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ABSTRACT 

Quaternary ammonium compounds (QACs) have long served as lead disinfectants 

in residential, industrial, and hospital settings. Their simple yet effective amphiphilic 

nature makes them an ideal class of compounds through which to explore antibacterial 

activity. We have developed novel multiQAC scaffolds through simple and cost-efficient 

syntheses, yielding hundreds of diverse compounds strategically designed to examine 

various aspects of antibacterial and anti-biofilm activity, as well as toxicity. Many of these 

bis-, tris-, and tetraQACs display antibacterial activity 10 to 100 times greater than 

conventional monoQACs, and are among the most potent biofilm eradicators to date. 

Through analyzing their activity against several strains, we have uncovered and provided 

further evidence for key tenets of amphiphilic QAC bioactivity: a balance of hydrophobic 

side chains with cationic head groups generates optimal antibacterial activity, though 

toxicity to eukaryotic cells needs to be mitigated.  

Given their ubiquitous nature and chemical robustness, the overuse of QACs has 

led to the development of QAC resistance genes that are spreading throughout the 

microbial world at an alarming rate. These resistant strains, when found in bacterial 

biofilms, are able to persist in the presence of lead commercial QAC disinfectants, 

warranting the development of next-generation biocides. Several of our scaffolds were 

designed with QAC resistance machinery in mind; thus, we utilized these compounds not 

only as antibacterial agents but also as chemical probes to better understand and 

characterize QAC-resistance in methicillin-resistant Staphylococcus aureus (MRSA). Our 

findings support previous postulations that triscationic QACs would retain potency against 

QAC-resistant strains. Furthermore, we have identified monocationic and aromatic 
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moieties, as well as conformational rigidity, as being more prone to recognition by the 

resistance machinery. Using our chemical toolbox comprised of QACs of various charge 

state and scaffold, we explored both the mechanism and scope of QAC-resistance by 

examining their structure-resistance relationship. 

Our holistic findings have allowed us to better understand the dynamics of this 

system towards the design and development of next-generation QACs that will: (1) allow 

us to better probe the resistance machinery, and (2) remain efficacious against a variety of 

microbial pathogens. 
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CHAPTER 1: BACTERIAL INFECTIONS 

 

1.1 Biotic and Abiotic Colonization 

Each year it is estimated that 300 million severe bacterial infections, leading to the 

deaths of 2 million children, plague people worldwide.1 The most deadly of these infections 

tend to be grouped into the ESKAPE pathogens: Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumonia, Acinetobacter baumannii, Pseudomonas aeruginosa, and 

Enterobacter species.2 In addition to their adverse health effects in vivo, bacteria are 

capable of colonizing a variety of surfaces and environments, both biotic and abiotic. This 

is especially prevalent in hospitals, food processing facilities, water and oil pipelines, and 

the shipping industry.3 Specifically in clinical settings, bacteria have been shown to 

colonize a variety of implanted medical devices, including catheters, stents, and tubes, thus 

exacerbating and complicating major health issues and risking infection in a variety of 

procedures.  

 

1.1.1 Bacterial Biofilms 

According to the U.S. Centers for Disease Control and Prevention, bacterial biofilm 

infections are responsible for over 65% of nosocomial and foreign device infections1; this 

number appears to only be growing in recent years. Bacterial cells exhibiting the biofilm 

phenotype are 100 to 1000 times more resistant to standard antibiotics for reasons to be 

outlined shortly.4 
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Figure 1.1 Biofilm life cycle. Assays targeting each stage are highlighted. 

 

Bacteria exist in either the planktonic or the biofilm state, and can be targeted at 

any point along their life cycle, including throughout the biofilm development process 

(Figure 1.1). Biofilms are complex communities of bacteria5 that exist in a self-produced 

extracellular matrix of polysaccharides, proteins, and DNA.4 Upon sensing an 

environmental stress such as low nutrient conditions or the presence of antibiotics, 

planktonic bacteria are capable of genetically switching to the biofilm phenotype, and 

begin to adhere to each other and to a surface, forming microcolonies. Production of an 

extracellular polymeric substance (EPS), comprised of polysaccharides, proteins, and 

DNA, forms a barrier of protection for the cells within the newly forming biofilm. Over 

time, biofilms continue to develop and may form species- and niche-specific architectures. 

The matrix and specific biofilm architectures have more recently been implicated in 

providing a host of benefits to the biofilm, including absorption, retention, and recapture 

of nutrients and enzymes, tolerance and resistance, promotion of symbiosis, and the 

creation of local gradients of nutrients, essential ions, and signaling molecules.6 
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 In addition to protection and benefits offered via the EPS and architecture, bacteria 

deep within the biofilm enter a greatly reduced metabolic state and downregulate much of 

the machinery that are targets of conventional antibiotics, such as the ribosome and cell 

wall production.4ï6 Cells on the outermost edges may slough off to form new 

microcolonies, which can develop into full biofilms, thereby spreading infection. Upon 

removal of the triggering environmental stress and/or other signaling pathways, cells in the 

biofilm state return to exhibiting the planktonic phenotype and the process can begin anew.  

 

1.1.2 Laboratory methods for the study of antibacterial activity 

In the laboratory, a variety of methods is employed to study bacteria in each of 

these stages (Figure 1.1). Traditionally, activity against planktonic cells is evaluated by 

broad minimum inhibitory concentration (MIC) assays, wherein bacteria in the mid-log 

phase of growth are dosed with the compound under study. Absence of growth over a 

period of time, usually several days, indicates gross inhibition of growth. Some studies 

specifically report the minimum bactericidal concentration (MBC) of a compound; unless 

a compound is truly inhibiting growth and division of the original aliquot of cells while not 

affecting their viability, the MIC and MBC of a compound are often identical. 

Anti-biofilm activity is less commonly measured, as this is a growing field and 

assays are more involved with less published protocol. Studies on biofilm inhibition report 

minimum biofilm inhibition concentrations (MBIC), while those that examine the 

treatment of mature biofilms report minimum biofilm eradication concentrations (MBEC). 

These values are often determined by cell counts, microscopy, or spectroscopy. 

Furthermore, the dispersion of mature biofilms may be measured by a number of such 
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methods in tandem, though dispersion proves difficult to confidently ascertain or quantify. 

For biofilm studies, there are no standardized methods or regulations in reporting values as 

there are for MIC studies. Often, it is up to investigators to set their own standards; as such, 

any measure of biofilm inhibition or reduction can be reported. The logarithmic scale is 

often employed as cell counts colony forming units per milliliter of bacterial culture, 

cfu/mL) provide a standard measure of antibacterial activity (Table 1.1). 

 

Table 1.1. Log reduction and corresponding reduction of bacteria. 

Log 

Reduction 

Percent 

Reduced/Killed 
Visualization of Bacteria 

0 - 

 

1 90.0 

 

2 99.0 
 

3 99.9  

4 99.99  

Ó5 Ó99.999  

 

1.2 Combatting Bacteria with Antibacterial Agents 

Natural products have long been a source of potent antibiotics.7 The 20th century 

saw the dawn of modern antibiotics, beginning with the discovery of penicillin in 1928, 

followed by the development of several diverse classes of antibiotics thereafter. The 

majority of antibiotics fall into classes that target one of three essential components of 
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bacteria: (1) cell wall biosynthesis; (2) protein synthesis via ribosomes; or (3) DNA 

synthesis. 

 

1.2.1 Antibiotics and mechanisms of action 

Cell wall biosynthesis is a major target of several large classes of antibiotics, 

including ɓ-lactams (pencillins, cephalosporins, carbapenems) and glycopeptides 

(vancomycin, polymyxin B, daptomycin).7 Another key target is protein synthesis, targeted 

by the tetracyclines, macrolides (erythromycin, azithromycin) and aminoglycosides 

(gentamycin, streptomycin). Finally, DNA synthesis is inhibited by fluoroquinolones 

(ciprofloxacin, levofloxacin) and trimethoprim, while the rifamycins (including rifampin) 

inhibit RNA synthesis. Representative structures from each class are shown in Figure 1.2. 

 

 

Figure 1.2. Common classes of antibiotics. 
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Many of these antibiotics are considered broad spectrum, in that they 

indiscriminately inhibit pathways in Gram-positive and Gram-negative species. Some are 

specific to Gram-positive organisms, such as the inhibition of cell wall biosynthesis caused 

by glycopeptides, while others, like tetracyclines and trimethoprim, inhibit DNA synthesis 

in aerobic microbes only.7 Differences in activity among Gram-positive or Gram-negative 

bacteria may result from a key difference in the structure of each of their membranes 

(Figure 1.3). Gram-positive bacteria are encapsulated by one membrane and a thick cell 

wall of peptidoglycan, while Gram-negative organisms possess a thin cell wall and two 

cellular membranes, with an intramembrane compartment. 

 

 

Figure 1.3 Differences in membrane structure between Gram-positive and Gram-negative 

bacteria. Gray represents the membrane, purple represents a thick layer of peptidoglycan 

positively-stained with Gram stain, and pink represents a thin layer of peptidoglycan 

negatively-stained with Gram stain. 

 

1.2.2 Issues with current antibiotics 

Antibiotic-resistant bacteria have been a major concern since the dawn and 

distribution of antibiotics; rarely has more than 10 years passed between the introduction 

of an antibiotic to the market and the development of resistance to that antibiotic.1 The 
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application of antibiotics has been excessive in the agricultural and food industries as well 

as in the medical community, where is it estimated that nearly 50% of prescribed antibiotics 

are not necessary nor appropriate to treat the ailments for which they are prescribed. This 

overuse has directly contributed to the development of antibiotic resistance. According to 

the CDC, at least 2 million severe bacterial infections that cannot be treated with traditional 

antibiotics occur in the United States alone, and more than 23,000 people die each year 

from these antibiotic-resistant infections.1 Bacteria may possess intrinsic resistance or may 

acquire resistance through alterations of their genetic composition. Intrinsic resistance 

refers to a component or characteristic of a bacterium that renders that bacterium innately 

immune to an antibiotic, such as the dual cellular membrane in Gram-negative bacteria, 

which results in decreased activity of a number of antibiotics and biocides. Acquired 

resistance comes in the form of genetic mutations and/or the transfer of plasmids and 

integrons, as exemplified in the transfer of plasmids that contain QAC-resistance genes (to 

be detailed in CHAPTER 5). 

While the antibiotics of the 20th century revolutionized human health, the 

development of resistance and evasion mechanisms render many of these approaches 

ineffective. Furthermore, traditional antibiotics are typically only applied in human and 

animal health, and do not address bacterial infections elsewhere. Given the decreasing 

amount of antimicrobial agents currently being introduced to the market and the rapid 

increase in multidrug resistant bacteria, there is a dire need for novel antimicrobial 

treatments - particularly, for compounds that can kill both planktonic and biofilm bacterial 

cells with a low propensity for resistance. Additionally, though narrow spectrum antibiotics 

and those that target cell replication machinery have contributed invaluably to the fight 
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against pathogenic bacteria, those with varying selectivity and alternate mechanisms of 

action must be explored. Thus, a class of compounds that is unlikely to develop resistance 

mechanisms quickly, combined with the ability to kill both planktonic and biofilm bacterial 

cells, holds promise as the next line of defense in the fight against bacterial infections. 
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CHAPTER 2: QUATERNARY AMMONIUM COMPOUNDS 

 

2.1 Structure and Properties 

Quaternary ammonium compounds (QACs) consist of a positively charged 

nitrogen bearing four bonds, which may or may not be pH-dependent (see Section 2.6.4). 

For the purposes of this work, pH-dependent QACs will be referred to as such and the term 

ñQACò will refer to a fully substituted nitrogen bearing four alkyl or aryl bonds to nonpolar 

tails (Scheme 2.1). This amphiphilic structure confers a host of desirable physical 

properties and thus the rampant incorporation of QACs into products ranging from 

antiseptics to surfactants detailed. Simple QACs with alkyl chains under 16 to 18 carbons 

in length tend to be water-soluble and quite chemically stable, lending themselves to 

straightforward and variable formulations. The counterion of most QAC salts is less crucial 

to many applications, though it can influence solubility; most reported QAC salts are 

composed of chloride or bromide, as iodide salts tend to exhibit decreased solubility.1,2 

Because of their amphiphilic nature, QACs are capable of forming micelles and thus are 

often tested for their critical micelle concentration (CMC), which tend to be at millimolar 

levels.3 

 

2.2 Reactivity 

QACs are remarkably chemically stable, and are typically inert towards most 

reactants including electrophiles, nucleophiles, oxidants, and acids. Under strong base 

conditions, they are known to degrade via a handful of rearrangements or elimination 

mechanisms (Scheme 2.1).4 In the presence of a strong base, QACs may undergo a Stevens 
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rearrangement to yield a tertiary amine.4 In particular, benzylQACs are capable of 

decomposing to tertiary amines via Sommelet-Hauser rearrangement when treated with 

sodium amide (Scheme 2.1A).5 Those containing ɓ-hydrogens can degrade to tertiary 

amines and an alkene by treatment with silver oxide and water via a Hofmann elimination, 

or by treatment with a reducing agent like sodium amalgam, which drives Emdé 

degradation (Scheme 2.1B). An early report detailed the antibacterial activity of 

quaternized hexmethylenetetramine and halohydrocarbons due to the slow release of 

formaldehyde over a wide range of pHs.6 This particular structure is somewhat unique, as 

each quaternary center of hexamine is linked via a methylene group, allowing for the 

formation and release of one-carbon units in the form of formaldehyde. 

 

 

Scheme 2.1. Rearrangements of QACs. 

 

2.3 Uses Other Than Biocides 

For the purposes of this research, focus will be placed on the antibacterial activity of fully 

substituted QACs. However, it is worth noting that QACs possess tremendous utility in a 

variety of applications and, in several instances, their antimicrobial properties have been 

uncovered via research efforts in these alternate arenas. 
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2.3.1 As cationic surfactants  

Their amphiphilic nature endows QACs with surfactant, preservative, and 

antimicrobial properties that are exploited in numerous cosmetic and personal care 

products.7 QACs such as cocamidopropyl betaine (2.1) and several quaternium and 

polyquaterniums scaffolds (2.2,  2.3, Figure 2.1) are formulated into soaps and detergents, 

cosmetics, contact lens solutions, and hair care products for their antistatic, wetting, and 

preservative abilities, among others.8,9 In 2002 alone, polyquaternium-10 (2.3) was 

approved by the FDA for use in hundreds of products ranging from shampoos and 

conditioners, hair dyes, and eye makeup to soaps and detergents, shaving and skin care gels 

and lotions, and several suntan products.10 Though they will not be discussed further, the 

field of polymeric QACs is rapidly expanding with countless reports and recent advances 

with a variety of antimicrobial applications.11 Diesteralkonium products, 

diethylesterdimethylammonium chloride (DEEDMA) for example, have been incorporated 

into fabric softeners since the 1950s, and reportedly account for approximately 50% of all 

household QAC usage.3 

 

 

Figure 2.1 QACs incorporated into detergent and cosmetic formulations. 
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2.3.2 As biological stains and dyes 

QACs have also found substantial use as stains and dyes for a number of biological 

assays and processes. Crystal violet, propidium iodide, and malachite green are among 

several QACs that contain conjugated aromatic systems, allowing them to serve as 

biological indicators or dyes. These agents can either interact with bacterial cell wall 

components like peptidoglycan to provide qualitative and quantitative data regarding the 

presence of bacteria (i.e., crystal violet for Gram- and biofilm staining) or intercalate into 

DNA and fluoresce (i.e., propidium iodide to give a measure of viability). These 

compounds, while bactericidal at high concentrations, do not affect bacterial viability 

within the range of concentration used for staining. 

 

2.4 Mechanism of Action 

The mechanism of action of QACs has long been accepted as membrane disruption; 

QACs demonstrate a detergent-like action due to their amphiphilic nature. The cationic 

head group first forms strong electrostatic interactions with the anionic heads of the 

phospholipid bilayer, followed by intercalation of the hydrophobic side chains into the 

intramembrane region, as shown in Figure 2.2.12,13 This ultimately leads to cellular lysis 

via membrane pore formation and solubilization, destruction of essential ion gradients, and 

leakage of cytosolic content.14,15,16 

Since their inception, QACs have historically been assumed to be membrane 

disruptors operating under the blanket mechanism of action described above, regardless of 

structural variations.12 Thus, the mechanistic subtleties specific to each QAC and bacterial 
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Figure 2.2 Mechanism of action of QACs. Amphiphilic QACs are shown with a red 

cationic head group and two non-polar tails; bacterial membrane is shown in gray. 

 

membrane have been understudied. Some reports over the past few decades have addressed 

this assumption, underscoring the minute biochemical and biophysical interactions 

responsible for the bactericidal activity of QACs. These underpinnings hold profound 

implications in understanding and developing future generations of compounds to advance 

the fight against bacteria. Ikeda et al. examined the mechanism of action of bisguanide 

cationic agents via fluorescence polarization, finding that cationic agents bind to and 

disrupt negatively-charged model membranes rather than neutral model membranes.17 

Much work with natural and synthetic antimicrobial peptides (AMPs) and cell penetrating 

peptides (CPPs) has yielded mechanistic insights that may be applied to QACs, as QACs 

have been touted as simple mimics of AMPs.18 Some have reported that aryl groups and 

specific patterns of cationic and hydrophobic regions help CPPs better traverse the 

membrane.19 Reports regarding the importance of charge and conformational flexibility in 

AMPs have been conflicting, especially in determining their selectivity for bacterial cells 

over mammalian cells.20ï22 Zhang and co-workers examined the antibacterial and cytotoxic 

activity of gemini (two-headed) QACs, finding that they disrupt the integrity of bacterial 

cell membranes as evaluated with scanning electron microscopy.23 Furthermore, the gemini 
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QACs in this study appear to disrupt cell migration and play a role in cell cycle arrest in 

eukaryotic cells.  

It has been shown that at low concentrations of QAC, an increase in surface 

pressure and a corresponding decrease in membrane fluidity causes a loss of 

osmoregulation and physiological function, as well as leakage of potassium and protons.13 

Higher levels kill via the detergent-like mechanism: solubilization of the membrane 

followed by nearly complete release of cytosolic material. Alternate or additive modes that 

have also been implicated include reduction of membrane-stored elastic stress,24 DNA 

compaction,25 and triggering of autolysis.16 It has been proposed that QACs are capable of 

replacing essential Ca2+ and Mg2+ ions in the membrane12; such ions play a huge role in 

structure as they bridge components of the membrane and hold the membrane as well as 

proteins and enzymes in their active form(s). 

Ioannou and Denyer specifically studied the activity and interactions of commercial 

monoQACs benzalkonium chloride (BAC, 2.4, Figure 2.3) and didecylmethylammonium 

chloride (DDAC, 2.5) with S. aureus cells.16 Their results indicate that BAC forms a 

monolayer on the cell surface while DDAC forms a double monolayer by the end of the 

primary adsorption phase, as measured by multiple lysis markers including dye uptake and 

potassium leakage. Based on the little residual DDAC left in the supernatant, they suggest 

that the increased uptake of DDAC may explain its improved potency and the proposed 

formation of a double monolayer on the cell surface. Additionally, they found evidence 

that treatment with biocides may also cue autolysis. 

Because QACs target the bacterial cell membrane, they are broad-spectrum 

antibiotics, although they exhibit markedly enhanced activity against Gram-positive 
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bacteria. It is likely due to the presence of the second membrane in Gram-negative bacteria 

that QACs (and other membrane-targeting antiseptics) tend to exhibit decreased activity ī 

typically on the order of 8-fold ï against such strains. Some have suggested, though, that 

additional chromosomally-encoded efflux pumps present in Gram-negative bacteria may 

also play a role in this observation.26,27 Though it is outside the scope of this work, QACs 

also serve as antifungal agents.28 

 

2.5 History and Development of Commercialized QACs 

For over a century, cationic amphiphiles - QACs in particular - have been a 

mainstay as lead antiseptics in several commercial, healthcare/hospital, residential, 

industrial, and agricultural settings. The first account of QACs and their bactericidal 

activity was published in 1916 by Jacobs describing the derivatization of 

hexamethylenetetramine with a medley of amide and ester alkyl halides.29ï31 This series of 

papers detailed the bioactivity of benzylated and acylated QACs, ultimately concluding 

that the general quaternary ammonium nature of this class of compounds is 

ñbactericidogenic,ò or responsible for their bactericidal activity. This work was followed 

in 1928 by Hartmann and Ka↓giôs publication titled ñSaure Seifenò ï which translates 

literally to ñacidic soapò ï in which the antibacterial properties of esterified QACs were 

examined.32 Concurrently, Browning and co-workers published a series of papers on the 

bactericidal prowess of quaternized pyridine, quinolone, acridine, and phenazine analogs.  

Shortly thereafter, Domagk established the field of QACs known today with his 

hallmark work on the germicidal properties of quaternary ammonium salts that contain at 

least one long aliphatic side chain. His work focused on a class of compounds deemed alkyl 
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dimethyl benzyl ammonium chloride (ADBAC), most notably 

benzyldimethyldodecylammonium chloride, which in that era was marketed under the 

trade name Zephirol.33 In 1947, a mixture of alkyl benzyldimethylammonium chlorides, 

collectively referred to as benzalkonium chloride (BAC, n = 1 to 11, 2.4, Figure 2.3), 

became the first active-ingredient QAC approved by the United States Environmental 

Protection Agency34; a similar mixture currently remains as the main active ingredient in 

several lead antiseptics, including many formulations of Lysol. In tandem with this seminal 

registration, Shelton and co-workers uncovered the potent antibacterial activity of the 

pyridyl QAC cetylpyridinium chloride (CPC, 2.6) and its C16 alkyl QAC 

cetyltrimethylammonium bromide (CTAB, 2.7).35 Shelton also explored QACs comprised 

of esters and amides,36 and those derived from cyclic amines.37 

 

 

Figure 2.3 Common commercial monoQACs. 

 

In 1962, the first of the aliphatic alkyl quaternaries, dimethyldecylammonium 

chloride (DDAC, 2.5, Figure 2.3), was registered with the EPA as a microbiocide, among 

other uses.38 Since then, advances of QAC technology in the commercial sector include the 

addition of an ethyl group to the benzyl substituent of BAC, and modification of the alkyl 



17 

chain of BAC to include ethers and aromatic moieties as found in benzethonium chloride 

(2.8, Figure 2.3).2 Several other QACs within each of the above classes have since been 

registered and are used in a variety of settings detailed in Table 2.1, namely for the 

purposes of targeting both Gram-positive and Gram-negative bacteria, odor causing and/or 

staining bacteria, and ñslime-forming bacteria,ò known in the field as biofilms.34,38  

 

Table 2.1 Uses of commercial QACs under the BAC and DDAC classes. Adapted from 

EPA Reregistration of ADBAC and DDAC.34,38 

QAC Use Category Examples of Usage Sites 

Water processing systems 
Disposal and waste water plants, cooling towers, 

swimming pools and hot tubs,  

Institutional and commercial 

premises and equipment 

Athletic and recreational facilities, public parks, 

amusement parks, public buildings 

Medical premises and 

equipment 

Hospitals, healthcare facilities and offices, surgical 

suites, emergency vehicles  

Agricultural premises and 

equipment 

Greenhouses and nurseries, hatcheries, animal farm 

housing 

Residential premises 
Houses, cars, boats, campgrounds, trailers, nursing 

homes, daycares 

Food handling and storage 

Restaurants, bars, dining halls and cafeterias, grocery 

stores, food and beverage processing facilities, packing 

plants 

 

Since their introduction to the market nearly 70 years ago, various QAC 

formulations have been utilized in combination with agents such as ethanol as commercial 

disinfectants. Perhaps due to regulatory precedent, the antiseptic market today consists 

predominantly of the monocationic QACs BAC, twin-chained DDAC, and pyridyl CPC. 

Since their introduction to the market, commercial QACs have experienced global and 

exponential usage39 based on their potency and broad activity, relatively low toxicity, and 
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ease of preparation. This heavy use has led to alarming consequences, which will be 

discussed in CHAPTER 4. 

 

2.6 Academic QAC Endeavors 

In addition to the exploration of QACs in the commercial and industrial sector, 

significant progress has been made in the academic arena. For several decades now, a 

number of groups have been actively investigating the biological and physical 

ramifications of altering the chemical structure of QACs. A wide variety of scaffolds 

described below have been examined, motivated by various factors such as structural 

novelty, ease of synthesis, enhanced toxicity profile, and specific bioactivity. Included in 

this section is a mere sampling of recent academic advances in this area. 

 

2.6.1 Investigation of alkyl QACs  

Several studies dating back to the inception of QACs as antimicrobial agents have 

examined the optimal length of side chain. In general, compounds with chain lengths of 12 

to 14 carbons are most active against Gram-positive species, while those with lengths of 

14 to 16 carbons are best against Gram-negatives; carbons chains of less than 4 or greater 

than 18 carbons tend to be inactive.12 Miklas and co-workers investigated the hydrophobic 

portion of QACs through binaphthyl (2.9) and camphorsulfonamide (CSA) analogs 

carrying a linear (2.10) or a cyclic QAC (2.11) (Figure 2.4).40,41 The compounds exhibited 

a wide range of MICs, though the CSA C14 analog and C12 binaphthyl analogs were the 

most active in their respective classes. As is common with QACs, all compounds 
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demonstrated increased activity against Gram-positive S. aureus than against Gram-

negative E. coli and the fungus Candida albicans. 

 

 

Figure 2.4. Binaphthyl, CSA-, and amino acid-derived monoQACs. 

 

As QACs target the essence of membrane structure, toxicity is of obvious concern. 

To address this concern, amino acid-derived QACs have been evaluated for antibacterial 

activity; one particular series consists of those derived from phenylalanine and tyrosine 

(2.12, Figure 2.4).42,43 The first report in this series investigated the effect of alkyl chain 

length, confirming that C12 and C14 show optimal bioactivity. A second report then 

examined the selectivity of quaternized phenylalanine for bacterial cells over red blood 

cells. The authors found that hemolytic activity seemed to linked micelle formation, 

whereas antibacterial activity was due to the action of singular, monomeric QACs. The 

comparison of phenylalanaine hydrochloride salt to its quaternized analog confirmed that 

the permanent cationic form confers superior antibacterial activity. 

Others have appended hydroxyl groups onto QACs with the intention that such 

groups would facilitate membrane permeation.44 Thus, a series of long-chain alkyl and 

benzyl dihydroxy QACs were prepared through alkylation of methyldiethanolamine 

(MDEA) (2.13, Figure 2.5). Again it was determined that C12 was the best analog out of 
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long alkyl chain compounds, which exhibited antibacterial and antifungal properties. 

Cytotoxicity accordingly tracked with antimicrobial effects. MDEA has also been tethered 

to esters of various chain lengths designed to probe the optimal length for antibacterial 

activity.45 These hydroxyl esterQACs (2.14, Figure 2.5) were active against Gram-positive 

pathogens and yeast, albeit with smaller zones of inhibition as compared to commercial 

standard CTAB; interestingly, they had no detectable activity against fungi. 

 

 

Figure 2.5 Hydroxylated QACs from the literature. 

