion to host proteins (3, 41). Typically, ARF occurs from strains that 

cause pharyngeal infections and PSGN arises from strains that cause either pharyngeal or 

skin infections. These post-infectious sequelae usually begin 1-3 weeks after acute illness 

and are not directly linked to dissemination of the bacteria. A latent period occurs in 

which antigen-antibody-complement complexes form on the kidney glomeruli or tissues 

of the heart (endocardium, sarcolemma, vascular smooth muscle) resulting in host 

immune response to self. This occurs because of the molecular mimicry of the GAS cell 

surface to host tissue. These immune responses can cause permanent damage to kidney 

and heart tissues. Less than 1% of pharyngitis infections will lead to ARF however, once 

an individual has had the sequelae, recurrence is fairly common (3, 4, 9).  

For severe life-threatening forms of necrotizing fasciitis and STSS, M1 and M3 

types have been most frequently isolated (3-5). The transcriptome profiles between these 

strains and those that are linked to pharyngitis differ in expression of several virulence 

factors. For example some invasive strains have a mutation in the covS gene, which 

encodes the sensor kinase of the CovR/S two-component regulatory system. This system 

controls approximately 15% of the GAS transcriptome. Therefore, a mutation in this gene 

results in the de-repression of many genes encoding virulence factors (SPEs, 

streptolysins, streptokinases, ect.). Both M types express an assortment of SPEs as well 

as a variety of other superantigens (3-5, 42-45). Exaggerated production of cytokines by 

these toxins plays a major role in the pathogenesis of severe invasive GAS infections (3, 

4, 30, 31). Other important factors expressed in isolates from invasive disease are an 
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extracellular protease that cleaves interleukin-8 (IL-8) and reduces phagocyte recruitment 

as well as mtsR, a metal transport regulator. GAS strains can have naturally occurring 

mutations in mtsR however, these are significantly underrepresented among strains 

isolated from necrotizing fasciitis cases (46).  

 

GAS therapeutic treatments 

GAS infections are treated with traditional antibiotic regimens. An individual who 

is diagnosed with a mild GAS infection will be recommended penicillin as a first line 

treatment (47). Penicillin is a strong choice for treatment, because it is safe and 

inexpensive, and there have not yet been any reported cases of GAS resistance (10, 47). 

For individuals allergic to penicillin or in cases when first line therapy fails, macrolide 

antibiotics including erythromycin, azithromycin, or clarithromycin, are prescribed (47, 

48).    

Prompt, effective antibiotic treatment of streptococcal infections may prevent the 

development of post-infectious sequelae (10). Since recurrences of rheumatic fever are 

common, life-long antibiotic prophylaxis is recommended following a single case using 

long-acting penicillin or erythromycin. Sulfadiazine is an effective way to prevent 

recurrent attacks of ARF (10). Recurrences of PSGN are uncommon and prophylaxis 

following an initial attack is unnecessary (10). 

In cases of severe life-threatening, invasive infections like STSS and necrotizing 

fasciitis, there will likely be surgical debridement of infected tissue and a high antibiotic 

regimen which consists of a combination of penicillin and clindamycin (47). The survival 

of the patient relies heavily on early recognition, definitive diagnosis, and early 
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aggressive treatment (10). An additional method for treating STSS involves intravenous 

immunoglobulin (IVIG), which is the infusion of IgG antibodies. IVIG has reduced the 

mortality rate among a small sample of STSS patients (3, 49-51). It was observed that 

pyrogenic exotoxins were inhibited by IVIG, likely dampening the hyperinflammatory 

state and contributing to a more favorable disease outcome (52, 53). However, clinical 

data is both limited and conflicting, and the usage of IVIG in sepsis remains controversial 

(54). 

 

Treatment failure & antibiotic resistance 

 Treatment failure has been reported in up to 35% of patients given penicillin to 

eradicate GAS from pharyngo-tonsillitis, although there have been no cases of pencillin-

resistant GAS strains to date (55). Several explanations are thought to account for this 

failure: 1. Failure of patient compliance in terms of oral treatment (56); 2. Beta-lactamase 

producing commensals passively protect GAS from beta-lactam antibiotics (55-57); 3. 

Reduced GAS growth rate rendering penicillin less effective (58, 59); 4. GAS 

internalization into host cells protecting GAS from penicillin (55). The fibronectin-

binding proteins F1 (prtF1), and F2 (prtF2), which are expressed in most GAS strains, 

promote adherence and entry into human cells (55). Strains isolated from patients with 

treatment failure possessed the internalization-associated gene prtF1 in higher prevalence 

than strains isolated from patients with successful GAS eradication (55).  

As seen with beta-lactams, treatment failures have also been observed with other 

recommended antibiotics (47). In 2013, the Centers for Control of Disease (CDC) 

reported that macrolide-resistant GAS strains are at a concerning level as an antibiotic 
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threat in the United States (47).  Macrolide resistance in GAS occurs by expression of 

erm and mef, which encode a methylase and an efflux pump (48, 60-64). It is 

hypothesized that commensal flora serve as the potential source for macrolide resistance 

determinants, facilitating the circulation of these genes among the bacteria inhabiting the 

oropharynx during selective antiobiotic pressure (48, 65, 66). GAS has also recently 

developed resistance to clindamycin and tetracycline (47).  Although less is known about 

GAS resistance mechanisms involved in protection against these antibiotics, expression 

of ribosome protection genes and efflux pumps are thought to contribute to resistance 

(63, 64, 67).  

It should also be noted that the ability for GAS to form biofilms could influence 

antibiotic effectiveness, given that biofilms for many bacterial species have demonstrated 

inherently less susceptibility to a variety of antiobiotic therapies compared to ther 

planktonic counterparts (68-71). A study on prediction of antibiotic failure in GAS based 

on biofilm phenotype, observed that all GAS isolates, regardless of the patients outcome 

had the ability to form biofilms (68). Furthermore, some GAS strains within biofilms 

were less sensitive to certain antibiotics than their planktonic counterparts (68). It is 

hypothesized that the lower growth rate (72, 73), composition of the matrix (74, 75) and 

altered gene expression profile (36, 68, 76, 77) are likely working synergistically to 

create this increased resistance observed with GAS biofilms. 

 

Importance of this study 

GAS is capable of causing numerous diseases with a range of severities (3, 4). 

The most critical observation regarding GAS infections is the increase in invasive 
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infections in North America and Europe over the last two decades (5, 78-84). In addition, 

invasive GAS infections have occurred in healthy individuals with no known 

predisposing factors (5, 6). These findings present new challenges associated with the 

way we think about the pathogenesis of this bacterium and the future approaches we take 

to eradicate it. As noted previously, current treatments of GAS will likely become 

limiting in the future as antibiotic resistance continues to increase (47). It will be 

imperative that new approaches be investigated to stem the spread of this organism 

especially with respect to severe invasive infections. A current approach being pursued is 

a GAS multivalent vaccine, which is undergoing clinical trials (85). This vaccine contains 

type-specific determinants from 26 different M serotypes with a focus on the highly 

isolated serotypes from pharyngitis and invasive infections in North America (85). 

However, the major concern associated with a GAS vaccine is the fear associated with 

autoimmune reactions following vaccination leading to a possible increase in ARF. The 

incomplete understanding of the immune protection associated with GAS infections has 

prevented a GAS vaccine from gaining momentum. 

 Given the limitations with the current and prospective methods for treating GAS 

infections, the aim of this study was focused on alternative approaches to limiting GAS 

virulence. This body of work focuses on two different approaches. The first study 

focused on identifying new virulence mechanism(s) in GAS with the intention of 

identifying novel therapeutic GAS targets. Specifically, this study was focused on 

understanding one aspect, copper toxicity, utilized by the host at the host-pathogen 

interface to combat bacterial pathogens. The second study utilized nanotechnology as a 

novel approach to treating GAS infections. In this study nanoparticles were created to 
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specifically bind, target, and generate heat in a localized manner to kill GAS. This 

approach has vast potential for translation into future clinical treatments of GAS 

infections. 
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CHAPTER II. COPPER: AN ANTIMICROBIAL AGENT 

 

The antimicrobial properties of copper have long been recognized as evidenced 

by its reference for medicinal purposes in the Egyptian Smith Papyrus dating back to 

2600 B.C.(86). Ancient civilizations utilized copper for sterilization, general hygiene, and 

treatment of a wide array of ailments including headaches, intestinal worms, and ear 

infections (86, 87). During the 1832 cholera outbreaks in Paris, France it was observed 

that workers from copper mines were protected from the disease. With 19th century 

scientific advances in understanding causative agents of disease, copper became a 

common treatment for many various infections and ailments (e.g. syphilis, cholera, 

impetigo, eczema) (86). It was not until the introduction of commercially available 

antibiotics in the 20th century, that copper’s use in medicine declined in the developed 

countries of the world (87). At this time however, increased antibiotic resistance among 

medically relevant pathogens has prompted the healthcare community to seek out 

alternative treatments to conventional antibiotics. Businesses have started manufacturing 

antimicrobial copper products to limit the spread of pathogenic organisms within 

healthcare facilities (88, 89). The use of copper coatings on hospital beds, railings, 

doorknobs, and plumbing systems is increasing in demand as the advantages of its 

bacteriocidal, fungicidal, and antiviral properties are made clear to the medical 

community.  In 2013, a study followed patients from three different hospitals that were 

randomly assigned to intensive care unit rooms with copper-coated bed rails, tables, IV 

poles and nurse call buttons over eleven months. A 60% reduction in the rates of 

incidence of healthcare-acquired infections and colonization with methicillin-resistant 
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Staphyloccocus aureus (MRSA) and vancomycin-resistant Enterococcus (VRE) was 

observed (88).  Although the antimicrobial properties of copper have been known since 

2600 B.C., current studies reemphasizing its antimicrobial activity are gaining attention 

and momentum (87). 

 

Copper: an essential trace element with potential toxic effects 

Copper is an essential trace element in most living organisms, but not all bacteria 

require it for survival (87, 90, 91). To date, more than 30 types of copper-containing 

proteins have been identified including lysyl oxidase (involved in cross-linking of 

collagen), superoxide dismutase (required for defense against oxidative damage), and 

cytochrome c oxidase (terminal electron acceptor of the respiratory chain) (87). In these 

enzymes, copper alternates between the redox states Cu(I) and Cu(II), serving as an 

electron donor/acceptor (92). For some copper proteins, copper acts solely as an electron 

carrier (ie. plastocyanins) (87). Although copper’s redox properties are necessary for the 

function of these proteins, they also enable copper to cause cellular damage (87).  Several 

mechanisms have thought to be involved in copper-mediated damage including copper 

ion interactions with hydrogen peroxide in a Fenton-type reaction and interactions with 

sulfur groups in a reaction that depletes sulfhydryls (87) (Figure 1). The Fenton-type 

reaction results in the generation of toxic hydroxyl radicals that damage cellular 

molecules (i.e. oxidation of proteins and lipids) (87, 93). Copper ion interactions with 

sulfur groups can lead to the production of increased hydrogen peroxide which with this 

can in turn enter a Fenton-type reaction leading to a positive feedback loop of increased 

hydroxyl radical production (87). Since hydrogen peroxide levels are typically low in 
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A.            Cu+ + H2O2        Cu2+ + OH- + OH●            (1) 

 

 

B.      2 Cu2+ + 2 RSH         2 Cu+ + RSSR + 2 H+     (2) 

         2 Cu+ + 2 H+ + O2         2 Cu2+ + H2O2               (3) 

 

 

Figure 1. Ionic copper generates hydroxyl radicals and depletes sulfhydryls. A. 

Copper ions involved in Fenton-type reaction create reactive hydroxyl radicals, reaction 

(1), and B. Copper ions lead to depletion of sulfhydryls in a cycle between reactions (2) 

and (3). The hydrogen peroxide generated in reaction (3) can in turn participate in 

reaction (1) (87, 94).   
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cells, Fenton-type reactions may not be the major mechanism of toxicity (87). An 

additional mechanism that is likely to play a role in copper toxicity is copper’s 

displacement of other metal ions, such as the displacement of iron from iron-sulfur 

clusters (95). 

 

Role of copper in the host immune response 

In humans, copper deficiency has led to compromised immune cell function and 

increased sensitivity of the host to bacterial infections (96-100).  Individuals that are 

copper deficient have neutropenia, anemia, as well as T-cell defects (100). Therefore, an 

increased susceptibility to bacterial infections may occur for multiple reasons.  The exact 

mechanisms involved in copper-facilitating immune responses are not fully understood. 

However, copper’s role in protection has been investigated in macrophages. 

Macrophages, along with other phagocytic cells serve as main initial defenders against 

invading pathogens (96, 101). Macrophages recognize and engulf bacteria into 

phagosomes, which mature into phagolysosomes when fused with an antimicrobial 

effector-filled vesicle (102). These vesicles contain proteases, antimicrobial peptides, and 

lysozyme which can attack bacteria. Within the phagolysosome reactive oxygen species 

and nitrogen species are produced and essential nutrients are removed. This harsh 

environment rapidly kills many bacteria (102). Macrophages stimulated by interferon 

gamma (IFN-γ) and lipopolysaccharide (LPS) increase expression of copper importers on 

the cytoplasmic and phagolysosomal membranes. This enables the shuttle of copper into 

the phagolysosome to aid in eradicating an invading pathogens (96) (Figure 2). The 

toxicity of copper in combination with the other components of the phagolysosome  
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Figure 2. Delivery of copper from the macrophage to pathogen. Ctr1 is induced upon 

activation of the macrophage, possibly leading to increased Cu uptake by the 

macrophage. Similarly, ATP7A expression is increased and the protein is re-localized to 

the phagosomal membrane, with the net effect being an increased concentration of copper 

in the phagolysosomal lumen. Copper can synergistically react with other effectors such 

as the production of ROS and NO to promote more oxidative damage. Pathogenic 

bacteria handle copper-toxicity mostly through sensing and export mechanisms, while 

some bacteria have buffering capabilities by binding copper in chaperones and 

metallothioneins. Pathogenic fungi, on the other hand, have a higher requirement for 

copper usage, but still maintain robust mechanisms for copper detoxification. 

(© 2012 Richard A. Festa and Dennis J. Thiele. Originally published in PLoS Pathogens 

under Creative Commons Attribution License. Available from DOI: 

10.1371/journal.ppat.1002887). 
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(i.e. acidified pH, nitric oxide and oxygen species, proteases, and reduced iron) likely 

enhances the harsh environment within the phagolysosome. For copper, there have been 

several hypothesized mechanisms for its antimicrobial effects within macrophages: 1. 

Direct toxicity through Fenton chemistry within phagosomes; 2. Vesicular accumulation 

which might contribute to oxidative stress over a slow time course; 3. Displacement of 

other metals (i.e. displacement of iron from iron-sulfur clusters); and 4. Indirect effect via 

the ceruloplasmin, a multicopper oxidase, that is required for iron export (103). 

 

Bacterial uses of copper and mechanisms to regulate intracellular levels 

  Given the toxicity of copper to bacterial cells, many of these organisms have 

developed sophisticated copper homeostasis and resistance mechanisms in order to 

maintain normal levels and prevent excess accumulation (104). As there are few copper-

dependent enzymes, bacteria do not require high levels of cytoplasmic copper (96, 105). 

This is further indicated by the absence of copper importers in pathogenic bacteria (106). 

Additionally, most bacteria have localized these enzymes within the cell periphery to 

prevent the accumulation of this metal in the cytoplasm (96). Examples of copper-

dependent proteins in bacteria are cytochrome c oxidase (91), necessary for aerobic 

respiration, and Cu,Zn superoxide dismutase (SOD) which is crucial for detoxifying 

superoxide anion into oxygen and hydrogen peroxide (107). Cytochrome c oxidase is 

located in the cell membrane while Cu,Zn SOD is secreted or associated with the 

periplasm. The location of these proteins avoids unnecessary copper-protein interactions 

in the cytoplasm (91, 107). By encoding very few copper-dependent proteins, bacteria do 

not need high levels of copper. The mechanisms utilized to combat elevated intracellular 
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copper levels vary slightly among Gram-positive and -negative organisms, but the 

possession of one or more of these mechanisms is highly conserved in pathogenic 

bacteria (105) (Figure 3). Several copper resistance systems have been implicated in 

bacterial pathogenesis (105). In Gram-positive organisms like S. pneumoniae, a cop 

operon is typically encoded (108, 109). The cop operon consists of four genes copYZAB. 

