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Abstract: Polymeric Quaternary Ammonium Compounds (polyQACs) comprise a broad class of ma-

terials with applications in medical implants, food processing, and surface sanitizing, amongst many 

others. These polymeric substances are especially promising due to their potent antibacterial activity 

and limited hemolytic toxicity. In particular, many polyQACs have superior therapeutic indices and a 

lower likelihood of developing antibacterial resistance in comparison to their monomers, making 

them ideal materials for wound dressings, catheters, and other biomedical applications. This review 

outlines the history and development, previous successes, current state of the research, and future di-

rections of polyQACs in society. 

Keywords: Antimicrobial activity, Biofilm, Cationic polymers, Copolymer, Homopolymer, Hydrogel, Polyquaternium, Qua-
ternary ammonium compound. 

A.  BACKGROUND ON POLYQACS 

1.  Introduction 

The pathogenic capabilities of bacteria have been known 
for centuries; addressing this scourge has led to some of the 
greatest advances in human health. For example, the im-
provement of hygiene and development of antibiotics have 
led to the saving and improvement of innumerable lives. For 
nearly a century, antibiotics have provided crucial protection 
to humans, despite their inevitable capitulation to the relent-
less advance of bacterial evolution. Hygienic advances have 
corresponded to increased lifespan for an even longer seg-
ment of human history, as modern sanitation and the fre-
quent use of soaps, detergents, and antimicrobials have be-
come ubiquitous [1]. Antimicrobial agents, perhaps owing to 
their widely ranging structural classes and oftentimes-simple 
preparation, have been a key field of innovation for scientists 
and health professionals. 

One of the longest-serving classes of antimicrobial com-
pounds is quaternary ammonium compound (QACs), which 
have seen use in pre-surgical sanitizing since the 1930s [2]. 
The development and widespread utilization of formulations 
such as benzalkonium chloride have paved the way for many 
incremental advances of QACs, which by some reckonings 
are into their sixth generation [3, 4]. Since these “genera-
tions” often comprise only modest structural variations, or 
represent co-formulations of previous structural classes, ma-
jor structural advances have been slow to reach the market-
place, and leave this field ripe for innovation [5-8]. 

*Address correspondence to this author at the Department of Chemistry, 
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Another approach to QAC development has been in the 
field of polymeric QAC structures (polyQACs), which show 
promise to address two limitations of monomeric QAC struc-
tures – the need for removal from surfaces to minimize tox-
icity [9], and well as the need for reapplication to maintain 
efficacy. It is estimated that over 500,000 tons of QACs are 
applied annually; approximately 75% of this total advances 
to wastewater treatment facilities, while the remainder enters 
the environment [10]. This leads to continuous exposure of 
bacteria to sublethal QAC levels, which corresponds to an 
increase in QAC resistant bacteria found in the environment 
and in medical settings [11-15]. PolyQACs, whose one-time 
application would greatly diminish the environmental foot-
print, may address some of these issues.  

There are additional reported advantages that polyQACs 
possess over their monomeric counterparts.  Some poly-
QACs have been shown to have a low propensity for bacte-
rial resistance [16]. Also, it has been observed that a strain of 
Pseudomonas aeruginosa that was non-susceptible to QACs 
in solution was killed upon adhesion to a coating of immobi-
lized QACs, which suggests a different mechanism of antim-
icrobial action for polyQACs [17]. Furthermore, it has been 
noted that polyQACs often retain their antimicrobial activity 
even after adsorption of proteins [18] or under in vivo condi-
tions [19]. 

The incorporation of antimicrobial functionality into 
polymers has the possibility to address another problem that 
has persistently nagged monomeric QACs – their diminished 
ability to disrupt bacteria in the biofilm state. Biofilms, es-
tablished communities of bacteria that form a protective ma-
trix composed of extracellular materials to defend the popu-
lation against environmental threats, can be 100-1000x less  
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susceptible to antibiotic and antiseptic treatments [20]. 
Biofilms are associated with over 80% of microbial infec-
tions [21], and are often associated with indwelling medical 
devices such as catheters and joint replacements. Addition-
ally, most materials are susceptible to biodegradation in the 
presence of microbial biofilms [22]. Thus antimicrobial ma-
terials that display an inherent resistance to bacterial attach-
ment could show significant advantage over traditional mate-
rials.  The design of surfaces or coatings that either repel 
bacterial attachment or that kill microbes on contact has been 
demonstrated [23], although much remains to be done in 
order to significantly improve medical applications such as 
indwelling devices [24].  