 

Murguia and co-workers likewise synthesized and examined alkyl QACs bearing 

alcohols, in this case tethered by glycerol-like scaffold (2.15, Figure 2.5).46 They found 

that neutral analogs were drastically less active than QACs, lending credence to the notion 

that permanent cationic nature is essential for antibacterial activity. In a similar track, 

gemini esterQACs tethered by a linkage decorated with an amine and alcohols displayed 

surfactant and surface adsorption properties (2.16).47 These compounds produced sizeable, 

yet reduced as compared to CTAB (2.7), zones of inhibition when dosed against Gram-
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positive Streptococcus pneumonia and Bacillus subtilis, Gram-negative E. coli, and fungal 

Aspergillus fumigatus. Zablotskaya and co-workers investigated the effect of silylated 

hydroxyls tethered to tetrahydroisoquinolines on biological activity (2.17).48 They found 

enhanced activity of the silyl-modified compounds against bacteria and against tumor cell 

lines, though ï contrary to most QAC reports ï shorter alkyl chains led to better 

antibacterial activity.  

Recently, Hoque and Haldar et al. expanded their amide QAC mission with a series 

containing a hydrophobic linker between quaternary centers (2.18, Figure 2.6).49 These 

compounds led to rapid membrane permeability and killing of S. aureus and E. coli cells, 

including biofilms in murine model infections. These QACs also display high therapeutic 

indexes (a ratio of hemolytic to bactericidal activity), upwards of 800, against human 

erythrocytes. Compounds with a small linker between cationic head groups (2.19) were 

active and highly toxic, while those with a mid-sized hydrophobic linker (2.20) were active 

and moderately toxic. The authors rationalize this activity by the spatial distribution 

between cationic centers with a hydrophobic region, leading to optimal amphiphilicity. 

LaDow and co-workers previously examined various spacers between cationic 

heads utilizing bisQACs carrying one hydrophobic tail with a rigid aromatic core (2.21, 

2.22, 2.23) (Figure 2.6).50 They found that carbon chains of length 14 produced the 

quickest killing, and that compounds containing two cationic heads were more effective 

than those containing one cationic head group. A key motivator for their work was 

identifying compounds with differential activity based on the substitution pattern around 

the aromatic core. They found that the position of the trimethylammonium head groups 

relative to one another and the ether tail modestly affected antibacterial activity, with 3,5- 
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and 2,4-substitution (2.22) leading to the best activity with MICs and MBCs in the low 

micromolar range. 

 

 

Figure 2.6 QACs with varying hydrophobic and cationic spatial distribution. 

 

2.6.2 Incorporation into aromatic systems 

QACs have also been extensively incorporated into a variety of aromatic systems, 

mainly as pyridines or pyrolines. Goswami and co-workers examined the antibacterial and 

cytotoxic effects of pyridyl QACs 2.24 and 2.25 (Figure 2.6).51 They found that: (1) 

cationic nature is essential for bioactivity, as evidenced by the poor activity of 

unquaternized versus quaternized derivatives; (2) a balance of cationic with hydrophobic 

regions led to optimal antibacterial activity, similar to the studies by Hoque and Haldar 

(Section 2.6.1); and (3) the lead QAC is capable of enhancing the uptake and activity of 

other antibiotics when used in tandem. The authors continued their investigation of pyridyl 

QACs, leading to the production of a dual-warhead QAC that bears a pyridyl quaternary 
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center and a tertiary amine - a pH-dependent quaternary center - along with a 12-carbon 

alkyl chain and a DNA-intercalating fluorescent pyrene moiety.52 While this compound 

was active against Gram-positive bacteria, its four-carbon alkyl chain counterpart exhibited 

no antibacterial activity, confirming the importance of the alkyl-side-chain length in 

conferring antibacterial behavior. 

 

 

Figure 2.7 Pyridyl QACs from the literature. 

 

Drawing inspiration from a known class of compounds with applications as 

herbicides and as redox indicators,53 Grenier and co-workers examined the antibacterial 

activity of a number of symmetric and asymmetric dialkyl 4,4ô-bipyridinium QACs, 

commonly known as paraquats or PQs (2.26) (Figure 2.7).54 They showed that PQs can be 

alkylated with side chains of significant length to create antimicrobial compounds. This 

study revealed several trends key to the antibacterial activity of PQ-derived QACs. First, 

the addition of a second alkyl side chain led to more potent activity, with an optimal range 

of 20 and 24 side chain carbons in total. They found generally that the more symmetric a 

compound, the better the activity. Finally, differences in counterion had little to no effect 

on antibacterial properties, though this does affect solubility; iodide tends to exhibit the 

poorest solubility as compared to chlorides and bromides. Of the paraquats, PQ-11,11 

(2.26, n = m = 11) and PQ-12,10 (2.26, n = 12, m = 10) exhibited the best profile against a 
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panel of Gram-positive and Gram-negative bacteria, both displaying single-digit 

micromolar MICs. 

6-hydroxyquinolinium QACs with alkyl chains of varying length (2.27) (Figure 

2.8)55 and bisQAC pyridinium compounds were synthesized and found to possess broad 

antibacterial activity.56 The bioactivity of QACs arising from pyridine and isoquinoline 

scaffolds bearing hydrophobic cholesterol, menthol, and borneol groups was likewise 

investigated.57 Select analogs, such as pyridinium-cholesterol QAC 2.28 (Figure 2.8), 

inhibited Gram-positive bacterial growth below 4ɛM yet were less active against Gram-

negative species. Several analogs were also active against mycobacterial strains. Fadda and 

El-Mekawy also incorporated quaternized pyridines into their novel methane cyanine dyes 

(2.29, 2.30) (Figure 2.8).58 The most active compounds, perhaps not coincidentally, were 

those that contain permanent quaternary centers. The mechanism of action for these dyes 

has yet to be determined, though they showed anticancer activity in addition to antibacterial 

activity. 

 

 

Figure 2.8 Additional pyridinium QACs and dyes. 
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 Through the synthesis of QACs for use as neuromuscular blocking agents, Collier 

and co-workers discovered that decamethylene bis-isoquinolinium bromide possessed 

notable antibacterial activity.59 A number of bis-isoquinolinium derivatives were thus 

synthesized and found to possess superior activity against S. aureus and Mycobacterium 

phlei, with MICs in the single-digit micromolar range. This study was expanded, ultimately 

leading to the discovery of dequalinium chloride (2.31) (Figure 2.8), which inhibited the 

growth of all tested microbial species, yet failed to exhibit toxic effects when applied 

topically and subcutaneously in animal models.60 Dequalinium chloride has since been 

shown to be antibacterial, antifungal, and antiparasitic through membrane disruption,61 as 

well as through the precipitation of cytosolic components, namely, nucleic acids.62 This 

compound completely inhibits Gram-positive bacterial growth at concentrations of as low 

as 2ɛM, and possesses IC50 values in the submicromolar range against various parasites.63 

Extensive work with the isoquinolinium linker has confirmed that a 10- to 12-carbon linker 

is optimal, similar to work by Hoque (Section 2.6.1).  

 

2.6.3 Natural products containing QACs 

Though the majority of QACs previously and currently examined are synthetic, a 

number of natural products bearing QAC moieties possess antibacterial activity, including 

biofilm inhibition. Typically isolated from Chinese herbs, these include chelerythrine 

(2.32) and closely related analogs sanguinarine (2.33) and berberine (2.34) (Figure 2.9).64 

As an extension of antimicrobial studies on sanguinarine and chelerythrine, phenyl 

substitution of the naphthalene core (2.35) significantly enhanced antibacterial activity. 

This was further explored through appending amines to 1,6-diphenylnaphthalenes (2.36); 
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quaternization further enhanced antibacterial activity below micromolar levels.65 As these 

1,6-diphenylnaphthalene QACs only bear methyl groups, cellular lysis does not appear to 

be the mode of action; rather, the authors postulate that the antibacterial activity is related 

to FtsZ polymerization, an essential bacterial cytokinesis protein.  

 

Figure 2.9. Natural product QACs and derivatives. 

 

A related series of tetrahydroisoquinolinium structures isolated from the Chinese 

vine Gnetum montanum, include magnocurarine (2.37), cyclized derivatives thereof, and 

the latifolians (2.38) (Figure 2.9).66 Latifolian A possesses modest antimicrobial activity, 

inhibiting P. aeruginosa at 35ɛM.67 Against MRSA, however, it was only able to achieve 
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55% inhibition at ten times that concentration, while magnocuraine and its tetracyclic 

derivatives showed no activity. This again may correlate to the lack of alkyl chains. Other 

quinolinium natural products including QACs in their core are tabouensinium chloride 

(2.39)68 and the quinocitrines.69  Ageloxime D (2.40)70 and dehydroevodiamine (2.41)71 

diversify this structural class with a positive charge delocalized over two nitrogens. Of the 

described natural products that contain QAC moieties, most are categorized as N-

methylated alkaloids, and show modest antibacterial activity.72 

 

2.6.4 pH-dependent QACs 

In addition to QACs containing a central nitrogen connected to four alkyl or aryl 

groups, pH-dependent QACs with guanidyl groups have been employed in the antiseptic 

market. In fact, one of the most prevalent disinfectants to date, chlorhexidine (2.42), is a 

chlorinated bisguanide compound that at physiological pH exists as a bis-cation (Figure 

2.10). Though often described as possessing an identical mode of action to traditional long-

chain alkyl QACs, chlorhexidine and related compounds may actually exert their biocidal 

activity through the inhibition of the production of ATP and precipitation of cytosolic 

content.13,14,73 Interestingly, chlorhexidine has been shown to exhibit superior activity in 

alkaline pH as opposed to an acidic environment, suggesting that its cationic nature may 

not responsible for its bacteriocidal activity. Furthermore, while chlorhexidine is 

bacteriocidal at high concentrations, it is bacteriostatic at sub-MIC concentrations.73 

Analogs with differing side chains such as alexidine (2.43) exhibit similar activity.74 
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Figure 2.10 pH-dependent QACs. 

 

Amidines linked to various functional groups and different substitution patterns 

have likewise been employed as antibacterial agents (2.44) (Figure 2.10). Bromination 

ortho to the linker yielded the most active amidine compound in its class; this perhaps is 

reflective of work in which brominated derivative display enhanced antimicrobial 

activity.75 QAC-guanidine hybrids created by Song and co-workers (2.45) are an 

interesting combination that yielded reduction of surface tension and antimicrobial 

activity.76 The role of alkyl chain length was investigated in a pilot study testing the 

inhibition of S. aureus, E. coli, and C. albicans; each of the compounds significantly 

inhibited growth at 50ppm (corresponding to approximately 100ɛM).  

In 2012, it was reported that norspermidine (2.46, Figure 2.10), a naturally-

produced polyamine, was capable of inhibiting bacterial biofilm formation.77 Expanding 
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upon this work, the Clardy group developed several polyamine-derived pH-dependent 

QACs (2.47, 2.48, 2.49) that inhibit biofilm formation of B. subtilis at low concentrations.78 

The authors postulated that the inhibitory effect of these compounds is due to the spatial 

distribution of cationic centers along the polyamine backbone. Through modeling, they 

hypothesized that the linker length between cationic centers is key in disrupting bacterial 

biofilms. Though the work with norspermidine has been refuted79 and the original 

publication has since been retracted, the role that charge and linker length play in 

antibacterial and anti-biofilm activity has served as inspiration for our own work with 

QACs, to be detailed in CHAPTER 3. 

 

2.6.5 Cleavable QACs 

Due to their high chemical stability and low reactivity, accumulation and leaching 

of QACs in the environment are of obvious concern. Over 700,000 tons of QACs are used 

annually, 39 and based on their typical uses as antiseptics and surfactants, 75%  is estimated 

to collect in wastewater treatment facilities with the remainder being released into the 

environment. QACs have been found in an assortment of systems, including treated 

wastewater, sewage, and hospital and laundry run-offs, at concentrations in the micro- to 

milligram-per-liter range. Their cationic nature facilitates the adsorption onto negatively-

charged surfaces in soils and sediments, and, as such, they have been measured in aquatic 

sediments and sludges at concentrations ranging from 1 to 10,000mg/kg of dry solids.3 

Accumulation at such levels can lead to significant toxicity and environmental concerns. 

Furthermore, the sediments and soils to which QACs adsorb host microbial communities 
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with tremendous biodiversity; this may be a driving force of bacterial resistance to QACs 

(CHAPTER 4). 

Possibly to curtail these harmful effects, efforts have been made toward the 

construction of biodegradable, or cleavable, QACs; these are often referred to as ñsoftò 

antimicrobials in the literature.80 In this area, esters are the most common moiety, as they 

typically retain antibacterial activity while hydrolyzing at a substantial rate into QAC-diol 

and fatty acid by-products.80,81 Some classic examples of antimicrobial QAC-esters are the 

C10, C12, and C14 alkanoylcholines (2.50)82 and compounds incorporating the 

imidazolinium headgroup (2.51) or the 1,4-diazabicyclo[2.2.2]- octane (DABCO) core 

(2.52) (Figure 2.11).83 Some of these esteralkonium compounds have been shown to 

achieve greater than 99.9% bacterial killing within two minutes of application while 

hydrolyzing 50% within five hours.81 

 

 

Figure 2.11 Cleavable ester- and amideQACs from the literature. 
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In addition, QACs bearing either trimethylammonium (2.53) or pyridinium heads 

(2.54) connected through cleavable ester moieties have been synthesized (Figure 2.11).84 

The antibacterial activity of these compounds against Gram-positive S. aureus and 

Enterococcus faecalis and Gram-negative E. coli and Shigella sonnei appears to be directly 

correlated to the number of QAC head groups present on the molecule, with minimum 

bactericidal concentrations (MBC) in the 5 to 30ɛM range. This trend may be due to the 

lower solubility of compounds possessing one charged QAC head group and/or their 

greater ability to form micelles, which would allow these less-charged QAC derivatives to 

bind to a lower number of target cells and therefore inflict less damage at a given 

concentration. Overall, the authors showed that such esterQACs are readily hydrolyzable 

at physiological pH yet are able to kill the majority of bacterial cells present within 20 to 

40 minutes of application. Continuing their investigation, they later created cleavable 

amideQACs (2.55).85 These compounds exhibited MICs of as low as 10 to 13ɛM against 

S. aureus and E. coli, respectively, with a hexamethylene linker producing optimal 

antibacterial activity. These compounds were also tested for the disruption of HeLa cell 

lines and yielded decent selectivity indexes of HL50/MIC. A similar scaffold of amido-

amine QACs (2.56) demonstrated comparable or superior activity against Bacillus subtilis, 

S. aureus, E. coli,and P. aeruginosa as compared to commercial CTAB.86  

Cleavable QACs made their debut in the 1980s and early 1990s as new data 

regarding bacterial resistance to QACs was emerging (CHAPTER 4). Though it is not clear 

in the literature if cleavable QACs were initially developed to curtail the development of 

QAC resistance, their biodegradability serves nonetheless as an innovative venture through 
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which to combat current and future QAC leaching and the resultant environmental toxicity 

and resistance. 

 

2.7 Conclusions 

 QACs have a long-standing history as surfactants and antibacterial agents via 

iterations of simple scaffolds (Figure 2.12). Though a variety of QACs have been explored 

to date, studies are often limited in scope and the amount of chemical space left unexplored 

is enticing. Their chemical simplicity and robustness, coupled with their biological 

potency, make them of interest for further study.  

 

 

Figure 2.12 Timeline of QAC development with select structures shown. 
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 CHAPTER 3: BIOLOGICAL ACTIVITY OF QACS 

Though monoQACs have been heavily investigated in the literature as detailed in 

CHAPTER 2, bisQACs have garnered somewhat less attention until recently, and the 

literature is virtually devoid of QACs of higher charge state (multiQACs). This is at odds 

with findings from several studies that individually suggest that increased cationic nature 

may confer desirable properties, including enhanced activity against planktonic cells, 

biofilm inhibition and/or eradication, selectivity for bacterial cells over eukaryotic cells, 

and a lower propensity for resistance development. This prompted our group to launch an 

investigation into the importance of the nature of side chains, charge state, and distribution 

of charge in the antibacterial, antibiofilm, and hemolytic activity of QACs.  

With our synthetic collaborators in the Minbiole laboratory at Villanova University, 

we initially examined the effects of alkyl chain length and symmetry on antibacterial 

activity using tetramethylethylenediamine (TMEDA)-derived QACs. We further explored 

this utilizing natural product scaffolds, showing that quaternization and the presence of 

alkyl chains of certain length are responsible for antibacterial behavior. We then extended 

the polyamine backbone to generate additional bis-, tris-, and tetraQACs to investigate the 

role of charge in antibacterial activity. Manipulation of the polyamine scaffold afforded 

diverse structures, allowing us to probe compound flexibility. Various substitutions on bis- 

and multi-pyridinium structures allowed us to explore charge distribution. 
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Figure 3.1. General QAC scaffolds and nomenclature. 

 

3.1 Nomenclature 

 Each series of QACs prepared and tested by our laboratories follows a similar 

naming system (Figure 3.1). The amine scaffold is indicated by the prefix, as in TMEDA- 

or N- for nicotine-derived QACs. Side chains are referred to by n, m, and R, wherein n and 
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m represent the number of carbons in alkyl side chains and R represents various 

substitutions. A tertiary amine is indicated by 0, meaning that there is no additional 

alkylation. Finally, linkers are indicated by parentheses. For example, TMEDA-n,m 

represents a TMEDA-derived bisQAC with n and m carbons in the alkyl chains on each 

quaternized nitrogen. 12(5)12 indicates the bisQAC carrying dodecyl side chains with a 

linker length of 5 carbons between the two quaternary centers. 12(3)Bn(3)12 indicates the 

trisQAC with dodecyl chains on the terminal nitrogens, a benzyl group on the central 

nitrogen, and 3-carbon linkers between quaternary centers. 

 

3.2 Activity Against Planktonic Bacterial Cells 

3.2.1 TMEDA-derived QACs 

We began our quest with N,N,Nô,Nô-tetramethylethylenediamine (TMEDA) for a 

number of reasons.1 While the preparation of symmetric bis-alkylated derivatives of 

TMEDA is presented in the literature,2,3 only select antimicrobial evaluations have been 

reported, none of which have optimized such activity.4 Furthermore, the preparation of 

asymmetric bis-alkylated TMEDA compounds has scarcely been published.5 Thus, we 

wanted to expand these understandings, and investigate the simplest form of bisQAC 

towards gaining insight to the minimum scaffold required for antibacterial activity, and 

then iteratively add and/or alter the scaffold to probe the effect on antibacterial activity. 

From a practical laboratory standpoint, the simple nature of this molecule allows for ease 

of chemical manipulation, and it is economically desirable at approximately $0.15 per 

gram. 
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3.2.1.1 Synthesis 

Monoalkylation of TMEDA was accomplished in a straightforward and atom-

economical manner, with exposure of excess (2 molar equivalents) amine to several alkyl 

bromides in minimal-solvent conditions (Scheme 3.1; see Experimental in CHAPTER 6 

for full synthetic detail of all compounds). Removal of excess TMEDA in vacuo led to 

pure (>98%) monoalkylated crystalline products, TMEDA-n,0, in nearly quantitative 

yields (Table 3.1), requiring no further workup or purification. Subsequent exposure to an 

alkyl bromide of different length in high concentration (2M in acetonitrile) and filtration 

led to good yields (43ï92%) of the desired asymmetric bisQACs, TMEDA-n,m (Scheme 

3.1, Table 3.1). Recrystallization was performed as necessary to ensure a compound purity 

greater than 98%, as determined by NMR. Asymmetric compounds containing odd 

numbered carbon chains (TMEDA-13,10 and TMEDA-11,10) were prepared (from 

TMEDA-10,0) in order to fully investigate how the hydrophobic portion of QAC 

amphiphiles affects their antibacterial properties.  

 

 

Scheme 3.1 Synthesis of TMEDA-n,m series. All counterions are Br ï. 

 

It was generally found to be more conducive to subsequent alkylations to begin 

with the longer-chained alkylation for initial quaternization. For example, the preparation 

of TMEDA-20,10 from TMEDA-20,0 was effected in a more efficient manner than from 

TMEDA-10,0. This may reflect the hygroscopic nature of the smaller-chained compounds. 
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All compounds were completely water soluble allowing for evaluation of antibacterial 

activity, with the exception of the largest compound prepared, TMEDA-20,18. Symmetric 

derivatives, TMEDA-n,n, were accordingly prepared for comparative purposes via 

exposure of TMEDA to excess (3 equivalents) alkyl bromide, filtration, and 

recrystallization as necessary. 

As a facile, economic preparation served as partial inspiration for the development 

of these compounds, these bisQACs were gratifyingly prepared at a relatively low cost in 

a simple fashion, and were obtained as crystalline solids often taking a mere 24 hours. After 

accounting for yield and the costs of reagents and solvents, some of the most potent 

compounds cost between $115 and $150 per mole to prepare. While this is slightly more 

expensive than other antiseptics such as BAC, these compounds show enhanced 

bioactivity, thus requiring less compound in antibacterial formulations. 

 

3.2.1.2 Evaluation of bioactivity 

With a series of 36 symmetric and asymmetric TMEDA-derived bisQACs in hand, 

MIC values against a panel of Gram-positive and Gram-negative organisms were 

determined by the broth microdilution method; details are reported in CHAPTER 6 (Table 

3.1). The commercially available monoQAC BAC (2.4, n = 5) served as a point of 

reference. Examination of the antibacterial activity of the prepared amphiphiles revealed 

strong antimicrobial activity overall with MICs as low as 1µM, and over a dozen 

compounds displayed activity superior to BAC. Some clear trends also became apparent. 

First, monoQACs were generally less effective at inhibiting Gram-negative bacteria (E. 

coli and P. aeruginosa) compared to their bisQAC counterparts. MICs against the Gram- 
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Table 3.1 Minimum inhibitory concentrations (MIC) of TMEDA-derived mono- and 

bisQACs. Values are reported in micromolar. Compounds with no reported yield were 

purchased. N.T. = not tested due to poor solubility. 

Compound 
Yield 

(%)  

Minimum Inhibitory Concentration (µM)  

S. aureus E. faecalis E. coli P. aeruginosa 

M
o

n
o

Q
A

C
s 

BAC, 2.4 - 8 8 32 63 

TMEDA-20,0 97 4 4 63 125 

TMEDA-18,0 99 2 4 63 63 

TMEDA-16,0 97 1 16 16 16 

TMEDA-14,0 99 2 8 16 125 

TMEDA-12,0 99 32 63 63 250 

TMEDA-10,0 98 63 250 250 250 

TMEDA-8,0 98 >500 >500 >500 >500 

B
is

Q
A

C
s 

TMEDA-20,18 54 N.T. N.T. N.T. N.T. 

TMEDA-20,16 77 16 32 63 63 

TMEDA-20,14 81 8 16 16 63 

TMEDA-20,12 73 8 4 32 63 

TMEDA-20,10 82 4 16 16 16 

TMEDA-20,8 88 4 4 16 32 

TMEDA-18,18 70 32 63 250 500 

TMEDA-18,16 78 16 32 32 63 

TMEDA-18,14 65 8 16 16 63 

TMEDA-18,12 47 4 4 16 32 

TMEDA-18,10 54 4 2 16 32 

TMEDA-18,8 72 2 2 8 32 

TMEDA-16,16 92 8 8 32 63 

TMEDA-16,14 92 8 2 16 63 

TMEDA-16,12 78 8 4 8 32 

TMEDA-16,10 91 4 4 8 32 

TMEDA-16,8 87 2 2 2 4 

TMEDA-14,14 62 4 2 4 32 

TMEDA-14,12 43 1 2 2 8 

TMEDA-14,10 66 4 1 2 4 

TMEDA-14,8 71 1 2 2 4 

TMEDA-12,12 94 1 1 2 4 

TMEDA-12,10 63 1 2 2 2 

TMEDA-12,8 89 1 4 4 4 

TMEDA-10,10 41 2 8 16 8 

TMEDA-10,8 49 8 63 63 125 

TMEDA-8,8 44 32 500 250 500 

TMEDA-1,1 - >500 >500 >500 >500 

TMEDA-13,10 71 1 1 2 2 

TMEDA-11,10 55 1 4 4 4 
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positive bacteria (S. aureus and E. faecalis) were markedly lower the Gram-negative 

species. Second, compounds with a total of 20 to 24 side chain carbons displayed optimal 

activity. Six of these (TMEDA-16,8, TMEDA-14,10, TMEDA-12,12, TMEDA-14,8, 

TMEDA-12,10, and TMEDA-12,8) displayed MIC values in the single-digit micromolar 

range across the entire panel of bacteria tested. The most potent compound, containing an 

odd number of side chain carbons at 23, TMEDA-13,10, showed 1µM inhibition of the 

Gram-positive organisms and 2µM inhibition of the Gram-negatives. The methylated 

derivative TMEDA-1,1 exhibited no activity. 

As was mentioned in previous work from the Minbiole group,6 asymmetry of the 

side chains carbons led to good water solubility of relatively hydrophobic compounds, as 

well as key changes in bioactivity. For example, 20-carbon asymmetric TMEDA-12,8 

displayed lower MIC values than its symmetric analog TMEDA-10,10 against all strains. 

However, the 24-carbon compounds TMEDA-16,8, TMEDA-14-10, and TMEDA-12,12 

all showed comparable MIC values. More highly asymmetric compounds such as 

TMEDA-20,8, and TMEDA-18,8 showed diminished activity, while fully water soluble, 

as compared to compounds with shorter aggregate side chains.  

The relative uniformity of bioactivity was surprising as many of these bisQACs 

showed nearly identical MICs. Furthermore, while we generally saw preferential activity 

of many compounds against the Gram-positive bacteria, there was little differentiation in 

activity for the strongest compounds between Gram-positive and Gram-negative bacteria. 

These findings suggest a general mechanism of action that needed to be probed via 

compounds that are more diverse. 
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3.2.2 Natural product-derived QACs 

In continuing our quest of developing economic and facile QACs while 

investigating the role that quaternization and side chains play in antibacterial activity, we 

turned to natural sources of tertiary amines ripe for quaternization. Inspired by natureôs 

incorporation of QACs (Section 2.6.3), we set out on a proof-of-concept study to address 

the question: could natural products lacking a quaternary center and possessing no 

discernible antibacterial activity, be converted into QACs and thus gain antimicrobial 

activity?  In this continuation of our TMEDA studies, we aimed to generate analogous 

series of structures that could bear one or two cationic residues, in order to compare 

monoQAC to analogous bisQAC activity. In this case, the second quaternary center would 

only bear a methyl group as to better control for direct comparison of charge, rather than 

attempt to compare analogous compounds when one possesses an additional side chain that 

could further affect membrane disruption. The function of bisQACs in particular still 

requires investigation, as aromatic derivatives seem to show more susceptibility to bacterial 

resistance than their alkyl counterparts (CHAPTER 4).7 

In particular, we identified quinine and nicotine as ideal natural substrates for this 

study.8 Each contains a pyridyl nitrogen and a tertiary amine with modest steric hindrance 

ï both of which are ripe for quaternization. Both quinine and nicotine are found abundantly 

in nature, making them available at a low cost, and display no significant antibacterial 

activity. While some nicotine-based amphiphiles have been prepared and examined for 

central nervous system activity,9 little is known about the amphiphilic properties of long 

alkyl chain derivatives. Quinine derivatives, on the other hand, have served as phase-

transfer catalysts10 and substrates for phosphorylation.11 In one publication, quinine 
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substituted with aryl groups was shown to possess activity against MRSA.12 We thus set 

out to prepare a series of mono- and bisQAC derivatives of quinine and nicotine for the 

purpose of evaluating their antimicrobial potential. 