For most Gram-positive organisms the cop operon will encode a copper-responsive 

repressor (CopY), a copper chaperone (CopZ), and for some species more than one 

copper efflux protein (CopA/B) (90, 94, 109). In Gram-negative bacteria including E.coli, 

cue and cus systems are major mechanisms responsible for copper resistance (110, 111). 

The cue system encodes a copper-responsive metalloregulatory protein that regulates the 

expression of a copper efflux protein (CopA) and a periplasmic multicopper oxidase 

(CueO) (110, 111). The cus system encodes a periplasmic chaperone protein (CusF) and 

a copper efflux pump (CusCBA) that spans the entire cell envelope. The cue system 

prevents copper accumulation in the cytoplasm by transporting it into the periplasm and 

the cus system pumps copper out of the periplasmic space (110, 111). Mycobacterium 

tuberculosis encodes a different copper resistance system including a copper-responsive 

transcriptional regulator (CsoR), a copper chaperone (MymT), a copper transporter 

(CtpV), and a mycomembrane transporter (MctB) (105, 112). The general premise of 

these systems is to bind free intracellular copper in the cytoplasm or periplasm. 

Depending on the location of the copper, a chaperone will either shuttle it either directly 

to a copper efflux protein or to a copper-responsive transcriptional regulator, which will 

upregulate  

 



 

 

22 
 

 

 

 

 

 

 

Figure 3. Pathogenic bacteria encode multiple systems to detoxify the cytoplasm or 

periplasm from excess copper, including copper efflux systems (such as the RND 

family transporter CusABC), periplasmic multicopper oxidases (CueO) and cytoplasmic 

copper chaperones (MymT). Many bacteria express several independently regulated 

copper detoxification systems, providing a graded response to copper toxicity. CM, 

cytoplasmic membrane; IM, inner membrane; OM, outer membrane; TCA, tricarboxylic 

acid. (© 2012 M. Indriati Hood and Eric P. Skaar. Originally published in Nat Rev 

Microbiol. Republished with permission under license no. 3601991170734. Available 

from DOI: 10.1038/nrmicro2836). 
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the transcription of copper efflux proteins as well as other proteins involved in preventing 

copper toxicity (105, 113). There are slight variations in these systems, especially with 

regards to the number and variety of proteins encoded by each species. The location of 

these proteins within the cell will depend upon the individual bacterium as well as their 

unique cell wall characteristics (i.e. Gram-negative bacteria will encode proteins for 

exporting copper out of the periplasmic space) (105). 

 Copper regulatory systems are highly important for the pathogenicity of several 

important bacteria (105). Mutations and deletions of the gene encoding the copper 

exporters have universally had the greatest effect on decreasing survival for a range of 

pathogenic bacteria including S. pneumoniae (108), P. aeruginosa  (114), M. tuberculosis 

(115). However, it is important to note that mutating or deleting the genes encoding these 

copper exporters can have different effects on copper sensitivity and survival in vivo 

depending on the bacteria (116). In Salmonella enterica sv. Typhimurium (Stm), a mutant 

deficient in copper export (ΔcopA) displayed a mild sensitivity to copper, and yet an 

E.coli mutant in a homologous gene had a much greater sensitivity (116). This Stm strain 

was found to express a gold-responsive efflux protein, GolT, which had redundancy to 

the copper efflux protein, CopA (116) (Figure 3). Another observation regarding these 

copper-responsive systems is that in vitro hypersensitivity may not translate to reduced 

survival in vivo. This was observed for a L. monocytogenes ΔcopA strain that had 

increased sensitivity in vitro but was as virulent as a wild-type in a high dose oral mouse 

infection model (117). This suggests that the microenvironment inside the host may be 

altering gene expression and survival of this bacterium, while also further supporting the 

possibility of redundant copper regulatory systems (105).  
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Importance of this study 

There is evidence that copper is an important component of our innate immune 

defenses to combat invading pathogens like GAS (105). Therefore, understanding GAS 

tolerance to stressors such as copper at the host-pathogen will be necessary in order to 

identify mechanisms required for GAS survival during infections. These insights may 

lead to the identification of novel therapeutic targets. In this study, our goal was to 

determine the mechanism(s) by which GAS controls intracellular copper levels and thus 

copper toxicity. In order to approach this goal, we identified a cop operon with homology 

to other known cop operons, evaluated copper-responsiveness of the genes within this 

cop operon, and assessed copper stress on GAS in planktonic culture and within biofilms. 
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CHAPTER II-I. 

 

Copper Tolerance and the Characterization of a Copper-Responsive Operon, copYAZ, in 

an M1T1 Clinical Strain of Streptococcus pyogenes 

 

C. A. Young, L. D. Gordon, Z. Fang, R. C. Holder, S. D. Reid 
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INTRODUCTION 
 

Streptococcus pyogenes, also known as Group A Streptococcus (GAS), is a 

Gram-positive obligate human pathogen and the causative agent of a wide variety of 

diseases ranging from relatively mild clinical illnesses such as pharyngitis, cellulitis, and 

impetigo to life-threatening puerperal sepsis, myositis, toxic shock syndrome, and 

necrotizing fasciitis (3, 4).  In some instances, S. pyogenes infections can lead to post-

infectious sequelae, such as acute rheumatic fever (ARF) and acute post-streptococcal 

glomerulonephritis (3, 4, 118). 

Several factors including micronutrients such as trace elements, metal ions, 

vitamins, as well as cytokines produced by inflammatory cells are thought to play a role 

in the progression and severity of S. pyogenes disease (119).   Homeostatic systems 

involved in regulating intracellular levels of iron, manganese, zinc, cobalt, and heme play 

a critical role in S. pyogenes survival as demonstrated in a wide variety of animal models 

(120-122).  However, the mechanism(s) that prevent copper toxicity in S. pyogenes have 

not been previously described.  In view of the ability of copper to promote the generation 

of toxic reactive oxygen species (ROS) (90, 123, 124), bacteria have evolved 

mechanisms to tightly regulate copper levels (125, 126).  Copper regulating systems have 

been identified in Gram-positive organisms such as Streptococcus pneumoniae (108), 

Streptococcus mutans (127), Lactococcus lactis (128), and Enterococcus hirae (129). In 

each of these organisms the cop operon encodes a copper-transporting CPx-type ATPase 

(CopA/CopB), a copper-responsive repressor that represses the operon under low copper 

concentrations (CopY/CopR), and a copper chaperone that shuttles copper intracellularly 

(CopZ) (90, 108, 127-130).  Animal studies have demonstrated that deletion of a copper-
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transporting ATPase results in decreased survival of Mycobacterium tuberculosis (115), 

Pseudomonas aeruginosa (114), Listeria monocytogenes(131), Salmonella enterica sv. 

Typhimurium (116), and S. pneumoniae (108, 132).  

In view of the importance of protective mechanisms against copper in a broad 

range of pathogenic bacterial species, we hypothesized that S. pyogenes would utilize a 

similar mechanism(s) to enhance its survival in an infected host.  S. pyogenes infection 

results in a severe inflammatory response that involves the production of a number of 

effectors including ROS, cytokines, and a spectrum of acute phase reactants (16).  

Strikingly, S. pyogenes lack common oxidative stress resistance factors such as catalase 

(133). Therefore, tight regulation of copper, a promoter of ROS generation, is likely to be 

of extreme importance at sites of infection (125, 126, 134, 135).  Therefore, we set out to 

define the mechanism(s) by which S. pyogenes controls intracellular copper levels and 

thus copper toxicity.  
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MATERIALS AND METHODS 

 

Bacterial strains and growth conditions. This study utilized S. pyogenes MGAS5005, a 

clinical M1T1 strain isolated from a case of invasive S. pyogenes disease (136, 137).  

Planktonic and biofilm cultures were grown in Todd-Hewitt broth (Becton-Dickinson) 

supplemented with 2% yeast extract (THY) (Fisher Scientific).  Before addition of 

CuSO4 (Sigma-Aldrich®), bacteria were centrifuged at 4,400 x g for 15 minutes, the 

bacterial pellets were washed twice and suspended in Chemically Defined Media (CDM) 

(138).  Cultures were grown in 37°C, 5% CO2, serially diluted and plated onto THY agar. 

Heterologous expression assays were performed using Escherichia coli W3110, a K-12 

wild-type strain (139), and a mutant strain W3110∆copA (140).  E. coli strains were 

grown (shaking) in Luria-Bertani (LB) broth (AMRESCO®) in 37°C before and after 

addition of CuSO4.  Following incubation with copper, the cultures were serially diluted 

and plated onto LB agar. 

 

Planktonic assays.  S. pyogenes cultures were grown to logarithmic phase (OD600~0.5), 

centrifuged, suspended in CDM (138) and diluted to 103 CFU/mL prior to addition of 

CuSO4.  Triplicate cultures were then incubated for 24 hours at 37°C in the presence of 

5% CO2.  At 3, 6, 12, 18, and 24 hours, aliquots were removed and serially diluted, plated 

on THY agar, and then incubated in 37°C overnight prior to colony counts.  

 

Biofilm assays.  For biofilm growth, S. pyogenes cultures were grown to logarithmic 

phase (OD600~0.5), centrifuged, suspended in CDM (138) and diluted prior to aliquoting 
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into 24-well tissue culture treated polystyrene plates (Corning® Costar®) for biofilm 

growth.  Cultures were incubated with 0, 50, 75, or 100 µM CuSO4 for 24 hours at 37°C.  

For established biofilm experiments, S. pyogenes cultures were incubated for 24 hours 

prior to exchange of media with copper-containing media, and then incubated  for an 

additional 24 hours. Biofilms were serially diluted and plated on THY agar for viable 

counts.  Biofilm formation was assessed using crystal violet assay as previously 

described (35).  

 

ICP-OES analysis.  All samples were analyzed using inductively coupled plasma-optical 

emission spectrometry (ICP-OES) (Teledyne Leeman Labs). The wavelengths for the 

detection of each metal were as follows (nm): Cu, 324.754, 327.396; Mn, 257.610, 

259.372.  Samples were centrifuged and washed with 10mLs of PBS + 0.5mM EDTA, 

followed by two washes with 10mLs of PBS.  After final wash, bacteria were suspended 

in 2mLs PBS prior to addition of 10mg/mL lysozyme. After incubation in 37°C for 20 

minutes, 1mL of 6% HNO3 + 0.1% Triton X-100 was added and samples were incubated 

at 95°C for 30 minutes.  Following centrifugation for 10 minutes at 15,700 x g, 

supernatants were removed, added to tubes containing 3.2mL 1% HNO3 and stored at 

4°C until ICP-OES analysis. Intracellular copper levels were calculated using metal 

standard solutions and normalized to optical densities. 

 

Sequence alignment. For sequence identity analysis, we utilized S. pyogenes strains of 

multiple M serotypes: MGAS5005 (M1): CP000017.2; MGAS315 (M3): AE14074; 

MGAS10750 (M4): CP000262; strain Manfredo (M5): NC_009332.1; MGAS2096 
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(M12): CP00261; MGAS8232 (M18): AE009949; MGAS6180 (M28): CP000056. 

Additional strains included streptococcal species: S. mutans JH1005: AF296446.1; S. 

pneumoniae D39: CP000410.1 and E. hirae ATCC 9790: CP003504.1. ClustalW2 

analysis was used to perform multiple DNA sequence alignment of a 200bp region 

upstream from annotated copY genes of each strain 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). ClustalW2 and BLAST were performed to 

align and assess similarity of features as well as percent identity of CopA sequences E. 

coli W3110 (YP_488775.1) and S. pyogenes MGAS5005 (AAZ52023.1).  All sequences 

are available in the GenBank database 

(http://www.ncbi.nlm.nih.gov/genbank/index.htm). 

 

RNA isolation. Bacteria exposed to CuSO4 were pelleted by centrifugation at 15,700 x g 

for 10 minutes at 4°C. To isolate RNA, culture pellets were suspended in 1mL of RNA 

pro™ solution (MP Biomedicals), transferred to a Lysing Matrix B FastPrep®-24 tube 

(MP Biomedicals), and then processed in a FastPrep™ EP120 instrument for 40 seconds 

at a setting of 6.0.  Samples were centrifuged at 15,700 x g for 5 minutes at 4°C. 

Approximately 750µL of supernatant was transferred to a sterile 1.5mL microcentrifuge 

tube and incubated for 5 minutes at room temperature, after which 300µL of chloroform 

was added. The samples were incubated for 5 minutes at room temperature, transferred 

into a phase lock tube (2mL, heavy gel)(5 PRIME), and then centrifuged at 15,700 x g for 

5 minutes at 4°C. The top layer was transferred to a second phase lock tube (2mL, heavy 

gel)(5 PRIME) and 300µL of chloroform: isoamyl alcohol (24:1) was added prior to 

centrifugation at 15,700 x g for 5 minutes at 4°C.  The aqueous layer was transferred to 
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an RNase-free 1.5mL microcentrifuge tube, 500µL of ice cold 100% ethanol was added, 

and samples were incubated for a minimum of 30 minutes at -20°C. RNA was pelleted by 

centrifugation at 15,700 x g for 30 minutes at 4°C and washed with 500µL of ice cold 

75% ethanol, followed by air drying.  RNA was suspended in 100µL of nuclease free 

water and measured on a NanoDrop ND-1000 spectrophotometer. Samples were treated 

with DNase I (Invitrogen™) for 45 minutes at room temperature. Qiagen RNeasy® 

MiniElute Cleanup kit (Qiagen) was used to cleanup RNA according to the 

manufacturer’s instructions. RNA was stored at -80°C until reverse transcribed into 

cDNA using the Superscript® III first-strand synthesis system for RT-PCR (Invitrogen™) 

according to the manufacturer’s protocol. 

 

RT-PCR. Cultures in CDM were incubated with 25µM CuSO4 at 37°C for 45 minutes. 

RNA and cDNA was prepared as previously described. Primers for the intergenic regions 

between copY and copA (primers RT copY FWD and RT copA REV) and copA and copZ 

(primers RT copA FWD and RT copZ REV) (Table 1) were used to perform PCR.  

 

Real-time quantitative PCR. Real-time quantitative PCR was performed on a 7500 Real 

Time PCR System (Applied Biosystems®, Foster City, CA), using SYBR® Select Master 

Mix (Applied Biosystems®) according to the manufacturer’s protocol. Quantitative PCR 

conditions were run using standard curve setting and ramp speed, according to the 

manufacturer’s protocol. The critical threshold cycle (Ct) is defined as the cycle at which 

fluorescence becomes detectable above background and is inversely proportional to the 

logarithm of the initial concentration of template. A standard curve was plotted for each 
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reaction with Ct values obtained from amplification of known quantities of genomic 

MGAS5005 DNA. The standard curves were used to transform Ct values of the 

experimental samples into the relative number of DNA molecules. The quantity of cDNA 

for each experimental gene was normalized to the quantity of the constitutively 

transcribed control gene (gyrA) in each sample. The fold change in transcript levels was 

determined by taking the ratio of the level of copY and copA cDNA from MGAS5005 

incubated with CuSO4 by the level of copY and copA cDNA from unexposed samples. 

 

5’ Rapid amplification of cDNA ends (RACE). Cultures in CDM were incubated with 

25µM CuSO4 at 37°C, 5% CO2 for 45 minutes. RNA was isolated from these cultures as 

previously described. The 5’/3’ RACE kit, 2nd Generation (Roche) was used with primers 

sp1, sp2, and sp3 (Table 1), according to the manufacturer’s protocol. Extension products 

were run on 2% agarose gels, ligated into pCR®2.1-TOPO® vector (Invitrogen®), then 

transformed into DH5α chemically competent cells using standard molecular cloning 

techniques (141). Extension products were sequenced (GENEWIZ) from vector using 

standard M13 REV primer (Table 1) to map the transcriptional start site.  