Reports of polyQAC structures appeared as early as 1958 

[25], with a slow trickle of reports and patents emerging over 
the next decade [26-29]. The antimicrobial activity of poly-

mers was first reported in 1965, as was an early indication of 

the superior activity of one polymer over its corresponding 
monomer, in a polymerized tropone system [30, 31]. In 

1971, these two fields definitively met when Panarin and 

coworkers described the polymerization of (2-
methacryloxyethyl)-triethylammonium iodide or bromide, as 

well as the synthesis of copolymers with N-vinylpyrrolidone; 

antimicrobial activity of this polyQAC was also reported 
[32]. This field began to flourish over the next decade, start-

ing with reports on the bioactivity of QAC ionenes (poly-

mers having ionic groups as part of the main chain) by Rem-
baum [33, 34] and Samour [35]. The stage had been set for 

significant structural variation of polyQACs as well as multi-

fold biological applications thereof.   

2.  Previous Reviews  

An abundance of reviews have been reported in the sepa-
rate fields of antimicrobial polymers, as well as antimicro-
bial QACs.  For example, Fernandez-Garcia recently pro-
vided an extensive review of polymeric materials with an-
timicrobial activity [36], and subsequently edited a book on 
the same topic [37]. Related reviews were reported by Khan 
[38] and Xu [39] in 2014, Tiller in 2012 [40], Timofeeva 
[41] and Charnley [42] in 2011, and Tew in 2007 [43] and 
2010 [44]. Other reports focus more broadly on antimicro-
bial surfaces [45]. 

Reviews of the antimicrobial activity of QACs are simi-

larly well represented [46-50]. Also reported are more fo-

cused reviews on the incorporation of QACs into polymers, 
including a report by Jaeger that is less focused on biological 

activity [51], as well as a report on dental applications of 

polyQACs [52]. One chapter in the aforementioned book 
[37] is relevant as well, though its focus is less on polymeric 

structure and preparation, though it discusses both quater-

nized nitrogen and phosphorus compounds [53]. In light of 
these previous reports, this review will specifically address 

the antimicrobial activity of QAC-based polymers. 

B.  TESTING OF POLYQACS FOR ANTIMICROBIAL 
AND ANTIBIOFILM ACTIVITY 

The methods of bioactivity testing for any antimicrobial 

polymer can be contentious, as validity of many methods are  

 

often called into question. Studies indicate that the antimi-

crobial agents on surfaces can work differently from those in 

solution [54]; molecular targets are generally not specified, 
though membrane disruption is likely [40]. Two key reviews 

set out to discuss such issues – both a book chapter [55] and 

a detailed report from the Baxter Healthcare laboratories 
[56]. At the heart of the problem is the differentiation of ac-

tivity derived from the leaching of monomeric species away 

from polymeric structures; zone of diffusion tests are quite 
commonplace in this arena, despite the obvious concerns of 

such an approach for polymer bioevaluation. Alternatives for 

efficacy testing can take many forms, with effective methods 
reported for immersive or direct inoculation, surface growth 

methods, and luminescent signaling.    

The ASTM has developed a standardized method for the 
immersive antimicrobial testing of immobilized structures 
(ASTM E2149) [57], which measures colony-forming units 
(CFU) that can grow from a liquid bacterial culture that has 
been exposed to the immobilized antimicrobial agent.  This 
test has been adopted somewhat routinely [58, 59]. This 
method, however, can have confounding factors, including 
the adhesion of cells to and the leaching of compounds from 
the polymer surface. Testing to failure (i.e., pushing to see a 
maximum number of cells killed per unit area of polymer) is 
both informative and recommended [55].

 
 

Direct inoculation is another testing strategy that involves 
the placement of a small amount of a bacterial culture di-
rectly onto the antimicrobial surface, followed by spreading 
of the inoculum with a coverslip; the Japanese Industry 
Standard method (JIS Z-2801) is commonly adopted for this 
use [60]. After a designated inoculation time, the assembly is 
disassembled and agitated, and the surviving bacteria are 
assessed as CFUs. Concerns have been raised, however, with 
the likelihood of cell adhesion to the coverslip; agitation may 
release unaffected cells back to the inoculum and skew re-
sults [55]. 