 

3.2.2.1 Synthesis 

Interestingly, nicotine and quinine present opposite trends in their reported 

alkylation chemistry; nicotine is preferably alkylated at its pyridine nitrogen,13 and quinine 

reacts at its tertiary aliphatic amine first (Scheme 3.2).14 This is believed to be due to steric 

hindrance and pKa of the pyrrolidine nitrogen of nicotine, as determined by reaction 

product analysis. Quantum chemical calculations suggest that, based on the 

thermodynamics of the product, primary alkylating agents primarily attach to the 

quinuclidine ring of quinine first, while bulkier electrophiles are preferentially attacked by 

the quinolone ring. 

We first explored the alkylation of quinine (Q-0,0), which proceeded under similar 

conditions to the preparation of TMEDA-derived QACs (Section 3.1.1.1): high-

concentration conditions (1M, acetonitrile) using a series of n-alkyl bromides, giving high 

yields of monoQAC compounds named Q-n,0 (Scheme 3.2A). Subsequent alkylation of 

the quinolone nitrogen proved to be limited in scope as long-chain alkylation via bromides 

and iodides was difficult to complete, often resulting in a mixture of compounds. However, 

exposure to neat methyl iodide led to nearly quantitative alkylation overnight, affording 

the Q-n,1 series after evaporation. 
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Scheme 3.2 Synthesis of naturally-derived QACs. Synthesis of (A) nicotine-derived series 

and (B) quinine-derived series. Blue nitrogens in each structure represent the more 

nucleophilic nitrogen that undergoes alkylation first. 

 

Nicotine (N-0,0) derivatives were alkylated in a highly analogous manner, again 

leading to alkylation in high yields after treatment with one equivalent of alkyl bromide in 

acetonitrile, heated overnight (Scheme 3.2B). As demonstrated in the literature, exclusive 

alkylation at the pyridine nitrogen was observed, yielding N-n,0 compounds. Subsequent 

alkylation, converting the N-n,0 series to the N-n,1 series, proceeded with high yield, albeit 

at double the reaction time. Evaporation provided the final set of compounds abbreviated 

as N-n,1, setting the stage for biological investigation.  

 

3.2.2.2 Evaluation of bioactivity 

Bioactivity was determined as previously against a panel of Gram-positive and 

Gram-negative bacteria, this time including two strains of MRSA: community-acquired 

methillin-resistant Staphylococcus aureus (CA-MRSA) and hospital-acquired methicillin-

resistant Staphylococcus aureus (HA-MRSA) (to be detailed in CHAPTER 5). Both 
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quinine and nicotine QACs displayed strong antibacterial activity against the panel (Table 

3.2). 

 

Table 3.2 Minimum inhibitory concentrations (MIC) of natural product-derived mono- and 

bisQACs. Values are reported in micromolar. Compounds with no reported yield were 

purchased. 

Compound 
Yield 

(%)  

Minimum Inhibitory Concentration (µM)  

S. aureus E. faecalis E. coli P. aeruginosa 

 BAC, 2.4 - 8 8 32 63 

N
-s

e
ri
e
s 

N-0,0 - >500 >500 >500 500 

N-10,0 98 32 32 63 250 

N-11,0 99 8 8 16 63 

N-12,0 99 4 8 16 63 

N-14,0 99 1 1 8 125 

N-16,0 99 1 1 4 63 

N-18,0 77 1 1 8 63 

N-20,0 99 2 2 32 63 

N-1,1 90 >500 >500 >500 >500 

N-10,1 83 16 32 125 250 

N-11,1 97 32 16 32 125 

N-12,1 99 8 16 32 125 

N-14,1 87 4 16 16 250 

N-16,1 76 1 4 4 63 

N-18,1 97 1 2 4 32 

N-20,1 100 0.5 1 16 32 

Q
-s

e
ri
e
s 

Q-0,0 - >500 >500 >500 500 

Q-10,0 93 4 8 16 250 

Q-11,0 98 2 4 16 63 

Q-12,0 91 1 2 8 32 

Q-14,0 91 0.5 1 8 8 

Q-16,0 100 1 2 8 16 

Q-18,0 100 2 4 63 125 

Q-1,1 77 >500 >500 >500 >500 

Q-10,1 96 8 8 16 125 

Q-11,1 100 4 8 16 125 

Q-12,1 97 2 16 16 125 

Q-14,1 76 0.5 2 2 16 

Q-16,1 97 1 1 2 8 

Q-18,1 100 1 2 2 8 
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Control compounds, including the parent, non-alkylated natural products (Q-0,0 

and N-0,0) and their bis-methylated derivatives (Q-1,1 and N-1,1) showed essentially no 

antimicrobial activity, confirming the role that alkyl chain length plays in conferring 

antibacterial activity. Longer chain alkyl derivatives of these natural products showed clear 

correlations between alkyl chain length and antimicrobial activity. In the nicotine series, 

the strongest activity was observed for N-16,0 and N-18,1 for the mono- and bisQACs, 

respectively. Each showed low micromolar activity (less than or equal to 4ɛM) for all 

bacteria except P. aeruginosa. For the monoQAC quinine derivatives, the strongest activity 

was observed for Q-14,0; however, longer chains proved optimal for the bisQACs (Q-16,1 

and Q-18,1), and in fact provided two QACs with single-digit micromolar activity against 

all bacteria tested. The slight differences in optimal chain length are somewhat unexpected, 

and may reflect an optimum balance between polar and nonpolar sections of the 

amphiphiles,15,16 as well as the markedly different core of each natural product. Roughly 

comparable activity was achieved by mono- and bisQACs for both the N- and Q-series. 

BisQACs did not, contrary to expectations, prove uniformly more potent than the singly 

cationic analogs. In fact, they proved mildly inferior to the analogous monoQACs in some 

cases, taking N-12,0 and N-12,1 for example. 

From these naturally-derived mono- and bisQACs, we learned that natural products 

can serve as a platform for amphiphile construction, and that quaternization with long alkyl 

chains is capable of imparting significant levels of antibacterial activity. With the 

simplicity of synthesis and potency conferred by simple alkylation, natural product 

derivatization may be a viable strategy for antiseptic discovery and perhaps as an 

inspiration for future antibiotics. These findings also prompted us to investigate such 
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differences with other classes of QACs towards better understanding the chemical 

subtleties of QAC resistance in MRSA, to be detailed in CHAPTER 5. 

 

3.2.3 MultiQACs from an extended polyamine core 

 In continuing our studies on the antibacterial activity of QACs in relation to their 

structure, we wished to examine the effect that increasing charge would have an 

antibacterial activity. This was inspired partially by the fact that bacterial membranes 

display a significantly anionic surface, and partially by a report of the antibacterial and 

anti-biofilm activity of polyamine derivatives (2.6.4).17,18 As detailed in CHAPTER 2, the 

literature presents an abundance of work on gemini bisQACs, but very little ï if any ï work 

on multicationic QACs (multiQACs) possessing three or more permanent cationic head 

groups. This stands in stark contrast to the wide variety of bioactive natural products and 

derivatives thereof that incorporate multiple primary, secondary, and tertiary amines. 

Common examples include spermine, spermidine, and squalamine, among others. Each of 

these amines, while typically drawn as neutral, are in fact pH-dependent QACs (Section 

2.6.4) and thus are comprised of multiple cationic head groups at biologically-relevant pH 

levels. With the commercial availability of compounds with three or four tertiary amines 

at a modest cost,  we continued on our campaign to correlate bioactivity to amphiphilic 

structure, specifically the number of cations present, as well as the number and lengths of 

the hydrophobic side chains.19  
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3.2.3.1 Synthesis 

Compounds with a trisamine core were designed with a five- or seven-atom amine-

containing linker between quaternary head groups (Scheme 3.3). This scaffold allows for 

the incorporation of an additional quaternary center containing either a long or short side 

chain. To examine the activity of tetraQACs, a tetraamine core with two-carbon linkers 

between nitrogens was employed (Scheme 3.3). For the purposes of comparison, 

analogous compounds containing an all-carbon linker of equal length were also prepared. 

 

 

Scheme 3.3. Synthesis of multiQACs with an extended polyamine backbone. Synthesis of 

the: (A) n(5)n and n(7)n series; (B) n(2)0(2)n and n(2)R(2)n series; (C) 12(3)R(3)12 series; 

and (D) tetra-n,0,0,n and tetra-12,R,R,12 series. All counterions are Br - unless otherwise 

stated. 
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3.2.3.1.1 Synthesis of all-carbon linked bisQACs n(m)n 

Synthesis of the all-carbon linked bisQACs were conducted in a similar fashion as 

before (Scheme 3.3A).19 Exposure of 1,5-dibromopentane and 1,7-dibromopentane to a 

variety of dimethyl alkyl amines led to the production of the n(5)n and n(7)n series. 

Products were similarly recrystallized to achieve decent yields (63-90%) after rather short 

reaction times. The additional spacing between amine groups proved to be essential in 

effecting quaternization of the central nitrogen with long alkyl chains, as described below. 

 

3.2.3.1.2 Synthesis of bis- and trisQACs n(2)R(2)n 

To prepare analogous trisQACs, parent compound pentamethyl 

bis(ethylenediamine), 0(2)0(2)0, was alkylated to generate the n(2)0(2)n series in a 

selective manner with high yields (Scheme 3.3B).19 Further alkylation of the n(2)0(2)n 

series to yield the n(2)R(2)n series was not effected as easily. The use of long-chained alkyl 

halides led to sluggish and incomplete reactions. Under stronger and longer conditions with 

short-chained alkyl or allyl halides (neat methyl iodide or allyl bromide at reflux for 1 to 7 

days), the n(2)R(2)n series was prepared in modest to good yields. 

 

3.2.3.1.3 Synthesis of bis- and trisQACs n(3)R(3)n 

As steric and electronic factors were thought to inhibit the effective quaternization 

of the central nitrogen of n(2)0(2)n with long-chain alkyl groups, a compound with  

additional carbons in the linker between amine groups was prepared (Scheme 3.3C).19 

12(3)0(3)12, the heteroatom analog of 12(7)12, was prepared as before from the alkylation 

of 2,6,10-trimethyl-2,6,10-triazaundecane with dimethyldodecylammonium bromide. 
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Alkylation of the central nitrogen with a variety of alkyl and allyl halides proved much 

more facile in this series, providing yields of 49-94% of the trisQACs n(3)R(3)n. 

 

3.2.3.1.4 Synthesis of tetra-n,R,R,n 

Finally, the preparation of the tetraQAC series was achieved via a series of 

alkylations of commercially-available 1,1,4,7,10,10-hexamethyltriethylenetetraamine, or 

tetra-0,0,0,0 (Scheme 3.3D), which contains 2-carbon linkers between amine groups. 

Using one equivalent of alkyl bromide, monoalkylation of the parent tetraamine showed 

decent selectivity to afford the monoQACs tetra-n,0,0,0, and subsequent alkylation led to 

clean preparation of asymmetric tetra-n,0,0,m. Alkylation occurred solely at the terminal 

nitrogens as determined by the high degree of symmetry seen by NMR. Using multiple 

equivalents of alkyl bromide led to facile production of bisQACs tetra-n,0,0,n in high 

yields of 84 and 93%. Further quaternization again proved difficult, but was achieved under 

strong conditions with neat methyl iodide or allyl bromide under reflux to give tetra-

12,1,1,12 and tetra-12,3A,3A,12, wherein each number corresponds to the number of 

carbons in the side chain of each nitrogen; 3A indicated an allyl group containing 3 carbons. 

Solubility of tetra-12,1,1,12 was low in DMSO/water and thus was excluded from further 

studies; this lends further credence to the notion that the counterion plays a much larger 

role in solubility than initially anticipated.  

 

3.2.3.2 Evaluation of bioactivity 

 MIC values for 30 mono-, bis-, tris-, and tetraQACs against the standard panel of 

Gram-positive and Gram-negative bacteria were determined and compared to those of 
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BAC (Table 3.3).19 The low water solubility of two compounds, 16(2)1(2)16 and tetra-

12,1,1,12, precluded them from testing. TrisQAC 12(2)1(2)12 had unstable solubility, 

leading to varied and inconsistent results. 

 Nearly two-thirds of the compounds tested possessed MICs against all four bacteria 

in the single-digit micromolar range. Compounds containing dodecyl side chains proved 

more efficacious, in line with previous findings. The main goal of synthesizing and testing 

this set of compounds, however, was to examine the role of charge in antibacterial activity. 

While we postulated that increased cationic charge would bolster antibacterial activity, we 

did not see a major difference in activity in relation to charge. This is highlighted in the 

comparison of analogous n(5)n, n(2)0(2)n, and n(2)m(2)n compounds, which were 

essentially equipotent. In fact, bisQACs of the n(5)n and n(7)n families were generally on 

the same order of potency as compounds of higher charge state, with MICs at or below 

8µM for all bacteria, including the Gram-negative strains. 

 Within the n(3)R(3)n series containing a variety of substitutions on the central 

nitrogen, roughly uniform activity was uncovered. It was surprising to see little difference 

in activity between compounds carrying a methyl, butyl, dodecyl, or benzyl side chains; 

analogous compounds bearing butyl, benzyl, and hybrid benzyl-octyl side chains displayed 

identical activity across the board, with the remainder of compounds in this class displaying 

MICs within one dilution. This suggests that beyond general cationic nature and two long 

alkyl chains, structural nuances may not play as great a role in antibacterial behavior as 

initially hypothesized.  
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Table 3.3 Minimum inhibitory concentrations (MIC) of polyamine-derived multiQACs. 

Values are reported in micromolar. Compounds with no reported yield were purchased or 

prepared as previously described. 12,12 = dodecyldimethylammonium chloride. N.T. = not 

tested due to poor solubility. * indicates inconsistent results due to poor solubility. 

Compound 
Yield 

(%)  

Minimum Inhibitory Concentration (µM)  

S. aureus E. faecalis E. coli P. aeruginosa 

S
ta

n
d

a
rd 

DDAC, 2.5 - 1 1 2 16 

12,12 - 1 1 8 32 

Norspermidine, 2.46 - >500 >500 >500 >500 

12(3)12 86 2 1 2 4 

1(5)1 - 20 >500 >500 >500 >500 

10(5)10 76 2 4 8 63 

12(5)12 80 2 1 1 2 

14(5)14 72 1 1 4 16 

16(5)16 90 2 2 16 32 

12(7)12 63 1 1 2 8 

n
(2

)R
(2

)n
 s

e
ri
e

s 

10(2)0(2)10 63 2 8 8 63 

11(2)0(2)11 89 2 2 2 8 

12(2)0(2)12 95 1 1 2 4 

14(2)0(2)14 73 2 1 4 16 

16(2)0(2)16 95 4 2 16 32 

10(2)1(2)10 90 2 8 8 63 

11(2)1(2)11 99 2 2 4 8 

12(2)1(2)12 90 Ò0.25-4* Ò0.25-4* 0.5ï4* 1ï8* 

14(2)1(2)14 97 1 1 2 8 

16(2)1(2)16 94 N.T. N.T. N.T. N.T. 

10(2)3A(2)10 46 2 4 2 63 

11(2)3A(2)11 83 1 2 2 16 

12(2)3A(2)12 57 2 2 2 4 

14(2)3A(2)14 90 2 2 2 8 

16(2)3A(2)16 79 4 4 8 16 

n
(3

)R
(3

)n
 s

e
ri
e

s 

10(3)0(3)10 99 1 2 4 8 

12(3)0(3)12 - 21 1 2 1 4 

12(3)1(3)12 72 1 2 2 8 

10(3)2(3)10 89 2 4 4 8 

12(3)2(3)12 82 0.5 0.5 1 2 

12(3)4(3)12 51 1 1 1 2 

12(3)3A(3)12 83 1 2 2 4 

12(3)Bn(3)12 94 1 1 1 2 

12(3)Bn-8(3)12 49 1 1 1 4 

12(3)11-SH(3)12 80 2 2 2 8 

12(3)12(3)12 78 0.5 1 1 4 

te
tr

a-
s
e
ri
e

s 

tetra-12,0,0,0 53 8 8 8 32 

tetra-14,0,0,0 65 16 16 32 125 

tetra-14,0,0,12 95 1 1 2 8 

tetra-12,0,0,12 93 1 1 1 4 

tetra-14,0,0,14 84 2 1 2 16 

tetra-12,1,1,12 93 N.T. N.T. N.T. N.T. 

tetra-12,3A,3A,12 91 1 1 1 2 
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 Evaluation of the bioactivity of the tetra-series allowed for comparison of mono- to 

bis- to tetraQACs. The monoQACs tetra-12,0,0,0 and tetra-14,0,0,0 proved least 

efficacious, likely due to the lack of second alkyl chain. There was however little difference 

between bisQACs containing two long alkyl chains and tetraQACs containing two long 

alkyl chains and two short alkyl chains. This is exemplified through tetra-12,0,0,12 and 

tetra-12,3A,3A,12, which were equipotent. While these were both 8-fold more active than 

their corresponding monoQAC tetra-12,0,0,0, the installation of additional cationic centers 

does not appear to confer enhanced activity on its own. 

 

3.2.4 Branched multiQACs 

In continuing our studies on polyamine-derived multiQACs, we wished to diversify 

the scaffold to further explore the relationship between structure, specifically charge, and 

antibacterial function. As the number of amines in the linear polyamine scaffolds was 

saturated, we thought to install an additional amine at a branch point to develop branched 

tris- and tetraQAC derivatives (Scheme 3.4). A branched multiQAC would be inherently 

more flexible, and would potentially offer a different projection of side chains as compared 

to its linear precursor. 

 

3.2.4.1 Synthesis 

Beginning with a branched tetraamine scaffold tris(2-dimethylaminoethyl)amine, 

referred to as T-0,0,0,0, selective and symmetrical alkylation of the three terminal amines 

was performed according to precedent (Scheme 3.4A). Treatment with 3 equivalents of n-

alkyl bromide at reflux overnight, followed by trituration, afforded the T-n,n,n,0 series in 

70 to 95% yields.22 It should be noted that four of these compounds were previously 
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reported, also with exclusive alkylation at the terminal amines, though not for antibacterial 

purposes.23 As found with the n(2)0(2)n series, alkylation of the remaining tertiary amine 

proved difficult due to the electronic environment between three neighboring quaternary 

centers in close proximity, as well as steric hindrance. In this case, no alkylation of the 

central nitrogen was achieved and thus this series was comprised of trisQACs with a fourth 

unquaternized amine. 

 

Scheme 3.4 Synthesis of branched multiQACs. (A) T-series, and (B) sT-series. All 

counterions are Br ï unless otherwise stated. 

 

Since success was achieved in alkylating the central nitrogen of n(3)0(3)n with a 

variety of alkyl bromides (Section 3.2.3.1.3, Scheme 3.3C), alkylation of the central 

nitrogen of a parent polyamine with an extra carbon linker between amines should proceed 

similarly.  Distancing of the cations was thought to enhance nucleophilicity of the central 

nitrogen, as well as decrease steric congestion. Commercially-available N,N-bis[3-

(dimethylamino)propyl]-Nô,Nô-dimethylpropane-1,3-diamine ï or sT-0,0,0,0 for short ï fit 

this need and was thus subjected to the standard alkylation conditions (Scheme 3.4B).24 
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From sT-0,0,0,0, twenty-four compounds of the sT-n,n,n,R series were prepared. 

Selective alkylation of the terminal tertiary amines was readily achieved under the same 

conditions used to generate the T-series, yielding the sT-n,n,n,0 series in nearly quantitative 

yield in all cases. Whereas a fourth equivalent of a long-chained alkyl halide was not 

successfully incorporated onto the central nitrogen, the resulting scaffold could be exposed 

to neat methyl iodide for a period of 2 to 7 days to furnish fully quaternized tetraQACs of 

the sT-n,n,n,1 series, again in quantitative yield in all but one case. Methylation of sT-

16,16,16,0 and sT-18,18,18,0 was unsuccessful due to poor solubility. The sT-n,n,n,0 

series was also exposed to excess allyl bromide at reflux for 1 to 3 days, resulting in very 

high yields of the sT-n,n,n,3A series. Finally, exposure to 4 equivalents of benzylbromide 

at reflux for a few hours provided two superT compounds of the class sT-n,n,n,Bn in good 

yields. 

 

3.2.4.2 Evaluation of bioactivity 

We hypothesized that appending a third side chain, in combination with a third 

cationic warhead off of the central nitrogen, would further improve the biological activity, 

as previously shown by our groups (Section 3.2.3). Surprisingly, the T-series showed no 

significant improvement in antibacterial activity against the standard panel, barring a subtle 

shift in potency toward shorter side chains; T-10,10,10,0 and T-11,11,11,0 were more 

potent than their longer chain counterparts (Table 3.4). The T-series demonstrated that 

three flexible and distant warheads conferred activity similar to that of smaller analogs. 
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Table 3.4 Minimum inhibitory concentrations (MIC) of branched multiQACs. Values are 

reported in micromolar. N.T. = not tested due to poor solubility. 

Compound 
Yield 

(%)  

Minimum Inhibitory Concentration (µM)  

S. aureus E. faecalis E. coli P. aeruginosa 

DDAC, 2.5 - 1 1 2 16 

12,12 - 1 1 8 32 

sT-0,0,0,0 - >500 >500 >500 500 

T-8,8,8,0 95 2 16 16 63 

sT-8,8,8,0 99 4 32 32 125 

sT-8,8,8,1 100 0.5 16 4 250 

sT-8,8,8,3A 90 1 16 4 125 

T-10,10,10,0 70 1 1 1 2 

sT-10,10,10,0 99 0.5 0.5 1 2 

sT-10,10,10,1 98 0.5 0.5 0.5 2 

sT-10,10,10,3A 97 0.5 0.5 0.5 1 

T-11,11,11,0 82 0.5 1 1 2 

sT-11,11,11,0 100 0.5 0.5 0.5 1 

sT-11,11,11,1 100 0.5 0.25 0.25 1 

sT-11,11,11,3A 100 0.5 0.5 0.5 1 

sT-11,11,11,Bn 81 0.5 0.5 0.5 1 

T-12,12,12,0 82 1 1 2 8 

sT-12,12,12,0 99 0.5 1 1 4 

sT-12,12,12,1 100 1 1 1 4 

sT-12,12,12,3A 94 1 0.5 0.5 2 

sT-12,12,12,Bn 83 1 0.5 0.5 2 

sT-13,13,13,0 99 1 1 1 8 

sT-13,13,13,1 100 2 1 1 4 

sT-13,13,13,3A 98 2 1 1 4 

T-14,14,14,0 70 4 4 16 63 

sT-14,14,14,0 100 1 2 4 16 

sT-14,14,14,1 100 4 2 4 32 

sT-14,14,14,3A 100 2 2 4 32 

T-16,16,16,0 84 N.T. N.T. N.T. N.T. 

sT-16,16,16,0 100 8 16 16 32 

sT-16,16,16,3A 96 4 8 16 63 

T-18,18,18,0 85 N.T. N.T. N.T. N.T. 

sT-18,18,18,0 100 8 16 32 63 

sT-18,18,18,3A 100 2 32 32 125 

 



63 

Bioactivity of the twenty-four superT QACs was assessed against the standard 

panel of bacteria, plus CA-MRSA and HA-MRSA (results detailed in CHAPTER 5). Data 

is presented and compared to the T-series in Table 3.4, wherein multiQACs are grouped 

according to alkyl chain length. The antimicrobial activity of the superT analogs represent 

the strongest of the over 300 antiseptics we have prepared and investigated to date. Over 

one third of compounds in this set displayed an average MIC value in the sub-micromolar 

range against all six bacterial strains. Bioactivity generally correlated to chain length; 

superT compounds with alkyl chain lengths of 10 to 12 carbons were generally optimal. 

We have seen this preference for approximately 11 carbon chains when there are three or 

more alkyl chains present; dodecyl chains tend to be optimal in bisQAC systems. A direct 

comparison of the activity of the sT-n,n,n,0 compounds to the similar trisQACs T-n,n,n,0 

shows a modest improvement in activity in the less-congested superT system.  

The addition of a fourth quaternary ammonium center yielding tetraQACs, a major 

motive in moving to the superT system, seems to provide no further improvements to 

antimicrobial activity. It is possible that this is a reflection of the basicity of the central 

nitrogen when unsubstituted; it may end up being protonated under neutral or biological 

conditions anyway, so the final substitution may not effect a major change based on charge. 

This is in agreement with work published by the Clardy group, in which they observed that 

the protonation of polyamine compounds directly contributed to their biological activity.18 

 

3.2.5 Scaffold-hopping QACs from a common polyamine core 

In exploring the correlation of QAC structure to antibacterial activity, our efforts 

thus far had examined the role of side chain length and charge. We then wished to examine 



64 

the effect that rigidifying the scaffold and projecting the alkyl chain in various directions 

would have on bioactivity. Building on earlier work, we postulated that a scaffold-hopping 

approach,22 similar to the strategy often employed in medicinal chemistry, could create 

potent antibacterial agents with improved and differential selectivity. If we could subtly 

alter the orientation of cationic head groups and the alkyl side chains of amphiphilic QACs, 

we may gain valuable insight to key structural elements towards generating antibacterials 

that are more potent and possess differential activity.  

Toward this end, we envisioned accessing two new classes of QACs via various 

linkages within the polyamine core 0(2)0(2)0 (Figure 3.2). Linking the 0(2)0(2)0 scaffold 

between terminal amines yields a cyclononyl ring (C-series), and between a terminal and 

central amine yields a piperazine (P-series). Conformational rigidity of the cyclic 

derivatives would provide a more restricted scaffold and thus impart various projections of 

the alkyl side chains, allowing for fine-tuning of bacterial membrane interactions. The C-

series in particular would also provide insight to how localized charge density affects 

antimicrobial properties, as well as how monoQACs with two additional amines perform.  

 

 

Figure 3.2 Scaffold-hopping approach to generate the P- and C-series. 
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3.2.5.1 Synthesis 

Synthesis of the piperazine series (P-series) was achieved via alkylation of 1-(2-

dimethylaminoethyl)-4-methylpiperazine, a commercially-available, cost-efficient starting 

material ($0.19 per gram) (Scheme 3.5A). Similar to previous QAC syntheses, piperazine 

starting material was subjected to two equivalents of various alkyl bromides overnight 

under reflux, followed by trituration, to obtain pure compounds at good to high yields of 

60 to 90%. These compounds of the P-n,0,n series, wherein n represents the number of 

carbons in the alkyl side chains, were unreactive to further alkylation at the central nitrogen, 

despite a variety of attempts (methyl iodide or methyl tosylate in DMF at reflux). The 

longest chained compounds, P-16,0,16 and P-18,0,18, containing an aggregate 32 to 36 

side chain carbons were, not surprisingly, insoluble, and therefore not tested. 

 

 

Scheme 3.5. Synthesis of scaffold-hopping multiQACs. (A) P-series, and (B) C-series. 