 

Cloning of the cop operon from S. pyogenes. The copYA primers (Table1) were used to 

amplify the promoter of copY, as well as the complete copY and copA genes from 

MGAS5005, using 5 PRIME HotMasterMix (5 PRIME). PCR product was purified using 

QIAquick® gel extraction kit (Qiagen). The purified product as well as pSU18 (128) were 

double digested with KpnI (NEB) and XbaI (NEB), then ligated together resulting in 

pSU18::copYcopA. Standard molecular cloning techniques were performed for making 
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chemically competent E. coli W3110∆copA cells and for transformations (141). Plasmid 

was constructed using SnapGene® 2.6.1. 

 

Complementation assays. Overnight cultures of E. coli W3110, E. coli W3110∆copA, 

E. coli W3110∆copA with pSU18::copYcopA, and E. coli W3110∆copA with pSU18 

(vector control) were diluted 1:100 in Luria-Bertani (LB) broth (AMRESCO®) and 

grown (shaking) for 1 hour in 37°C.  After 1 hour, cultures were either streaked onto 

plates containing copper or exposed to copper in liquid culture for 8 hours. For plates: 

10µL from each sub-culture were streaked as a lawn onto LB agar containing 0, 1, 2, or 

3mM CuSO4 and grown overnight in 37°C. For liquid cultures: cultures were incubated 

with 0.5, 1, 1.5, or 2mM CuSO4 shaking in 37°C for 8 hours. After 8 hours, optical 

density (OD600) was measured using a BioPhotometer (Eppendorf®).  For verification of 

expression of MGAS5005 cop operon in E. coli W3110∆copA containing 

pSU18::copYcopA, RNA was isolated from the E. coli W3110∆copA, E. coli 

W3110∆copA with pSU18::copYcopA, and E. coli W3110∆copA with pSU18 (vector 

control) after 8 hours in the presence of 1mM CuSO4.  RNA and cDNA were prepared as 

previously described and the MGAS5005 copA primers and the E. coli W3110 recA 

primers (Table 1) were used to perform PCR. 

 

Statistical analysis. Statistical analyses were performed using GraphPad Prism, version 5 

(GraphPad Software, San Diego, CA).  Experiments were repeated three times in 

triplicate and significance was determined using unpaired t-test. All P values were two-

tailed at a 95% confidence interval and values less than 0.05 were considered significant.  
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Table I. List of primers used in this study. 

 
 

Primer Sequence (5’����3’) 

RT gyrA FWD CGA CTT GTC TGA ACG CCA AA 

RT gyrA REV TTA TCA CGT TCC AAA CCA GTC AA 

RT copY FWD ATT CCA CTA TTA AGA CCC TCA TTG 

RT copY REV GTT GCC GCT GAC AAA TAC 

RT copA FWD TTC CGG TGG TTT TGG TAT 

RT copA REV TTC CAA CCA TAA TCG CTG T 

RT copZ FWD AAC ATT ATC AGG TTA CAG GAA TGA C 

RT copZ REV AAG CAC GCT TGA TTA GGA AC 

sp1 copY ATA AGC TCT TTC CTT GCC GAT AA 

sp2 copY GCC TAC CAA TGA GGG TCT TAA T 

sp3 copY GGA ATC TGA CCA TTG ATA TTT TTT C 

M13 REV  CAG GAA ACA GCT ATG AC 

copYA FWD TAT ATA GGT ACC GAC CTA AGG TGA CAA GTG TTT TTC GAA 
TAG GA 

copYA REV TAT ATA TCT AGA TTA AAT GGT TTT TCC TTT TAA TCG 

W3110recA 
FWD 

GTA GAC GTT ATC GTC GTT GAC T 

W3110recA REV GAT CAG CAG CGT GTT GG 

 
a Restriction sites are in bold 
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RESULTS 

 

S. pyogenes clinical isolates contain a cop operon-like locus. Genes involved in copper 

homeostasis are best characterized in E. hirae (129, 142-147), but have also been studied 

in other streptococcal organisms including S. mutans (127, 144) and S. pneumoniae (108, 

148).  In these organisms as well as other pathogenic bacteria, the genes are located 

within a cop operon and represent an important virulence mechanism (108, 114-116, 

131). Therefore, the presence of a cop operon-like locus would be consistent with a 

potential role of this locus in S. pyogenes pathogenesis. To determine whether cop 

operon-like regions are conserved among S. pyogenes strains, we analyzed the genomes 

of clinical isolates from patients with non-invasive and invasive diseases.  Each S. 

pyogenes strain contained a putative Cu-responsive transcriptional repressor, copY, a 

heavy metal CPx-type ATPase, copA, and a copper chaperone protein, copZ  (109, 130) 

(Figure 4).  Compared to E. hirae, S. pyogenes CopY exhibited 34% identity; CopA, 

44%; and CopZ, 35%.  However, unlike E. hirae, none of the S. pyogenes strains 

contained CopB, an additional CPx-type ATPase.  In E. hirae,  CopB acts as a copper 

exporter and although initial evidence was consistent with a role for CopA in copper 

import (149), recent reports support the notion that this sub-group of P-type ATPases acts 

in copper efflux (129, 150, 151).  S. pyogenes proteins shared the highest percent 

sequence similarity to S. mutans, with 51% identity to CopY, 59% to CopA, and 46% to 

CopZ.  S. pyogenes also shared sequence identity to S. pneumoniae cop operon encoded 

proteins (38% to CopY and 44% to CopA), but lacked CupA.  CupA, which plays a role 

in copper resistance in S. pneumoniae (108, 132), has 33% identity to a hypothetical  
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Figure 4. S. pyogenes clinical isolates contain a cop operon-like locus.  Annotated cop 

operons from S. pyogenes clinical isolates, S. mutans, S. pneumoniae, and E. hirae. For 

each strain, the sequences upstream of the copY translational start site were aligned for 

conserved cop boxes (shaded gray), which represent putative CopY binding sites. STSS: 

Streptococcal toxic shock syndrome, ARF: acute rheumatic fever, PSGN: post-

streptococcal glomerulonephritis, RF: rheumatic fever. GenBank accession numbers are 

as follows: S. pyogenes MGAS5005 (M1): CP000017.2; MGAS315 (M3): AE14074; 

MGAS10750 (M4): CP000262; strain Manfredo (M5): NC_009332.1; MGAS2096 

(M12): CP00261; MGAS8232 (M18): AE009949; MGAS6180 (M28): CP000056; S. 

mutans JH1005: AF296446.1; S. pneumoniae D39: CP000410.1; E. hirae ATCC 9790: 

CP003504.1.  
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protein Spy_0115 of unknown function in S. pyogenes MGAS5005. 

Next we examined the region upstream from the copY ORF for conserved cop 

boxes. In order to repress cop operon expression, CopY binds two cop boxes upstream of 

the copY translational start site at sequences T/GACAnnT/CGTA (109, 128, 129, 147). 

Cop box 1 represents the conserved CopY binding site furthest upstream from the copY 

translational start site and cop box 2 represents the closest binding site to the copY ORF. 

Alignment revealed two cop boxes in the upstream regions of the copY ORF in each of 

the clinical strains. Our results indicate that the gene orientation and copY promoters of S. 

pyogenes cop operon-like loci were highly conserved among a range of clinical isolates.  

 

Characterization of the S. pyogenes cop operon.  Given that the S. pyogenes cop operon-

locus has homology to established cop operons of other species and that these play a role 

in tightly regulating intracellular copper levels, we assessed whether expression of this 

locus was responsive to copper. S. pyogenes cultures were incubated with a range of 

copper concentrations (5, 10, 15, 25, 75, 100µM) for 45 minutes followed by real-time 

quantitative PCR to quantitate the levels of copY and copA mRNA expression.  Gene 

expression was induced in a copper concentration-dependent manner, with as low as 

10µM copper resulting in a statistically significant two-fold increase of copY and copA 

gene expression (Figure 5).  In the presence of 75-100µM copper, the enhancement of 

specific gene expression appeared to plateau at approximately ten-fold.   

Established cop operons in other species are transcribed in a polycistronic 

manner. In view of this observation, we determined if the transcription of the S. pyogenes 
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Figure 5. Real-time quantitative PCR measurement of copYA mRNA expression in 

response to copper. Cultures of S. pyogenes grown in CDM to logarithmic phase were 

incubated with the indicated concentrations of CuSO4 for 45 minutes. RNA was extracted 

and reverse transcribed to make cDNA, and cop operon mRNA levels (copY: striped; 

copA: white) were determined by real-time quantitative PCR with primers copY and 

copA, directed against their respective genes. This figure is representative of the fold 

increase in gene expression ± SD of three independent experiments (*p�0.01; unpaired t-

test). 

 



 

 

39 
 

copYAZ genes were also polycistronic, and if so, the location of the transcriptional start 

site. To assess the polycistronic nature of the copY, copA, and copZ genes, we exposed S. 

pyogenes to 25µM copper for 45 minutes and isolated RNA. We reverse transcribed 

RNA to cDNA and amplified the intergenic regions between copY and copA as well as 

copA and copZ.  PCR products run on an agarose gel confirmed expression of the 

intergenic regions, indicating these genes are polycistronic nature (Figure 6A). Next we 

exposed S. pyogenes to 25µM copper and prepared RNA for 5’ RACE to amplify the 

copY promoter and map the transcriptional start site. Our results indicated that a 

transcriptional start site is located at a cytosine 34 nucleotides upstream of the copY 

translational start site.  The start site was located within the inverted repeats of one of the 

cop boxes (Figure 6B).  Our results demonstrate the polycistronic nature of the S. 

pyogenes copYAZ genes as well as map the location of the transcriptional start site within 

a conserved cop box, and raise the possibility that the S. pyogenes cop operon may, as 

with other cop operon-containing pathogens, play a role in S. pyogenes susceptibility to 

copper. 
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Figure 6. Organization of the S. pyogenes cop operon promoter. (A) Cultures of S. 

pyogenes in CDM were induced in logarithmic phase with 25µM CuSO4 for 45 minutes. 

RNA was extracted and reverse transcribed to make cDNA. As indicated, primers (black 

arrows) within the intergenic regions (IR-I and IR-II) of the cop operon genes were 

amplified using PCR. PCR products of IR-1 and IR-11 are 1535bp and 1357bp, 

respectively (B) Transcriptional start site of the S. pyogenes cop operon was mapped by 

5’ RACE. Features from 5’�3’: Conserved cop boxes are outlined and underlined, -35 

and -10 regions are in italics, transcriptional start site is bold and indicated by a +1, 

potential Shine-Dalgarno sequence is in italics, and translational start site of the copY 

open reading frame is indicated by an asterisk and bold ATG, the copY ORF is underlined 

with a dash line. Sequenced 5’ RACE products consisted of 5/5 (400bp) which matched 

at C (-34), 2/2 (420bp) matched at A (-35), and 0/2 (300bp) did not match. It was 

hypothesized that the potential start site is C located at -34 from copY ORF, because 

400bp accounted for 70% of PCR product sizes. 
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Copper is toxic to S. pyogenes growth.  Considering that S. pyogenes is likely to 

encounter copper in vivo (134) we determined if copper was toxic for S. pyogenes, and if 

so, at what concentration. S. pyogenes cultures were incubated with increasing 

concentrations of copper for 24 hours, after which viable cell counts were obtained. We 

observed that a concentration of 75µM had considerable variability in the toxic effect on 

S. pyogenes as seen by the large standard deviation associated with 20% growth 

inhibition (Figure 7A). Concentrations greater than 75µM were toxic to S. pyogenes, with 

complete killing of bacteria after 6 hours incubation with 100µM copper (Figure 7B). 

Thus it is quite likely that 75µM copper represents the tipping point for toxicity. As 

shown in Figure 5, we observed a plateau in the expression levels of copY and copA in 

cultures incubated with either 75µM or 100µM. Based on these results, we suggest that 

maximal cop operon expression is insufficient to limit toxicity at concentrations of 

copper above 75µM. 

The ability for GAS to form complex bacterial biofilm communities is thought to 

be an important mechanism for its survival and persistence in human carriage and 

invasive infections (26, 27, 152). Given the central role of biofilms in S. pyogenes 

pathogenesis, it was important to determine if copper had the same effects on S. pyogenes 

in a biofilm state as with planktonic bacteria. S. pyogenes cultures were incubated with 

increasing copper concentrations (0-100µM) for 24 hours, after which the bacteria were 

assessed for viability and biofilm formation.  As seen in Figure 8A, biofilm formation 

was inhibited in the presence of 75µM, but not at lower concentrations. However, a 

decrease in cell viability was not associated with the lack of biofilm formation.  Thus the  
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Figure 7. S. pyogenes growth in the presence of copper. (A) S. pyogenes cultures were 

incubated with increasing concentrations of copper for 24 hours. Bacteria were serially 

diluted and plated for viable counts. Results were graphed as the copper concentration 

versus percent inhibition of growth compared to the unexposed samples. (B) S. pyogenes 

cultures were incubated with 0 or 100µM copper for 24 hours. At 3, 6, 12, 18, and 24 

hours cultures were serially diluted, plated onto THY agar, and counted for viable 

bacteria. Figure represents mean ± SEM of three independent experiments 

(*p<0.01,***p<0.0001; unpaired t-test). 

 

 

 

 

 

 

 

 

 

 



 

 

44 
 

 

 

 

 

 

 

 

 



 

 

45 
 

 

 

 

 

 

 

 

Figure 8. Copper inhibits biofilm formation. For biofilm experiments S. pyogenes was 

seeded into wells in which copper was added initially (A) or to samples established for 24 

hours (B). Serial dilutions and plating technique were used to count viable bacteria. 

Biofilm formation was assessed through crystal violet staining and optical density 

measurements. Photographs of crystal violet stained biofilms were taken for 

visualization. Assays were performed in triplicate and means ± SEM were graphed and 

used for statistical analysis. This is a representative figure of the three independent 

experiments (*p<0.05, ***p<0.0001; unpaired t-test). 
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ability to form a biofilm appears to be more sensitive to copper than does growth and 

survival of planktonic bacteria (Figure 8A). 

We next investigated the potential effect of copper on established biofilms. S. 

pyogenes were cultured in wells for 24 hours, after which increasing copper 

concentrations were added (0-100µM), and incubation was continued for an additional 24 

hours. Viability and biofilm formation were then assessed. As shown in Figure 8B, 

bacterial viability and biofilm stability were unaffected by concentrations of copper up to 

100µM. These results are in striking contrast to the toxic effect of high concentrations of 

copper on the growth and survival of planktonic S. pyogenes (Figure 7). 

 

S. pyogenes cop operon plays a role in copper resistance.  To formally prove that the S. 

pyogenes cop operon can confer copper resistance, we performed complementation 

assays in which a CopA-deficient E. coli W3110 strain was complemented with a 

plasmid harboring the S. pyogenes cop operon. Previous studies performed by Rensing et 

al. (140) have shown that E. coli W3110∆copA contains a disrupted copA gene, making it 

deficient in a Cu(I)-translocating efflux pump, thus increasing its sensitivity to copper.  S. 

pyogenes and E. coli W3110 CopA proteins exhibit approximately 40% sequence identity 

and share conserved functional domains (Figure 9A).  Both CopA proteins have all the 

elements common to P-type ATPases as well as the distinct features of the heavy metal 

subgroup, CPx-type ATPases (130).  Conserved features of these CopA proteins include 

a heavy-metal-associated domain (HMA) characterized by an N-terminal CXXC 

sequence for copper binding. Also conserved are the P-type ATPase functional 

components: a phosphatase domain (TGES), putative copper channel (CPC),  
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Figure 9. CopA sequence alignment and expression of S. pyogenes copA gene in a 

CopA-deficient E. coli mutant. (A) Conserved functional regions of the CopA amino 

acid sequence of E .coli W3110 (YP_488775.1) and MGAS5005 (AAZ52023.1). 