As an interesting alternative, methods have been devel-
oped to deliver a uniform layer of bacteria across a surface 
via aerosol, resulting in a thin film of inoculum whose 
growth can subsequently be assessed.  This shows advan-
tages in that the placement of bacteria perhaps approximates 
real-world conditions, both in distribution and thickness of 
deposition. Furthermore, due to the precise layer of inocu-
lum, the bacteria are placed in close proximity to the surface, 
allowing for fine measurement of the antimicrobial activity.  
This would, however, amplify the effect of any antimicrobial 
agent that could elute from the surface [55].

 
 

Alternative methods to assess the antimicrobial activity 
of polymers rely on luminescence methods. Often employing 
readily available live/dead stain kits, assays can investigate 
properties including cell membrane permeability or meta-
bolic activity [61, 62]. Such analyses may be advantageous 
versus growth-based methods, since viable but not culturable 
(VBNC) microbes should represent a concern. Specific live-
dead staining techniques have been developed to indicate 
whether antimicrobial agents kill at the surface in question, 
or at a distance [63]. Throughout this review, specific refer-
ence will be made to the approach used to analyze bioactiv-
ity if such information is provided.  
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C.  COMMERCIAL ANTIMICROBIAL POLYQACS  

There exists a bevy of commercialized polyQAC struc-
tures, many of which have found applications in the cosmet-
ics industry, most often in hair care products, where they 
primarily serve as antistatic agents and conditioners [50]. 
The International Nomenclature for Cosmetic Ingredients 
(INCI) has registered dozens of different polymers under the 
“polyquaternium” designation, many of which represent co-
polymers with quaternized ammonium precursors.  These 
polymers are distinguished by the number that follows the 
word polyquaternium (e.g., polyquaternium-20), which sim-
ply reflects the order of their registration. Some of these 
polymers have been identified as having antimicrobial prop-
erties, although it is likely that others have antimicrobial 
properties without being marketed as such [4]. This results 
from an interesting structural coincidence: polycationic 
structures can interact with either hair keratin or bacterial 
cell membranes. For example, polyquaternium-1 (Fig. 1), 
originally developed for cosmetics applications, is now 
commonly used as an ophthalmic preservative, marketed 
under the name of polyquad [64]. Other examples of poly-
mers with established bioactivity include the pyrrolidinium-
containing polyquaternium-42 (“polixetonium”) and poly-
quaternium-44 (“luviquat”), the latter of which is a copoly-
mer of vinyl pyrrolidone and quaternized vinyl imidazole. 
There is often significant structural similarity amongst these 
polymers; illustrating this are the related polyquaterniums 7, 
22, and 39 [65]. Interestingly, it has been noted that bacterial 
resistance has been observed to polyquaternium-1 [66].  

In addition to those designated as polyquaternium com-
pounds, there are a number of other commercialized QAC 
polymers [55].

 
For example, polyhexanide (polyhexamethyl-

ene biguanide, PHMB), is widely used as a dermatological 
antiseptic; when labeled as Baquacil, it is used as a swim-
ming pool sanitizer. Structurally, polyhexanide serves as 
both an ionene as well as an amphiphile by incorporating 

cations throughout the polymer backbone, interspersed with 
non-polar regions, as illustrated in Fig. 2. Originally pro-
duced in 1957 and structurally similar to a number of poly-
quaternium structures, the water-soluble polydiallyldimethy-
lammonium chloride (PDDA) bears a pyrrolidinium group, 
and has found extended use in wastewater treatment and 
other applications [67, 68] Other polymeric structures have 
been employed as antimicrobial surface coatings, such as 
coatings for sutures (e.g., PAMBM) [69]; simpler amine 
polymers like polyvinyl pyridine also find use in this arena, 
though they are not necessarily protonated in neutral solu-
tions [70]. A different sort of polymeric structures rely on a 
linker to silicon groups, which are able to attach to surfaces, 
as in JUC spray, which can be applied to skin or fabrics [71]. 

With developments taking place in such diverse applica-
tions as textiles, food packaging, and dental composites [52], 
the possible commercial applications of polyQACs seem 
endless. 