 

The set of cyclic QAC compounds (C-series) was prepared from 1,4,7-trimethyl-

1,4,7-triazacyclononane, a cyclic polyamine (Scheme 3.5B). Standard alkylation of this 

compound with one equivalent of corresponding alkyl bromide effected clean 

monoalkylation, yielding the C-n,0,0 series in 56 to 87% yield after trituration. Though 
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previous limitations of subsequent long-chain alkylation were again experienced, 

subsequent methylation with neat iodomethane proceeded easily overnight at room 

temperature to form the trisQAC C-n,1,1; yields were good to excellent at 73 to 98%.22 

 

3.2.5.2 Evaluation of bioactivity 

The MICs of several mono-, bis-, and trisQACs of the P- and C-series were 

evaluated against Gram-positive MSSA and MRSA and E. faecalis, and Gram-negative E. 

coli and P. aeruginosa (Table 3.5). All but one compound in the P-series completely 

inhibited bacterial growth of all strains at 8µM or less, with P-12,0,12 displaying a MIC of 

2µM against P. aeruginosa, a feat that is not often accomplished. Overall, the P-series 

possessed very similar biological activity, though more potent by two-fold, to its linear 

parent class exemplified by 12(2)0(2)12. These findings suggest that increased rigidity and 

constrained projection of the hydrophobic side chains slightly improve antibacterial 

activity. 

The monoQACs of the C-series (C-n,0,0) displayed markedly reduced activity 

while the trisQACs of the C-series (C-n,1,1) possessed potency on the level of the P-series. 

The most potent among the C-series regardless of charge were those possessing longer side 

chains of 16, 18, and 20 carbons. This is interesting given our previous findings with 

asymmetric and monoQACs (Section 3.2.1) and the aggregate number of side chain 

carbons; it appears that compounds possessing one long chain require more than the 

standard number of 12 to 14 optimal carbons in order to be efficacious. An examination of 

the differences in activity between MSSA and MRSA will be detailed in CHAPTER 4. 
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Table 3.5 Minimum inhibitory concentrations (MIC) of scaffold-hopping multiQACs. 

Values are reported in micromolar. N.T. = not tested due to poor solubility. 

Class Compound 
Yield 

(%)  

Minimum Inhibitory Concentration (µM)  

S. aureus E. faecalis E. coli P. aeruginosa 

S
td

 DDAC, 2.5 - 1 1 2 16 

12,12 - 1 1 8 32 

P
-s

e
ri
e
s 

P-10,0,10 77 1 2 16 63 

P-11,0,11 71 0.5 1 1 8 

P-12,0,12 64 0.5 0.5 1 2 

P-13,0,13 90 1 0.5 1 4 

P-14,0,14 75 0.5 0.5 1 8 

P-16,0,16 83 N.T. N.T. N.T. N.T. 

P-18,0,18 60 N.T. N.T. N.T. N.T. 

C
-s

e
ri
e
s
 m

o
n

o
Q

A
C

s C-10,0,0 87 32 63 125 500 

C-11,0,0 56 8 32 63 500 

C-12,0,0 65 2 8 32 250 

C-13,0,0 56 1 4 16 125 

C-14,0,0 72 0.5 2 8 63 

C-16,0,0 86 Ò0.25 1 4 16 

C-18,0,0 78 0.5 1 8 16 

C-20,0,0 74 0.5 1 32 32 

C
-s

e
ri
e
s
 t
ri
s
Q

A
C

s 

C-10,1,1 100 32 63 125 250 

C-11,1,1 73 63 63 250 125 

C-12,1,1 84 16 32 125 250 

C-13,1,1 100 4 8 16 125 

C-14,1,1 89 2 4 8 32 

C-16,1,1 98 1 1 1 16 

C-18,1,1 91 1 1 2 4 

C-20,1,1 100 1 1 4 8 

 

Overall, rigidifying the scaffold improved bioactivity in most cases, yielding some 

of the most effective compounds to date against both Gram-positive and Gram-negative 

bacteria. There were, as in the case of other multiQACs (Section 3.2.3), no significant 

differences in activity between mono- and trisQACs of the C-series, with the exception of 

CA-MRSA. 
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3.2.6 ArylQACs with distribution of charge 

Having examined the roles of both the hydrophobic and cationic regions of linear 

and cyclic alkyl amphiphilic QACs, we wished to investigate the role that charge 

distribution plays in their antibacterial activity. There are numerous examples of 

multiQACs that rely on non-localized charges detailed in Section 2.6.2. The application of 

conjugated bis-pyridyl compounds, in particular, is well precedented. Conversely, 

unconjugated multi-pyridyl compounds are not as well reported, making this an area ripe 

for exploration. Towards exploring the role of charge delocalization in antibacterial 

activity, series of isomeric bis-pyridyl and multi-pyridyl QACs (Figure 3.3) were designed 

and tested for antibacterial activity. 

 

 

Figure 3.3 Bis- and multi-pyridyl cores. The top structures represent conjugated structures 

while the bottom are unconjugated systems. 
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3.2.6.1 Synthesis 

3.2.6.1.1 Bis-pyridyl meta- and parametaquats 

Previous work in the Minbiole lab explored a series of dialkyl 4,4ô-bipyridinium 

QACs referred to as paraquats, or the PQ-series (Section 2.6.2).25 Such a system would 

also allow us to study the distribution of charge towards better understanding antibacterial 

behavior. Dialkyl 3,3ô-bipyridinium (metaquat, MQ-n,m) compounds and dialkyl 3,4ô-

bipyridinium (parametaquat, PMQ-n,m) compounds presented analogs of PQ with altered 

electrochemical properties that could potentially mitigate toxicity (Section 3.4.2). 

To begin, 3,3ô- and 3,4ô-bipyridine core structures were prepared according to 

precedent using a palladium-mediated cross coupling.26 A series of several symmetric 

arylQACs was prepared in a similar fashion to other QACs: each biaryl core was subjected 

to three equivalents of n-alkyl bromide in acetonitrile at high concentrations for 16 to 22 

hours (Scheme 3.6).27 In all reactions, it was found that addition of cold acetone to the 

warm reaction mixture led to precipitation of the desired product. Recrystallization to 

remove residual starting materials was performed as necessary, furnishing the MQ-n,n and 

PMQ-n,n series. While most yields were decent to very good at 52 to 88%, PMQ-16,16 

was obtained only at 8% yield, likely due to the surprisingly poor solubility of the PMQ-

16,0 monoQAC intermediate. 

In order to further investigate the effect of asymmetry on antibacterial activity, a 

series of asymmetric MQs, MQ-n,R, was synthesized (Scheme 3.6B). This was 

accomplished via exposure of 3,3ô-bipyridine to one equivalent of dodecyl bromide to give 

MQ-12,0 in 61% yield. Subsequent reaction of MQ-12,0 with decyl bromide, tetradecyl 

bromide, iodomethane, or benzyl bromide afforded the desired asymmetric MQ-n,m in 40 
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to 78% yield. In total, MQ compounds prepared spanned a range of structures to be 

evaluated for antibacterial activity: a monoQAC (MQ-12,0); two slightly asymmetric 

bisQACs containing 22 to 26 total side chain carbons (MQ-12,10 and MQ-14,12); a 

drastically asymmetric bisQAC (MQ-12,1); and a benzyl-containing bisQAC (MQ-12,Bn), 

which was modeled after BAC, the commercially-available antibacterial QAC.  

 

 

Scheme 3.6 Synthesis of bis-pyridyl QACs. (A) PMQ- and (B) MQ-series. All counterions 

are Br ï unless otherwise stated. 

 

3.2.6.1.2 Multi-pyridyl QACs 

Core structures 2Pyr and 3Pyr were identified as ideal for our studies on 

unconjugated multi-pyridyl QACs.  While some 2Pyr derivatives have been alkylated to 

form amphiphiles to study BPA removal,28 their antimicrobial activity has not been 
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considered. Alkylation of tris-pyridine core structures such as commercially available 

O3Pyr and its readily synthesized isomers P3Pyr 29 and M3Pyr,30 showed no literature 

precedent, and thus served as enticing launch points.   

Starting with the commercially available 1,3-di-(4-pyridyl)propane, or 2Pyr-0,0, 

eight bispyridyl QACs, 2Pyr-n,n, were prepared by exposure to the corresponding n-alkyl 

bromides overnight in acetonitrile at reflux (Scheme 3.7A). The resulting precipitates were 

recrystallized or triturated as necessary to achieve purity and high yields of 79 to 97%. 

 

 

Scheme 3.7 Synthesis of unconjugated pyridyl QACs. (A) 2Pyr- and (B) P3Pyr- and 

M3Pyr-series. All counterions are Br ï. 
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Initial attempts at alkylating the ortho tris-pyridine O3Pyr led to no reaction under 

a number of substitution reaction conditions, presumably due to steric hindrance next to 

the nucleophilic pyridine nitrogen. Instead, the para isomer P3Pyr-0,0,0 was prepared via 

a precedented reductive amination at modest yield (52%) (Scheme 3.7B).29,31 In attempt to 

generate the P3Pyr-n,n,n series via standard alkylation conditions, poor reproducibility was 

experienced; P3Pyr-10,10,10 and P3Pyr-12,12,12 were prepared in good yield but showed 

somewhat poor stability. Attempts to prepare other analogs led to variable yields and 

unacceptable purity; this may have resulted from a fragmentation event driven by the 

central nitrogen, which might be circumvented by a change in the electronic distribution of 

the QAC. 

Gratifyingly, the meta tris-pyridine isomer M3Pyr was similarly prepared via 

reductive amination (56%), and subsequent alkylation was facile and produced shelf-stable 

M3Pyr-n,n,n compounds (Scheme 3.7B). This series was prepared in 71 to 97% yields, 

again after recrystallization or trituration.   

 

3.2.6.2 Evaluation of bioactivity 

3.2.6.2.1 Meta- and parametaquats (MQ and PMQ) 

MIC values against the standard panel of Gram-positive and Gram-negative 

bacteria were determined, and are shown in Table 3.6. Benzyl and pyridyl QACs BAC, 

CPC, and PQ-11,11 were tested for comparison. The MICs for the MQ and PMQ series 

were consistent to a large degree with previous findings from the PQ series. A bisQAC 

structure was again required for a compound to display strong antibacterial activity, as MQ-

12,0 showed weak activity. Again, a total of 22 to 24 side chain carbons led to optimal 
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activity, as demonstrated by (P)MQ-11,11 and (P)MQ-12,12, as well as asymmetric variant 

MQ-12,10. Modest asymmetry led to no significant change in activity. Consistent with the 

PQ series, as alkyl chain length increased beyond 12 carbons, both solubility in water and 

antibacterial activity, especially against Gram-negative bacteria, decreased. The 

benzylated derivative, MQ-12,Bn showed only modest antibacterial activity compared to 

MQ-n,n compounds, yet was on par in most cases with BAC. 

 

Table 3.6 Minimum inhibitory concentrations (MIC) of conjugated bis-pyridyl QACs. 

Values are reported in micromolar. 

Class Compound 
Yield 

(%)  

Minimum Inhibitory Concentration (µM)  

S. aureus E. faecalis E. coli P. aeruginosa 

S
td

 BAC, 2.4 - 8 8 32 63 

CPC, 2.6 - 0.5 1 8 63 

P
Q

 PQ-11,11 - 1 1 1 4 

PQ-12,12 53 1 1 0.5 2 

PQ-12,Bn 69 4 16 16 125 

M
Q

-s
e
ri
e
s 

MQ-12,0 61 8 63 63 250 

MQ-12,1 78 125 125 125 250 

MQ-12,Bn 57 8 63 32 250 

MQ-12,10 40 2 2 2 4 

MQ-14,12 77 2 1 2 8 

MQ-8,8 78 32 125 250 >500 

MQ-10,10 75 2 2 2 8 

MQ-11,11 63 0.5 1 1 2 

MQ-12,12 88 1 1 1 2 

MQ-14,14 70 2 2 4 16 

MQ-16,16 59 2 1 8 16 

P
M

Q
-s

e
ri
e
s 

PMQ-8,8 52 125 125 125 >500 

PMQ-10,10 84 2 2 2 16 

PMQ-11,11 84 0.5 0.5 0.5 1 

PMQ-12,12 59 1 1 0.5 2 

PMQ-14,14 64 2 1 2 16 

PMQ-16,16 8 2 4 16 63 
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In regards to the alternative core structures, PMQ-derived amphiphiles were found 

to be marginally more active than MQ amphiphiles; in fact, PMQ-11,11 was more effective 

across the board than the previous best-in-class compound, PQ-11,11, and presented sub-

micromolar MICs against three of the four bacteria tested.  

 

3.2.6.2.2 Multi-pyridyl QACs 

The antimicrobial data against the standard panel of bacteria for these pyridinium 

multiQACs, compared to commercial monoQAC CPC, led to some interesting conclusions 

(Table 3.7). The core structures lacking alkyl chains, 2Pyr, M3Pyr, and P3Pyr, showed 

virtually no activity at biologically relevant concentrations. Further confirmation of the 

optimal length of the alkyl side chains was also noted. Bis- and tris-pyridyl QACs bearing 

side chains of less than 8 or more than 13 carbons showed diminished activity, as 

exemplified by 2Pyr-8,8 and M3Pyr-18,18,18. Whereas CPC carries one 16-carbon chain, 

optimal activity in the 2-Pyr series was observed for the 11-carbon chain (2Pyr-11,11), and 

one carbon shorter was observed to be optimal in the 3Pyr series (M3Pyr-10,10,10 and 

P3Pyr-10,10,10). This is consistent with our previous observations of optimal activity in 

shorter chains for QACs with 3 alkyl groups (Section 3.2.4).24 

While there was no significant difference in bioactivity between the isomeric 

M3Pyr and P3Pyr series, the correlation of the number of pyridinium groups to bioactivity 

was somewhat surprising. Against Gram-positive bacteria S. aureus and E. faecalis, 

strongly bioactive compounds from all three classes and CPC were comparable in activity, 

with MICs between 0.25 and 1mM. Against Gram-negative E. coli and P. aeruginosa, 

though, the majority of the bis- and tris-pyridyl QACs displayed markedly better activity 
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than CPC, on the order of 8- to 32-fold. It appears that the addition of a third pyridinium 

moiety is unnecessary for improving bioactivity when compared to its bis-pyridinium 

counterpart, but that the addition of a second amphiphilic warhead confers drastically 

improved activity over the monoQAC CPC. This may be a result of subtle structural 

intricacies born by each QAC, and if true, would permit the design of improved 

multiQACs. Finally, it is worth noting that 2Pyr-11,11 ranks as the most potent of the 

several hundred antiseptic QACs examined in our laboratories over several years. 

 

Table 3.7. Minimum inhibitory concentrations (MIC) of unconjugated bi- and multi-

pyridyl QACs. Values are reported in micromolar. 

Class Compound 
Yield 

(%)  

Minimum Inhibitory Concentration (µM)  

S. aureus E. faecalis E. coli P. aeruginosa 

S
td

. BAC, 2.4 - 8 8 32 63 

CPC, 2.6 - 0.5 1 8 63 

PQ-11,11 - 1 1 1 4 

2
P

y
r-
s
e

ri
e
s 

2Pyr-0,0 - >250 >250 >250 >250 

2Pyr-8,8 91 8 63 32 500 

2Pyr-10,10 79 0.5 0.5 0.5 8 

2Pyr-11,11 93 0.25 0.5 0.5 2 

2Pyr-12,12 88 0.25 0.5 0.5 2 

2Pyr-13,13 93 0.5 0.5 1 8 

2Pyr-14,14 96 8 1 4 250 

2Pyr-16,16 95 4 8 63 500 

2Pyr-18,18 97 8 8 500 500 

M
3

P
y
r-
s
e
ri
e

s 

M3Pyr-0,0,0 56 250 >250 >250 >250 

M3Pyr-8,8,8 84 2 8 8 32 

M3Pyr-10,10,10 72 0.5 1 1 2 

M3Pyr-11,11,11 79 0.5 1 1 4 

M3Pyr-12,12,12 81 1 1 1 8 

M3Pyr-13,13,13 71 1 1 2 8 

M3Pyr-14,14,14 88 2 2 4 32 

M3Pyr-16,16,16 97 2 4 63 250 

M3Pyr-18,18,18 97 8 32 63 >250 

P
3

P
y
r P3Pyr-0,0,0 52 >250 >250 >250 >250 

P3Pyr-10,10,10 88 2 4 4 16 

P3Pyr-12,12,12 78 4 4 8 32 
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3.2.7 Cleavable ester- and amideQACs 

The chemical stability of QACs is both an aid to prolonged antibacterial activity 

and a liability to the environment, causing downstream toxicity and the development of 

resistance (Section 2.6.5). Soft antimicrobials accordingly offer the ability to kill bacteria 

quickly, yet naturally degrade in a short period of time, generally through the use of ester 

and amide moieties (Figure 2.11). We recognized two competing tactics in the preparation 

of soft amphiphiles: ñedge-destructò or ñcenter-destructò functionality (Figure 3.4). 

 

 

Figure 3.4 Self-destruct strategies for the design of soft amphiphiles. (A) Center-destruct 

concept; (B) Edge-destruct concept. 

 

In the case where a cleavable moiety is incorporated between cationic head groups, 

fragmentation would lead to multiple QACs which would likely retain some level of 

bioactivity (Figure 3.4A). Alternatively, an ñedge-destructò strategy, wherein cleavable 

groups are included on the terminal ends of a collection of cationic head groups, would 

yield non-amphiphilic products that likely would have no residual bioactivity (Figure 

3.4B).  With previous contributions to the field of cleavable QACs in mind, we elected to 

apply the edge-destruct strategy to a variety of our simple and potent QAC scaffolds 
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designed previously, incorporating both esters and amides for comparison of stability, and 

a range of charge states and lengths of side chains (Scheme 3.8). The naming system for 

soft QACs is identical to their parent QAC classes, only esterQACs carry ñEò and 

amideQACs carry ñAò before each compoundôs name. The total number of side chain 

carbons (m) is included in the name; for example, a hexyl ester (n=6) corresponds to a total 

number of 9. 

 

 

Scheme 3.8 Synthesis of ester- and amideQACs. (A) BAC monoQACs; (B) TMEDA 

bisQACs; (C) m(3)m(3)m trisQACs; (D) superT trisQACs; and (E) piperazinyl bisQACs. 

All tertiary amines were alkylated with 3.1, wherein X represents either oxygen in the case 
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of esterQACs (E-series) or nitrogen in the case of amideQACs (A-series). m represents the 

total number of side chain carbons. All counterions are Br-. 

 

3.2.7.1 Synthesis 

The synthetic route to 40 soft multiQACs is shown in Scheme 3.8.  For ester- and 

amideQAC formation, all reactions were performed by simple alkylations of bromoesters 

of varying chain length. Alkylation reaction conditions mirrored those from before, though 

many reaction times were very brief (Ò3h) or did not require heat, perhaps reflective of 

enhanced reactivity at the Ŭ-position to the carbonyl. This also conferred the ability to 

easily alkylate the central nitrogen of the linear trisQAC series, which previously showed 

difficulty (Section 3.2.3). Recrystallization or trituration afforded the compounds in good 

to high yields (Table 3.8). Complete experimental details are presented in CHAPTER 6. 

  

3.2.7.2 Evaluation of bioactivity 

The antimicrobial data of these 40 soft amphiphiles was a bit puzzling.  The activity 

of the esterQACs was uniformly disappointing, showing roughly an 8-fold decrease in 

activity as compared to alkyl analogs (Table 3.8). The amide structures, however, were 

quite potent antimicrobials, with three out of the five amideQACs showing single-digit 

MIC values, and matched the activity of their parent species. The best compounds in each 

series were often the 12 to 13 carbon analogs, though E-BAC-17 was the best in its class, 

consistent with previous findings regarding the optimal length and number of side chain 

carbons. When comparing multiQACs to monoQAC BAC analogs, there was a clear 

advantage in the additional cationic moieties and alkyl chains. 
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Table 3.8 Minimum inhibitory concentrations (MIC) of cleavable ester- and amideQACs.  

Non-ester or amide parent compounds are shown for reference. Compounds with no 

reported yield were previously reported and are included here for comparison. Values are 

reported in micromolar. 

Class Compound 
Yield 

(%)  

Minimum Inhibitory Conc entration (µM)  

S. aureus E. faecalis E. coli P. aeruginosa 

B
A

C
-s

e
ri
e

s 

BAC - 8 8 32 63 

E-BAC-9 99 >250 >250 >250 >250 

E-BAC-10 92 >250 >250 >250 >250 

E-BAC-11 99 125 250 250 >250 

E-BAC-12 95 32 125 125 >250 

E-BAC-13 98 32 32 63 >250 

E-BAC-15 91 2 4 16 63 

E-BAC-17 98 1 4 8 250 

A-BAC-13 97 8 16 32 125 

T
M

E
D

A
-s

e
ri
e

s 

TMEDA-12,12 - 1 1 2 5 

E-TMEDA-9,9 71 >250 >250 >250 >250 

E-TMEDA-10,10 77 250 >250 >250 >250 

E-TMEDA-11,11 68 32 63 63 125 

E-TMEDA-12,12 77 2 16 16 32 

E-TMEDA-13,13 81 4 16 8 32 

E-TMEDA-15,15 78 16 32 63 125 

E-TMEDA-17,17 88 16 32 250 >250 

A-TMEDA-13,13 44 1 1 1 2 

P
-s

e
ri
e

s 

P-13,0,13 - 1 0.5 1 4 

E-P-9,0,9 64 >250 >250 >250 >250 

E-P-10,0,10 93 >250 >250 >250 >250 

E-P-11,0,11 92 >250 63 250 >250 

E-P-12,0,12 96 4 8 16 125 

E-P-13,0,13 82 2 4 2 16 

E-P-15,0,15 90 8 32 16 32 

E-P-17,0,17 97 >250 >250 >250 >250 

A-P-13,0,13 54 0.5 0.5 1 2 

L
in

e
a
r 

p
o

ly
a
m

in
e
s 

12(3)12(3)12 - 0.5 1 1 4 

E-9(3)9(3)9 76 250 250 >250 >250 

E-10(3)10(3)10 92 32 32 125 125 

E-11(3)11(3)11 81 8 16 16 32 

E-12(3)12(3)12 85 4 16 8 32 

E-13(3)13(3)13 90 4 8 8 16 

E-15(3)15(3)15 91 4 8 8 16 

E-17(3)17(3)17 95 63 32 63 250 

A-13(3)13(3)13 96 1 2 2 63 

s
T
-s

e
ri
e

s 

sT-13,13,13,0 - 1 1 1 8 

E-sT-9,9,9,0 99 63 250 250 >250 

E-sT-10,10,10,0 99 16 32 63 >250 

E-sT-11,11,11,0 99 2 8 8 63 

E-sT-12,12,12,0 99 2 8 4 16 

E-sT-13,13,13,0 93 2 8 8 16 

E-sT-15,15,15,0 83 4 8 8 >250 

E-sT-17,17,17,0 92 125 16 32 250 

A-sT-13,13,13,0 90 1 1 1 8 
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3.2.7.3 Stability testing 

While it is tempting to explain the diminished antibacterial activity of esterQACs 

as instability in aqueous solution, this was not strictly the case. This was evidenced by 

decomposition studies of lead analogous compounds at acidic, neutral, and basic pH levels 

(Figure 3.5). Stability testing, as assessed by LCMS (details in the Experimental, 

CHAPTER 6), showed that all compounds tested were relatively stable in pure water (pH 

7), which mimics the initial stages of biological testing. The two esterQACs rapidly 

decomposed in acidic and basic solutions, and hydrolyzed 50% within 3 to 4 hours in pure 

water. The amideQACs proved more robust, with little decomposition over 16 hours at pH 

levels of 7 and 10. Acidic conditions, however, led to both poor solubility and rapid 

decomposition. These results show that such QACs have several key properties: rapid and 

facile synthesis, strong and broad antimicrobial activity, stability in water and pH Ó7, and 

decomposition in acidic solution. This would ultimately allow for environmental 

decomposition, especially in areas of greater rainfall, which tend to have more acidic soils. 

These findings have important implications in QAC activity and accumulation, which play 

a role in toxicity (Section 3.4) and resistance (CHAPTER 4). 
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Figure 3.5 Stability testing of lead ester- and amideQACs at different pH levels. 

EsterQACs show rapid decomposition in acidic and basic solutions, and moderate 

decomposition in pure water. AmidQACs show rapid decomposition in acidic solution, yet 

remain stable under neutral and basic conditons. 

 

3.2.8 Conclusions 

 Through examining the bioactivity against planktonic bacterial cells of our 

rationally designed library of QAC scaffolds, several key findings were confirmed 
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regarding alkyl chain length, cationic charge, and distribution of charge. First, alkyl chain 

length is key in conferring antibacterial behavior. Compounds lacking significant alkyl 

chains are inactive at biologically relevant concentrations, and a trend with bioactivity 

peaking between 10 and 14 carbons and tailing at less than 10 and more than 14 carbons is 

experienced across nearly all classes of QACs. An aggregate of 20 to 24 side chain carbons 

is generally optimal due to the structure of bacterial cell membrane and solubility of the 

QAC. MonoQACs and drastically asymmetric bisQACs tend to require longer chains for 

activity, while symmetry is preferred for bisQACs carrying two alkyl chains of significant 

length. TrisQACs carrying three long alkyl chains experience a slight decrease in the 

optimal number of carbons in each chain, again likely due to solubility. Greater activity is 

experienced for Gram-positive species over Gram-negative species likely due to the 

presence of the second membrane in Gram-negative bacteria. Furthermore, QACs carrying 

only one chain wane in activity against Gram-negative species.  

 Surprisingly, an increase in cationic charge beyond the bisQAC does not appear to 

enhance antibacterial activity against planktonic bacterial cells, despite the negative nature 

of the cell surface. Compounds of higher charge state are generally equipotent to their less 

charged counterparts. Increased charge could have important implications, however, in 

antibiofilm activity (Section 3.3) and/or toxicity to eukaryotic cells (Section 3.4). Similar 

results were found for charge distribution among bis- and multi-pyridiyl systems; differing 

electrochemical properties resulting from this distribution of charge may be involved in 

mitigating toxicity. Cleavable QACs that show decent antibacterial activity yet are capable 

of decomposing in solutions of varying pH add to the repertoire of soft amphiphiles. QAC 
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charge, nature, and accumulation play a major role in bacterial resistance, and will 

accordingly be discussed in CHAPTERS 4 and 5. 

 

3.3 Anti -biofilm Activity o f QACs 

In the vast majority of studies on antibacterial agents, activity is measured against 

planktonic bacterial cells in the form of MIC, MBC, or IC50 values. While such analyses 

provide a good initial measure of bioactivity and certainly have their merits, these 

conditions are not necessarily reflective of the environment in which bacteria exist in their 

infectious state: biofilms (Section 1.1.1). The biofilm life cycle consists of four stages 

(Figure 1.1): (1) Adhesion, when planktonic cells undergo a phenotypic change and begin 

to aggregate on a surface; (2) EPS production, the secretion of polysaccharides, 

extracellular DNA, and proteins; (3) Maturation, the recruitment of more cells and 

development of biofilm architecture; and (4) Dispersion, when cells slough off and return 

to the planktonic phenotype. Bacteria utilize a variety of chemical signals to orchestrate 

this complex lifestyle via quorum sensing; significant efforts have been made to mimic 

these chemical classes to inhibit biofilm formation and/or signal dispersion of a biofilm.32ï

35 In contrast to inhibitors, which prevent the formation of biofilms, and dispersers, which 

promote the transition to planktonic cells, compounds that completely eradicate established 

biofilms at practical concentrations (<500µM) have been sparsely reported.36,37 

Based on this key deficiency, the potency of our library of QACs, and their general 

mechanism of action, we thought that they would be capable of eradicating pre-existing 

biofilms at low concentrations. Despite the simplicity and ubiquity of antibacterial QACs, 

to the best of our knowledge there have been little to no documented studies of their effects 
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on biofilms, besides work on cationic end-only-functionalized polyarenes, which happen 

to release an amphiphilic DABCO group upon light activation37, and very recent work 

(within the last few months) on spatially-positioned bisQACs.15 This seems particularly 

remarkable due to several natural products that possess quaternary ammonium 

functionalities and their suggested antibiofilm properties (Section 2.6.3). We thus set out 

to examine the anti-biofilm properties of a number of our QACs.  