Conserved residues (gray shading) and domains (heavy-metal-associated domain (HMA): 

hatched boxes; ATPase domains: black boxes, specific domains highlighted by black 

strips). E. coli CopA amino acid sequences 121-232, 414-472, 534-710 and S. pyogenes 

51-263, 325-382, 444-621, and 683-678 were removed to focus on conserved regions. (B) 

To construct pSU18 containing S. pyogenes cop operon, performed double digest on 

pSU18 (KpnI/XbaI) and ligated with PCR amplified MGAS5005 copY and copA genes, 

plus 211bp region upstream of copY creating pSU18::copYcopA. Transformed E. coli 

W3110∆copA with pSU18::copYcopA prior to heterologous expression assays. (C) PCR 

of E. coli W3110∆copA, E. coli W3110∆copA containing control vector pSU18, and E. 

coli W3110∆copA containing pSU18::copYcopA. (TOP gel) S. pyogenes MGAS5005 

copA internal FWD/REV 159 bp and (BOTTOM gel) internal E. coli W3110 recA 

FWD/REV 159bp to verify expression of the MGAS5005 copA in the E. coli mutant 

strain transformed with pSU18::copYcopA. Ladder (L) is a 100 bp ladder.  

 

 

 



 

 

49 
 

 

 

 

 

A 



 

 

50 
 

phosphorylation domain (DKTGT), and an ATP binding region (GDGIN) (140).  

Although not highlighted in our sequence alignment, an additional feature common to all 

copper ATPases is the presence of eight transmembrane domains which are necessary for 

anchorage of the protein in the cytoplasmic membrane (150).  Sequence analysis 

(ClustalW2) revealed eight hydrophobic regions in S. pyogenes CopA with similarity to 

the eight transmembrane domains previously described in E. coli CopA (140).  We 

cloned the cop operon promoter, copY, and copA into a plasmid backbone, 

pSU18::copYcopA, providing a functional copy of the copA gene (Figure 9B). The 

promoter and copY gene were also provided to deal with the polycistronic nature of the S. 

pyogenes cop operon. PCR products from the complemented strain confirmed that S. 

pyogenes copA gene expression is responsive to copper exposure (Figure 6C).    

E. coli W3110∆copA containing the S. pyogenes cop operon had significantly 

increased resistance to copper compared to the CopA-deficient E. coli strain when grown 

in liquid culture or on plates (Figure 10A and 10B) and had approximately two-fold less 

total intracellular copper content than the vector only strain (Figure 10C).  Taken 

together, these results are consistent with the hypothesis that S. pyogenes CopA may have 

a key role in controlling intracellular copper levels, either by promoting export or 

decreasing import.  
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Figure 10. S. pyogenes cop operon provides protection in a copper-sensitive E. coli 

W3110∆copA mutant. (A) Sub-cultures of E. coli W3110 wild-type, W3110∆copA, 

W3110∆copA containing pSU18::copYcopA, or vector control were incubated with 

CuSO4 at the indicated concentrations and grown aerobically for 8 hours. Results are 

represented as means ± SEM of three independent experiments. (W3110∆copA 

containing pSU18::copYcopA was compared to W3110∆copA at their respective CuSO4 

concentrations; *p<0.01, **p<0.001, ***p<0.0001; unpaired t-test). (B) Strains were 

plated onto LB plates containing increasing concentrations of CuSO4 (A=0mM, B=1mM, 

C=2mM, D=3mM).  Section 1, E. coli W3110 wild-type; section 2, E. coli W3110∆copA 

containing pSU18::copYcopA; section 3, E. coli W3110∆copA; section 4, E. coli 

W3110∆copA control vector pSU18. Photograph is a representative image of three 

independent experiments. (C) Intracellular copper concentrations were measured via ICP-

OES for E. coli W3110∆copA containing pSU18::copYcopA (white bars) and E. coli 

W3110∆copA containing control vector pSU18 (black bars). Strains were grown for 8 

hours in the absence or presence of 1mM CuSO4. Intracellular copper was measured in 

parts per million and normalized to the optical densities of the samples. Experiment is 

representative of mean ± SD of three independent experiments (**p≤ 0.001; unpaired t-

test). ICP-OES was performed in collaboration with Zhong Fang.  
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DISCUSSION 

 

The major goal of this study was to determine the mechanism(s) by which S. 

pyogenes protects against the toxic effects of copper. S. pyogenes is a member of the 

Firmicutes, a family in which only half of the members are thought to encode copper 

containing enzymes (90, 91).  Solioz et al. has termed the members which contain these 

cuproenzymes to be “users,” and members without to be “nonusers”(90). As there are no 

known users in the Firmicutes of the Lactobacillales order (90), we hypothesized that the 

S. pyogenes copper system might actually be a method of copper resistance. Our studies 

revealed that growth in the presence of low copper levels is temporarily impaired, yet 

compensatory mechanisms are set in motion that return growth to normal levels. 

However, higher concentrations of copper result in bacterial death. These results are 

consistent with the notion that an elevation in extracellular copper levels initiates a 

protective program in S. pyogenes that reaches maximum capacity as the concentration of 

copper reaches a critical level (above 75µM).  In studies involving Mycobacterium 

tuberculosis macrophage infections, copper levels increased up to several hundred 

micromoles per liter (153). Induced expression of the S. pyogenes cop operon was well 

within this range.  

The complementation assay utilizing an E. coli CopA-deficient strain strongly 

supports the conclusion that S. pyogenes CopA can play a role in the control of 

intracellular copper levels either by mediating copper export or by impairing copper 

entry.  S. pyogenes CopA and E. coli CopA shared 42% sequence identity and both 

possessed the domains necessary for ATPase function. A critical feature for CopA 
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function is the presence of transmembrane domains which allow the protein to anchor in 

the cytoplasmic membrane (150).  Sequence analysis revealed eight hydrophobic regions 

in the S. pyogenes CopA with similarity to the eight transmembrane domains previously 

identified in E. coli CopA (140).  The conserved nature of these domains suggests that S. 

pyogenes CopA expressed in an E.coli CopA-deficient mutant can function by anchoring 

in the cytoplasmic membrane and regulating intracellular copper levels in a manner 

similar to E. coli CopA. 

We observed a significant increase in total intracellular copper levels in an E. coli 

CopA-deficient mutant compared to CopA-expressing strains.  Given that bacteria are 

known to tightly regulate the amount of free cytoplasmic copper, it would be interesting 

in future studies to quantify free versus chelated cytoplasmic copper in a CopA-deficient 

strain compared to its parent strain.  One would predict that as a CopA-deficient strain is 

exposed to increasing levels of copper that the amount of free cytoplasmic copper would 

rise in comparison to chelated copper as the bacterium’s defense mechanisms reach 

capacity and are unable to handle excess copper.   

We recognize that this assay is not as definitive as directly testing the copper 

sensitivity of a GAS copA mutant.  Although we used a range of methods to obtain a 

copA mutant in MGAS5005 (including standard GAS transformation techniques (154) as 

well as a new protocol involving the transformation of GAS in biofilms (155)), we were 

unable to obtain an appropriate mutant.  However, Dao et al. reported constructing a 

copA mutant in a different strain of GAS, HSC5 (156).  Given that GAS has several metal 

transporters with potential redundancy in function to that of CopA (for example, PmtA 

(Spy_1167) (135), MtsABC (Spy_0368-0370) (157), CutC (Spy_0337) (158, 159), and 
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CzcD (Spy_0653) (160)), if the expression of one of these proteins is dominant in a given 

strain, then isolation of a mutant for this dominant protein may be unlikely if the function 

of this protein is critical to the growth and survival of the organism.  In view of our 

inability to obtain a copA mutant, we hypothesized that CopA may be such a dominant 

protein in MGAS5005. To address this notion, we searched two independent transposon 

mutant libraries containing single mutants that were prepared by Drs. K. S. McIver in  

M1T1 5448 (M1T1) (161) and M. N. Neely in  HSC5 (M14) (162).  In strain 5448 a 

copA mutant was identified, whereas in strain HSC5, a copA mutant was not present.  

Even within a strain maintained in independent laboratories, there is potential for 

variability in the expression of specific genes.  This strain variation may be responsible 

for the reported differences in the ability to generate copA mutants in HSC5 (156, 162).  

Nonetheless, we accept the possibility that copA mutants may be present in a given 

library, but have not yet been identified or that the technique used did not provide full 

genome coverage and thus was insufficient at targeting copA.  Futher supporting the 

possibility that strain variation may be accounting for these differences, there is a 

mutation in the covS gene in MGAS5005 (163), which is not present in 5448 (164) and 

HSC5 (165) strains. Considering that a mutation in the CovRS two-component system 

has been shown to alter the transcriptome pattern of at least 10% of the genes in the 

genome of MGAS5005 (163), this background may be responsible for the difference in 

CopA as a putative dominant transporter in this strain.   

Although GAS CopA shows homology to other copper exporters, how copper 

enters the bacterium has not been fully characterized. Studies involving copper “users” 

indicate specific importers (90, 166).  To date, importers have not been identified in 
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“nonusers”(90).  Since we hypothesize S. pyogenes is a “nonuser” of copper, copper may 

gain entry by one or more importers involved in the translocation of other metal ions. 

Once inside the cell, copper sequestration may be operating in a manner that protects 

against inappropriate interactions with specific cellular components (167).  CopZ, a 

copper chaperone, is a copper binding protein that shuttles copper to CopY or CopA for 

changes in gene expression or efflux (142, 146). In this regard, our analysis of the 

MGAS5005 genome revealed two genes located at chromosomal regions separate from 

the cop operon that were homologous to copper proteins. One gene encodes a putative 

“copper chaperone” (Spy_1403) and the second encodes a putative “copper homeostasis 

chaperone” annotated as cutC (Spy_0337). Spy_1403 encodes a short 56 amino acid 

protein that contains no relevant conserved domains, such as the heavy metal binding 

domain found in CopZ (168). Currently the function of Spy_1403 and S. pyogenes CutC 

are unknown. In E. coli, cutC has been shown to be one of the six genes (cutA-F) 

involved in copper transport and encodes a cytoplasmic protein of 146 amino acids (158).  

Furthermore, a cutC mutant strain of E. coli accumulates intracellular copper making it 

more sensitive to copper-mediated killing (158). S. pyogenes CutC has 35% amino acid 

identity to E. coli CutC. The function of these proteins in S. pyogenes requires additional 

studies to determine whether they play a critical role in copper regulation. Although it is 

not known if S. pyogenes possesses a mechanism for sequestering copper, CutC might be 

a reasonable candidate.  Additional sequestering mechanisms include siderophores, small 

molecules to acquire iron (169), and the antioxidant, glutathione (GSH) (170, 171). S. 

pyogenes is not known to produce siderophores and does not appear to have genes 

encoding homologues of siderophore-production systems (172-174).  S. pyogenes does 
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not appear to synthesize GSH, but similar to other streptococcal species, may obtain it 

from the local environment (175, 176). Additional studies on the potential involvement of 

GSH in the protective anti-copper response of S. pyogenes are clearly merited. These 

sequestering systems are highly important in the virulence of bacteria as the host has its 

own mechanisms to synergistically induce ROS, deplete thiols, and increase 

concentrations of copper, that are sufficient for efficient killing of bacteria (177). 

 Our studies demonstrate that copper inhibits S. pyogenes biofilm formation, but 

established biofilms protect S. pyogenes from copper-mediated killing.  These results 

raise several important questions. For example, how does copper repress biofilm 

formation?  How do biofilms provide protection against copper-mediated killing of S. 

pyogenes?  The copper-mediated repression of biofilm formation has been seen with 

other Gram-positive bacteria such as Staphyloccocus aureus (178) and S. mutans (179).  

Addition of as little as 1µM copper is able to inhibit S. aureus biofilm formation (178).  

The authors suggested that the effect was due to copper repression of the positive biofilm 

regulators Agr and Sae (178).  In S. mutans, copper exposure alters the expression of 

glucosyltransferase, a key enzyme necessary for the adhesion and formation of biofilms 

on the tooth surface (179).  Although regulators such as Mga (180), Srv (29, 35, 181-

183), CodY (184), and the CovRS two-component system (180) have been implicated in 

S. pyogenes biofilm formation, the direct and indirect effects of copper on their regulation 

have not yet been evaluated.  With regard to the effect of copper on biofilm initiation and 

copper sensitivity within biofilms, we favor the notion that during initial exposure to 

copper, the biofilm matrix may act as a constraint on copper accumulation either via the 

non-specific binding of copper by biofilm components or perhaps by modulating the 
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rapid expression of copper protective mechanisms within the bacteria.  Alternatively one 

could argue that biofilm formation results in the down-regulation of one or more copper 

protective expression programs in S. pyogenes.  For example, in biofilms, S. pyogenes 

down-regulates approximately 40% of the genes involved in energy production and 

conversion compared to planktonic cultures grown to exponential phase (180). The 

reduced production of energy could negatively affect the ability of CopA, a CPx-type 

ATPase, to export copper and thus severely limit the ability of the bacteria to prevent 

intracellular copper levels from reaching a toxic threshold.  We favor the notion that the 

combination of protection from biofilm matrix components as well as an altered program 

of gene expression is responsible for the overall protective effect of S. pyogenes biofilms 

against rising concentrations of extracellular copper.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

59 
 

CONCLUSIONS & FUTURE DIRECTIONS 

 

In addition to the points raised in this study, there are several other unanswered 

questions regarding copper and GAS at the host:pathogen interface. For example, it is 

unknown by which mechanisms copper exerts its toxicity on GAS. In other organisms 

ionic copper has killed bacteria by production of ROS through Fenton-type reactions and 

ion interactions with proteins, enzymes, nucleic acids, and metabolites (185, 186). The 

production of ROS has been particularly problematic for lactic acid bacteria like E. hirae 

who secrete large amounts of hydrogen peroxide that could react with copper ions (186). 

In other organisms like E. coli, the primary toxic effect of copper ions is displacement of 

iron-sulfur clusters within dehydratases (95). Although GAS is a lactic acid bacteria 

(187) and also produces dehydratases (188) the effect of copper ions on these two factors 

has yet to be investigated.  

Given that copper has an important role in innate immunity, better understanding 

the interactions between GAS and innate cells will be necessary to determine the role of 

copper in GAS infections. Currently it is unknown to what extent GAS stimulates 

(directly or indirectly) copper uptake by phagocytic cells. It is known however, that 

macrophages stimulated by interferon gamma (IFN-γ) and lipopolysaccharide (LPS) 

increase expression of copper importers on the cytoplasmic and phagolysosomal 

membranes (96). Although GAS does not express LPS, it can indirectly stimulate natural 

killer cells to release IFN-γ during infection (16).  However the role that GAS-elicited 

IFN-γ has on copper uptake in phagocytes has not been determined. Additional studies 

involving Mycobacterium tuberculosis macrophage infections have observed copper 



 

 

60 
 

levels increase up to several hundred micromoles per liter (153). It is unclear whether 

these copper concentrations would be similar during GAS infections. 

In terms of utilizing copper as an antimicrobial agent, it will be important to 

investigate its effects on host tissue at the site of infection. Copper is an important co-

factor to lysyl oxidase, which is involved in the cross-linking of collagen and elastin and 

thus copper plays an important role in wound healing (189, 190). Therefore, copper can 

provide two possible benefits to the host: tissue healing and bacterial clearance.  

However, there may be limitations to the use of ionic copper for treatment.  For example, 

when we have added a high concentration of copper (5mM CuSO4) to our media we 

observed aggregation. The aggregation of copper will reduce the overall effectiveness of 

this treatment because it lowers the total available copper that could come in contact with 

the bacteria. Although this was not an issue at the concentrations we utilized in our 

assays, it does indicate that there are potential limitations. Alternative approaches to 

introduce copper at the site of infection, such as copper-coated nanoparticles, may be 

more effective (191-193).  An even more efficient approach would be to synthesize 

nanoparticles made solely of copper. Unlike copper-coated nanoparticles, nanoparticles 

made from copper will not have the issue of copper being removed from the surface. The 

large surface area of these nanoparticles enhances their antimicrobial activity (191) and 

might also increase tissue repair.  Nanoparticles or other treatments that utilize this toxic 

metal in a more efficient manner may serve as an advantageous approach compared to 

ionic copper supplementation alone.  