D.  POLYQACS WITH ANTIMICROBIAL DATA 

The balance and distribution of hydrophobic and hydro-
philic content is important for achieving favorable antimi-
crobial activities for polymers containing QACs [72]. While 
the substitution of the QAC itself is critical, the optimal sub-
stitution pattern and hydrophobic/hydrophilic balance can 
vary based on the polymer backbone. This section will pre-
sent a host of polymer backbones that have appeared in the 
literature where pendant QAC substituents are incorporated 
in attempt to maximize antimicrobial activity and minimize 
cytotoxicity. When available, Minimum Inhibitory Concen-
tration (MIC) values towards specific bacterial strains and 
HC10/HC50 values (assayed by hemolytic activity, most often 
reported as HC10 or HC50, the concentration at which the 
antimicrobial kills 10% or 50%, respectively, of red blood 
cells) will be presented. In cases where such data is not pro-
vided, qualitative antimicrobial activities will be presented. 

 

Fig. (1). Select antimicrobial polyquaternium compounds. 

 

Fig. (2). Commercialized antimicrobial quaternary ammonium polymers. 
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1. Acrylic and Methacrylic Polymers 

This scaffold is prevalent for the inclusion of pendant 
quaternary ammonium cations, and ammonium cations more 
broadly. This section will describe select examples where 
QAC pendant groups are included in homopolymers and 
copolymers to afford antimicrobial activity.  Work high-
lighted herein focuses on varying the substitution pattern of 
the QAC and the copolymer itself (identity of repeat units 
that do not contain the pendant QAC) in an effort to optimize 
MIC values while minimizing hemolytic activity.   

In 2006, Mathias prepared three water-soluble methacry-
late-based homopolymers with pendant QAC functionality, 
where 12-carbon, 14-carbon, and 16-carbon alkyl chains 
were appended to the QAC.  All three polymers were active 
towards S. aureus and E. coli, with activities ranging from 
32-256 μg/mL (see Fig. 3) [73].These polymers were as-
sayed using broth dilution and spread plate methods. As the 
QAC alkyl chain, R, is lengthened, improved Minimum Bio-
cidal Concentration (MBC) values towards S. aureus are 
observed. The opposite trend is observed in the E. coli data, 
which the authors attribute to the increased hydrophobicity 
of the polymer (and decreased solubility) as the QAC alkyl 
chain, R, is lengthened but could also be explained by effi-
cacy toward Gram-negative bacteria, which are known to be 
more resilient to QAC treatments.  

 

Fig. (3). Methacrylate-derived homopolymers, with MBC data 
reported. 

Palermo and Kuroda published an often-cited study in 
2009 [74], where they prepared polymethacrylate copoly-
mers with one neutral component (hydrophobic) and one 
containing a pendant primary, tertiary, or quaternary ammo-
nium cation. These authors studied the influence of the neu-
tral component’s substitution pattern (methyl or butyl 
methacrylate) and the importance of the ammonium cation’s 
substitution in antimicrobial activity towards E. coli and in 
hemolytic activity (see Fig. 4). For these systems, the methyl 
methacrylate-containing copolymers with primary and terti-
ary ammonium pendant groups outperformed analogous 
polymers with pendant quaternary ammonium groups. The 
butyl methacrylate-containing copolymers trended differ-
ently in terms of MIC values as compared to the former:  
polymers with primary ammonium pendant groups had 
largely unchanged activities, those with tertiary ammonium 
pendant groups were an order a magnitude lower in activity, 
while those with quaternary ammonium pendant groups had 
enhanced activity.  The authors postulate that while increas-

ing hydrophobicity tends to improve antimicrobial activity, if 
the hydrophobic component becomes too high, aggregation 
can dominate and diminish antimicrobial activity.  The 
hemolytic activity data (HC50 values) support the authors 
postulate that polymers with QACs require a greater hydro-
phobic content, or longer alkyl chains appended to the 
QACs, to lyse red blood cells when compared to analogous 
primary and tertiary ammonium polymers. This bodes well 
for QACs, as it opens the door to seek polymers with optimal 
hydrophobicity to maximize desired antimicrobial activity 
while minimizing undesired hemolytic activity. 