 

3.3.1 Definition of MBEC 

To accurately evaluate the anti-biofilm activity and to compare the activity of these 

molecules to others in the literature, we utilized a regrowth assay to establish the minimum 

biofilm eradication concentration (MBEC) of each compound (Figure 3.6). The MBEC of 

a compound is defined as the lowest concentration of compound dosed against a mature 

bacterial biofilm that leads to a clear well (optical density of less than 0.1) when the treated 

biofilm is regrown in fresh media, indicating >95% clearance of bacteria.38 While most 

endeavors utilize the commercially available Calgary Biofilm Device,38 which allows 

biofilms to grow on pegs for easy transfer and washing, we opted to develop our own 

biofilm assay in 96-well plates for economic feasibility. 

As the regrow assay reports all-or-nothing regrowth, this assay is a strict measure 

of (essentially) complete biofilm eradication. Visual effects are often seen on biofilms 

(black line in Figure 3.6) at a concentration lower than the reported MBEC (red line in 

Figure 3.6). To clearly demonstrate the activity of these compounds beyond quantitative 

MICs and MBECs, crystal violet (CV) staining and confocal imaging were utilized.39 

Crystal violet stains any adhered biomass regardless of viability; the greater the color, the 
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Figure 3.6 Biofilm eradication assay. Representative data is shown on the bottom; the 

black line corresponds to visual effects on the biofilms, while the red line corresponds to 

an OD of less than 0.1 and the MBEC. Error bars correspond to six biological replicates. 

3.3.2 Alternative methods of evaluating anti-biofilm activity. 

 

greater the number of attached cells. Conversely, confocal microscopy reports on the 

viability and structural integrity of biofilms utilizing a mixture of fluorescent dyes. Green 

fluorescence corresponds to live, healthy cells while red indicates dead or heavily 

membrane-damaged cells. For many compounds, confocal microscopy allowed us to 

visualize biofilm perturbation at concentrations significantly lower than the reported 

MBEC. In particular, confocal imaging of PQ-11,11 against S. aureus showed significant 
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eradication and loss of structural integrity at concentrations as low as 12 or 3µM (Figure 

3.7), while its MBEC is 50µM. 

 

 

Figure 3.7 Confocal imaging of PQ-11,11 against S. aureus. These images show 

significant biofilm perturbation and loss of structural integrity at concentrations much 

lower than the MBEC. 

 

3.3.2 General role of alkyl chains and cationic nature in biofilm disruption 

To begin, we evaluated the efficacy of commercial monoQAC BAC, the 

commercially available monoQAC dodecyldimethylammonium bromide (referred to as 

12,12), and lead bisQAC TMEDA-12,12 against Gram-positive S. aureus and E. faecalis 

biofilms.39 To our delight, TMEDA-12,12 had significant and devastating effects on pre-

established biofilms, displaying an MBEC of 75µM against both strains of biofilm, 

approximately two-fold better than monocationic derivatives BAC and 12,12 (Table 3.9). 

While these result were interesting, the additional alkyl chain of TMEDA-12,12 

does not allow for direct comparison to monoQACs carrying only one long alkyl chain. 

We next wanted to investigate if anti-biofilm activity was derived from the presence of 

long alkyl chains, the cationic charge, or both. Therefore, we evaluated the efficacy of 
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norspermidine, which lacks both permanent cationic charge and alkyl chains, TMEDA-1,1 

and 1(5)1, which lack the dodecyl substituents yet are permanent bisQACs, and sodium 

dodecyl sulfate (SDS), which carries one long alkyl chain but is an anionic derivative. As 

anticipated, these compounds were unable to eradicate biofilms at the tested concentrations 

(Table 3.9), demonstrating that both the cationic character and alkyl side chains are 

necessary to retain efficacy.  

 

Table 3.9 Minimum biofilm eradication concentrations (MBEC) of select QACs. Values 

are reported in micromolar. 

Class Compound 

Minimum Biofilm Eradication 

Concentration (µM) 

S. aureus E. faecalis 

Standards 

BAC, 2.4 200 200 

12,12 >200 200 

SDS >200 >200 

Norspermidine, 2.46 >200 >200 

Bis- and 

TrisQACs 

TMEDA-1,1 >200 >200 

1(5)1 >200 >200 

TMEDA-12,12 75 ± 25 75 ± 25 

12(3)12 100 75 ± 25 

12(5)12 75 ± 25 75 ± 25 

PQ-11,11 50 50 

12(2)0(2)12 75 ± 25 100 

12(2)1(2)12 50 25 

12(3)0(3)12 100 50 

12(3)1(3)12 100 50 

 

 

Inspired by reported biofilm inhibition by polyamines (Section 2.6.4), we thought 

that our linear polyamine-derived multiQACs (Figure 3.1) would be a perfect avenue 

through wish to test a number of theories and postulations put forth regarding charge and 

anti-biofilm properties. Accordingly, we hypothesized that this structural class would 
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possess the potent anti-biofilm activity we sought. Our focused initial library of QACs 

utilized varied linker length to probe the effect that both charge and three-dimensional 

structure play in the biological effect of a compound. Lead compounds were chosen based 

on their potency against planktonic bacterial cells in MIC assays (Section 3.2). 

 

3.3.2.1 Role of linker length 

The Clardy and Losick groups demonstrated that norspermidine-like compounds 

possessing a three-carbon repeating subunit between backbone nitrogens were more 

successful at inhibiting biofilm formation than other polyamines with differing linker 

lengths (Figure 2.10).17,18 Based on our initial results that the two-carbon linker bisQAC 

TMEDA-12,12 was effective at perturbing biofilms, we next investigated the biological 

activity of a class of norspermidine-like derivatives with varying linker lengths. Among 

the three-carbon linker series, bisQACs 12(3)12 and 12(3)0(3)12 exhibited comparable 

activity to their analogous two-carbon linker compounds, TMEDA-12,12 and 12(2)0(2)12, 

respectively (Table 3.9).39 Furthermore, a compound bearing a five-carbon linker 12(5)12 

exhibited MBEC values identical to those of its corresponding two- and three-carbon linker 

analogs, TMEDA-12,12 and 12(3)12 (Table 3.9). These observations suggest that the 

spatial distribution of charge is not crucial for biofilm eradication; this is consistent with 

the trends observed in the MIC data.  

 

3.3.2.2 Role of distribution of charge 

Since a rigid spacing of charge did not appear to be essential for anti-biofilm 

activity, we next thought to investigate the role that distribution or delocalization of charge 
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plays in biofilm disruption using a paraquat bisQAC PQ-11,11. Indeed, PQ-11,11 was 

found to be the most potent anti-biofilm compound, with MBEC values of 50µM against 

both bacteria evaluated in this study.39 Based on these results, we propose that the nature 

of the cationic charge, not the relative location, is most important for bioactivity. 

Interestingly, it was noted that a purple color was observed for biofilms treated with 

PQ-11,11 (Figure 3.8). While initially puzzling, PQs have long been known to be viologen 

indicators,40 based on oxidation-reduction profile to be detailed in Section 3.4.3. The redox 

properties of PQs are known to cause major toxicity issues via the generation of 

superoxide; this may contribute to the potent activity of PQ-11,11. 

 

 

Figure 3.8 Viologen production of PQ-11,11 treated biofilms. Numbers above each well 

correspond to the concentration of PQ-11,11 in micromolar. 

 

3.3.2.3 Role of net charge 

Having established that both cationic character and alkyl side chains are vital for 

biofilm eradication, we next examined whether the net overall charge of the molecule 

affected the activity. As previously stated, compounds with no permanent positive charge, 

such as SDS and norspermidine, had no effect on biofilms at the concentrations tested 

(Figure 3.9). The MBEC values of the two monoQAC derivatives, BAC and 12,12, were 

less active in comparison to the MBEC values for each of the bisQACs.  
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Figure 3.9 Biofilm eradication by analogous polyamine-derived QACs. Crystal violet 

(CV)-stained biofilms and confocal images show drastically reduced biofilms at 

concentrations of 100 and 25µM for the quaternized analogs. In confocal images, green 

indicates live cells and red indicates dead or heavily membrane-damaged cells. 

 

The difference, however, between bisQACs and their corresponding trisQACs was 

not as significant. This was highlighted in the comparison of 12(3)12 and 12(3)0(3)12 to 

12(3)1(3)12, which possessed equivalent MBEC values for both bacterial biofilms studied 

(Table 3.9, Figure 3.9). To clearly demonstrate the activity of these compounds beyond 

quantitative MICs and MBECs, crystal violet (CV) staining and confocal imaging were 

utilized (Figure 3.9).39 Crystal violet staining, which stains any adhered biomass regardless 

of viability, clearly illustrates the significant effect that 12(3)12, 12(3)0(3)12, and 
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12(3)1(3)12 displayed against pre-established biofilms when compared to the aqueous 

control or parent norspermidine. Confocal microscopy, which reports on the viability and 

structural integrity of biofilms, revealed significant biofilm eradication for QACs, though 

there were no major differences between bis- and trisQACs. 

Interestingly, there was a moderate increase in efficacy between bisQAC 

12(2)0(2)12 and analogous trisQAC 12(2)1(2)12, which provided one of the most active 

biofilm-eradicating compound reported to date (Table 3.9). This compound has since 

gained traction as a standard in the biofilm work of other groups.41 

 

3.3.3 Mechanism of anti-biofilm activity 

As the MIC values for these compounds are all well below the MBEC values 

(Tables 3.1, 3.3, 3.9), one can speculate that the mechanism of action may involve more 

than simple cellular lysis. From the onset, we suspected two possible mechanisms of 

biofilm eradication by the QACs presented herein. First, the QACs could be interacting 

with the negatively-charged biofilm EPS, leading to dispersion and then killing the 

resultant planktonic cells (Figure 3.10A). Conversely, the charged QACs could be 

perturbing the biofilms through electrostatic interactions, and then killing the biofilm cells 

within the matrix through the traditional lysis mechanism, ultimately resulting in biofilm 

degradation due to cell death (Figure 3.10B). Though the ultimate outcome of eradication 

is still the same, probing these various routes could allow for fine-tuning of QAC activity 

based on small structural nuances. 

To test this hypothesis, sub-MIC concentrations of a number of the test compounds 

were dosed against planktonic cells to determine if the compounds inhibit biofilm 
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formation.39 We found that none of the compounds, including non-lethal compounds 

TMEDA-1,1 and 1(5)1 nor norspermidine, inhibit S. aureus or E. faecalis biofilm 

formation at concentrations below their MIC values. Therefore, these compounds do not 

appear to interfere with adhesion or the production of EPS, consistent with a report by 

Michael and co-workers.42  

 

 

Figure 3.10 Possible mechanisms of biofilm eradication by QACs. (A) EPS-promoted 

dispersion followed by killing of planktonic cells; (B) Direct lysis followed by degradation 

of biofilm; and (C) confocal images of TMEDA-1,1 treated S. aureus biofilms, showing 

no dispersion or significant perturbation at any concentration. 

 

Furthermore, as TMEDA-1,1 and 1(5)1 do not disperse biofilms (Figure 3.10C), it 

was concluded that cationically-charged character alone does not appear to be sufficient to 

disrupt pre-established biofilms, thereby making the second of the two mechanistic theories 
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more plausible. It is likely due to the sheer number of cells present in a biofilm that a much 

higher concentration of QAC is needed, as compared to assays against planktonic cells, to 

achieve eradication. 

 

3.3.3.1 Investigation of alternate scaffolds in biofilm-specific activity 

It was anticipated that particular scaffolds might elicit specific biofilm eradication 

properties that do not necessarily correlate to the inhibition of planktonic growth. The 

possibility of developing novel QAC architectures with unique anti-biofilm activity further 

motivated our work, as little is known about the specific mechanisms that promote biofilm 

dispersion and/or eradication. In continuing our studies on scaffold-hopping and branched 

polyamine-derived QACs of the P-, C-, T-, and superT-series, we measured the MBEC 

values of these mono-, bis-, tris-, and tetraQACs for comparison  (Table 3.10).22,24 We 

identified some compounds, namely P-11,0,11 and T-10,10,10, as being on par with the 

best biofilm eradication agents to date, though overall anti-biofilm activity among the P-, 

C-, and T-series was somewhat disappointing, with many MBECs over 200µM and none 

below 100µM. The superT-series, however, yielded the most potent biofilm-eradicating 

agents to date. Within the superT series, there seems to be a benefit to having somewhat 

shorter alkyl chains, specifically decyl derivatives. sT-10,10,10,0 is the top QAC tested in 

regards to biofilm eradication, with an MBEC of 50µM against SA and 25µM against 

MRSA. Nonetheless, no appreciable differences in anti-biofilm activity were found in the 

comparison of tris- to tetraQACs, lending credence to our previous claims that increased 

cationic nature does not necessarily confer the ability to disrupt biofilms.39 
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Table 3.10 Select minimum biofilm eradication concentrations (MBEC) of QACs of 

various scaffold and charge. Values are reported in micromolar. 

Compound 
MBEC (µM)  

MSSA CA-MRSA 

DDAC, 2.5 150 ± 50 Ó200 

12,12 >200 >200 

P-11,0,11 100 200 

P-12,0,12 200 200 

P-13,0,13 100 200 

C-14,0,0 200 >200 

C-18,0,0 200 >200 

C-16,1,1 200 200 

sT-0,0,0,0 >200 >200 

T-10,10,10,0 100 200 

sT-10,10,10,0 50 25 

sT-10,10,10,1 75 50 

sT-10,10,10,3A 100 25 

T-11,11,11,0 200 >200 

sT-11,11,11,0 100 50 

sT-11,11,11,1 200 50 

sT-11,11,11,3A >200 50 

sT-11,11,11,Bn >200 25 

sT-12,12,12,0 200 200 

sT-12,12,12,1 >200 >200 

sT-12,12,12,3A >200 100 

sT-12,12,12,Bn >200 100 

 

3.3.4 Differences in biofilm growth 

Surprisingly, some compounds were more potent against MRSA biofilms, which 

are notoriously difficult to eradicate, than MSSA biofilms. This is in itself a puzzling 

observation that was observed repeatedly in the superT series (Table 3.10), as MRSA is 

more susceptible to biofilm inhibition than its MSSA counterpart. We have noted, as have 

others, that many MRSA strains tend to grow weaker biofilms in laboratory settings - that 

is, with less extracellular matrix - than MSSA in the absence of triggering antibiotics.43 

Based on this observation and our studies that tris- and tetraQACs do not appear to induce 



95 

resistance in MRSA (CHAPTER 5), one possible explanation is that there are lower levels 

of extracellular DNA production in the MRSA biofilms, leading to stronger interaction 

between QACs and extracellular DNA in the MSSA biofilm matrix. This claim, while 

supported by the data, warrants further investigation. 

 

3.3.5 Conclusions 

The QACs from our library of various scaffold and charge present some of the most 

potent biofilm-eradicating molecules reported to date, with many demonstrating MBECs 

well under 100 ɛM against Gram-positive bacterial biofilms. Despite hypotheses that 

increased charge would improve anti-biofilm activity based on electrostatic interactions 

with the EPS, this does not appear to be the case. Rather, a general lytic mechanism of 

action is suggested, with activity being attenuated by the biofilm state rather than any 

specific interactions. Regardless, the ability of QACs to disrupt and eradicate established 

biofilms at low concentrations holds important implications for preventing and treating 

bacterial infections in a variety of settings. This broad activity must be harnessed and 

finessed in order to mitigate toxicity to eukaryotic cells, as will be discussed in the next 

section. 

 

3.4 Toxicity of QACs 

With their highly potent lytic activity against planktonic and biofilm bacterial cells, 

the toxicity of QACs to eukaryotic cells is of concern. In addition to their potential toxicity 

issues in their intended applications, the chemical stability of QACs (Section 2.2) makes 

downstream toxicity a major threat as well, as detailed in Section 2.6.5. Some have 
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examined QAC toxicity by alternating regions of hydrophobicity between cationic heads 

(Section 2.6.1); a therapeutic window exists for such compounds, but mitigation of toxicity 

of QACs remains a vastly understudied area as a whole.15 We therefore made significant 

efforts in designing several of the QAC series detailed in Section 3.2 to address, study, and 

mitigate toxicity via charge, alkyl chain length and constituents, and electrochemical 

profile. 

 

3.4.1 Measurement of toxicity 

Toxicity of all QACs presented here within is reported as Lysis20, the concentration 

of QAC corresponding to less than 20% lysis of erythrocytes. While this is stricter measure 

of toxicity than commonly reported in the literature (Lysis50), these values provide a decent 

measure of toxicity and the activity of QACs in vivo in the complete absence of bacteria. 

Therapeutic index is reported to as a ratio of Lysis20 to MIC. 

 

3.4.2 Role of charge in toxicity 

Based largely on work with antimicrobial peptides (AMPs),44,45 we conjectured that 

increasing cationic charge of synthetic QACs may decrease lytic activity against eukaryotic 

cells. Such work has established that greater cationic nature tends to confer selectivity for 

bacterial cell surfaces, as these tend to be more negatively charged than eukaryotic cells 

(Figure 3.11) and are comprised of different components. Prokaryotic cell surfaces possess 

a plethora of anionic molecules, namely lipopolysaccharides in Gram-negative bacteria and 

lipoteichoic acids in Gram-positive bacteria. Prokaryotic cell membranes also contain a 

high proportion of acidic phospholipids, such as phosphatidylglyercol and cardiolipin. In 
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contrast, eukaryotic cells are mainly comprised of zwitterionic phosphatidylcholine and 

sphingomyelin, with a much smaller proportion of negatively-charged components. It has 

been shown that when presented with bacterial and eukaryotic cells in the same 

environment, fluorescently labeled amphiphilic AMPs preferably collect on the surface of 

bacterial cells,44 adding to our conjectures. 

 

 

Figure 3.11 Rationale of charge-based approach to mitigating QAC toxicity. 

 

3.4.2.1 Comparison of analogous bis- to tris- to tetraQACs 

With analogous QACs carrying identical side chains and differing only in charge 

state, we could examine the role of charge in toxicity directly. For example, bisQACs 

12(m)12 can be compared to linear polyamine-derived bisQACs 12(m)0(m)12; 

12(m)0(m)12 to 12(m)R(m)12; T-n,n,n,0 and sT-n,n,n,0 to sT-n,n,n,R; etc. (Table 3.11). 

Likewise, QACs of the same charge state with various linkers or scaffolds can also be 

compared. 
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Table 3.11 Select Lysis20 values of QACs of various scaffold and charge. Analogous QACs 

are grouped together. Values are reported in micromolar. 

Class Compound 
Lysis20 

(µM) 
Compound 

Lysis20 

(µM) 

MonoQACs 
BAC, 2.4 63 CPC, 2.6 8 

DDAC, 2.5 16 12,12 8 

Linear bis-, 

tris- and 

tetraQACs 

TMEDA-16,0 16 12(3)0 63 

TMEDA-12,12 8 12(3)12 8 

12(5)12 8 16(5)16 4 

12(2)0(2)12 8 12(2)1(2)12 16 

10(3)0(3)10 63 10(3)2(3)10 63 

12(3)0(3)12 4 12(3)1(3)12 8 

12(3)2(3)12 8 12(3)Bn(3)12 8 

12(3)4(3)12 8 12(3)Bn-8(3)12 8 

12(3)12(3)12 4 12(3)11-SH(3)12 16 

tetra-12,0,0,12 4 tetra-12,3A,3A,12 8 

Pyridyl 

QACs 

2Pyr-0,0 >250 M3Pyr-0,0,0 >250 

2Pyr-8,8 125 M3Pyr-8,8,8 >250 

2Pyr-10,10 16 M3Pyr-10,10,10 4 

2Pyr-11,11 8 M3Pyr-11,11,11 4 

2Pyr-12,12 16 M3Pyr-12,12,12 4 

2Pyr-13,13 16 M3Pyr-13,13,13 2 

2Pyr-14,14 63 M3Pyr-14,14,14 4 

2Pyr-16,16 63 M3Pyr-16,16,16 8 

2Pyr-18,18 32 M3Pyr-18,18,18 8 

Scaffold-

hopping 

and 

Branched 

multiQACs 

C-10,0,0 >250 C-10,1,1 250 

C-11,0,0 >250 C-11,1,1 250 

C-12,0,0 250 C-12,1,1 250 

C-13,0,0 32 C-13,1,1 125 

C-14,0,0 32 C-14,1,1 63 

C-16,0,0 16 C-16,1,1 16 

C-18,0,0 16 C-18,1,1 8 

C-20,0,0 8 C-20,1,1 8 

T-8,8,8,0 125 T-10,10,10,0 8 

sT-8,8,8,0 125 sT-10,10,10,0 8 

sT-8,8,8,1 125 sT-10,10,10,1 8 

sT-8,8,8,3A 125 sT-10,10,10,3A 8 

T-11,11,11,0 8 T-12,12,12,0 8 

sT-11,11,11,0 4 sT-12,12,12,0 4 

sT-11,11,11,1 4 sT-12,12,12,1 16 

sT-11,11,11,3A 4 sT-12,12,12,3A 4 

sT-11,11,11,Bn 4 sT-12,12,12,Bn 4 

T-14,14,14,0 8 sT-16,16,16,0 4 

sT-14,14,14,0 4 sT-16,16,16,3A 4 

sT-14,14,14,1 4 sT-18,18,18,0 8 

sT-14,14,14,3A 2 sT-18,18,18,3A 4 
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 Similar to MIC and biofilm activity, there was generally little differential between 

compounds (with a few exceptions), indicating a similar, indiscriminate mechanism of 

action. QACs carrying shorter chains tended to be less toxic, as exemplified by octyl series 

across all scaffolds, and by the single long-chained C-series. A few exceptions to these 

general trends are 10(3)0(3)10 and 10(3)2(3)10, and the 2Pyr-n,n series. These were among 

the most potent antibacterials, yet, pleasingly, display high hemolysis values, leading to 

exceptional therapeutic indices of 16 to greater than 64. While many of the most potent sT 

compounds also displayed hemolysis at low concentrations, a therapeutic window was 

present. For example, the potent tetraQACs sT-11,11,11,1 and sT-12,12,12,1 showed MIC 

values 4 to 32-fold less than the observed Lysis20 values. In many cases, the Lysis20 value 

was the same or lower than MICs against Gram-negative strains. This is likely a result of 

the dual cell membrane in such strains. 

Based on previous work with AMPs, we hypothesized that increasing charge state 

may lead to decreased toxicity. An increase in charge by +1, however, did not appear to be 

the case, as hemolysis values for each set of analogous bis- and trisQACs and tris- and 

tetraQACs did not differ significantly. Even the addition of an entirely new long alkyl chain 

led to similar hemolysis, as in the comparison of 12(3)0(3)12 to 12(3)12(3)12. These 

results may hint at the importance of the three-dimensional projection of the side chains in 

tuning selectivity between bacterial and mammalian cell membranes. 

 

3.4.3 Mitigation of arylQAC toxicity based on electrochemical profile 

Though the known 4,4ô-bipyridinium series (PQ) represent potent antimicrobials 

with a distribution of charge throughout their conjugated aromatic system, their 
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electrochemical properties cause major toxicity issues.46 The toxicity of PQs is thought to 

arise from their propensity to form reactive oxygen species, which wreak havoc in 

biological systems (Scheme 3.9).47 The electrochemical properties of the alternate MQ ring 

system were expected to be different from PQ since accepting an electron would not 

generate a radical that had resonance over both MQ rings; PMQ was expected to show 

properties of either MQ or PQ, depending on which ring is reduced. These notions were 

supported by work suggesting that MQ-1,1 showed reduced toxicity compared to 

analogous PQ-1,1.48 In evaluating the antibacterial activity of our synthesized bis-pyridyl 

QACs, isomeric forms proved equipotent (Section 3.2.6). 

 

 

Scheme 3.9 Electrochemical properties and redox cycle of bis-pyridyl QACs. Adapted 

from Dinis-Oliveira et al.46 

 

With collaborators in the Paul laboratory at Villanova University, the 

electrochemical properties of PQ, MQ, and PMQ isomers were evaluated using cyclic 

voltammetry (see CHAPTER 6 for full experimental details, and Appendix B for full 
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data).27 The resulting comparative plot (Figure 3.12) shows cyclic voltammograms of the 

three isomeric bispyridyl QACs (PQ-11,11, MQ-11,11, and PMQ-11,11). Electrochemical 

analysis of this data suggests a reversible reductionïoxidation process for PQ-11,11, 

indicating the possibility for PQ to repeatedly reduce and oxidize, thereby generating 

superoxide. This is consistent with the long-known function of PQ as viologen indicators.40 

 

 

Figure 3.12 Cyclic voltammograms of bis-pyridyl QACs. PQ-11,11 appears to show a 

reversible redox profile at a more positive reduction potential, compared to MQ-11,11 and 

PMQ-11,11, which display irreversible first reduction waves. 

 

Conversely, the cyclic voltammograms of MQ-11,11 and PMQ-11,11 indicate 

irreversible oxidation-reduction processes. This result, while not confirmatory, suggests 

that MQ and PMQ may be less toxic, as the irreversible nature of the reductionïoxidation 

properties would limit the continuous generation of the parent species and superoxide. This 

observation, along with the similarities in MIC values amongst the isomeric structures, 
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suggests that the antibacterial activity of dialkyl bipyridinium compounds in fact arises 

from their amphiphilic characteristics, not the generation of reactive oxygen species. 

In our toxicity studies, isomeric forms of PQ-, PMQ-, and MQ-n,n displayed equal 

Lysis20 values of 8µM, while benzylated derivatives PQ-12,Bn and MQ-12,Bn displayed 

values of 250 and 125µM, respectively. These benzylated derivatives are equipotent to 

BAC, yet less toxic by 2- to 4-fold. 

 

3.4.4 Cleavable ester- and amideQACs 

As the chemical stability of QACs often contributes to their accumulation and 

toxicity, we designed series of soft amphiphiles in the form of ester- and amideQACs that 

are capable of breaking down in solution (Section 3.2.7). Unfortunately, esterQACs saw 

decreased activity against bacterial cells, often equal to or above their Lysis20 values (Table 

3.12). Two of the larger compounds, E-17(3)17(3)17 and E-sT-17,17,17,0, showed a 

toxicity four times lower than the best MIC observed. In the esterQACs series, the more 

alkyl chains a compound has, the greater the toxicity; this is exemplified by the superT and 

linear trisQAC series, many of which possess Lysis20 values of 4µM. Though amideQACs 

were significantly more potent than their esterQACs analogs against bacterial cells, 

hemolysis remained quite comparable across all series. sT-10,10,10,0 in particular 

displayed a Lysis20 value above the entire range of its MICs, including against Gram-

negative strains. These results add to the desirable properties that cleavable amideQACs 

display in terms of decomposition and toxicity. 
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Table 3.12 Lysis20 values of ester- and amideQACs. Compounds are grouped by series. 