Considering that copper resistance genes play a role in the virulence of several 

pathogenic organisms, the ability to block these copper tolerance proteins would likely 
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give the host the advantage. Therefore, it will be important for future studies to determine 

whether drugs can be designed to inhibit these proteins and potentially give rise to a new 

class of antimicrobials. 
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CHAPTER IV.  NANOPARTICLES AS ANTIMCROBIAL THERAPEUTICS 

 

Nanoparticles (NPs), particles between 1 and 100 nanometers in size,  have been  

utilized extensively in the medical field for a variety of biological applications and  

therapies such as scaffolds (194), antimicrobial nanopowders and coatings (195, 196), 

bioseparation (197, 198), drug delivery (199, 200), gene transfection (201), nasal 

vaccination (202), and medical imaging (203-205)(Figure 11). In addition to the unique 

intrinsic properties of NPs (e.g. strength, weight, thermal and electrical conductivity, etc.) 

compared to their macroscopic counterparts, other properties such as enhanced binding, 

optical absorbance, and carrying capacity can be achieved, making NPs desirable for 

application in the medical field (204, 206-210).  NPs can be engineered from several 

materials (e.g. carbon, metal, polymers) as well as functionalized to increase specific 

binding to biological targets (211-213).  

NP use in medicine has introduced new products and procedures, as well as 

improved current treatments and therapies (200). One area of treatment that could benefit 

from the utilization of NPs is bacterial infections and disease. Currently, there are four 

processes in which NPs have been used to treat and eradicate bacterial pathogens: as 1) 

antimicrobial agents, 2) antimicrobial delivery systems, 3) antimicrobial photodynamic 

therapy agents, and 4) localized photothermal agents.  
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Figure 11. Size of nanoparticles. Scale showing size of nanomaterials compared to 

biological components and definition of ‘nano’ and ‘micro’ sizes. (©2007 Christina 

Buzea, Ivan. I. Pacheco Blandino, and Kevin Robbie. Originally published in 

Biointerphases. License to republish is pending. Available from: 10.1116/1.2815690) 
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1. Antimicrobial Agents  

NPs, such as gold NPs, have been utilized as antimicrobial agents for the 

treatment of a number of diseases (192, 214, 215). Metal and metal oxide NPs have been 

used in composites as disinfecting filters and coating materials because of their 

antimicrobial activity across a range of Gram-positive and –negative bacteria (192, 216-

218) (Figure 12).  Metal-based NPs release metal ions, which severely impact bacterial 

survival (219-226).  For example, silver and copper ions have strong affinities for sulfur, 

which can disrupt membrane-bound or intracellular sulfur-containing proteins (219-227). 

Gold NPs can bind DNA and inhibit the uncoiling and transcription of DNA (219, 220, 

226, 228).  Metal oxide NPs can generate reactive oxygen species (ROS) (226) and 

hydrogen peroxide which disrupts cell membrane stability and leads to cell death (226, 

229).  Magnesium oxide is unique in that it can absorb and retain significant amounts of 

chlorine and bromine, bringing these halogens to the bacterial surface in high 

concentrations (230, 231). Unlike the other metal NPs, titanium dioxide has 

photocatalytic ability, generating high amounts of active free hydroxyl radicals (-OH) 

when photoexcited (232-237). Recent advances have been made to create visible light 

absorbing photocatalysts with Ag/AgBr/TiO2, which are also effective at bacterial killing 

(238, 239).  

Although the antimicrobial activity of certain NPs has been effective in treatment 

of a variety of bacteria, it may not be a long term solution. Many bacteria possess heavy 

metal resistance mechanisms involving the expression of one or more efflux pumps that 

function to remove intracellular metal ions (193, 240). Some bacteria absorb NPs to 

reduce their cell surface interactions, while others change membrane fluidity to help  
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Figure 12. Antimicrobial activity of metal and metal oxide NPs. (© 2011 Aryou 

Emamifar. Originally published in Advances in Nanocomposite Technology under CC 

BY 3.0 license. Available from DOI: 10.5772/18343) 
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protect against oxidative stress produced by NPs (193). To protect against intracellular 

damage from diffusion or uptake of NPs, bacteria express various DNA repair and 

oxidative stress response genes (193, 241).  An additional protective mechanism of many 

clinically relevant pathogens is the ability to form biofilms, which are complex bacterial 

communities encased in a matrix substance (34). For the majority of bacteria, their 

biofilm matrices are negatively charged (242). The differences between the negatively 

charged biofilm matrix and positively charged NPs may influence the diffusion of NPs 

and subsequent antimicrobial activity (243, 244).   

 

2. Antimicrobial Delivery  

NPs have been employed  to improve antimicrobial delivery (200). The small size 

and surface characteristics of NPs allow for specificity to targets, controlled antimicrobial 

release, and NP degradation (204). Specifically, liposomes, polymeric NPs, solid lipid 

NPs, and dendrimers have been effective in antimicrobial delivery (200).  

Liposome NPs are currently the most widely used method of NPs as antimicrobial 

delivery systems (200). The bilayered membrane structure mimics cell membranes and 

allows the NP to fuse with the membrane of infectious microbes, allowing for release of 

the drug directly into the cytoplasm (200, 245). Many liposomal antimicrobial delivery 

systems have been approved for their use in clinic by the United States Food and Drug 

Administration including amphotericin B for treatment of fungal infections (246-248), 

polymyxin B for treatment of Pseudomonas aeruginosa infections (249), as well as 

several additional antibiotic delivering systems for treatment of other Gram-positive and -

negative organisms (200, 250-255). 
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Polymeric NPs, which are molecules composed of a large number of repeating 

units, are ideal for controlled antimicrobial release because of their biocompatibility and 

biodegradable properties (256). They are advantageous because their surfaces typically 

contain functional groups that can be modified for targeting or drug conjugation and their 

polymer chain length can be adjusted to alter the drug release time. Because of the 

structure and hydrophobic nature of the polymer NP’s core, hydrophobic drugs are 

encapsulated, and hydrophilic drugs are conjugated to the surface (200). Increased 

efficacy has been observed with the use of antibiotic loaded polymeric NPs (e.g. 

Rifampicin, Ampicillin, Ciprofloxacin) against medically relevant pathogens like 

Mycobacterium tuberculosis (257, 258), Salmonella typhimurium (259), S. aureus (200, 

260, 261).  

Solid lipid NPs (SLNs) are comprised of lipids that are solid at room temperature 

and surfactants that act as lipid stabilizers (200).  SLNs are unique in that they have the 

ability to form a film that prolongs residence time and increases penetration of the drug 

they are delivering (262-264).  This feature, termed occlusive property, allows them to be 

favorable for topical applications (262-264). SLNs can also be utilized in the form of 

tablets, capsules and pellets which can be administered orally (265). SLNs with a variety 

of drugs have been used to treat P. aeruginosa colonizing the gastrointestinal tracts of 

cystic fibrosis patients (266) and Mycobacterium tuberculosis by facilitating delivery of 

rifampicin to the lungs and lymphatics (200, 267). 

Dendrimers are highly ordered, branched globular macromolecules. They have 

three distinct features including a core, layers of branched repeat units arising from the 

core, and functional end groups on the outer layer of the repeat units (268). Their highly-
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branched features increase their surface area to size ratio. Both hydrophobic and 

hydrophilic drugs can be loaded into dendrimers; hydrophobic agents are loaded within 

the core and hydrophilic drugs are attached to the surface through covalent conjugation 

and electrostatic interactions (269, 270). Silver and sulfamethoxazole delivered by 

dendrimers have increased solubility and efficacy against Gram-positive and -negative 

bacteria (200, 261, 271, 272). 

Although using NPs as antimicrobial delivery systems has enhanced drug efficacy 

for the treatment of pathogenic bacteria, these organisms are capable of acquiring drug 

resistance genes. One approach to treat multi-drug resistant bacteria would be to 

incorporate more than one antimicrobial into the NP. A major challenge associated with 

using these drug delivery systems is premature antimicrobial release. NPs with enhanced 

control of drug release are currently being investigated (200) 

 

3. Antimicrobial Photodynamic therapy (aPDT) 

Photodynamic therapy (PDT) is a treatment that utilizes a photosensitizing agent 

exposed to a certain wavelength in the presence of oxygen to produce ROS and kill 

nearby cells (273) (Figure 13). Cell death occurs when ROS damages both the 

cytoplasmic membrane and DNA (274, 275). Although typically used in cancer therapy, 

PDT is now being recognized for its potential use as an antimicrobial therapy (276, 277). 

The application of PDT to treat bacterial infections is known as antimicrobial 

photodynamic therapy (aPDT) and emerged as a potential alternative to antibiotics (274, 

277).  aPDT has been utilized for the treatment of both oral and skin microbial infections 

(278). ROS generated by aPDT attacks in a nonspecific manner and is effective against a 
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range of antibitotic-resistant bacteria. For example, gold-based NPs combined with 

toluidine blue O eliminated methicillin-resistant Staphyloccocus aureus (MRSA) (192, 

279-282). Studies suggest that it is not necessary for NPs to be intracellular in order to 

deliver ROS, but that their close association with cell surface may be sufficient (273, 

278).   

There are several types of photosensitizers that have been utilized and clinically 

approved (e.g. methylene blue) (276, 277). Each photosensitizer is activated by a specific 

wavelength of light. This wavelength aslo determines how far the light can penetrate 

through the body (283, 284). Most photosensitizers are activated by red light between 

630 and 700 nanometers, allowing light to penetrate skin at a depth of 0.5 to 1.5 

centimeters (277). However, different wavelengths of light are used for treating different 

areas of the body (283, 285). NPs have been utilized in PDT because they increase 

solubility and delivery of photosensitizers (278). NP carriers for photosensitizers include 

inorganic oxide-, metallic-, and polymer-based nanocomposites as well as fullerenes 

(278). Fullerenes are unique in that they can induce ROS after photoexcitation in the 

absence of a photosensitizer, suggesting that NPs themselves could serve as 

photosensitizers in the presence of a certain wavelength of light (286). 

PDT has been quite successful in treating cancer in a clinical setting and may be 

as effective in treating bacterial pathogens in the future. There are some limitations 

associated with the use of PDT that could impact its effectiveness in treating certain 

pathogens. For instance, the light needed to activate photosensitizers is restricted and 

cannot pass through more than 1.5 centimeters of tissue. This is not an issue for 

infections just under the skin or on the lining of internal organs or cavities, but does  
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Figure 13. Antimicrobial photodynamic therapy (aPDT). Photosensitizers can be (A) 

taken up by the bacteria (B), accumulate at the cytoplasmic membrane, or (C) gather 

within close proximity of the bacteria. Upon absorption of a photon by the 

photosensitizer after light illumination reactive oxygen species (ROS) will be generated. 

ROS will react rapidly with the microenvironment of the bacterial cell (bacterial cell 

wall, lipid membranes, proteins, enzymes, and nucleic acids), depending on the 

localization of the excited photosensitizer. The reaction of ROS with these important 

cellular components can result in bacterial killing. Key: oxygen (open circles), 

photosensitizer (gray triangles), ROS (black spiked circles), and light (lightning bolt) (© 

2013 Xiu-jun Fu, Yong Fang, and Min Yao. Originally published in BioMed Research 

International under Creative Commons Attribution License. Available from DOI: 

10.1155/2013/159157). 
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present a problem for treating deep tissue infections (283). During an infection bacteria 

interact with the host to create an altered microenvironment in which the normal levels of 

chemicals change. This environment may have increased factors capable of absorbing the 

light or reduced levels of oxygen, both of which could prevent photosensitizer activation 

(287).  

 

4. Photothermal Ablation  

Similar to PDT, photothermal ablation (PTA) has been developed mainly as a therapy 

for cancer patients. PTA is the process in which NPs absorb light in the near-infrared 

(NIR) window (700-1100nm) and generate localized heat sufficient for thermal ablation 

of cells (288-299). In medicine, this property is quite beneficial because body tissue is 

most transparent at these wavelengths, allowing this light to travel deeper in the tissue 

(300). The primary light absorbers within tissue (i.e. water, hemoglobin, oxyhemoglobin, 

and melanin) have absorption minima in the NIR (Figure 14). This means that without 

the presence of a NP or other exogenous absorber, there will be little damage when tissue 

is exposed to NIR light (301). Furthermore, NIR light can penetrate deep through tissue 

compared to other light sources, traveling up to 10 centimeters in certain tissues (300, 

302). 

Using PTA to ablate bacteria requires much higher temperatures than those needed to 

kill cancerous cells (70°C versus 45°C) (296, 303, 304). To date, metal, carbon, and 

polymer NPs have been utilized and successful at destroying cancerous cells (288, 291, 

292, 294, 296-299). For bacteria, gold NPs are successful in thermally ablating MRSA 

(192, 280, 305) and P. aeruginosa (305, 306) and graphene is effective at thermally  
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Figure 14. Water and hemoglobin absorption spectra. Hemoglobin and water have 

their lowest absorption in the NIR region around 650nm and 900nm. (© 2001 Ralph 

Weissleder. Originally published in Nat Biotech. Republished with permission under 

license no.3602051003226. Available from DOI: 10.1038/86684) 
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ablating both Gram-positive and –negative bacteria (307) (Figure 15). There are three 

ways these NPs can generate heat: phonon resonance, plasmon resonance, and polaron 

resonance. Phonon resonance occurs within excited carbon nanotubes when atoms vibrate 

along the length of the tube. Plasmon resonance occurs within excited gold NPs from the 

vibrations of charge separations between dissociated electrons and the nucleus (208). 

Polaron resonance occurs within polymer NPs. A polaron is a polarization field between 

an excited electron that left a specific location on an atom (hole) and the strong attraction 

to that location. Heat is generated by electrons recombining with their hole or other 

electrons jumping into that hole (hole recombination) as well as the vibrations of these 

polarization fields along the polymer NP. All three mechanisms of heat generation result 

in high temperatures at the bacterial cell surface causing physical damage to the cell wall 

and eventual complete bacterial disintegration (305). The quick spike in heat and 

subsequent cell lysis is thought to prevent the acquisition of heat-resistant bacteria, 

making this therapeutic highly promising. Functionalizing these NPs by adding a surface 

modification (e.g. antibody) can improve the specificity and efficacy of PTA (192, 304, 

308-312). 
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Figure 15. Photothermal ablation of S. aureus using gold nanoparticles. (© 2006 

Vladimir P. Zharov, Kelly E. Mercer, Elena N. Galitovskaya, and Mark S. Smeltzer. 

Originally published in Biophysical Journal. Republished with permission under license 

no. 3602051386817. Available from DOI: 10.1529/biophysj.105.061895) 
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Importance of this study 

Given the increase in antibiotic resistance among pathogenic bacteria, this study 

investigated an alternative approach to eradicating Group A Streptococcus (GAS). Prior 

to this study, we assessed the various methods of using NPs to treat bacteria. We chose 

not to pursue the use of metal and metal oxide NPs to exert antimicrobial activity against 

GAS because this organism possesses several heavy metal efflux pumps, which are 

effective in protection from metal ion toxicity (135, 157, 313, 314). Furthermore, GAS 

has several oxidative stress response genes which can protect against the activity of metal 

and metal oxide NPs (135, 313, 315, 316). Another alternative approach we evaluated 

was the use of NPs as antimicrobial delivery systems of conventional antibiotics (200, 

250-255, 257-261). However, with the increase in GAS resistance to conventional 

antibiotics, this approach fails to meet the goals of our study. Therefore after careful 

review of the literature, PDT and PTA appeared to be the most promising candidates as 

an alternative treatment for GAS infection, with no reported cases of PDT- or PTA-

resistant bacteria. However, the light source for PDT cannot penetrate tissue greater than 

1.5 centimeters, whereas PTA uses NIR which can travel through breast tissue as deep as 

10 centimeters with low phototoxicity to normal cells and tissues (277, 300, 302, 317).  

Therefore, using NIR light would be a more ideal light source for phototherapy and will 

allow for targeting infectious agents deep within the tissue (318). GAS is capable of 

causing a variety of skin and soft-tissue infections but also infections of the deep tissue 

and muscle (319). GAS is capable of causing a highly inflammatory environment during 

these severe tissue infections, altering the microenvironment (3, 4, 319). As severe GAS 

infections like necrotizing fasciitis are highly anaerobic and can infect deep within the 
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tissue (320), PTA would appear to be the most successful alternative approach to treating 

GAS skin infections. 