 

Fig. (4). Methacrylate-derived copolymers, primary, tertiary, and 

quaternary ammonium groups with MIC and HC50 data reported. 

In an elegant recent study, Fernandez-Garcia and co-
workers describe the preparation of a methacrylate-based 
polymer that incorporates glycounits as pendant moieties 
affixed to a methacrylate backbone [75].

 

Quaternized poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMAQ) served 
as the repeat unit to lend these polymers antimicrobial activ-
ity. Homopolymer PDMAEMAQz was prepared and tested 
versus copolymers PBMAy-b-PDMAEMAQz, PBMAy-b-

P[DMAEMAQx-co-HEMAGl1-x]z and PBMAy-b-
PDHEMAGlz-b-PDMAEMAQw where Atom Transfer 
Radical Polymerization (ATRP) was used to generate the 
neutral amine polymer precursors, and methyl iodide was 
used in each case to generate the desired quaternary ammo-
nium cations (see Fig. 5).  These polymers were evaluated in 
their MIC values towards bacterial strains S. aureus (SA), S. 
epidermidis (SE), and P. aeruginosa (PA), and against the 
fungal strain C. parapsilosis (CP); hemolytic activity (HC50) 
and cytotoxicity towards white blood cells were also deter-
mined.  All PDMAEMAQ containing polymers were most 
efficacious towards Gram-positive S. epidermidis and S. 
aureus bacteria and fungal strain C. parapsilosis, while ac-
tivities towards Gram-negative P. aeruginosa and E. coli 
(MIC values for the latter not reported in the manuscript) 
were unfavorably high.  Copolymer PBMA132-b-

P[DMAEMAQ0.88-co-HEMAGl0.12]127 provided one of the 
best MIC values of 8 μg/mL towards S. epidermis, with the 
simpler polymer backbone of PBMA70-b-PDMAEMAQ65, 

providing an even lower MIC value of 4 μg/mL.  The opti-
mal mole fraction of the hydrophobic butyl methacrylate 
block (BMA) for achieving low MIC values was identified 
as approximately 0.5.  The majority of these polymers yield 
high HC50 when taken in combination with very low MIC 
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values for Gram-positive bacteria make these materials at-
tractive for further investigation.             

2.  Styrene-Based Polymers 

Homopolymers based on styrene and copolymers based 
on styrene and methacrylate-based repeat units have been 
described (see homopolymer (III) and copolymer (VI) in 
Fig. 6) [76],

 

along with crosslinked copolymers with styrene 
and vinyl ether or methacrylate components (see crosslinked 
copolymers (VIa) and (VIIa) from Fig. 6) [77]. Triethylam-
monium chloride salts appear in both reports, and these 
authors report the diameter of inhibition (inhibition zone) via 
the cut plug method towards various bacterial strains.  Ho-
mopolymer (III) displayed "variable inhibitory effect" to-
wards E. coli, S. aureus, P. aeruginosa, Serratia sp., 
Kelbsiella sp., and C. albicans; copolymer (VI) was shown 
to have "lower or no biocide activity".  Crosslinked copoly-
mers (VIa) and (VIIa) displayed modest activity towards C. 
albicans, A. flavus, F. oxysporium, B. subtillis, E. coli, and S. 
aureus as assayed by the cut plug method; triphenylphos-
phonium salt analogs (not pictured) were more active to-
wards these microbes in comparison to the triethylammo-
nium salts (VIa) and (VIIa). The solubility properties of 
these styrene-derived polymers suggest that styrene scaffolds 
may be best suited to antimicrobial surface applications. Ke-
nawy recently reviewed the synthesis and antimicrobial test-
ing of polymers containing ammonium and phosphonium 
groups, with a focus on his own work in the area of styrene-
based polymers [53]. Finally, in a related vein, quaternized 
poly(vinylpyridine) copolymers prepared with careful con-
trol of hydrophilicity have been reported by Youngblood 
[78]; this represents a clever modernization on the work of 
one of the first antimicrobial polymers based on vinylpyri-
dine [25].