Values are reported in micromolar. 

Compound 
Lysis20 

(µM) 
Compound 

Lysis20 

(µM) 
Compound 

Lysis20 

(µM) 

BAC-series TMEDA-series Linear Polyamine Series 

E-BAC-9 >250 E-TMEDA-9,9 >250 E-9(3)9(3)9 >250 

E-BAC-10 >250 E-TMEDA-10,10 >250 E-10(3)10(3)10 125 

E-BAC-11 >250 E-TMEDA-11,11 63 E-11(3)11(3)11 8 

E-BAC-12 125 E-TMEDA-12,12 16 E-12(3)12(3)12 4 

E-BAC-13 63 E-TMEDA-13,13 8 E-13(3)13(3)13 4 

E-BAC-15 16 E-TMEDA-15,15 8 E-15(3)15(3)15 4 

E-BAC-17 8 E-TMEDA-17,17 125 E-17(3)17(3)17 4 

A-BAC-13 63 A-TMEDA-13,13 8 A-13(3)13(3)13 4 

P-series superT-series   

E-P-9,0,9 >250 E-sT-9,9,9,0 >250   

E-P-10,0,10 >250 E-sT-10,10,10,0 125   

E-P-11,0,11 125 E-sT-11,11,11,0 32   

E-P-12,0,12 16 E-sT-12,12,12,0 4   

E-P-13,0,13 8 E-sT-13,13,13,0 4   

E-P-15,0,15 4 E-sT-15,15,15,0 4   

E-P-17,0,17 >250 E-sT-17,17,17,0 4   

A-P-13,0,13 4 A-sT-13,13,13,0 4   

 

3.5 Conclusions 

Several hundred QACs of various scaffold and charge state were synthesized in 

very few steps from commercially available starting materials. They display potent activity 

against planktonic and biofilm bacteria with moderate therapeutic indices, making them 

attractive alternatives to existing methods for combatting bacteria. Anti-planktonic, anti-

biofilm, and hemolytic activity for these QACs are in accordance with each other. This 

data strongly suggests that the potent anti-biofilm activity of multiQACs is attributed to 

their potent antimicrobial activity, not through any privileged interactions with the bacterial 

biofilms. More symmetric compounds containing an aggregate of 20 to 33 side chain 
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carbons display optimal activity, and an increase in cationic charge beyond bisQACs does 

not appear to confer enhanced activity or reduced toxicity. This difference in charge does 

however have key implication in QAC resistance, which will be discussed in the next two 

chapters. 
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CHAPTER 4: QAC RESISTANCE AND IMPLICATIONS 

 

4.1 Adaptation or Resistance? 

The development or acquirement of resistance to QACs initially seemed 

improbable as their target is the essence of compartmentalized life itself: the membrane. 

Bacteria have however developed a diverse set of resistance mechanisms to mono- and 

bisQACs ranging from alterations of membrane or cell wall composition to the efflux of 

cationic antibacterial agents.1 This was first brought to light in the 1950s and 1960s, when 

early reports showed that Gram-negative bacteria were, over several passages, growing at 

elevated concentrations of BAC, though this tolerance was lost upon removal of QAC from 

growth media.2,3 The terms ñadaptationò and ñtoleranceò to QACs in the literature refer to 

this reversible process that allows bacteria to persist while subjected to an increased 

concentration of biocide, which is lost upon removal of biocide.4 The mechanism by which 

this occurs remains elusive. True resistance, however, is rooted in genetic alteration(s) of 

the bacteria that confer the permanent ability to grow at elevated concentrations of QAC, 

which did not emerge until the late 1980s.5ï8 Since its discovery, the field of QAC 

resistance has been growing, with more publications examining the most prominent QAC 

resistance gene qacA coming out each year (Figure 4.1). 
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Figure 4.1 Number of studies on qacA over recent years. According to SciFinder, accessed 

January 23, 2017. 

 

4.2 Genetic Basis and Mechanism of QAC Resistance 

4.2.1 qacA and qacB 

The qacA gene, the most prevalent and studied QAC-resistant mechanism in Gram-

positive bacteria, was the first proton motive force (PMF)-dependent multidrug-resistant 

gene reported in S. aureus.5,9,10 Along with its homologs qacB-H/J/Z, qac genes control the 

production of membrane-affiliated efflux pumps thought to be specific to mono- and bis-

cationic substrates. A cursory survey of the literature with the qac genes and the species in 

which they are found is shown in Table 4.1. QAC-resistant genes are typically found on 

plasmids that harbor several multidrug-resistant genes. The plasmid pSK1, part of the 

major family of multidrug resistant plasmids, contains 12 putative gene products including 

QAC efflux pumps, teichoic acid translocation permease, and several open reading frames 

that code for surface proteins.1 Most clinical MRSA isolates accordingly carry a plethora 

of resistance genes from bacitracin resistance and heavy-metal resistance to a number of 

0

5

10

15

20

25

1
9
8

9

1
9
9

0

1
9
9

1

1
9
9

2

1
9
9

3

1
9
9

4

1
9
9

5

1
9
9

6

1
9
9

7

1
9
9

8

1
9
9

9

2
0
0

0

2
0
0

1

2
0
0

2

2
0
0

3

2
0
0

4

2
0
0

5

2
0
0

6

2
0
0

7

2
0
0

8

2
0
0

9

2
0
1

0

2
0
1

1

2
0
1

2

2
0
1

3

2
0
1

4

2
0
1

5

2
0
1

6

N
u
m

b
e
r 

o
f 

P
u
b
lic

a
ti
o
n
s



111 

drug transporters including those from the quinolone, ABC, and EmrB/QacA transporter 

families.11 Specifically, qacA may share common ancestry with tetracycline and sugar 

transport proteins.12 Since many plant alkaloids are structurally similar to synthetic 

multidrug-resistant substrates, qacA may have evolved from microbial defenses to 

naturally produced antimicrobials.13 

 

Table 4.1 qac genes reported in the literature by species. Each dot represents a report of 

the indicated gene in that species. 

 

 

As noted in Table 4.1 the most common QAC-resistant genes among Gram-

positive bacteria are qacA/B. Both are members of the major facilitator superfamily (MFS) 

and close homologs, differing by only seven nucleotides in total. Their high similarity gives 

rise to difficulties in distinguishing between them in genetic assays, thus they are more 

often than not reported as qacA/B, giving rise to some ambiguity in the literature. 

Specifically, qacA codes for the production of a transmembrane efflux protein of the major 

facilitator superfamily named QacA. Bearing 14 transmembrane helical coils, QacA 

utilizes a key acidic aspartic acid residue (D323) to recognize and expel both mono- and 

bisQACs via the proton motive force (Figure 4.2).10,14,15 QacB is more specific in 
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recognizing monoQACs due to the presence of an uncharged residue, alanine, instead of 

aspartic acid as found in QacA.9 Mutagenesis studies show that replacing alanine with an 

acidic residue allows for greater recognition of divalent substrates.15,16 Though qacA/B are 

found almost exclusively on plasmids transferred between Gram-positive Staphylococci 

such as S. aureus, S. epidermidis, S. saprophyticus, and S. hominis,,17 they were detected 

for the first time in E. faecalis a few years ago18 and in E. faecium very recently.19 

 

4.2.2 qacC through qacH, qacJ, and qacZ 

Related but much less studied systems are those belonging to the small multidrug 

resistance (SMR) family found primarily on class 1 integrons: qacC through qacH, qacJ, 

and the most recently discovered qacZ. Second in prevalence to the qacA/B pair are qacC 

and qacD, which are often grouped together as qacC/D as the two are identical in the 

coding region yet have different flanking regions20; based on their similarity, it is believed 

that qacC evolved from qacD.21 Vasquez and co-workers reported that qacC found in an 

isolate of S. epidermidis was tied to resistance to ɓ-lactam antibiotics when expressed in 

Gram-negative bacteria, though the antibiotic activity of QacC was interestingly 

independent of outer membrane proteins.22 More commonly found among Gram-negative 

strains are qacE and qacEȹ1, the deletion mutation homolog, which were first discovered 

on an integron of broad-host-range origin.23 the qacE variants have since been reported in 

a number of Gram-negative strains, namely Enterobacter, Pseudomonas, and Vibrio 

species,24,25 as well as Klebsiella pneumonia.26 Both qacE and qacEȹ1 are associated with 

elevated MICs against QAC dyes including ethidium bromide, crystal violet, proflavine, 

and rhodamine 6G, as well as commercial QACs such as BAC, CTAB, CPC, and, to a 
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degree, dequalinium chloride.23,27 The first report of these two genes showed that the 

presence of qacE generally correlates to a greater efflux of these substrates as compared to 

qacEȹ1, and neither qacE nor qacEȹ1 appears to confer resistance to diamidines.23 One 

study investigating several Gram-negative strains detected qacE and qacJ only in 

Enterobacter28; and found qacH most often among Enterobacter.25 A high degree of 

similarity is shared between qacF and qacE (67.8%), whereas the gene products of qacC 

and qacF exhibit a lower degree of similarity.27,29 Heir and co-workers initially identified 

qacG and qacH in Staphylococci, though these genes have since been reported among 

Gram-negative strains .30,31 Initially found among equine Staphylococci, QacJ, the gene 

product of qacJ, contains high similarity to other SMR proteins (QacC, QacG, and QacH), 

yet has been shown to confer even greater resistance to BAC than strains carrying any of 

these homologous genes.32 Each of these genes has been reported both on multi-drug-

resistance plasmids in Gram-positive Staphylococci and on class 1 integrons in Gram-

negative bacteria.25,33,34 The most recently identified qac gene, qacZ, was found in E. 

faecalis. This system appears to be more specific for BAC rather than chlorhexidine or 

ethidium bromide.35 

 

4.2.3 Recent studies on specificity of qac and Qac 

Marchi and co-workers recently utilized phenotype microarray studies to learn more about 

the chemical sensitivity of S. aureus strains bearing various qac resistance determinants. 

Doing so allowed them to identify new targets for a number of systems: guanidine 

hydrochloride with QacA; 8-hydroxyquinoline with QacC; and increased susceptibility to 

thioreidazine, amitriptyline, and orphenadrine with strains possessing QacB.36 
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Figure 4.2. Mechanism and known substrates of QAC resistance. (A) QACs (red circles) 

penetrate the membrane and bind intracellularly to QacR (dark blue), causing dissociation 

from DNA and turning on transcription of qacA (red to green box). The resulting QacA 

protein (light blue) effluxes certain QACs through the membrane to protect the cell from 
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damage. (B) Zoomed in views of QacR-substrate complexes with key residues shown. (C) 

Structures of QacR substrates. 

 

In a related realm, Shi et al tested contact lens cleansing solutions against over 80 

disinfectant-resistant gene-positive CNS and S. aureus strains.37 They found that all 

cleansing solutions failed to achieve a 3-log reduction in gene-positive strains yet retained 

efficacy in gene-negative strains, confirming that these genes are responsible for resistance 

and come with dire clinical consequences. 

 

4.2.4 Transcriptional regulation by QacR 

The production of these various QAC efflux pumps is regulated by QacR, a 

negative transcriptional regulator protein. This has been most extensively studied in the 

qacA system; QacR cooperatively binds to the intergenic region IR1 of qacA as a pair of 

dimers.38 After exposure to QAC substrate, QacR utilizes several acidic residues (E57, 

E58, E90, and E120) to guide cationic substrates into its binding pocket, which appears to 

be much more flexible and diffuse than initially believed. Crystal structures for several 

QacR/QAC-dye substrate complexes (Figure 4.2B, 4.2C) make apparent the variability in 

substrate binding within the QacR binding pocket.39,40 Once in the binding pocket, the 

affinity for the substrate is enhanced by interactions with a number of aromatic tyrosine 

residues and backbone amide hydrogen bonding (to residues T39, L54, Y93, G96, and 

Y123). QacR appears to have two subpockets within its overall binding site, allowing it to 

recognize and bind a variety of substrates with entirely different structures.39 The binding 

of its QAC substrate induces conformational changes in the Ŭ-helical portion of QacR, 



116 

leading to its dissociation from DNA and thus allowing for the transcription of qacA. The 

subsequent production of QAC efflux pumps and efflux of toxic QACs from inside the cell 

and the intramembrane space (Figure 4.2A) allow bacteria to survive when exposed to 

QACs.41  

Because QacR is a negative transcriptional regulator, the qacA/qacR system allows 

a bacterium to control metabolic activity with respect to the conservation of energy, as well 

as protect its own membrane integrity38; cells must maintain a fluid membrane, which 

would not be possible with the unregulated production of protein pumps. It has been shown 

that when qacR is removed from the genome, QAC efflux pumps can be produced 

indiscriminately.15 Furthermore, many of the same amphiphilic QACs that induce qacA 

expression have no generalizable effects on qacR expression.  

 

4.3 Emergence and Spread of Resistance 

4.3.1 Detection of qacA/B 

The rate at which bacteria have evolved resistance to QACs is quite alarming, as 

evidenced in a collection of studies focused on the prevalence of qacA/B in MRSA isolates 

(Figure 4.3). Just two decades ago in 1990, little to no resistance was observed for 

commercial QACs. In one longitudinal study of MRSA isolates collected from a Taiwanese 

hospital, 50% of the strains developed elevated MICs to chlorhexidine by 1995, a statistic 

that held relatively constant over the course of their investigation.42 Within this 10-year 

ongoing study, qacA/B-resistant genes were first detected in one clone in 1995 and by 2005 

had spread to a number of different clones. A separate investigation composed of nearly 

900 MRSA isolates collected from across Asia in 1998 and 1999 found qacA/B in nearly 
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42% of the strains.43 Similar results were found in an analysis of over 500 MRSA isolates 

obtained from Japanese hospitals between 1993 and 2001, with one third possessing 

qacA/B.44 Likewise,  the prevalence of qacA in 38 MRSA isolates from hospitals in London 

from 2012 to 2013 was 37.5%,45 and qacA/B were detected in many of the 250 nasal MRSA 

isolates taken from a U.S. NICU from 2009 to 2014.46 Moreover, comparative studies have 

shown a marked difference in QAC-resistant gene distribution throughout the world: 

around 30ī40% in Asia 10, 20% in the United Kingdom, and 80% in Brazil47; these 

discrepancies have yet to be rationalized or resolved, though differences in hygiene 

practices and QAC usage may be partially responsible. In 165 coagulase-negative 

Staphylococci (CNS), MSSA, and MRSA isolates from a hospital in Iran from 2013 to 

2014, qacA/B was found in 76 isolates (46%) and there was no detection of qacG, qacH, 

or qacJ.48 Recently among 300 MSSA and MRSA strains across Africa, qacA/B was 

detected in 40.5% of the isolates.49 
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Figure 4.3 Prevalence and spread of qacA/B genes among clinical isolates. Dark gray dots 

refer to studies with over 500 clinical isolates. 

 

A few reports have found a lower prevalence of qacA/B in clinical MSSA and/or 

MRSA isolates. There was a 7% prevalence among Japanese patients50 and 8.3% among 

patients in the U.K. in 2006 (Vali ).51 In studies where very little resistance of any kind was 

noted, qacA/B was detected in 1.7% of 520 clinical isolates from the U.K. in 201552 and 

0.6% of over 3,100 U.S. isolates from 2009 to 2010.53 There are some cases wherein 

clinical isolates possessing resistance to QACs were not found to possess qac genes. Jiang 

and co-workers studied the efflux pump-mediated BAC resistance in L. monocytogenes 

from retail food in China.54 No qac genes were detected among the 59 isolates, and 

reserpine studies suggest that other efflux pumps might be at play. Similarly, half of the 

isolates studied by Ammar et al experienced an increase in MIC for BAC, but no qac was 

detected.55 

 

4.3.2 Detection of other qac genes 

Other studies have focused on the detection of other qac genes found more 

prominently in Gram-negative strains. In the case of 122 A. baumannii isolates from 

Malaysia, 79% of them carried qacE.56 Recently, Liu and co-workers determined the 

frequency of qacA/B, qacC/D, qacE, qacEȹ1, qacG, qacJ and ɓ-lactamase genes in over 

50 clinical isolates of carbapenem-resistant Acinetobacter baumannii collected over a 

period of two years.57 qacEȹ1 was found in 96% of isolates, qacE in 31%, qacG in 24%, 

and qacA/B in 14%. In nearly 30 carbapenem-resistant Klebsiella pneumoniae strains 
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collected from a Beijing hospital from 2011 to 2013, 59% contained qacD/E, 41% qacA, 

and 15% qacE.58 Furthermore, 26% carried both qacA and qacD/E. Comparative analysis 

suggested that these drug resistance genes were correlated with higher MIC values for 

several disinfectants. The overall trend of qac detection in a variety of bacterial isolates 

over the past few decades is seemingly exponential, as shown in Figure 4.3. 

 

4.3.3 Effect of QAC usage on frequency of qac genes 

Based on how resistance is postulated to come about, an increase in the amount of 

QACs used is expected to drive the development and spread of resistance. Interestingly, 

there was no significant increase of qac genes among MRSA isolates in Australia after the 

introduction of a handwashing hygiene campaign that increased the amount of QACs 

consumed in the country nearly 2000%.59 The authors did however find an average yearly 

prevalence of qacA/B from 2000 to 2009 of 79%, which is higher than many numbers 

reported in Asia and the U.K. Reports in 2012 detected qacA/B in anywhere from 25% to 

over 80% of hospital isolates,60 with hospital workers harboring a significantly higher 

portion of QAC-resistant strains as compared to the general population.61 Though the 

majority of isolates in the aforementioned studies have come from clinical samples, those 

taken from automated teller machines in Hong Kong revealed the presence of MRSA 

possessing qacA/B.62 Furthermore, nearly 30% of E. coli strains taken from hen eggshells 

in one study were biocide-tolerant, with a prevalence of 11% and 7% of qacA/B and qacE, 

respectively.63 These non-clinical findings underscore the pervasiveness of QAC resistance 

both in medical settings and throughout the community. 
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Several studies have examined the frequency of qac resistance genes in clinical 

isolates from patients on a daily chlorhexidine bath regimen. Results varied: Warren and 

co-workers found that out of 504 surgical ICU MRSA isolates taken from one Missouri 

hospital from 2005 to 2012, 7.1% were qacA/B positive, and that the chlorhexidine bathing 

protocol was associated with an increase in frequency of qacA/B.64 A similar six-year-long 

study in Scotland found minimal detection of qacA/B in S. aureus isolates but a high 

carriage in S. epidermidis that had been treated with chlorhexidine.65 Another report with 

MRSA isolates collected from 2014 through 2015 found no correlation of the presence of 

qacA/B to chlorhexidine baths,66 while a 20-month chlorhexidine bath protocol resulted in 

65 out of 169 clinical MRSA isolates from China (38%) harboring qacA/B.67  

 

4.3.4 qac genes found with other resistance determinants 

Despite these unsettling statistics, a survey of the most recent literature shows little 

work in overcoming QAC resistance and its increasing ubiquity. This may be due to the 

oft-dismissed significance and impact of QAC resistance, which has not garnered much 

attention over the years in comparison to more dominant or well-known resistance systems. 

It is likely that efflux-based QAC resistance has some limitations, given the metabolic toll 

and spatial limitations of efflux pumps on the cell surface. An unavoidable consequence of 

the fact that QAC-resistant genes come on plasmids with a plethora of antibiotic gene 

clusters is the development of cross- and co-resistance, to be detailed in Section 4.5.33,68,69 

A multitude of studies have found qac genes concomitantly with other antibiotic resistant 

gene determinants, including smr and norA.48,49,63 In a screen of over 50 S. aureus isolates 

from a hospital in Portugal, those harboring qacA experienced increased MICs for nearly 
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all biocides, and furthermore qac genes were found on the same plasmid as smr, blaZ, 

which codes for a beta-lactamase, and cadA, which confers resistance to zinc.70 Hasanvand 

and co-workers found similar results among 200 hospital isolates from Iran between 2012 

and 2013; 9% of MRSA strains contained qacA/B, and were frequently found with norA 

and blaZ.71 Still other studies have found a high correlation between qac and the mupA 

gene, which confers resistance to mupirocin: 7.7% of clinical MRSA isolates harbored 

qacA/B in China from 2008-2012, and the presence of qac was statistically correlated with 

the presence of mupA.72 In a similar study, 83% of high-level mupirocin-resistant MRSA 

strains contained mupA and 77.4% contained qacA/B.57 A database search from 1985 to 

2015 reported an overall 65-91% prevalence of qacA with a high correlation to mupirocin 

resistance.73 It is clear that this issue needs to continue to be monitored closely, and new 

strategies to stave off the development of resistance to QAC disinfectants are needed. 

 

4.4 Quantitative Laboratory Studies on Resistance 

4.4.1 Increased MICs and MBCs of strains possessing qac 

Bacterial strains possessing qac genes have been shown to be at least four times 

more resistant to BAC,74 the most prominent QAC on the disinfectant market. In particular, 

the presence of qacF alone is capable of increasing the MIC of several commercial QACs 

including BAC, CPC, and CTAB 2- to 4-fold.27 In one study, several Staphylococci isolates 

collected from surfaces frequently exposed to QAC treatment were found to be resistant to 

BAC, while isolates collected from non-treated surfaces remained susceptible to the 

compound.34 Furthermore, all resistant strains in this study exhibited resistance to 

erythromycin, ampicillin, and penicillin, and several were additionally resistant to 
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ciprofloxacin, methicillin, and chloramphenicol. Other studies have found that MRSA 

isolates possessing qac genes exhibit significantly higher MBCs (P < 0.01) than those 

without qac75, and that qac genes are induced immediately following exposure to biocidal 

QACs; HA-MRSA accordingly developed tolerance to QACs after continued subinhibitory 

exposure.76 An iterative study by Zhang and co-workers found a general decrease in QAC 

susceptibility for both coagulase-positive and coagulase-negative S. aureus possessing 

qacA/B and at least 4-fold resistance to DDAC.61 Similar increases in MIC were found for 

DDAC against a qacA/B-positive strain of E. faecalis.18 Moreover, bacterial resistance 

seems to increase synergistically when qacA/B are combined with the presence of the smr 

gene.  

A study conducted by McBain et al. showed a species-specific development of 

resistance to commercial disinfectant Bardac, which is composed of a mixture of BACs 

and twin-chain QACs.77 Over a two-week period of consecutive serial passages of sublethal 

doses of Bardac, several Gram-negative bacterial strains exhibited 2- to 8-fold increases in 

MICs. When subjected to biofilms commonly found in sink drains ī an area that receives 

perhaps the greatest contact with commercial QACs ī the QAC under study was 

ineffective, and after long-term exposure to the QAC, no changes in susceptibility were 

noted, though this may be due to the biofilm phenotype rather than a genetic resistance 

profile.78 Furthermore, no changes in susceptibility were observed for other antibiotics after 

long-term exposure to Bardac, though again the biofilm state likely affects these results. In 

a large study comprised of over 1600 clinical isolates of S. aureus, strains possessing qacA, 

qacB, and qacG demonstrated increased MICs to BAC, and those containing qacA and 

qacB only demonstrated increased chlorhexidine MICs.79 
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 4.4.2 Tolerance studies 

Though several reports describe the substrate scope of qac genes toward 

commercial antiseptic QACs, others have focused on the mechanism of action of QAC 

tolerance or resistance. In one recent publication involving Listeria monocytogenes, the 

bacterium that causes illnesses such as meningitis and cerebritis, more than 25% of isolates 

were deemed tolerant of BAC.69 When co-tested with the efflux pump inhibitor reserpine, 

13 out of the 19 BAC-tolerant strains were rendered even more susceptible to BAC, 

providing direct evidence to the role that efflux pumps play in BAC resistance. In a separate 

report, P. aeruginosa was able to grow at five times the original MIC when treated 

continually with sub-lethal doses of didecylammonium bromide (DDAB).80 Significant 

changes in membrane fatty acid composition were also observed through the course of 

QAC treatment. The bacteriaôs ability to grow at increased concentrations of QAC, 

however, was lost upon transfer to QAC-free media, demonstrating that this instance was 

a ñphenotypic adaptationò of the bacteria in response to the QAC, rather than true 

resistance.4 The mechanism(s) by which bacteria are able to persist and survive without 

genetic mutations remains unknown. 

Reports regarding the extent of QAC resistance and suggestions for mediating this 

potential issue have been conflicting. In a study comparing MICs for target bacteria in 

homes of disinfectant users versus non-users, no significant differences were found.81 

Lunden and co-workers suggest that the rotation of disinfectants in facilities may not 

circumvent resistance even when disinfectants possess different mechanisms of action,82 

while Langsrud and co-workers support the rotation of disinfectants to avoid resistance 
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after finding that Pseudomonas species adapt to higher concentrations of BAC and DDAC, 

potentially through the formation of more robust biofilms.83 

 

4.5 Cross- and Co-Resistance Caused by QACs 

While qac resistance mechanisms on their own do not appear to yield wildly 

significant increases in MIC, a major concern is that repeated exposure and resistance to 

QACs likely promotes cross- and co-resistance. Cross resistance is defined as the mutation 

or acquisition of genetic material related to resistance of antimicrobial agents of the same 

class, while co-resistance is the transfer of multiple drug resistance in a single event, often 

plasmid-mediated.84,85 

Most of these studies have examined Gram-negative species and their developed 

cross-resistance after prolonged exposure to QACs. One of the first studies in this area 

found that a 2- to 4-fold increase in tolerance to QACs accompanied resistance to 

chlorhexidine (2.42).86 Similarly, a 32-fold increase in BAC (2.4) MIC was found in 

Proteus mirabilis and Serratia marcescens after 20 transfers with chlorhexidine.87 Adair 

and co-wokers found that BAC-resistant Pseudomonas strains were at least 20 times more 

sensitive to polymyxin B and colistin sulfate than BAC-sensitive strains. Furthermore, 

BAC-resistant strains were cross-resistant to five other QACs.88 Around this time, many 

theorized that Gram-negative resistance to QACs was due to an altered cell wall thereby 

disallowing penetration of biocides, rather than efflux. Others have shown a change in fatty 

acid membrane content in QAC-adapted organisms. More recent studies have found stable 

resistance in P. aeruginosa during and after exposure to chlorhexidine with some cross-

resistance to BAC.89 Cross-resistance for S. enterica developed to chlorhexidine after 
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chloramphenicol and after BAC, though no reciprocal cross-resistance to BAC was found 

after exposure to chlorhexidine, suggesting a specific, rather than a generic, resistance 

mechanism.90 Others have found that chlorhexidine-resistant strains were not only resistant 

to BAC and benzethonium chloride, but also showed high levels of resistance to an 

amphoteric surfactant. This study concluded that plasmids do not play a role in cross-

resistance to multiple disinfectants. In a clinical sense, an epidemic of septic arthritis was 

traced back to a strain of Serratia marcescens. It is speculated that this strain developed 

cross-resistance to ɔ-myristyl picolinium chloride, a preservative in methylprednisolone 

intra-articular injection med, after mild exposure to BAC.91 

A number of studies have concluded that efflux pump activity can be heightened 

when a bacterium is exposed to sublethal doses of QAC, thereby conferring a level of 

resistance to all drugs capable of being effluxed by the bacterium. Co-resistance of at least 

a 4-fold limit to fluoroquinolones and a number of biocides was triggered by exposure to 

ethidium bromide; this appears to be linked to norA expression of the MFS efflux.92  

 

4.6 Biodegradation of QACs by Microorganisms 

A small number of studies have reported the microbial degradation of QACs by 

environmental bacterial strains, namely those in the Pseudomonas family. van Ginkel 

reported on the varying oxidation rates of structurally similar QACs by activated sludge 

containing a mixture of microorganisms obtained from a sewage plant.93 The QACs 

carrying longer alkyl chains and those carrying a higher number of long alkyl chains were 

biodegraded at a slower rate, as measured by oxidation. In more detail, P. putida and P. 

nitroreducens have been shown to biodegrade tetradecyltrimethylammonium bromide and 
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BAC, respectively, to nontoxic tertiary amines via dealkylation by monooxygenase and 

amine oxidase.94,95 The metabolites, largely converted on the time scale of 12 hours, were 

500 times less toxic than their parent QACs. Recently, a novel oxygenase that decomposes 

BAC into benzyldimethylamine (BDMA) was found in a non-pathogenic strain of 

Pseudomonas sp. BIOMIG1.96 The gene responsible for this activity produces a unique 

Rieske-type N-dealkylating oxygenase, oxyBAC. This strain is capable of not only 

digesting BAC at biocidal concentrations and feeding upon its metabolites, but it can also 

confer the ability to digest BAC to other strains such as E. coli when co-cultured.  