 To approach this study, we synthesized multi-wall carbon nanotubes (MWNTs) 

that can generate heat in the presence of NIR light (800nm). Since thermal ablation 

occurs by the high temperatures generated at the cell membrane, we increased specificity 

of these MWNTs to GAS by functionalizing them. In order to do this, we attached an 

anti-GAS polyclonal IgG antibody to the surface of the MWNTs. We then evaluated 

these functionalized MWNTs for their ability to bind and photothermally ablate GAS in 

both planktonic culture and within a biofilm.  
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CHAPTER III-I. 

 

Eradicating Group A Streptococcus Bacteria and Biofilms Using Functionalised Multi-

Wall Carbon Nanotubes 

 

N. H. Levi-Polyachenko, C. A. Young, C. M. MacNeill, A. K. Braden, 
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INTRODUCTION 

Virulent bacterial infections are a major therapeutic challenge in all areas of 

clinical practice. Within the USA there are approximately 60-90,000 deaths from 

hospital-acquired infections alone, resulting in treatment costs ranging from $17 to $29 

billion (321).  One of the major pathogens encountered is Streptococcus pyogenes, 

alternatively termed Group A Streptococcus (GAS).  GAS is a Gram-positive human 

pathogen that routinely causes a variety of infections, including pharyngitis, upper and 

lower respiratory tract infections, and dermal infections such as impetigo and cellulitis.  

An invasive form of GAS disease is necrotizing fasciitis, an infection that occurs in deep 

tissue and spreads along the fascial planes, destroying fat and muscle.  During 2012, the 

US Centers for Disease Control and Prevention surveyed a population of over 32,000,000 

people and documented 10,700 cases of invasive GAS, resulting in 1,115 deaths (322). 

Unlike less severe infections which can be treated with antibiotics, necrotizing fasciitis 

requires aggressive surgical debridement of necrotic tissue and sacrifice of adjacent 

compromised tissue.  Invasive infections involving GAS can progress quickly and serial 

aggressive surgeries are usually necessary to completely clear diseased tissue.  A major 

challenge for treating GAS infections with surgery and antibiotics is that the bacteria 

thrive in biofilms.  Biofilms consist of colonies of bacteria embedded within a three-

dimensional extracellular matrix composed of polysaccharides, proteins, and DNA. 

Biofilms inhibit penetration of antibiotics and hinder the immune response, thus 

promoting survival of the bacteria.   

Within the past decade, nano-structured materials, such as specific coatings on 

orthopaedic implants, have been mechanistically evaluated as an option to disrupt biofilm 
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formation and growth (323). Similarly, carbon nanotubes have been explored as coatings 

on filters to decrease biofilm growth and to trap pathogens (324-326). Individual 

nanoparticles, such as gold nanorods, graphene and carbon nanotubes, have been 

employed for their ability to generate sufficient heat to kill bacteria upon exposure to 

infrared light (327-334).   

The spectral region where water and hemoglobin have optical absorption minima 

is between 700-900nm, therefore photothermal therapies using near infrared light (NIR) 

are ideal for penetrating soft tissue (335). Over the past decade the majority of 

nanoparticle-mediated photothermal therapies for ablation of tissue (PTA) have been 

developed for targeted treatment of cancer.  Much higher temperatures are needed to 

effectively eliminate the bacteria than to kill cancer cells.  Most pathogenic bacteria 

require temperatures in excess of 70⁰C, whereas eukaryotic cells begin to suffer 

irreparable damage at temperatures as low as 45⁰C (296, 303, 304). The length of time at 

which bacteria are subjected to elevated hyperthermia and the degree of hyperthermia 

have a major influence on complete eradication. Van Asselt et al. (336), calculated that a 

log reduction of pathogenic bacteria per minute of exposure to elevated temperature is 

linearly related to increasing temperature. For S. pyogenes there was a 1-log/min 

reduction for every 10°C increase. The calculated predictions from Van Asselt et al. also 

showed that the rate of thermal inactivation was similar for Gram-positive bacteria such 

as S. aureus and S. pyogenes. Hossain et al. (337) experimentally demonstrated that, 

using a steam autoclave, both S. aureus and S. pyogenes had a 5-log reduction when 

subjected to 131°C for 5 min, and complete killing of the bacterium when they were 

treated at 131°C for 15 min. Hossain et al. also showed that higher temperatures and 
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longer times are needed to thermally inactivate Gram-positive bacteria compared to 

Gram-negative bacteria. Recent studies have shown that very rapid temperature spikes 

from nanoparticles can cause cancer cell death (338). This suggests that rapidly induced 

high temperatures at the bacterial cell surface may be bactericidal. 

 Carbon nanotubes have excellent photo-absorption in the NIR, and generate heat 

by absorbing incident light which induces phonon resonances along the tube length 

leading to very specific peaks of thermal intensity that correspond to the length of the 

nanotubes (339). In one of the first uses of carbon nanotubes for generating hyperthermia, 

Kam et al. (340), showed that single-wall carbon nanotubes (SWNT) could generate 

temperatures in small volumes of aqueous media of up to 75⁰C with 2 min of exposure to 

808 nm light.  Boldor et al. (341), determined that multi-wall carbon nanotubes (MWNT) 

are also capable of generating elevated temperatures (ΔT~70⁰C) using 1064 nm light.  

Previously, both single-wall and multi-wall carbon nanotubes have been used for 

targeting individual cancer cells for photothermal ablation.  Some of the agents that have 

been attached to the nanotube side-walls for targeting include DNA, polysaccharides, 

folic acid, growth factors, and antibodies (311, 340, 342-346). In a similar fashion, we 

predict that MWNTs targeted to the bacterial surface should induce sufficient heat to 

irreversibly damage the bacterium upon exposure to infrared light.  Due to their small 

size and high aspect ratios (one to tens of nanometers in diameter, and micron lengths), 

carbon nanotubes may be able to effectively penetrate biofilms and attach to the 

individual bacterial cell wall. Herein we describe an alternative approach for eradicating 

GAS through the use of MWNT for photothermal ablation of GAS biofilms, specifically 

by targeted killing of individual bacterium. 
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MATERIALS AND METHODS 

 

Materials. MWNTs (>99% purity; outer diameter, 13-18 nm; length, 3-30 µm) were 

purchased from Cheap Tubes (Cheap Tubes, Inc., Cambridgeport, VT) and used as 

received. Concentrated nitric acid (70%) and concentrated sulfuric acid (98%) were 

purchased from Fisher (Waltham, MA). 1-ethyl-3-(3-dimethylamino-propyl)carbodiimide 

 (EDC) and 2-(N-morpholino)ethanesulfonic acid (MES) were purchased from Aldrich 

(St. Louis, MO). Todd Hewitt Broth was purchased from Becton-Dickinson (Franklin 

Lakes, NJ). Yeast extract was purchased from Fisher Scientific. Polyclonal antibodies for 

Group A Streptococcus were purchased from US Biological (Salem, MA). All reagents 

were used as received without further purification.  

 

Synthesis of oxidized MWNTs (MWNT-COOH). As-grown multi-walled carbon 

nanotubes (100mg) were oxidized through addition of a 3:1 mixture of concentrated 

sulfuric acid to concentrated nitric acid (40 mL total) and the mixture was heated to 70oC 

for 2 h. The suspension was filtered through a 0.2 µm filter and washed with copious 

amounts of water until the pH of the filtrate solution was neutral. The tubes were then 

washed with ethanol and acetone and allowed to dry at room temperature in air overnight 

to yield oxidized MWNTs (MWNT-COOH).  

 

Synthesis of functionalized MWNTs (GAS-Ab-MWNTs). Oxidized MWNTs (3 mg) 

were dispersed in (MES) buffer (pH 6, 1 mg/mL) through horn sonication. EDC was 

added and the solution was stirred at room temperature for 4 h. Then 75µL of GAS 
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antibody (1 mg/mL in phosphate buffered saline (PBS)) was added and the solution was 

stirred for a further 18 h at 4oC. The tubes were centrifuged at 14,000 rpm and washed 

twice with MES buffer and finally re-suspended in MES buffer and stored at 4oC until 

use. The GAS-Ab-MWNTs were washed repeatedly in sterile PBS, followed by 

centrifugation and re-suspension in sterile PBS solution. The Thermo Scientific™ 

Pierce™  bicinchoninic acid (BCA) assay was used according to the manufacturer’s 

instructions to quantify the amount of GAS antibody bound to MWNT-COOH after 

functionalization. 

 

Spectral characterization. Fourier transform infrared spectra (FT-IR) were recorded on 

either a Mattson (Fremont, CA) Genesis II FT-IR spectrometer or on a Perkin–Elmer 

(Akron, OH) Spectrum 10 spectrometer with an ATR sampling accessory equipped with 

a diamond anvil. Raman spectra were recorded on a DeltaNu (Laramine, WY) Advantage 

532 Raman spectrometer at 532 nm. The absorbance of MWNT solutions at 800 nm for 

MWNTs was measured using a Beckman Coulter (Brea, CA) DU730 Life Science 

UV/Vis Spectrophotometer and the concentration determined using a standardized 

concentration curve of MWNT-COOH. 

 

Hyperthermic potential of MWNT. Aliquots of 200 µL solutions containing MWNT-

COOH at concentrations of 0-100 μg/mL were placed in wells of a covered 48-well plate. 

The plate was incubated at 37C for 20 min to reach a baseline temperature of 37°C.  

During laser exposure, the ambient temperature of the plate was maintained by placing 

the plate on a hot water bottle that was 37°C.  Each well was exposed to 800nm light 
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(1.3W/ cm2 for 30 s) using the Cube™ continuous wave diode laser from K-Laser, 

Nashville, TN.  The initial and final temperatures were measured using a Fluke (Everett, 

WA) 714 thermocouple calibrator and type k 80Pk-1 bead probe wire thermocouple 

immediately before and after laser exposure of each nanotube concentration.  The 

experiment was repeated using GAS-Ab-MWNT. 

 

Bacterial strains and growth conditions. This study utilized Streptococcus pyogenes 

MGAS5005, a clinical M1T1 serotype strain isolated from a case of invasive GAS 

disease (136, 137). Planktonic and biofilm cultures were grown in Todd-Hewitt broth 

supplemented with 2% yeast extract (THY) at 37°C, 5% CO2.  

 

GAS planktonic cultures exposed to laser treatment. GAS cultures were grown 

overnight in Todd-Hewitt broth supplemented with 2% yeast extract (THY) in 37°C, 5% 

CO2. The following day a 1:10 subculture was grown in fresh THY in 37°C, 5% CO2 to 

logarithmic phase (OD600~0.6). Cultures of 3 mL in THY, THY supplemented with 0.1 

mg/mL MWNT-COOH, or THY supplemented with 0.1 mg/mL GAS-Ab-MWNT were 

added to 15 mL conical tubes and incubated shaking (on low) for 1 h in 37°C. Cultures 

were spun down at 2000 rpm for 2 min at 4°C. Supernatants were removed and pellets 

vortexed and resuspended in 3 mL of fresh THY.  Cultures of 200 µL per well were 

aliquoted into 48 well polystyrene plates and incubated for 20 min in 37°C to acclimate 

to a baseline temperature of 37°C. Cultures were then exposed to an 800 nm continuous 

wave laser (1.3 W/cm2) for 0, 10, 20, or 30 s. After laser exposure, samples were serially 
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diluted and plated on THY agar plates. The number of colony forming units (CFUs) was 

visually counted 24 h after incubation at 37°C. 

 

GAS biofilms exposed to laser treatment. GAS cultures were grown overnight in Todd-

Hewitt broth (Becton-Dickinson) supplemented with 2% yeast extract (THY) in 37°C, 

5% CO2. The following day a 1:10 subculture was grown in fresh THY in 37°C, 5% CO2 

to logarithmic phase (OD600~0.6). Culture volumes of 200 µL per well were aliquoted 

into 48 well polystyrene plates.  After 24 h of incubation, the media was removed from 

the biofilms and replaced with 200 µL of fresh THY, THY supplemented with 0.1 

mg/mL  MWNT-COOH, or THY supplemented with 0.1 mg/mL GAS-Ab-MWNT and 

incubated 1 h in 37°C, 5% CO2. Supernatants were removed and replaced with 200 µL of 

fresh THY. Biofilms were incubated in 37°C for 20 min to acclimate to a baseline 

temperature of 37°C.  Biofilms were then exposed to an 800 nm continuous wave laser 

(1.3W/cm2) for 0, 30, 60 or 120 s. After laser exposure, supernatants were removed and 

biofilms were scraped and re-suspended in 200 µL of fresh THY. These samples were 

serially diluted and plated on THY agar plates. After 24 h incubation at 37⁰C, the number 

of CFUs was visually counted. 

 

Microscopy of biofilms exposed to laser treatment. GAS cultures were grown 

overnight in THY at 37°C, 5% CO2. The following day a 1:10 subculture was grown in 

fresh THY in 37°C, 5% CO2 to logarithmic phase (OD600~0.6). GAS cultures of 357.9 µL 

per well were aliquoted into Lab-Tek®II Chambered #1.5 German Coverglass System 

(Fisher Scientific) (culture volume calculated to be comparable to the area covered by 
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200 µL GAS culture in a multi-well 48 well plate).  After 24 h of incubation, biofilms 

had media removed and replaced with 357.9 µL of fresh THY, THY supplemented with 

0.1 mg/mL MWNT-COOH, or THY supplemented with 0.1 mg/mL GAS-Ab-MWNT 

and incubated 1 h in 37°C, 5% CO2. Supernatants were removed and replaced with 357.9 

µL of fresh THY. Biofilms were incubated in 37°C for 20 min to acclimate to a baseline 

temperature of 37°C.  Biofilms were then exposed to an 800 nm laser (1.3W/cm2) for 0 or 

2 min. After laser exposure, biofilms were analyzed for viability by LIVE/DEAD® 

BacLight™ bacterial viability kit (Molecular Probes, Eugene, OR) staining. Supernatants 

from samples were removed and replaced with 357.9 µL of 1x PBS with equal amounts 

of SYTO 9 and propidium idodide and incubated for 15 minutes. Nikon C1Si confocal 

laser-scanning microscopy (CLSM) and EZ-C1 software were used to visualize and 

capture images. The analytical software, ImageJ (http://imagej.nih.gov/ij/), was used to 

quantify the percentage of live and dead bacterial populations in the representative 

images. 

 

Histological evaluation of photothermal damage in ex vivo porcine skin. Full 

thickness sections of skin, including the dermis, epidermis, subcutaneous fat and muscle 

were obtained from freshly euthanized swine.  The skin was shaved, cleaned with ethanol 

and a cylindrical chamber, approximately 7 mm in diameter, secured to the skin using 

polyacrylamide glue.  GAS incubated with GAS-Ab-MWNT were added to the chamber, 

and exposed to infrared light, similar to the procedures described above.  The size of the 

chamber was specifically chosen to allow overlap of the incident laser beam (beam 

diameter of 1 cm) onto the skin adjacent to the chamber.  It was already known from 
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previous in vitro results that the planktonic bacteria would be killed, thus the goal was to 

observe whether thermal damage occurs in skin adjacent to the ablative treatment area.  

Following laser irradiation, the chamber was removed and the number of CFUs in the 

suspension enumerated to confirm GAS killing. The skin was fixed in 4% 

paraformaldehyde, embedded in paraffin, sectioned for light microscopy and stained with 

Mason’s trichrome and hematoxylin and eosin stain to visualize cells as well as collagen. 

Microscopy images were taken at a magnification of 5x using a Zeiss (Jena, Germany) 

Axioplan 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

87 
 

RESULTS 

 

Characterization of Functionalized MWNT. GAS-Ab-MWNTs were synthesized 

according to a similar literature procedure and can be seen in Scheme 1 (345). Pristine 

MWNTs were heated to 70oC in a mixture of 3:1 concentrated H2SO4:HNO3 to give 

MWNT-COOH. Covalent attachment of the GAS antibody was carried out using EDC in 

MES buffer. EDC activates the carboxylic acid groups on the oxidized MWNTs and 

facilitates the coupling of primary amines on lysine and arginine residues of the antibody 

to the MWNT through amide bonds (347). 