  

3.  Polyacrylamides 

While the use of a polyacrylamide scaffold with pendant 
QACs has received less attention than methacrylate or acry-
late scaffolds, there are reported examples where this scaf-
fold can be efficacious.  Mathias and coworkers moved past 

their earlier work with methacrylate monomers to construct 
polyacrylamide homopolymers and copolymers (with N-
isopropylacrylamide comonomer) with appended QACs 
(Fig. 7) [79]. The neutral monomer, 3-(methylacylamido-
methyl)-pyridine (MAMP) was subjected to conventional 
free-radical polymerization conditions to generate a neutral 
homopolymer. In addition, MAMP was copolymerized with 
N-isopropylacrylamide (NIPAAm) in varying amounts (50% 
or 90% of the latter), again using conventional free-radical 
polymerization. All neutral polymers were quaternized with 
1-bromododecane (C12), 1-bromotetradecane (C14), or 1-
bromohexadecane (C16).  Only the 90:10 copolymers (90% 
NIPAAm monomer feed and 10% MAMP monomer feed) 
were soluble in aqueous media; these polymers were assayed 
for antimicrobial activity towards S. aureus and E. coli using 
broth dilution and spread plate methods. Addition of TSB 
(tryptic soy broth) in the antimicrobial testing protocol pre-
cipitates these 90:10 copolymers, yet even so, MIC values 
were measurable and recorded (90:10 copolymer-C14 tested 
most favorably of the series, with MIC versus S. aureus 320 
μg/mL and MIC versus E. coli 160 μg/mL). The neutral and 
insoluble polymers (homopolymers and 50:50 copolymers) 
were tested using the shaking flask method, and under these 
conditions no antimicrobial activity was detected towards 
either S. aureus or E. coli.  Overall, the authors were encour-
aged by the antimicrobial activities for the 90:10 copolymer 
series, especially in light of the low QAC comonomer incor-
poration and precipitation phenomenon in the presence of 
TSB.    

Kuroda and coworkers targeted a methacrylamide back-
bone with the intention that this hydrophilic backbone (as 
compared to the more common methacrylate backbone) 
would confer enhanced hemocompatibility for antimicrobial 
polymers. Hence, they prepared a family of polymethacry-
lamide random copolymers with varied proportions of a neu-
tral component and a charged component (with a pendant 
primary ammonium cation) (Fig. 8) [80]. The authors found 
the neutral component’s alkyl substitution displayed a 
marked effect on MIC values towards E. coli, with PB54 (bu-
tyl substituted) displaying a MIC value of 340 μM (833 
μg/mL) and PH51 (hexyl substituted) displaying an order of 

 

Fig. (5). Methacrylate-derived homo- and copolymers, with reported MIC and HC50 values (units of μg/mL). 



310    Current Topics in Medicinal Chemistry, 2017, Vol. 17, No. 3 Zubris et al. 

magnitude lower MIC value of 14 μM (42 μg/mL), consis-
tent with more hydrophobic content leading to improved 
antimicrobial behavior.  Yet as expected, polymers in the PH 
series were more hemolytic than those of the PB series, and 
in both series, increasing the value of falkyl also enhanced 
hemolytic activity.  This further supports the authors’ asser-
tion that the nature of the ammonium cation most strongly 
influences antimicrobial activity, while the hydrophobicity 
of the polymer most strongly influences undesired hemolytic 
activity [81].      

 

Fig. (7). Polyacrylamide copolymers with reported MIC values 

(units of μg/mL). 

 

Fig. (8). Polyacrylamide copolymers, with reported MIC and HC50 

values (units of μg/mL). 

4.  Polycarbonates 

Polycarbonates feature prominently in biomedical appli-
cations where biodegradation is an important design feature. 
Hedrick and Yang have developed new families of QAC-
appended polymers using a polycarbonate scaffold; three 
families will be highlighted here. In 2011, Hedrick and Yang 

described the synthesis of three cationic amphiphilic poly-
carbonates (Polymers 1-3, see Fig. 9); these polymers form 
micellar nanoparticles in aqueous media [61]. Polymer 2 
does not inhibit microbial growth, as the high hydrophobic 
content of this polymer causes it to precipitate out of the 
growth medium.  Polymers 1 and 3 do inhibit microbial 
growth for a number of strains, including MRSA, with fa-
vorable MIC values. The authors suggest the larger fraction 
of the QAC-containing component (where m = 20) leads to 
improved activity of polymer 3 towards B. subtilis, E. fae-
calis, and C. neoformans. The efficacy of polymers 1 and 3 
towards MRSA was highlighted. Polymers 1 and 3 were also 
evaluated for hemolysis of mouse red blood cells, and fa-
vorably, minimal hemolysis was observed even at concentra-
tions of 500 μg/mL.   