These findings have meaningful implications to the fate of QACs in the 

environment, where their accumulation can lead to many issues including off-target aquatic 

toxicity; the authors discuss the benefits of the potential application of these strains in 

wastewater treatment facilities. These findings do however raise concerns about the threat 

of growing bacterial resistance to QACs, which can easily transfer to settings in which 

QAC resistance is detrimental, such as medical and food processing environments. Taken 

together, this necessitates the further study of bacterial responses to QACs. Further 

characterization of such mechanisms as well as the discovery of additional strains that are 

capable of executing these reactions will reveal insights into the microbial response and 

processing of toxic QACs, as well as provide a platform for new approaches to antibacterial 

agents that retain efficacy yet are biodegradable. 

 

4.7 Conclusions 

 QAC resistance, while initially deemed implausible, poses a very real threat in a 

variety of settings. Although this area has garnered growing interest in the genetic, 
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microbiology, and public health arenas, a detailed examination of QAC resistance from a 

chemical standpoint would provide much needed insight into this field. As many reports 

on QAC resistance have conflicting conclusions, it is clear that fresh investigations into 

this field are necessary. 
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CHAPTER 5: EVALUATION OF QAC MECHANISM AND RESISTANCE 

 

Using the aforementioned chemical toolbox comprised of QACs, we set forth to 

examine QAC resistance in a number of ways. Initially, a broad evaluation of activity 

against the major pathogen MRSA led to surprising and unexpected differentials in QAC 

activity. Upon examination of the literature on qac resistance genes, we found a surprising 

amount of chemical space left underexplored, and thus were motivated to probe the scope 

of QAC resistance with our existing multiQACs and with novel, rationally designed 

compounds. Following findings in those realms, kinetic and efflux-based assays were 

performed in order to assess details of the resistance mechanism unique to QACs of various 

scaffold and charge state.  

 

5.1 Development of Resistance 

As a continuation of our structure-activity relationship studies on QACs and their 

biological activity, we wished to determine the propensity of our bis-, tris-, and tetraQACs 

to trigger resistance mechanisms in S. aureus. We were particularly interested in better 

understanding the time period and extent to which QAC resistance develops. Such an 

experiment is modeled after the real-world scenario wherein the accumulation of sub-lethal 

concentrations of QAC in the environment is common (Section 2.6.5).1 As the resistance 

mechanism to monoQACs involves a single amino acid change to recognize cationic 

nitrogens (Section 4.2.1), we postulated that a novel and potentially more challenging 

mutation would be needed to accommodate multiQACs, leading to prolonged resistance 

development.  
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5.1.1 Development of resistance via liquid culture serial passages 

To test this hypothesis, serial passages in which bacteria are successively grown at 

sub-lethal concentrations of antibacterial compound, were conducted.2 Visuals of bacterial 

growth and a table summarizing results are included in Figure 5.1. Interestingly, cultures 

of MSSA (strain SH1000) treated continuously with sub-lethal doses of BAC (2.4) for a 

period of 30 days (>700 generations) experienced consistent growth when moved to an 

elevated concentration. MSSA began growing at twice the original MIC on Day 11 and 

four times the original MIC on Day 24, indicating the development of resistance or 

tolerance to the aryl-containing monoQAC. Similar results were obtained for MSSA grown 

in the presence of commercial monoQACs DDAC (2.5) at 10 days (240 generations) and 

CPC (2.6) at 17 days (400 generations). MSSA treated with novel aryl bisQAC PQ-12,Bn 

quickly developed the ability to grow at twice its original MIC within just 7 days (170 

generations). Conversely, no resistance was observed for analogous bisQAC 12(3)12, 

trisQAC 12(3)2(3)12, or tetraQAC tetra-12,3A,3A,12 against MSSA or CA-MRSA strain 

(USA300-0114) that carries QAC-resistant genes over a period of 24 days (>500 

generations). The lack of additional resistance in CA-MRSA suggests that there may be 

limitations of the existing resistance system. 

In examining the structures of compounds to which MSSA independently 

developed resistance or tolerance within a few hundred generations, it appears that mono- 

and bisQACs bearing aryl substituents are more readily tolerated as compared to multiQAC 

structures. Whether the presence of aryl moieties aids in the recognition of QACs by QacR, 

by the efflux pumps, or instead improves cell permeability, has yet to be determined. This 
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data suggests that in order to combat multiQACs, bacteria must develop a mechanism of 

QAC resistance that is disparate from the qacA/R resistance mechanism. 

 

 

Figure 5.1 Development of MSSA resistance to QACs via serial passages. Top structures 

correspond to those that experienced resistance or tolerance over the 24-day period; bottom 

structures saw no change in MIC throughout the course of the assay. Results are 

summarized in the table. 0.5x, 2x, 4x = concentration of QAC relative to the original MIC. 

Red lines indicate growth cut-offs for the noted days; movement of the red line indicates 

the development of resistance. 
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5.1.2 Development of resistance via solid culture gradient plates 

Serial passage assays were also executed on solid media with gradient plates. These 

were prepared to display a gradient of compound, and were plated with streaks of bacteria 

from the liquid culture serial passages (Figure 5.2A). This allows for the identification and 

isolation of individual colonies, or mutants, that are able to grow at concentrations of 

compound above the population of bacteria. When grown on gradient plates containing 

BAC, MSSA showed isolated colonies above the relative MIC (Figure 5.2B, a-f). When 

these colonies were isolated and re-subjected to a standard liquid culture MIC assay, there 

was no increase in MIC. This suggests that these ñmutantsò were instead just persisters, 

and were not truly resistant to QACs. The mechanism of such tolerance remains 

unexplained (Section 4.1), and may in this case be an artifact of local concentration of 

QAC within the agar. 

 

 

Figure 5.2 Gradient plate resistance assay with MSSA. (A) Resistant bacteria taken from 

the serial passage liquid cultures are transferred to agar plates containing a gradient of 

compound, allowing for the isolation of individual resistant mutants. (B) Results of MSSA 

grown on a gradient plate of BAC. Isolated colonies are labeled a through f. Yellow = non-

resistant bacteria; gray and black = resistant bacteria. 
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5.2 Broad evaluation of QAC activity against MRSA  

With serial passage results and a variety of QACs differing in scaffold and charge 

state in hand, we tested select groups of these compounds against a strain of CA-MRSA 

(USA300-0114) and a strain of HA-MRSA (ATCC 3359X). To our surprise, we found a 

wide differential of activity between MSSA and CA-MRSA, which bears QacA among 

other common multidrug transporters.3 Results between MSSA and HA-MRSA were 

nearly always equipotent. Interestingly, this strain of HA-MRSA has not been shown to 

possess qac genes, but harbors a number of multidrug transporters common to MRSA. 

The compounds selected to study QAC resistance were based on hypotheses we 

developed from our early observations (Section 5.1) and from the literature. First, we 

wanted to investigate the role of charge as previous studies had only investigated mono- 

and bisQACs; our multiQACs were model substrates for such an investigation. Second, 

aromatic constituents seemed to be involved in bacterial recognition and resistance to 

QACs, thus making this another area to study with our arylQACs. Following these results, 

other series of QACs were tested to examine the scope of QAC resistance in regards to 

scaffolds presenting alternate properties, such as compound rigidity and spatial distribution 

of charge. 

 

5.2.1 Role that electrostatic charge plays in bioactivity 

In initial studies, we investigated the effect of net charge, ranging from mono- to 

tetraQACs (Figure 5.3), on activity against MRSA as compared to MSSA.2 MICs and 

MBECs are reported in Table 5.1. A small differential (4-fold) was experienced for 

commercial BAC and DDAC, while CPC displayed a 32-fold differential between CA-
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MRSA and MSSA. These results were reflected in biofilm studies as well: most 

commercial monoQACs were two- to four-fold less effective against MRSA biofilms 

(Table 5.1). CPC (2.6), which is one of the most effective commercial disinfectants against 

MSSA, experienced a 4-fold decrease in efficacy against MRSA in the biofilm state. 

In contrast, all but two multiQACs displayed equipotent activity against MSSA and 

CA-MRSA. Of the two compounds that did not, there was only a four-fold difference 

between strains. Furthermore, nine out of the 25 multiQACs initially studied also displayed 

equipotent activity against MSSA and CA-MRSA biofilms. These results hint that a 

multicationic-specific interaction with the biofilm matrix may confer enhanced anti-

biofilm properties when compared to commercial monoQACs.  

 

Figure 5.3 QAC structures evaluated initially against MSSA and MRSA. 
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Table 5.1 Minimum inhibitory concentrations (MIC) and minimum biofilm eradication 

concentrations (MBEC) of mono- through tetraQACs against MSSA and MRSA. Values 

are reported in micromolar. 

Compound 
MIC  (µM)  MBEC (µM)  

MSSA CA-MRSA HA-MRSA MSSA CA-MRSA 

M
o

n
o

Q
A

C
s 

BAC, 2.4 8 32 8 >200 >200 

CPC, 2.6 0.5 16 1 50 200 

DDAC, 2.5 1 4 2 150 ± 50 Ó200 

12(3)0 4 8 4 Ó200 >200 

TMEDA-16,0 1 4 2 100 >200 

B
is

Q
A

C
s 

TMEDA-12,12 1 0.5 0.5 75 ± 25 200 

12(3)12 2 1 2 75 ± 25 100 

12(5)12 2 1 0.5 50 100 

16(5)16 2 8 1 200 >200 

12(2)0(2)12 1 1 0.5 75 ± 25 100 

10(3)0(3)10 1 2 2 150 ± 50 150 ± 50 

12(3)0(3)12 1 1 0.5 50 150 ± 50 

T
ri

s
Q

A
C

s 

12(2)1(2)12 1 1 1 200 >200 

12(2)3A(2)12 2 1 1 50 100 

10(3)2(3)10 2 2 2 200 150 ± 50 

12(3)1(3)12 1 0.5 1 100 150 ± 50 

12(3)2(3)12 0.5 0.5 1 100 100 

12(3)4(3)12 1 0.5 0.5 75 ± 25 75 ± 25 

12(3)3A(3)12 1 1 1 50 100 

12(3)Bn(3)12 2 1 1 100 200 

12(3)Bn-8(3)12 2 2 1 200 >200 

12(3)11-SH(3)12 2 2 2 200 >200 

12(3)12(3)12 0.5 1 1 100 >200 

T
e

tr
a tetra-12,0,0,12 1 1 1 50 100 

tetra-12,3A,3A,12 1 1 0.5 100 150 ± 50 

A
ry

l 
b

is
Q

A
C

s PQ-12,12 1 1 0.5 200 100 

MQ-12,12 1 2 1 100 100 

PMQ-12,12 1 1 1 100 150 ± 50 

PQ-12,Bn 4 32 16 200 200 

MQ-12,Bn 8 16 16 >200 >200 
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It is interesting that the installation of a third or fourth quaternary center did not 

noticeably improve any MICs. For example, the 12(3)R(3)12 series demonstrated nearly 

identical activity despite possessing different numbers of cations and markedly different 

substituents on the center carbon (R = 0, methyl, ethyl, butyl, benzyl, p-octobenzyl, 

undecanthiol, or dodecyl side chains). Identical results were obtained when comparing 

tetraQACs tetra-12,3A,3A,12 to analogous bisQAC tetra-12,0,0,12. These results indicate 

that permanent charge does not appear to play a direct role in antibacterial activity. 

 

5.2.2 Role of delocalization of charge using arylQACs 

5.2.2.1 Natural product-derived arylQACs 

When comparing activity against MSSA and MRSA, nearly every quinine- and 

nicotine-derived QAC (Section 3.2.2) showed significant levels of bacterial resistance, 

with up to a 32-fold higher MIC for MRSA strains (Table 5.2).6 Only a few of the 28 

compounds prepared possessed comparable activity against MSSA and MRSA. This stands 

in stark contrast to Q-18,0, Q-12,1, N-20,0, and N-20,1 which all showed a 32-fold increase 

in MIC of MRSA as compared to MSSA. This largely supports our previous observations 

that MRSA resistance seems to be associated with monoQACs as well as bisQACs with 

aromatic cores,2 though it is possible that alkyl chain length may be involved as well. 
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Table 5.2 Minimum inhibitory concentrations (MIC) of naturally derived mono- and 

bisQACs against MSSA and MRSA. Values are reported in micromolar. 

 Minimum Inhibitory Concentration  (µM)  

Compound MSSA 
CA-

MRSA 

HA-

MRSA 
Compound MSSA 

CA-

MRSA 

HA-

MRSA 

N-0,0 >500 >500 >500 N-1,1 >500 >500 >500 

N-10,0 32 63 32 N-10,1 16 250 32 

N-11,0 8 32 8 N-11,1 32 32 16 

N-12,0 4 32 8 N-12,1 8 32 32 

N-14,0 1 16 4 N-14,1 4 32 16 

N-16,0 1 4 2 N-16,1 1 4 8 

N-18,0 1 8 1 N-18,1 1 4 2 

N-20,0 2 63 4 N-20,1 0.5 16 1 

Q-0,0 >500 >500 >500 Q-1,1 >500 >500 >500 

Q-10,0 4 16 8 Q-10,1 8 16 16 

Q-11,0 2 16 4 Q-11,1 4 32 16 

Q-12,0 1 4 2 Q-12,1 2 63 16 

Q-14,0 0.5 2 1 Q-14,1 0.5 4 1 

Q-16,0 1 8 1 Q-16,1 1 1 2 

Q-18,0 2 63 2 Q-18,1 1 1 1 

 

 

5.2.2.2 Bis- and multipyridyl QACs 

Interestingly, the bis- and multipyridyl QACs of the 2Pyr-n,n and X3Pyr-n,n,n 

classes evoked virtually no differences in activity between MSSA and MRSA (Table 5.3).7 

The only exception is in the smallest compound 2Pyr-8,8, which displayed an 8-fold 

difference in MIC between MSSA and HA-MRSA. These observations support two earlier 

findings: (1) some short- and long-chained arylQACs show a small decrease in efficacy 

against HA-MRSA; and (2) QACs of higher charge state remain equipotent against MSSA 

and MRSA. This was especially encouraging to see in these pyridyl series as arylQACs 

tend to exhibit decreased activity against resistant strains of bacteria. 
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Table 5.3 Minimum inhibitory concentrations (MIC) of pyridyl bis- and trisQACs against 

MSSA and MRSA. Values are reported in micromolar. 

 Minimum Inhibitory Concentration  (µM)  

Compound MSSA 
CA-

MRSA 

HA-

MRSA 
Compound MSSA 

CA-

MRSA 

HA-

MRSA 

2Pyr-0,0 >250 >250 >250 M3Pyr-0,0,0 250 250 250 

2Pyr-8,8 8 16 63 M3Pyr-8,8,8 2 1 2 

2Pyr-10,10 0.5 0.25 0.5 M3Pyr-10,10,10 0.5 0.5 0.5 

2Pyr-11,11 0.25 0.25 0.25 M3Pyr-11,11,11 0.5 0.5 0.5 

2Pyr-12,12 0.25 0.25 0.25 M3Pyr-12,12,12 1 0.5 1 

2Pyr-13,13 0.5 0.25 0.5 M3Pyr-13,13,13 1 0.25 0.5 

2Pyr-14,14 8 2 2 M3Pyr-14,14,14 2 1 1 

2Pyr-16,16 4 4 8 M3Pyr-16,16,16 2 2 2 

2Pyr-18,18 8 4 16 M3Pyr-18,18,18 8 4 4 

P3Pyr-0,0,0 >250 >250 >250 

 

P3Pyr-10,10,10 2 1 2 

P3Pyr-12,12,12 4 2 4 

 

 

5.2.3 Role of rigidity in resistance using cyclic multiQACs 

Using cyclic scaffold-hopping mono-, bis-, and trisQACs of the C- and P-series 

(Sections 3.2.4 and 3.2.5, Table 5.4), we sought to expand upon our knowledge of QAC 

resistance by determining if such alternative architectures would trigger resistance.4 Our 

earlier results suggested that arylQACs may be at least partially responsible for triggering 

resistance. Thus, we were curious to see whether quaternized cyclic scaffolds of the C- and 

P-series would do the same, as these structures possess localized cationic charges in close 

physical proximity, yet contain no ˊ system.  
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Table 5.4 Minimum inhibitory concentrations (MIC) of cyclic mono- to trisQACs against 

MSSA and MRSA. Values are reported in micromolar. 

 Minimum Inhibitory Concentration  (µM)  

Compound MSSA 
CA-

MRSA 

HA-

MRSA 
Compound MSSA 

CA-

MRSA 

HA-

MRSA 

C-10,0,0 32 250 32 C-10,1,1 32 63 63 

C-11,0,0 8 125 32 C-11,1,1 63 32 63 

C-12,0,0 2 63 8 C-12,1,1 16 16 16 

C-13,0,0 1 16 4 C-13,1,1 4 8 8 

C-14,0,0 0.5 8 2 C-14,1,1 2 4 2 

C-16,0,0 Ò0.25 8 0.5 C-16,1,1 1 1 1 

C-18,0,0 0.5 8 0.5 C-18,1,1 1 1 1 

C-20,0,0 0.5 32 1 C-20,1,1 1 4 1 

P-10,0,10 1 32 2 

  

P-11,0,11 0.5 2 0.5 

P-12,0,12 0.5 0.5 0.5 

P-13,0,13 1 1 1 

P-14,0,14 0.5 0.5 0.5 

 

Half of the monocationic C-n,0,0 series of compounds exhibited nanomolar MIC 

values against MSSA; however, every single monoQAC of the C-series experienced at 

least an 8-fold increase in MIC against QAC-resistant MRSA, with some up to 64-fold 

(Table 5.4). Based on our previous findings, we thought that by converting the 

monocationic C-n,0,0 series to the corresponding triscationic series C-n,1,1, the observed 

resistance could be overcome. Indeed, we observed single-digit MIC values for a majority 

of the trisQACs with no observed resistance whatsoever. These findings support the notion 

that both the number and display of cationic charges is important for triggering QAC 

resistance in MRSA. Resistance in the bisQAC P-series was only observed for the shortest 

alkyl chain compound, P-10,0,10, contrary to findings from naturally-derived bisQACs, 

which saw resistance for the longer chained compounds (Section 5.2.2). 
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5.2.4 Role of extended cationic charge using branched multiQACs 

Previous studies of bacterial susceptibility to QACs suggested that the presence of 

efflux pumps, regulated by intracellular machinery, is a strong protective factor. We 

therefore hypothesized that an extended cationic surface, wherein greater charge is spread 

over a larger surface area rather than localized in a ring, would greatly decrease diffusion 

into bacterial cells and thus minimize resistance and promote efficacy against MRSA. 

 

Table 5.5 Minimum inhibitory concentrations (MIC) of branched multiQACs against 

MSSA and MRSA. Values are reported in micromolar. 

 Minimum Inhibitory Conc entration (µM)  

Compound MSSA 
CA-

MRSA 

HA-

MRSA 
Compound MSSA 

CA-

MRSA 

HA-

MRSA 

sT-8,8,8,0 4 2 32 sT-10,10,10,0 0.5 0.5 0.5 

sT-8,8,8,1 0.5 1 16 sT-10,10,10,1 0.5 0.5 0.5 

sT-8,8,8,3A 1 1 8 sT-10,10,10,3A 0.5 0.25 0.5 

sT-11,11,11,0 0.5 0.5 0.5 sT-12,12,12,0 0.5 0.5 1 

sT-11,11,11,1 0.5 0.5 0.5 sT-12,12,12,1 1 0.5 2 

sT-11,11,11,3A 0.5 0.5 1 sT-12,12,12,3A 1 1 0.5 

sT-11,11,11,Bn 0.5 0.5 0.5 sT-12,12,12,Bn 1 0.5 0.5 

sT-13,13,13,0 1 0.5 1 sT-14,14,14,0 1 0.5 2 

sT-13,13,13,1 2 0.5 1 sT-14,14,14,1 4 2 2 

sT-13,13,13,3A 2 1 1 sT-14,14,14,3A 2 2 2 

sT-16,16,16,0 8 4 16 

 

sT-16,16,16,3A 4 4 16 

sT-18,18,18,0 8 4 32 

sT-18,18,18,3A 2 2 16 

 

Using our branched multiQACs (Section 3.2.4), we saw no significant difference 

in activity between MSSA and qac-bearing CA-MRSA in the entire superT series (Table 

5.5).5 There were however surprising difference in biofilm activity, as detailed in Section 

3.3.3.1 (Table 3.10). Disparity between MSSA and HA-MRSA was experienced for the 
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first time; this difference was most apparent for sT-8,8,8,1 and sT-18,18,18,3A. This trend 

for short- and long-alkyl chains was also observed in series of QACs to be described 

shortly, and is likely due to differences in membrane permeability of these varying length 

hydrophobic chains. The bioactivity of these few compounds against HA-MRSA matched 

that against E. faecalis (Table 3.10), another Gram-positive organism, so we are hesitant 

to label this disparity as true resistance. 

 

5.2.5 Conclusions 

Several diverse classes of multiQACs are potent disinfectants and biofilm 

eradicators against MSSA and MRSA, including a strain carrying QAC-resistance genes. 

QAC compounds bearing the aromatic benzyl moiety such as commercial BAC, CPC, and 

novel PQ-12,Bn showed decreased potency when tested against a MRSA strain possessing 

QAC resistance genes. A small differential in activity was also seen with compounds 

carrying very short or very long alkyl chains; cell permeability may be at play. These 

collective findings imply that aromatic moieties in addition to mono- or biscationic nature 

are keys to recognition by the QAC resistance system. 

 

5.3 Probing Resistance Scope with Dye Analogs 

Through our MIC studies with diverse chemical scaffolds and charge state, large 

differences between MSSA and qac-bearing CA-MRSA were experienced in some cases. 

We wanted to further examine the scope of QAC resistance using analogs of known 

substrates of QacR, which have been crystallized with QacR and show electrostatic and -́

ˊ interactions with acidic and aromatic residues, respectively (Figure 4.2).8 These 
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substrates include natural product QACs such as berberbine (2.34, Section 2.63) and the 

commercially available dyes crystal violet and malachite green. The authors noted in 

related studies, however, that this recognition motif was limited to mono- and biscationic 

QACs.9 We thus sought to expand on these earlier findings, exploring series of compounds 

with varied cationic character as well as aromatic groups, to investigate whether aryl 

substrates are indeed particularly prone to QacR recognition. Accordingly, we rationally 

designed and prepared a library of QAC analogs featuring dye scaffolds known to bind 

QacR in order to examine their structure-resistance relationship: crystal violet, malachite 

green, and a commercially available conjugated tetraamine (Scheme 5.1).10 The library 

focused on interrogating the role that permanent charge and alkyl length play on efficacy 

and susceptibility to resistance. Due to the presence of many ˊ ring systems in these dye 

analogs, we postulated that there would be an increased amount of recognition and efflux 

by resistant bacteria, based on previous work demonstrating the binding of aromatic 

substrates. 

 

5.3.1 Synthesis  

Synthesis of the dye-based QACs began with two commercially available dye 

scaffolds in their reduced, and thus more nucleophilic, state: trisamine leukocrystal violet 

(LCV) and bisamine leukomalachite green (LMG) (Scheme 5.1B, 5.1C). Also readily 

available was the tetraamine analog (TET) (Scheme 5.1A), the aromatic rings of which are 

more electron rich due to a central nitrogen atom that was expected to be unreactive to 

alkylation. Each dye analog starting material was subjected to a similar synthetic sequence: 

exposed to one equivalent of n-alkyl iodide at reflux to furnish compounds named TET-
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n,0,0, LCV-n,0,0, and LMG-n,0 (Scheme 5.1). TET-20,0,0 was prepared, albeit in 

diminished yield, using the bromide analog due to the inaccessibility of 1-iodoeicosane. 

These singly-quaternized dyes were then exposed to neat methyl iodide over several days 

to provide fully quaternized trisQACs (TET-n,1,1 and LCV-n,1,1) or bis-QACs (LMG-

n,1) in moderate to high yields. Full experimental details and characterization are presented 

in CHAPTER 6 and Appendix C. 

 

 

Scheme 5.1 Synthesis and structures of QAC dye analogs. (A) TET-series; (B) LCV-series; 

(C) LMG-series; boxed insert shows parent dye structures. 
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Initial exposure of each dye structure to an excess of the long-chained alkyl halide 

led to complex mixtures, although in the case of the simpler LMG series, we were able to 

purify the by-products LMG-n,0 (Scheme 5.1C). Through NMR characterization, an 

unexpected reaction was uncovered: bis-alkylation of LMG-0,0 was occurring, and 

furthermore, an iodide counterion was reacting with the product. This displaced one of the 

methyl groups to furnish a monoQAC with two long-chain alkyl substituents. The 

monoQAC series resulting from this unintended methyl-alkyl chain ñswapò reaction were 

thus named LMGS-n,0 (one nitrogen quaternized, the other unquaternized but carrying a 

long alkyl chain). This unexpected reaction gave us both a new monoQAC series for further 

diversification of our library, and a means to access symmetrical long-chain bisQACs of 

the LMG-n,n series. 

 

5.3.2 Evaluation of bioactivity 

MIC values against a panel of six bacteria were determined, though only those 

against MSSA and MRSA will be discussed in detail. The most potent dye-based QACs 

across the board were bis- or trisQACs total side chain carbons of 17 to 24 (Table 5.6). 

Comparison of LMG-n,1 to LMG-n,n evaluates the effect of total alkyl chain length in 

retention of efficacy against the more challenging CA-MRSA. LMG compounds bearing a 

single long-chain alkyl group exhibited some elevated MIC values against CA-MRSA, 

while LMG-10,10, LMG-11,11, and LMG-12,12 showed virtual equipotency across the 

board at less than 2µM against all strains. When tested against non-resistant MSSA, most 

of the 52 QAC structures displayed MIC values in the single-digit micromolar range. 
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Similar results were observed against HA-MRSA, which lacks qac machinery and is 

known to be susceptible to QACs.  