 

 

 

            

 

Scheme 1: The covalent functionalization of a GAS antibody to the outer side-wall of a 

MWNT.  Figure designed by Nicole H. Levi-Polyachenko. 
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As shown in Figure 16 (A), the FT-IR of oxidized MWNT (MWNT-COOH) 

shows O-H stretching from carboxyl groups near 3430cm-1 (348). The peaks near 1700 

cm-1 are indicative of oxidative groups on the MWNT (349). The antibody has a broad 

peak near 1650 cm-1, which is indicative of N-H bending vibrations (350).  The weak 

stretches of the GAS antibody appearing near 1050 cm-1 are indicative of C-N stretching 

(350). These peaks are significantly dampened upon conjugation to MWNT-COOH.  

This dampening effect, as well as the shifting to higher wavenumbers (3325 cm-1 to 3430 

cm-1) supports the conclusion that GAS-Ab is attached to MWNT.  

Raman spectroscopy was also used to determine whether antibodies were 

covalently attached to the surface of the carbon nanotubes (Figure 16 (B)). The 

characteristic D- and G-bands for the MWNT-COOH and GAS-Ab-MWNTs are shown 

at near 1300 and 1585 cm-1, respectively (351). The peak near 465cm-1 stems from the 

radial breathing mode (RBM) of the innermost tube within MWNT-COOH (352). 

Quenching of the RBM upon attachment of the GAS antibody supports the premise that 

the antibody has attached to the exterior sidewall of the MWNT.    

Variable concentrations of MWNT-COOH or GAS-Ab-MWNT exposed to 

1.3W/cm2 of 800 nm light were used to evaluate temperature increases in a 200 µl 

volume of water. As shown in Figure 17, there is a logarithmic increase in temperature 

change with increasing nanotubes concentration.  A temperature increase of 40⁰C for the 

concentration of 100 µg/ml is sufficient for inducing irreversible damage in GAS, 

according to Kennedy et al. (303), since 40⁰C over the baseline of 37⁰C results in 77⁰C.  

Therefore, this concentration was used for photothermal ablation experiments.  
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Figure 16. FT-IR and Raman Spectra. (A) FT-IR spectra of pristine MWNT-COOH, 

GAS antibody, and the GAS-Ab-MWNTs. (B) Raman Spectra of MWNT-COOH and 

GAS-Ab-MWNTs.  Christopher M. MacNeill and Amy K. Braden synthesized and 

functionalized the nanoparticles and performed these analyses. 
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Figure 17: Concentration versus the change in temperature of a 200 µl volume of 

MWNT-COOH suspended in aqueous media. Nanotubes were exposed to 1.3 W/cm2 

of 800nm light for 30 seconds.  Experiment performed by Christopher M. MacNeill and 

Amy K. Braden. 
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BCA assay was used to quantify the amount of GAS antibody attached to MWNT-

COOH.  This assay revealed that 10 µg of GAS antibody bound per 1 mg of MWNT-

COOH, or alternatively 66.7 pmole of antibody per milligram of nanotubes. The increase 

in temperature from GAS-Ab-MWNT fit the same curve as for MWNT-COOH as shown 

in Figure 17 (data not shown). 

 

Quantifying MWNT bound to GAS. To quantify the amount of GAS-Ab-MWNT 

attached to bacteria, the solutions were centrifuged, washed with PBS buffer and re-

suspended in THY broth. Specifically, a much higher centrifugation speed is required to 

pellet the nanotubes (14,000 rpm for 30 minutes) whereas 2000 rpm for 2 minutes will 

pellet the bacteria. Thus, nanotubes that did not bind to GAS were retained in the 

supernatant and the bacteria to which nanotubes had attached, were captured in the pellet. 

This removed the vast majority of MWNT-COOH or GAS-Ab-MWNTs that did not bind 

to bacteria. As shown in Figure 18 (A), the suspension of equal volumes of GAS-Ab-

MWNT and GAS is quite dark, indicative of the high concentration of nanotubes.  After 

centrifuging the GAS with bound nanotubes, the resulting supernatant, as shown in 

Figure 18 (B), is lighter in color but still fairly dark, indicating that the majority of GAS-

Ab-MWNT were not bound to bacteria. Figure 18 (C) is a representative image of 

pelleted GAS to which GAS-Ab-MWNT had attached. The supernatant of GAS 

incubated with non-functionalized MWNT-COOH was also quite dark (not shown), 

indicative of the non-attachment of MWNT-COOH to bacteria. The supernatants of non-  
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Figure 18. Quantifying MWNT bound to GAS. (A) A suspension of equal parts GAS 

and GAS-Ab-MWNT. (B) The resulting supernatant after centrifuging GAS-Ab-MWNT 

that had bound to GAS. (C) The resulting pellet of GAS with attached GAS-Ab-MWNT 

after incubation. (D) A calibration curve of known concentrations of f-MWNTs and GAS 

bacteria grown to an OD600 = 0.6 in 1:1 PBS:THY broth. Experiment performed by 

Christopher M. MacNeill, Amy K. Braden, and Nicole H. Levi-Polyachenko. 
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bound GAS-Ab-MWNT and MWNT-COOH were measured by UV-Vis absorption 

spectroscopy to determine the concentration of nanotubes that were not bound to bacteria.  

A calibration curve was formulated using known concentrations of MWNT-COOH, as 

shown in Figure 18 (D). The supernatant absorbance value corresponds to a concentration 

of MWNTs. GAS was incubated with 100 µg of either GAS-Ab-MWNT or MWNT-

COOH.  The amount of nanotubes bound to GAS after incubation was 4 µg whereas for 

GAS-Ab-MWNT the amount bound was 14 µg. 

 

Photothermal Ablation of Planktonic and Biofilm GAS. Photothermal ablation is 

possible using both MWNT-COOH and GAS-Ab-MWNT, as shown in Figure 19; with 

the GAS-Ab-MWNT being much more successful at killing GAS bacteria both in 

planktonic culture and in biofilms, as measured by the number of colony forming units 

(CFUs) that grow after treatment.  There is a statistically significant decrease in bacterial 

counts for planktonic GAS bacteria incubated with MWNT-COOH (47%) or GAS-Ab-

MWNT (71%), without exposure to infrared light (Figure 19 (A)).  The control group, 

which received no MWNT but was exposed to infrared light (1.3W/cm2, 800 nm), 

showed a progressive decrease in CFUs with increasing time of exposure, correlating to a 

16, 36, and 47% reduction with 10, 20, and 30 s of light exposure. In comparison, 

MWNT-COOH provided a 60%, 68%, and 86% decrease in CFUs for 10, 20 and 30 s, 

respectively (Figure 19 (A)).  The results of the GAS-Ab-MWNT group demonstrate the 

greatest reduction in CFUs, beginning with a 97% reduction upon exposure to 10 s of 800 

nm light, 99.98% after 20 s, and 100% killing of planktonic GAS at 30 s of infrared 

exposure (Figure 19 (A)).  To correlate temperature with a decrease in CFUs, 10s of laser  
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Figure 19: The number of viable bacteria after treatment with MWNT-COOH and 

GAS-Ab-MWNT exposed to 800nm light, 1.3 W/cm2: (A) planktonic GAS, or (B) 

GAS biofilm. (C) A plot of the time of laser exposure versus the change in temperature of 

a 200 µl volume of 100µg/mL of MWNT-COOH or GAS-Ab-MWNT. (D) The reduction 

of viable bacteria normalized to the controls for the various treatment groups.  Performed 

in collaboration with Nicole H. Levi-Polyachenko. 
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exposure results in a temperature of 46°C using functionalized or non-functionalized 

MWNT. GAS subjected to this treatment using MWNT-COOH resulted in a 5-fold 

reduction of CFUs whereas GAS-Ab-MWNT provided a 100-fold reduction in GAS 

CFUs. Laser exposure of 20 s delivered a temperature of 55°C to the solution 

surrounding the GAS, but MWNT-COOH had only a 5-fold reduction in CFUs and GAS-

Ab-MWNT had a 10,000-fold reduction in CFUs; 30 s of 800 nm light resulted in a bulk 

solution temperature of 62°C, but GAS-Ab-MWNT had complete reduction of all GAS 

CFUs, whereas MWNT-COOH had a 10-fold reduction in CFUs.   

 Biofilms are robust communities of bacteria and are less sensitive to damaging 

hyperthermia than planktonic bacteria, as demonstrated in Figure 19 (B). Although 

planktonic bacteria with GAS-Ab-MWNT bound to their surfaces were easily killed 

within 30 s of laser exposure, biofilms treated with the same concentration of GAS-Ab-

MWNT (100 µg/ml) saw only a 63% decrease in bacterial counts. However, at 60 and 

120 s of laser exposure, GAS-Ab-MWNT produced a 99.99% and 100% killing of 

bacteria in biofilm, respectively.  In comparison, MWNT-COOH resulted in an 83% and 

99.999% decrease in bacterial counts from the biofilm after 60 and 120 s of infrared 

exposure, respectively. A significantly different trend occurred in the GAS biofilm group 

treated with MWNT-COOH, whereas 106% increase in CFUs can be observed after just 

30 s of laser exposure. Similarly, GAS treated with no nanotubes had a 213%, 149%, and 

27% increase in bacterial counts from biofilms exposed to 1.3W/cm2 of 800 nm light for 

30, 60 and 120 s, respectively. To correlate temperature with a decrease in biofilm-

residing GAS CFUs, 30 s of laser exposure results in a temperature of 62°C using 
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functionalized or non-functionalized MWNT. Biofilm-residing GAS subjected to this 

treatment using MWNT-COOH resulted in a 4-fold reduction of CFUs whereas GAS-Ab-

MWNT provided a 12-fold reduction in CFUs. Laser exposure of 60 s delivered a 

temperature of 77°C to the solution surrounding the GAS in biofilms, and MWNT-

COOH had a 15-fold reduction in CFUs while GAS-Ab-MWNT had a 10,000-fold 

reduction in CFUs. 120 s of 800nm light resulted in a bulk solution temperature of 85°C, 

and GAS-Ab-MWNT had completed reduction of all GAS CFUs, while MWNT-COOH 

had an 80,000-fold reduction in CFUs.   

 The results of Figure 15 indicate that 100 µg/ml of MWNT should be an ideal 

concentration to generate sufficient heat to irreversibly damage GAS in photothermal 

ablation procedures.  The results of time for infrared light exposure at 1.3W/cm2 versus 

temperature change in a 200 µl volume of MWNT-COOH (or GAS-Ab-MWNT – data 

not shown because it directly overlaps with MWNT-COOH) at this concentration were 

plotted in figure 19 (C) to demonstrate the temperatures to which the planktonic or 

biofilm samples might be subjected to. Bacteria samples were kept at 37⁰C prior to and 

during exposure to 800 nm light; therefore, based on the results from figure 19 (C), 

maximum temperatures in the bulk fluid around planktonic GAS or bacteria within 

biofilms would be 37° + 25⁰ = 62⁰C for 30 s, 37° + 40⁰ = 77⁰C for 60 s, and 37° + 48⁰ = 

85⁰C for 120 s of laser exposure. Figure 19 (D) further demonstrates that significantly 

less energy is required for ablation of planktonic bacteria compared to GAS in biofilms.  

The results also show that less time is needed to ablate both planktonic and biofilm 

embedded GAS using GAS-Ab-MWNT compared to MWNT-COOH. An additional 

result is the correlation between the heating curve in Figure 19 (C) and the decrease in 
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bacterial counts for GAS treated with GAS-Ab-MWNT in Figure 19 (D). The increase in 

temperature change fits a positive second order polynomial (� = −0.0039
� +

0.8559
 + 2.0449), whereas the decrease in CFUs for both planktonic and biofilm GAS 

fit a negative second order polynomial equation (� = 0.0008
� − 0.0305
 + 0.2889).  

However, neither of the MWNT-COOH treated groups correlate directly with the 

increase in temperature change.  

 Confocal laser scanning microscopy was done on biofilms treated with and 

without laser and subjected to MWNT-COOH, GAS-Ab-MWNT, or no nanotubes, as 

represented by the images presented in Figure 20. Live cells are stained green, while dead 

cells are stained red. The control group without nanotubes shows a vast population of live 

bacteria with very little difference between the no laser treatment and laser treatment 

groups. The high level of green fluorescence indicates that there are many viable bacteria 

in all of the groups, except biofilms treated with GAS-Ab-MWNT and laser.  The 

percentage of dead cells in each image was quantified by determining the relative 

percentage of live/green GAS to dead/red GAS in three different locations on the biofilm.  

The control without nanotubes or laser had a dead cell population of 48.9%, whereas the 

control group with laser had a dead population of 46.3%. Addition of MWNT-COOH 

without laser resulted in 55.2% of bacteria in the biofilm being dead.  However, the 

biofilms treated with MWNT-COOH and laser had 47.4% of the population being dead 

GAS. Biofilms treated with GAS-Ab-MWNT and no laser had 44.6% dead bacteria, and 

laser exposure increased this to 78.7% of dead GAS in the biofilm. The confocal results 

help to corroborate through visualize representation the results obtained measuring the  
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Figure 20: Confocal microscopy of the biofilms treated with MWNT and/or laser. 

Green indicates live cells and red indicates dead or dying cells. There was very little 

death of bacterial cells within the biofilms except for the group exposed to both GAS-Ab-

MWNT and laser, where the majority of cells within the biofilm were unviable.  

Performed in collaboration with Nicole H. Levi-Polyachenko. 
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number of viable CFUs in the planktonic culture and biofilm exposed samples (Figure 

19).  

 A suspension of GAS with attached nanotubes in direct contact with ex vivo 

porcine skin was photothermally ablated and the histological view of damage to the skin 

is depicted in Figure 21. GAS contained within the cylindrical container was completely 

killed (data not shown), similarly to the results demonstrated in Figure 19. The left side 

of the image was where the cylindrical container with GAS was placed with the addition 

of the nanotubes. Skin to the right side of the dashed line was exposed to infrared light, in 

the absence of GAS and nanotubes. The left side of this image shows that tissue damage 

occurred, as noted by shrinkage of the tissue in the vertical direction, including the 

collapse of a hair follicle. There was also coagulation of collagen and other proteins, as 

observed by areas of dark red/maroon staining. In contrast, the right side of the image 

shows healthy viable dermis, with no obvious signs of irreversible tissue damage, and an 

open hair follicle. 
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Figure 21: Photothermal ablation of GAS on ex vivo porcine skin. Ex vivo porcine 

skin to which a cylindrical volume of GAS and nanotubes was secured on the left hand 

side of the image and the GAS photothermally ablated.  Dermal skin cells are observed as 

light pink and red, while collagen fibers were stained blue.  Tissue shrinkage and 

coagulation of collagen and cell death are observed on the left side adjacent to 

photothermal ablation. Thermally denatured collagen stains deep red instead of blue and 

is indicative of tissue damage.  Performed by Nicole H. Levi-Polyachenko and analyzed 

by Louis C. Argenta. 
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DISCUSSION 

 

In this work, we have aimed to covalently functionalize a GAS antibody to the 

surface of a MWNT to provide a means of targeting the MWNT to the bacteria for 

photothermal ablation. Both the FTIR and Raman spectroscopy results suggest that the 

synthesis for attachment of the GAS antibody is via covalent bonding.  The slight 

broadening of the FTIR band near 3300 cm-1 indicates bond stretching which is indicative 

of the antibody being bound to the MWNT sidewall. This slight shift to higher 

wavenumber is due to covalent functionalization of the antibody to the nanotube (353). 

Quenching of the peak near 465 cm-1 in the Raman spectra further supports the premise 

that the GAS antibody and MWNT are covalently bonded. The characteristic D- and G-

bands for the MWNT-COOH and GAS-Ab-MWNTs are shown near 1300 and 1585 cm-1, 

respectively. The D-band is derived from the defects along the walls of the tube (354). 

The ratio of the D-band to the G-band (ID/IG) indicates the degree of disorder along the 

tube. An increase in the ID/IG ratio signifies an increase in the degree of chemical 

functionalization on the nanotube walls. The intensity of the D-band for the GAS-Ab-

MWNTs is slightly stronger compared to the D-band for MWNT-COOH, indicating 

covalent functionalization (Figure 16 (B)). 