 

Fig. (9). Polycarbonates with reported MIC values (units of μM). 

In 2013, Hedrick and Yang again employed a polycar-
bonate scaffold and extended their focus on eradicating 
clinically isolated nosocomial microbes, such as MRSA, 
vancomycin-resistant enterococci (VRE), and Acinetobacter 
baumannii (AB) [82]. One family of polycarbonates de-
scribed in this study appears in Fig. 10; these polymers con-
tain two dissimilar QAC components randomly distributed in 
the polymer backbone.  The authors honed in on a butyl sub-
stituted QAC for a first component (based on favorable MIC 
data, not presented here) and a benzyl substituted QAC for a 
second component.  When these two QAC components are 
incorporated randomly in a 1:1 molar ratio with 20 repeat 
units in total (polymer pButyl0.5Benzyl0.5_20, see Fig. 10) 
promising MIC values were observed towards a range of 
microbes; HC50 values were also favorable. These low MIC 

 

Fig. (6). Styrene-derived homo- and copolymers with reported zones of inhibition (no MIC data reported). 
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values were cited as a strength for this class of materials. The 
authors also conducted mechanistic studies to support a 
membrane-lytic mechanism of action for these antimicrobial 
QAC-containing polycarbonates.          

In a 2014 report, Hedrick and Yang extended their em-
phasis on heterocycles to a new family of polycarbonates 
(see Fig. 11) [83]. Two parameters were varied in this study: 
the alkyl chain length appended to the heterocyclic QAC 
(either propyl or hexyl, where n = 3 or 6 in Fig. 11, respec-
tively), and QAC heterocyclic substituent, Q (five options 
were tested, see Fig. 11).  The polymer designated 
HexBr(Pyr), incorporating a hexyl chain and pyridine as the 
QAC heterocyclic substituent, provided some of the most 
favorable MIC values of the series. The improved activity 
towards P. aeruginosa  (versus the 2013 study described in 
Fig. 10) was noted as a benefit of this family of catalysts, 
and the authors attribute this improved activity to the hydro-
phobic character of their selection of QAC heterocyclic sub-
stituents.   

5.  Polyethers  

Polyethers, due to their amorphous nature, are often em-
ployed as a "soft block" in block copolymers, such as polyu-
rethanes. Wynne and coworkers have investigated a new 
class of polyethers as antimicrobial agents, namely, polyeth-
ylene glycol (PEG)/quaternary polyoxetane copolymers (see 
Fig. 12) [84]. Building upon prior favorable antimicrobial 
activities against E. coli, P. aeruginosa, and S. aureus for 
polymers of the form Cx-m (where x = 12 and m = 14, 25, 
42, 50, 60, 87, and 100, with optimal MIC values for poly-

mers in the m = 40-60 range), these authors set about to pre-
pare and test a new family of polymers of the form Cx-50, 
where the pendant QACs have a single alkyl group that var-
ies in its number of methylene units, designated as x (where 
x = 2, 6, 8, 10, 12, 14, or 16). The main thrust of this study 
was to probe the effect of changing QAC alkyl chain length 
on both antimicrobial properties and hemolytic activity. 
Among these polyethers, C8-50 displayed the best antimi-
crobial activity with low MIC values and a favorably high 
HC50 value. Polyethers C6-50 and C10-50 performed simi-
larly in terms of MIC values and displayed even better HC50 
values. These authors were particularly encouraged by the 
relatively uniform antimicrobial effectiveness towards these 
three bacterial strains, including P. aeuruginosa.     

6.  Polyurethanes 

Polyurethanes have found utility in medical applications 
where longevity, impact strength, and abrasion-resistance are 
required.  A 2013 report describes the preparation of polyu-
rethane materials, abbreviated Quat-n-PU (where the QAC 
contains either hexyl, where n=6, or dodecyl, where n=12, 
balance methyl, substitution) and their antimicrobial activity 
(measured by optical density of bacterial suspensions at 610 
nm) (Fig. 13) [101]. These two polymers were coated (as 
organic solutions or aqueous nanosuspensions) onto polyeth-
ylene and glass surfaces, and electrospun into nanofibers. 
Both Quat-6-PU and Quat-12-PU were effective in hinder-
ing proliferation of E. coli and S. aureus, as assayed by opti-
cal density measurements.  