When tested against MSSA and CA-MRSA, a strain known to contain efflux pump 

genes, two major findings were uncovered: (1) Significant differences in MICs between 

MSSA and CA-MRSA were observed for all monoQACs tested, and (2) some shorter-

chained bis- and trisQACs saw differences in activity. Up to 125-fold increases in MIC 

values were noted for monoQACs such as TET-14,0,0 and TET-16,0,0. TrisQACs like 

TET-16,1,1, conversely showed no difference in activity. Furthermore, a comparison of 

activity against CA-MRSA of analogous mono- and trisQACs led to differences of 500-

fold in two cases (TET-16,0,0 to TET-16,1,1 and LCV-18,0,0 to LCV-18,1,1). Differences 

we saw previously in other classes of QACs were significantly less dramatic (typically 

under 16-fold) when comparing MSSA and CA-MRSA, even with monocationic and 

arylQACs (Section 5.2). This suggests that the specific multi-aromatic nature of dye 

scaffolds are unique in their ability to trigger QAC resistance.  

Additionally, several fully quaternized compounds in all three series carrying 

shorter alkyl chains (10 to 12 carbons) demonstrate resistance in CA-MRSA. Dye-based 

multiQACs with alkyl chain substitution of less than 14 total carbons repeatedly displayed 

elevated MICs, on the order of 32-fold between CA-MRSA and MSSA. Similar trends with 

smaller alkyl chains were identified with natural product and superT QACs (Sections 5.2.2 

and 5.2.3). 

 

Table 5.6 Minimum inhibitory concentrations (MIC) of QAC dye analogs. Values are 

reported in micromolar. Compounds with no reported yield were purchased. N.T. = not 
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 tested due to incomplete solubility. 

Compound 
Yield 

(%)  

Minimum Inhibitory Concentration (µM)  

MSSA CA-MRSA HA-MRSA 
T

E
T

-s
e

ri
e

s 
TET-0,0,0 - N.T. N.T. N.T. 

TET-10,0,0 100 N.T. N.T. N.T. 

TET-11,0,0 99 4 32 2 

TET-12,0,0 87 2 125 1 

TET-14,0,0 84 1 125 1 

TET-16,0,0 84 2 250 4 

TET-18,0,0 71 8 125 8 

TET-20,0,0 37 N.T. N.T. N.T. 

TET-1,1,1 100 500 >500 >500 

TET-10,1,1 79 2 32 8 

TET-11,1,1 97 1 4 2 

TET-12,1,1 90 1 4 2 

TET-14,1,1 96 0.5 2 1 

TET-16,1,1 99 1 0.5 1 

TET-18,1,1 97 1 0.5 0.5 

TET-20,1,1 36 1 2 1 

L
C

V
-s

e
ri
e

s 

LCV-0,0,0 - N.T. N.T. N.T. 

LCV-10,0,0 52 1 16 1 

LCV-11,0,0 49 0.5 16 0.5 

LCV-12,0,0 35 0.25 16 0.5 

LCV-14,0,0 40 2 32 2 

LCV-16,0,0 33 4 125 2 

LCV-18,0,0 49 16 250 8 

LCV-1,1,1 100 >500 >500 >500 

LCV-10,1,1 96 4 125 16 

LCV-11,1,1 88 4 125 16 

LCV-12,1,1 84 4 125 16 

LCV-14,1,1 100 4 1 2 

LCV-16,1,1 100 1 1 2 

LCV-18,1,1 96 1 0.5 0.5 

L
M

G
-s

e
ri
e

s 

LMG-10,0 43 1 8 0.5 

LMG-11,0 50 Ò0.25 4 Ò0.25 

LMG-12,0 53 2 32 0.5 

LMG-14,0 62 2 32 4 

LMG-16,0 46 4 32 4 

LMG-18,0 45 8 32 16 

LMG-1,1 100 >500 >500 >500 

LMG-10,1 94 2 63 8 

LMG-11,1 95 1 32 4 

LMG-12,1 97 0.5 16 1 

LMG-14,1 96 0.5 2 0.5 

LMG-16,1 95 0.5 1 Ò0.25 

LMG-18,1 96 0.5 2 0.5 

LMG-10,10 96 0.5 1 Ò0.25 

LMG-11,11 100 0.5 1 0.5 

LMG-12,12 100 1 1 0.5 

LMG-14,14 96 2 8 1 

LMG-16,16 100 1 4 1 

LMG-18,18 97 8 32 4 

L
M

G
S

-s
e

ri
e

s LMGS-10,0 7 8 125 2 

LMGS-11,0 21 8 125 2 

LMGS-12,0 5 16 125 16 

LMGS-14,0 10 125 125 32 

LMGS-16,0 4 8 125 32 

LMGS-18,0 9 63 125 250 



155 

5.4 Possible modes of resistance based on QAC structure 

The drastic bacterial resistance experienced by dye-based monoQACs and other 

aromatic multiQACs can arise from one of three proposed modes of action (Figure 5.4). 

The first possibility is that, in contrast to monoQACs (as well as other QACs with shorter 

or longer alkyl lengths), multiQACs are less likely to traverse the cell membrane due to 

their increased cationic charge (Figure 5.4A). This would prevent the intracellular buildup 

of QACs, and accordingly, the overexpression of QacA.  

 

 

Figure 5.4 Postulated mechanisms of differences in QAC activity against MRSA. (A) 

Differences in membrane permeability would lead to differences in membrane damage and 

intracellular accumulation; (B) QacR recognition, which affects the production of efflux 

pumps; and/or (C) QacA recognition, which affects the ability of QACs to be effluxed. 

 

A second mechanism is based on the inability of QacR to recognize more complex 

substrates such as the multiQACs (Figure 5.4B). QacR may not have the necessary 

residues or binding pocket space recognize and accommodate the multivalent nature of the 
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multiQACs resulting in decreased binding efficiency. This would result in a lack of 

overexpression of the efflux pump QacA, resulting in the detrimental buildup of QAC. The 

third possible mechanism involves an inability of multiQAC efflux by QacA, resulting in 

the accumulation of QAC, ultimately leading to membrane disassembly and cell death 

(Figure 5.4C). The inability of QacA to efflux multiQACs could be attributed to a number 

of causes including extra cationic charge or long alkyl chains.  

 

5.4.1 Localization of compound using dye analogs 

Previous studies of membrane-active compounds have utilized techniques to study 

interactions or localization of the compound such as fluorescent tagging, isotopic and site-

directed spin labeling for spectroscopic analysis, and computational methods.11,12 Because 

of the relatively small, simple, and flexible nature of our QACs, many of the methods that 

have been employed to study the biophysical interactions of biocides with bacterial cells 

are not feasible with our library. Therefore, we wanted approach this issue and derive 

structure-activity and structure-resistance relationships using our chemical toolbox of 

compounds. 

To examine the question of if  QACs are differentially penetrating the cell and 

therefore triggering internal resistance machinery to a greater extent (Figure 5.4), we 

sought to track their uptake and localization. We thought that the inherent electrochemical 

properties of dye-based QACs could be harnessed to examine their localization, either on 

the periphery or inside of the cell, via fluorescence microscopy. Unfortunately, proof of 

concept studies wherein MSSA cells were treated with QAC dye analogs of the LCV-series 

failed to display optimal fluorescence properties, despite tuning the excitation for each 
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compound. Instead, the images showed a depth- and orientation-specific fluorescence 

pattern, in that some cells appeared to have compound collected on the periphery (Figure 

5.5, left) while others showed greater intracellular fluorescence (Figure 5.5, right). These 

results fail to conclusively show the localization of QAC dye analogs, thus forcing us to 

probe the differences in compound activity in alternate manners. 

 

 

Figure 5.5 Localization of QAC dye analogs in MSSA via fluorescence microscopy. 

Representative images shows that the orientation and depth of the cell affects the display 

of fluorescence. 

 

5.4.2 Activation assay to trigger resistance 

Rather than exploring the localization of QACs, we wished to see if QacR was 

responsible for the limited development of resistance for some compounds. Potentiation 

assays are often used to recover or enhance activity of a compound when dosed in tandem 

with another.13 We postulated that by doing a similar assay ï an activation assay ï wherein 

bacteria is dosed with a sub-lethal concentration of a compound known to be tolerated 

(monoQACs BAC [2.4] and TET-14,0,0), these compounds may activate qac machinery 

and thereby cause an increase in MIC for a different QAC dosed in the same well. However, 
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dosing of CA-MRSA with a sub-MIC amount of BAC or TET-14,0,0 and varying 

concentrations of other analogous QAC dye analogs did not result in any significant 

modification of observed MIC values (Table 5.7). This result fails to confirm the role of 

QacR in the resistance experienced by monoQACs, although it may hint at the inability of 

QacR or QacA to recognize these structural entities. Other possible explanations include 

that QacR may be activated by our monoQACs but that QacA cannot efflux the trisQACs, 

or that the resistance mechanism implicated for TET-14,0,0 may be orthogonal to the Qac 

system. 

 

Table 5.7 Results of the activation assay. Minimum inhibitory concentrations (MIC) 

against MSSA and CA-MRSA when dye-based QACs were dosed with either BAC (2.4, 

1µM) or TET-14,0,0 (0.125µM). Values are reported in micromolar. 

Compound 

MSSA MIC (µM)  CA-MRSA MIC ( µM)  

- + BAC 
+ TET-

14,0,0 
- + BAC 

+ TET-

14,0,0 

TET-14,1,1 2 1 2 16 64 16 

LCV-14,0,0 8 8 8 Ó64 Ó64 Ó64 

LCV-14,1,1 4 2 8 8 16 8 

LMG-14,0 8 4 4 Ó64 Ó64 Ó64 

LMG-14,1 0.25 0.13 0.25 4 4 4 

LMG-14,14 4 2 4 64 64 64 

LMGS-14,0 64 Ó64 Ó64 Ó64 Ó64 Ó64 

 

5.4.3 MICs with qac knockout strains 

Once we were able to obtain strains of S. aureus containing qacA, qacR, both genes, 

or neither,14 a direct evaluation of QAC activity with the presence or absence of these genes 

would yield more insights to QAC resistance. Select QACs were tested against qac 

knockout strains of S. aureus (qacSA) for MICs (Table 5.8). SK982 is the parent strain 
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that possesses no qac; SK5872 possesses both qacA for generation of the efflux pump and 

qacR for transcriptional regulation; SK5873 possesses qacA only; and SK5791 possesses 

qacR only.  

 

Table 5.8 Minimum inhibitory concentrations (MIC) against qacSA strains. Values are 

reported in micromolar. 

Compound 

Minimum Inhibitory Concentration (µM)  

SK982 SK5872 SK5873 SK5791 

parent qacA + qacR qacA qacR 

BAC, 2.4 4 8 16 2 

CPC, 2.6 0.25 0.5 0.5 0.25 

DDAC, 2.5 0.5 1 1 0.5 

10(3)0(3)10 1 2 2 1 

12(3)2(3)12 1 0.5 0.5 1 

PQ-11,11 0.5 0.5 0.5 0.5 

PQ-12,Bn 1 2 2 1 

LCV-12,0,0 1 1 1 1 

LCV-12,1,1 2 4 4 4 

TET-12,0,0 2 8 8 4 

TET-12,1,1 1 1 1 1 

LMG-12,0 1 2 1 1 

LMG-12,1 0.5 1 1 0.5 

LMG-12,12 1 2 2 2 

 

It was rather surprising to observe no significant differences in MICs among the 

four strains differing in qac composition for any compound tested, despite some major 

differences in activity between MSSA and CA-MRSA. TET-12,0,0 did however display 

an 8-fold reduction in activity for qacA-carrying strains, as compared to TET-12,1,1, 

suggesting that qacA monoQAC recognition plays a role in differences between these two 

compounds. Interestingly, commercial monoQAC BAC (2.4) displayed slightly better 

activity against the parent strain (SK982) and the strain possessing only qacR (SK5791). 

Though no major differences in MICs between qacSA strains were experienced for any of 
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our analogous mono-, bis-, or trisQACs, there may have been subtle differences in activity 

among the strains that the MIC assay is simply not sensitive enough to determine. 

 

5.4.4 Ethidium bromide accumulation assays 

Recognizing that ethidium bromide is a substrate of qac resistance machinery 

(Figure 4.2), we thought that utilizing an ethidium bromide efflux assay would not only 

track the dynamic efflux profile of each strain of bacteria, but could also be used to gain 

insights to the response of the qac system to various compounds. Ethidium bromide is 

widely used to monitor general efflux pump activity of bacteria.15ï17 Ethidium bromide 

possesses low fluorescence in aqueous solution, but displays strong fluorescence once 

inside of a cell or hydrophobic environment; thus the greater the fluorescence, the greater 

the intracellular accumulation of ethidium bromide.  

 The four qacSA strains were dosed with the same concentration of a select set of 

compounds, and efflux activity was generally measured by ethidium bromide. BAC served 

as the commercial monoQAC standard, 10(3)0(3)10 and 12(3)2(3)12 as lead alkyl bis- and 

trisQACs, and analogous mono- and trisQACs of the TET dye-based series that displayed 

a large differential in activity between MSSA and MRSA. Surprisingly, no largely 

significant differences in ethidium bromide accumulation (based on fluorescence) was 

observed for any of the compounds in any of the bacteria (Figure 5.6). This suggests that 

a mechanism other than the qac system is responsible for the differences in activity 

observed for MSSA and qac-bearing CA-MRSA. We did note, however, that overall 

ethidium bromide accumulation was much greater in SK982 and SK5791 (parent double 

knockout and qacR-only strains, respectively) than in SK5872 and SK5873 (qacA + qacR 
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and qacA only strains). This result confirms the validity of such an assay, as well as the 

role that qacA plays in ethidium bromide efflux and accumulation. 

 

 

Figure 5.6 Ethidium bromide accumulation assay results. The percent increase in relative 

fluorescence units (RFU) is reported for each compound. (A) SK982, parent strain lacking 

both qacA and qacR; (B) SK5872, carrying both qacA and qacR; (C) SK5873, carrying 

qacA only; and (D) SK5791, carrying qacR only. Error bars represent the standard 

deviation of five independent trials. 
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5.5 Mechanistic Studies of QAC Activity among MSSA, CA-MRSA, and qac-SA 

In an effort to learn more about the membrane disruption activity of QACs, how 

resistance may occur, and which compounds are more susceptible to resistance, we 

evaluated membrane permeability with a suite of QACs. This was accomplished with 

fluorescent stains that report on the extent of membrane damage and associated reduction 

in viability. Compounds chosen for investigation were representative of many QAC 

classes: commercial monoQACs BAC (2.4), DDAC (2.5), and CPC (2.6); lead alkyl and 

aryl QACs 10(3)0(3)10, 12(3)2(3)12, and PQ-11,11; PQ-12,Bn as it showed resistance 

development (Section 5.1.1); crystal violet as the parent of the LCV-series; and analogous 

dye-derived QACs of various charge states, some of which showed a large differential in 

antibacterial activity between MSSA and MRSA. 

 

5.5.1 Kinetic studies using LIVE/DEAD staining 

 Viability of QAC-treated qacSA strains over a period of 60 minutes was assessed 

using the LIVE/DEAD cell viability stains that were also used for biofilm viability and 

visualization in confocal microscopy (Section 3.3.1, full experimental details can be found 

in CHAPTER 6). SYTO9 stains cells with green fluorescence while propidium iodide 

displaces SYTO9 in dead or heavily membrane-damaged cells, yielding red fluorescence. 

Results for each strain over the 60-minute assay are reported at 15-minute time points as 

the percent ratio of green to red fluorescence, relative to the untreated control (Figure 5.7). 

As green corresponds to live and red corresponds to dead cells, a lower percent ratio of 

green to red fluorescence corresponds to greater membrane damage and killing. 
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Overall, there were no major differences among the qacSA strains for each 

individual compound, though the strain possessing qacA only (SK5872) looks to be slightly 

more susceptible to membrane damage than the other qacSA strains. In general, 

commercial monoQACs showed greater membrane damage at shorter time points, yet 

appear to become less effective over time (Figure 5.7A). PQ-12,Bn also showed an 

increase in percent ratio throughout the 60-minute assay (Figure 5.7B). This is interesting 

as these are the same compounds that previously demonstrated resistance development in 

the serial passage assay (Section 5.1.1). Bis- and trisQACs, on the other hand, generally 

caused more damage as time progressed, broaching similar fluorescence percent ratios as 

the commercial monoQACs (Figure 5.7B, 5.7C). Dye analogs of higher charge state (TET-

12,1,1, LMG-12,1, and LMG-12,12) generally caused more membrane damage at earlier 

time points as compared to their monoQAC analogs (TET-12,0,0 and LMG-12,0) (Figure 

5.7D, 5.7E). The exception here was LCV-12,1,1, which, consistent with its MIC results, 

appeared to be much worse than LCV-12,0,0 for an unknown reason (Figure 5.7F). 

Though these results are informative, the procedure itself is limited to time points 

no closer than 15 minutes apart as the dye mixture needs to incubate with cells to allow for 

dye displacement to occur and to ensure accurate data collection. Given the rapid nature of 

QAC activity, we wished to examine the kinetics more closely. 
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Figure 5.7 Live/dead fluorescence viability results over 60 minutes. Viability is reported 

as the percent ratio of green to red fluorescence, relative to the untreated control. Lower 

percent ratios correspond to greater killing. Compounds are grouped with their analogs. 

Error bars represent the standard deviation from at least three independent trials. 
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5.5.2 Propidium iodide membrane permeability studies 

To examine this phenomenon with greater kinetic resolution, cells treated with 

QAC were stained with propidium iodide alone (full experimental details can be found in 

CHAPTER 6). This procedure does not require equilibration as propidium iodide only 

stains dead or heavily membrane-damaged cells, thus allowing for data collection every 30 

seconds. Results are plotted as relative fluorescence units (RFU) versus time, wherein the 

greater the membrane permeability, the greater the fluorescence. Aliquots from each well 

were also diluted and plated on agar at the end of fluorescence measurements to assess 

viability. 

As shown in representative fluorescence plots in Figure 5.8 (full plots can be found 

in Appendix B), commercial monoQACs CPC (2.6, green) and DDAC (2.5, purple) led to 

rapid membrane permeability with nearly complete killing in most cases, followed closely 

by 12(3)2(3)12 (orange). PQ-11,11 (dark blue) displayed high but somewhat reduced 

membrane permeability, and the fluorescence levels reached a maximum in all strains. 

Based on its potent MIC, 10(3)0(3)10 (light blue) surprisingly exhibited diminished 

membrane permeability, though it displayed the most permeability against CA-MRSA. 

BAC (pink) and PQ-12,Bn (maroon) caused little membrane permeability, consistent with 

their reduced antibacterial activity relative to the other compounds. Overall trends for each 

compound were similar between the six S. aureus strains. 



166 

 

Figure 5.8 Representative membrane permeability kinetic plots for alkyl and aryl QACs. 

QAC was added at t = 300s. DMSO represents the untreated control. RFU = relative 

fluorescence units of propidium iodide. 

 

An analysis of the kinetic curves of membrane permeability of several QAC dye 

analogs revealed similar trends (Figure 5.9). It was surprising how similar curves were for 
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each compound for all six strains of S. aureus. We expected to see striking differences, yet 

the only differences occurred in CA-MRSA, where membrane permeability happened 

more rapidly for LMG-12,12 (maroon) and to a greater extent for TET-12,1,1 (light blue) 

and LMG-12,1 (dark blue). It appears that the monoQACs of each series tend to exhibit 

greater membrane permeability, as shown in the comparison of TET-12,0,0 (purple) to 

TET-12,1,1 (light blue) and LMG-12,0 (orange) to LMG-12,1 (dark blue). The exception 

here is in the LCV-series, wherein LCV-12,1,1 exhibits virtually no membrane 

permeability compared to LCV-12,0,0. Though the exact reason for this is unknown, it is 

consistent with the decreased MIC values of LCV-12,1,1 (Table 5.6). It is of note that 

nearly all compounds displayed greater membrane permeability against CA-MRSA than 

any of the other strains. This is perhaps reflective of the membrane content of CA-MRSA. 

When aliquots of each well were plated to assess viability following QAC 

treatment, results corresponded pretty well to the propidium iodide membrane permeability 

curves (Figure 5.10). Bacterial counts are reported as log (cfu/mL), as detailed in Section 

1.1.2 and Table 1.1. For MSSA, DDAC (2.5) and LMG-12,0 caused the greatest reduction 

in bacterial cell counts at over 5 logs (Figure 5.10A). CPC, 12(3)2(3)12, PQ-11,11, TET-

12,0,0, and LMG-12,12 all followed closely behind CA-MRSA surprisingly proved to be 

the most susceptible to QAC treatment overall, with nearly half of the compounds causing 

a reduction in bacterial viability below the level of detection (Figure 5.10B). BAC, PQ-

12,Bn, LCV-12,0,0, and LCV-12,1,1 led to little reduction in viability relative to the 

untreated control (DMSO). Bacterial cell counts after QAC treatment for the four qacSA 

strains corresponded remarkably to each other and to MSSA results (Figure 5.10C-F). 
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Figure 5.9 Representative membrane permeability kinetic plots for dye-based QACs. QAC 

was added at t = 300s. DMSO represents the untreated control. RFU = relative fluorescence 

units of propidium iodide. 
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Figure 5.10 Reduction in bacterial viability post-QAC treatment. Results are reported as 

log(cfu/mL) for each compound based on at least two independent trials. Images of 

representative plates are shown above each compound. DMSO represents the untreated 

control. * indicates a count below the limit of detection. 

 

5.5.3 Conclusions 

Results from the LIVE/DEAD and propidium iodide fluorescence assays show that 

commercial monoQACs cause rapid membrane disruption, while QACs of higher charge 

state cause a similar level of killing over a longer time frame. This is contrary to initial 

expectations, as we postulated that increased charge state and the presence of multiple 

hydrophobic side chains would lead to enhanced and more rapid membrane disruption. 

This may be due to specific membrane interactions that each QAC forms, ultimately 

achieving a thermodynamic balance and optimal membrane damage on different time 

scales. These findings have important implications in utilizing alkylQACs of higher charge 

state as extended-use disinfectants as bacteria have not, to date, developed resistance or 

tolerance to such compounds. 

 

5.6 Efflux pump inhibitor studies 

Since activity against various qacSA strains was not significantly different on the 

holistic growth scale (MICs, Section 5.4.3) nor kinetically with fluorescence studies 

(Section 5.5), we postulated that the differences in activity between MSSA and qac-

bearing CA-MRSA by a number of our QACs could be explained by other multidrug efflux 

pumps found in CA-MRSA. A rather simple method of probing the general efflux activity 
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is to treat bacteria with an efflux pump inhibitor (EPI) in tandem with a compound of 

interest and compare bacterial inhibition to those treated without an EPI. This is similar to 

a potentiation or activation assay (Section 5.4.2); in this case, bacteria is dosed with a QAC 

and an EPI, or QAC alone, and any resulting differences in MIC are evaluated. A difference 

in MICs with and without an EPI indicates that bacterial efflux affects compound activity. 

Common EPIs include reserpine, which is a broad inhibitor of multidrug resistance 

pumps18 and targets several families of efflux pumps,19 and carbonyl cyanide m-

clorophenylhydrazone (CCCP), which is a protonophore and proton motive force 

uncoupler.20,21 Reserpine and CCCP were tested for antibacterial activity on their own to 

determine which concentrations would be appropriate to use in tandem with QACs so that 

the EPIs would not affect bacterial viability. Standard literature concentrations of 32µM 

reserpine and 1µM CCCP were accordingly used.22  

Neither of the strains showed significant differences in the antibacterial activity of 

QACs (Table 5.9), suggesting that efflux is either not heavily involved or that it is not 

significant enough to cause the marked differences in vivo. Both BAC (2.4) and PQ-12,Bn 

showed a 4-fold increase in activity against CA-MRSA when dosed with either reserpine 

or CCCP, suggesting that efflux may be partially responsible for their slightly decreased 

activity against CA-MRSA as compared to MSSA. It should be noted that the 

concentrations of EPIs used correspond to those commonly used in the literature and have 

been shown to drastically recover the bioactivity of compounds when their lack of activity 

is due to efflux. There may be differences on the molecular biology level occurring that the 

readout of MIC is simply not sensitive enough to uncover. 

 



173 

Table 5.9 Results of the efflux pump inhibitor assay. Minimum inhibitory concentrations 

(MIC) against MSSA and CA-MRSA when a library of QACs were dosed with either 

reserpine (32µM) or CCCP (1µM). Values are reported in micromolar. 

Compound 
MSSA MIC (µM)  CA-MRSA MIC ( µM)  

- + reserpine + CCCP - + reserpine + CCCP 

BAC (2.4) 8 4 4 32 16 8 

CPC (2.6) 1 0.5 0.5 8 8 4 

DDAC (2.5) 1 0.5 0.5 1 1 0.5 

10(3)0(3)10 1 1 0.5 1 0.5 0.5 

12(3)2(3)12 0.5 1 0.5 0.5 0.5 0.5 

PQ-11,11 1 1 0.5 0.25 0.25 0.13 

PQ-12,Bn 4 4 8 16 4 4 

LCV-12,0,0 2 1 1 16 32 8 

LCV-12,1,1 4 2 2 32 32 16 

TET-12,0,0 4 4 4 63 32 32 

TET-12,1,1 1 1 0.5 2 2 1 

LMG-12,0 2 4 1 16 8 8 

LMG-12,1 0.5 0.5 0.5 4 4 4 

LMG-12,12 1 0.5 1 0.5 1 0.5 

 

5.7 Conclusions 

The work presented here within, summarized in Figure 5.11, adds foundational 

knowledge to the field of QAC resistance while also raising questions for future study. Our 

results show the development of resistance or tolerance in MSSA to commercial 

monoQACs and QACs containing aromatic moieties over a period of 24 days, yet no 

resistance to alkyl bis-, tris-, or tetraQACs. These results provide insight as to the 

mechanism and substrate scope of QAC resistance; namely, that monoQACs and the 

incorporation of aromatic moieties allow for greater recognition by the bacteria (Figure 

5.11B, C). This was furthered by the use of several quaternized natural product, dye, and 

commercially available cyclic polyamine scaffolds (N-, Q-, TET-, LCV-, LMG-, and C-

series), the monoQACs and shorter-chain multiQACs of which saw distinct differences in 

activity against MSSA and CA-MRSA, up to 125-fold. These observations were thought 
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to be a result of specific interactions between the QAC substrate and QacR, or potentially 

due to greater cell permeation of QACs possessing rigid or aromatic moieties (Figure 

5.11A).23 

 

 

Figure 5.11 Summary of QAC resistance findings. Mono- versus trisQACs (one red circle 

versus three) show markedly different profiles against bacteria, indicating resistance. 

Commercial monoQACs and novel trisQACs show similar levels of membrane 

permeability (A) and reduction in viability, while novel monoQAC dyes generally show 

less membrane damage. Commercial and aryl monoQACs show general resistance, while 

most bis-, tris-, and tetraQACs do not (B, C). 

 

Analogous QACs of higher charge state were largely equipotent against MSSA and 

CA-MRSA, though there was not a clear or direct trend between charge and membrane 

permeability (Figure 5.11A), as assessed by fluorescence spectroscopy, or in reduction of 

cell viability. Through testing against qac knockout strains, the qac system does not appear 

to be responsible for the differential activity experienced by several of our QACs (Figure 