Bulk temperatures above 70°C are needed for thermal disinfection using MWNT, 

but lower bulk temperatures may also be acceptable when the heat source is localized to 

the bacterial surface, causing localized high temperature, that dissipates quickly over a 

short distance. Considering that in vivo human temperature is at least 37°C, then 

temperature increases of greater than 33°C are needed. The results of the MWNT 
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concentration and corresponding temperature change demonstrate that MWNT 

concentrations above 50 µg/ml are acceptable to induce sufficient heat for ablation of 

GAS. This is because the baseline temperature in the measured sample was 37°C, plus 

38°C from the heat generated by 50µg/mL of nanotubes stimulated by NIR, for a total of 

70°C, which is over the thermal threshold for bacterial ablation. Previous results have 

shown minimal toxicity of nanotubes at 100 µg/ml, against Escherichia coli and S. 

aureus, and therefore this amount was used for the incubation with GAS for the 

photothermal ablation experiments (355). The concentration and corresponding 

temperature change are related through a logarithmic equation, indicating that 

concentrations significantly higher than 100 µg/ml will not provide greatly enhanced 

heating performance for photothermal ablation. One potential drawback to the current 

study on temperature increases is that the bulk temperature increases of nanotubes in a 

200 µl volume was used to determine the extent of elevated temperatures that GAS might 

be subjected to, but is unable to pinpoint what the temperature change is at the site of the 

nanotubes. Using MWNT-COOH there is a 10-fold decrease in planktonic GAS whereas 

GAS-Ab-MWNT causes complete GAS killing (even though the temperature of the bulk 

solution around the GAS only reaches 62°C). This result is additional support to our 

hypothesis that MWNT are most likely attached to the surface of GAS via the GAS 

antibody and further alludes to the idea that temperatures higher than 62°C occur at the 

bacterial cell wall, leading to GAS death. We are not able to experimentally measure the 

heat generated by a single MWNT attached to GAS. However, other authors indicate that 

indeed the temperatures generated by other nanoparticles are much higher than we are 
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measuring in the bulk solution around bacteria, even up to hundreds of degrees Celsius 

by some predictions (356).  

The amount of GAS antibody bound per mg of MWNT was 10 µg, as determined 

from the BCA assay. The procedures for incubating specific amounts of antibody with 

nanoparticles were done in accordance with many published references that use between 

5-50 µg of antibody per mg of nanoparticle (357-360). Of the delivered GAS antibody, 

40% was able to bind to MWNT during incubation to facilitate attachment. This 

percentage of antibody attachment is slightly better than previous work which had 12% 

attachment of antibody to nanotubes (338, 361).  However, the amount of antibody used 

in the current system was relatively low. The binding of GAS-Ab-MWNT could be 

improved by loading the nanotubes with much higher amounts of antibody, although this 

becomes somewhat expensive when commercially purchased antibodies are used. In the 

current work, MWNT have been utilized, which provide an overall lower amount of 

surface area (and hence fewer binding locations for GAS antibody) than SWNT. Binding 

of GAS antibody functionalized nanotubes for photothermal ablation might therefore be 

improved if SWNT were used instead of MWNT. The amount of nanotubes bound to 

GAS demonstrates that 14% of the GAS-Ab-MWNT attach to the bacteria while the 

majority are easily removed. The photothermal results demonstrate that even though a 

low percentage of GAS-Ab-MWNT associate with GAS, the numbers are sufficient for 

GAS killing, especially at lower laser exposure times. Localization of the heat generating 

nanoparticles adjacent to the bacterial cell wall may be advantageous for inducing 

sufficient heat for directly killing the bacterium, or for potentially inducing mild heating 

to make the cell wall more permeable for enhanced transport of antibiotics.  
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Previous studies have shown that photothermal ablation of planktonic bacteria is 

feasible using gold nanoparticles, carbon nanotubes, or graphene (329, 330, 332, 333, 

355, 362-366). However, the current study is the first to highlight how antibody 

functionalized MWNTs significantly enhance photothermal ablation of a clinically 

derived invasive strain of GAS in both planktonic cultures and within a biofilm.  The 

results of this study suggest the potential for translational treatments of GAS in soft tissue 

and dermal infections. Because clinical infections have evidence suggesting that the 

associated bacteria reside within a biofilm state, it is vital to understand the parameters 

for biofilm disruption and bacterial killing. Although there was 100% eradication of 

planktonic GAS treated with GAS-Ab-MWNT within 30 s of exposure to 800nm light, 

the parameters do not provide the same effectiveness for killing GAS within a biofilm. 

Doubling the duration of laser exposure is required to eradicate 99.99% of GAS in 

biofilm, and 100% GAS killing is achieved using 120 s of irradiation. The graph of laser 

time versus temperature change for a 100 µg/ml concentration indicated that there is a 

5⁰C temperature increase between 60 and 120 s of laser exposure.  Since 60 s provides an 

almost complete eradication of GAS in biofilm, this might be the ideal parameter to 

reduce the bacterial load enough for a patient’s immune system to fight off any remaining 

infection.  Reducing the duration of laser exposure should also minimize heat dissipation 

to underlying skin tissue.  It is clear that in both planktonic and biofilm samples, 

nanotubes targeted directly to the GAS surface offer a significant advantage for 

photothermal ablation.  Since either MWNT-COOH or GAS-Ab-MWNT eradicate GAS 

in biofilms treated at 120 s, it can be postulated that the treatment time is too long, and 

shorter times may be equally advantageous when targeted MWNT are employed. 
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We observed differences in the rate of GAS killing between using GAS-Ab-

MWNT and MWNT-COOH in PTA. For example, both planktonic and biofilm bacteria 

treated with GAS-Ab-MWNT and laser exposure have a decrease in CFUs corresponding 

to a logarithmic function where the temperature is time dependent (non-isothermal).  This 

is in contrast to planktonic GAS treated with MWNT-COOH, which follows an almost 

linear decrease in CFUs, and has a much slower decrease in CFUs; this trend is indicative 

that bulk heating of the media around GAS is needed to ensure bacterial kill.   

An unusual finding regarding the use of MWNTs was the significant increase in 

CFUs for GAS biofilms treated with nanotubes and no laser exposure.  Biofilm-residing 

GAS treated with MWNT-COOH had a 2-fold increase in the number of CFUs compared 

to the control group which did not receive any nanotubes. A 3-fold increase was observed 

for biofilms treated with GAS-Ab-MWNT. The method for quantifying CFUs was by 

serial dilution and triplicate plating of bacteria onto agar plates.  Therefore, the increase 

in CFUs appears to be a real trend, and correlates well with a previous study using 

SWNT. In that study, Rodrigues et al. (367), showed that 100 µg/ml of SWNT, in 

suspension, incubated with E. coli for 48 h resulted in a 1.4-fold increase in bacterial cell 

growth.  In contrast, MWNT-COOH yields a 1.89-fold decrease and GAS-Ab-MWNT 

yields a 3.45-fold decrease in planktonic bacteria when there is no laser exposure. The 

difference between our planktonic results and those by Rodrigues et al could be justified 

by a hypothesis posited by Rodrigues et al., who evaluated the impact of SWNT on E. 

coli biofilms (in the absence of infrared light) (367). In that study, as well as ours, 

nanotubes were found to be extracellular.  The authors determined that it is possible for 

SWNT to inherently kill bacteria through either oxidative mechanisms, or by directly 
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piercing the bacteria. They hypothesized that bacteria interacting with the nanotubes or 

nanotube aggregates die and coat the nanotubes with their intracellular nutrients which 

other bacteria use to proliferate and bind to more nanotubes. This mechanism was further 

supported by demonstrating that extrapolymeric substances (EPS) from mature biofilms 

are needed for proliferation and resistance to SWNT disruption. In the current work we 

observed a slight decrease in CFUs from planktonic GAS (no or minimal EPS) upon 

exposure to MWNT alone, with a statistically significant decrease from GAS-Ab-

MWNT. Biofilm-residing GAS (presence of EPS) had an increase in CFUs following 

exposure to either MWNT-COOH or GAS-Ab-MWNT. This increase might be due to 

some of the bacteria in the biofilm dying in response to either a lack of nutrients or 

presence of MWNT, and as some of the GAS die, the release of their intracellular 

contents provides increased binding to the nanotubes while simultaneously providing 

more nutrients for enhanced proliferation and growth of the biofilm. The confocal images 

indicated that even in the absence of nanotubes, there are a significant percentage of dead 

cells which are available to interact with nanotubes in the biofilm. These visual 

representations indicate that there is minimal damage to the biofilms unless GAS-Ab-

MWNT and laser exposure are simultaneously applied, which further supports the 

bacterial counts associated with each of these treatment groups.   

Throughout the literature, many different types of nanoparticles have been used 

for photothermal ablation, mainly for treating cancer, including metal nanoparticles like 

gold nanorods and gold nanoshells, silver, conjugated polymers, and carbon, including 

SWNT, MWNT and graphene (296, 304, 305, 307, 309, 368-370). Nanotubes offer 

distinct advantages over some of the metal nanoparticles: 1) nanotubes do not have to be 
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modified in order to have excellent absorption in the infrared, 2) they are very efficient at 

generating heat when stimulated with infrared light, 3) they have a high aspect ratio 

which may allow for enhanced mobility through biofilms and the potential to interface 

with more bacteria at once than spherical nanoparticles can, 4) they do not suffer from 

thermal deformation like metal nanoparticles can when exposed to laser irradiation. In 

addition, nanotubes have a broad absorption peak in the infrared so they can be 

stimulated using multiple infrared sources (800nm and/or 1064nm for example).  

The majority of publications on biological interactions, toxicity and applications 

such as photothermal ablation of carbon nanotubes evaluate SWNT. Although there is 

still a lot of conflicting literature on the toxicity of nanotubes, a few characteristics for 

reducing toxic effects are important including the aggregation state of the nanotubes as 

well as the aspect ratios and sidewall functionalization (371-373). Because SWNT have a 

small diameter and long length (high aspect ratio), they have been shown to have an 

exceptional ability to pierce bacteria, leading to significant membrane damage and death 

(372).  Both SWNT and MWNT have been shown capable of generating reactive oxygen 

species which can damage bacteria, leading to death (374, 375). Another important 

characteristic for undesirable toxic response is the electronic nature of the nanotube.  The 

chirality of nanotubes affords the possibility of having either metallic or semi-conducting 

potential.  In fact, Vecitis et al. (376), have shown specifically that metallic SWNT are 

more toxic to E. coli than semi-conducting SWNT, most likely because metallic tubes 

cause more oxidative stress. In the present work, MWNT have been used partially to 

avoid the phenomenon where bacterial cell death occurs due to membrane damage from 

SWNT piercing the bacteria. MWNT are composed of many sidewalls, and can therefore 
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be either metallic or semi-conducting; however, it is much more challenging to separate 

these populations for MWNT than for SWNT, and in the present work it is not known if 

the MWNT are metallic or semi-conducting, although they are most likely an impure 

mixture of both types. A unique benefit that MWNT may offer over SWNT is that 

because of their multiple layers, they have higher absorption coefficients in the near-

infrared (377). 

A vital concern when utilizing nanoparticle-induced photothermal ablation to treat 

GAS infections is what the effect will be on adjacent host tissue. To help relieve this 

concern an ex vivo study was undertaken using a suspension of nanotubes and GAS held 

in a chamber attached to fresh porcine skin. The set-up allowed for both nanotubes and 

GAS to be in direct contact with the epidermal layer of the skin. Damage to the skin was 

observed by staining the skin after laser exposure to highlight tissue shrinkage, cell death, 

and coagulation of collagen fibers. Although the tissue remained intact, notable tissue 

damage was seen in the portion of skin in direct contact to where GAS had been 

photothermally ablated. An independent pathologist evaluated the tissue, and confirmed 

that the tissue damage is indicative of a second-degree burn, from which the tissue would 

be expected to recover.  However, the adjacent tissue was quite healthy with no obvious 

tissue damage.  This result further supports the premise that localized photothermal 

ablation therapy using targeted carbon nanotubes may lead to a beneficial treatment 

option for rampant GAS infections. One challenge with using photothermal ablation to 

eradicate bacterial infections is that high temperatures are generated and this may cause 

undesirable damage to surrounding tissues. However, one of the major problems with 

GAS dermal infections is the spread of GAS along the fascial planes. Common clinical 
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treatment routinely involves surgical removal of skin adjacent to the GAS-infected area. 

One of the end goals for using targeted MWNT to treat GAS infections is to stem the 

spread of the infection. Further refinement of the GAS-Ab-MWNT photothermal 

ablation, including better targeting of the nanotubes to the bacterial cell surface and the 

use of pulsed lasers are expected to further localize the heat generated and reduce thermal 

damage. A number of groups have studied the potential negative impacts of nanotubes on 

health; MWNT have been identified as possible candidates for some dermal wound 

healing applications (349). A few published works have shown that MWNT, when 

functionalized appropriately such as with ammonium groups, do not appear to damage 

skin, but do illicit a mild inflammatory response in both human epidermal keratinocytes 

and fibroblasts (378). Orecchioni et al. (378), showed that MWNT-COOH functionalized 

with ammonium increased the expression of IL-1B, IL6, THF, IL10 as well as the 

CXCR3 and CCR5 pathways. Other groups have shown that both raw and oxidized 

MWNT induce inflammatory pathways in monocytes that parallel those of toll-like 

receptors (379). Further work done in macrophages show that this cell line also has a 

significant increase in the expression of cytokines and chemokines that facilitate a 

fibrotic response, namely IL-6, IL-10, TNFα, IL-1β, IFN-γ, TGF-β1, αSMA, and PDGF 

(375). A challenge with fibrosis is that it can lead to tissue contracture and scarring; 

however, a recent study by Wailes et al. (380), shows that MWNT can inhibit undesirable 

contraction of mesenchymal cells, and that MWNT (not oxidized or functionalized) serve 

as an antioxidant agent which in turn down-regulates cell contraction. Thus far, these 

results have only been demonstrated for MWNT, and not for SWNT. Dermal fibrosis is 

beneficial in wound healing, especially in closure of wounds after infection or injury, 
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therefore MWNT may be beneficial if they remain in the treated area after photothermal 

ablation.  Based on the lack of significant toxic potential from MWNT, as well as their 

probable benefits in wound healing, they appear to have vast promise as photothermal 

agents for applications in treating dermal infections caused by pathogenic bacteria. 
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CONCLUSIONS & FUTURE DIRECTIONS 

 

This study raises some important points regarding the use of this nanotechnology, 

which include understanding the local temperature and how dissipation of heat in the 

system may impact the outcome of the therapy. There are likely many factors that could 

contribute to the dissipation of heat in vivo, including proximity of the NP to the bacterial 

cell surface, the ambient temperature of the microenvironment, endogenous absorbers 

recruited to a site of infection as well as bacterial factors like increased mucoid 

polysaccharide. For example, a number of GAS M types isolated from infections in 

human and animal models have had exhibited a high degree of encapsulation. The extent 

to which these factors decrease the effectiveness of photothermal-inactivation of bacteria 

has not been investigated. 

One approach to the issue of thermal dissipation is to create a NP with enhanced 

specificity to maximize NP attachment and generate greater temperatures at the cell 

surface. Further refinements to this current study would include adding higher antibody 

loads to the sidewall of MWNTs. An additional method currently being investigated is 

the use of a novel nanoparticle coated with protein G (a Group C and B Streptococcal cell 

surface protein, with high affinity to IgG in an Fc-specific manner (381)). This approach 

will not only enhance antibody binding but will also orient the antibody in a manner that 

maximizes antigen-antibody binding. We hypothesize that by increasing antibody loading 

and subsequent specificity towards GAS, we can achieve a more efficient and thus 

enhanced method of PTA.  
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Photothermal inactivation of bacteria using targeted nanoparticles may provide a 

promising solution for helping to stem the spread of disease caused by pathogenic 

bacteria. The results presented in this study as well as additional research focused on 

enhancing this process will lay the foundation for future work in this area of clinical 

need. 
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