 

Fig. (10). Polycarbonates with two different quaternary ammonium centers, with reported MIC (units of μg/mL) and HC50 values. 

 

Fig. (11). Polycarbonates with nitrogen containing heterocycles, with reported MIC (units of mg/L) and HC50 values. 
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7.  Polyamides:  Biomimetic Polymers  

One prevalent and successful strategy for obtaining 
polymers with antimicrobial activity is the preparation of 
host-defense peptide (HDP)-mimetic polymers, also known 
as synthetic mimics of antimicrobial peptides (SMAMPs).  
These biomimetic polymers, which seem to display immu-
nomodulatory properties [85], have been reviewed elsewhere 
[86]. HDP-mimetic polymers may be either copolymers or 
homopolymers: such copolymers contain one component 
with a positive charge on a pendant side chain (often a pri-
mary ammonium cation) and a second component with a 
hydrophobic side chain, while homopolymers contain the 
cationic and hydrophobic components as part of the same 
repeat unit.  One of the challenges often observed with HDP-
mimetic polymers is that favorable MIC values track with 
unfavorable hemolytic activity. Gellman and coworkers de-
scribed the preparation of ternary Nylon-3 copolymers in 
attempts to minimize hemolytic activity while maintaining 
favorable MIC values towards four bacterial strains: E. coli, 
B. subtilis, S. aureus, and E. faecium (see Fig. 14) [87]. In 
this study, hemolytic activity was quantified as HC10.  Their 
design strategy builds from a binary hydrophobic-cationic 
copolymer (investigated in prior work from this group) [88], 
and replaces a small portion of the hydrophobic content with 
a polar, uncharged subunit.  As shown in Fig. 14, the hydro-
phobic component is designated as CO or CH, the cationic 
component designated as MM or DM, and the new hydro-
phobic unit with the polar, uncharged subunit is designated 
HG or HS.  In this study, 16 new ternary copolymers were 
evaluated for their MIC and HC10 values, and benchmarked 
against binary copolymers MM60CO40 and DM50CH50 de-
scribed previously by these authors [86]. Overall, the best in 
class ternary copolymer from this study was 
DM47.5CH47.5HG5, displaying low MIC values and a favora-
bly high HC10 value.  

 

Fig. (12). Polyethers (Cx-50 Copolyoxetanes) with reported MIC 

values (units of μg/mL) and HC50 values. 

 

Fig. (13). Polyurethanes, Quat-6-PU and Quat-12-PU, with qualita-
tive antimicrobial testing (no MIC values reported) 

E. MULTICATIONIC POLYQACS, WITH BIOACTIV-
ITY DATA WHERE AVAILABLE 

While prior reports suggest that multi-QAC polymers 
have great potential as antimicrobial agents, there are few 
examples of multi-QAC polymers in the literature with re-
ported bioactivity data. Our research team has identified this 
area as ripe for future developments [8]. This section will 
summarize multi-QAC polymers that are most relevant to 
our ongoing work, where some of these examples have re-
ported bioactivity data, and for others, this data is absent.  

Gong and coworkers prepared a terpolymer as a humidity 
sensor; this terpolymer contains a comonomer with an ap-
pended triscationic moiety (Fig. 15) [89]. Polymer charac-
terization data was not reported, and antimicrobial testing 
was outside the scope of this report.  This polymer is in-
cluded here as a rare example of a reported polymer with a 
triscationic pendant QAC moiety.     

Avci et al. describes two monomers containing bisca-
tionic pendant groups [90], labeled as ACRY-IPDA QAC 
and METH-PYR/3 QAC; these monomers were both active 
against E. coli (MIC values: ACRY-IPDA QAC >512 
μg/mL; METH-PYR/3 QAC 16 μg/mL). Homopolymeriza-
tion of ACRY-IPDA QAC gives a material that has antimi-
crobial activity towards E. coli and S. aureus (no MIC values 
reported) homopolymerization of METH-PYR/3 gives a 
material that has antimicrobial activity towards E. coli and S. 
aureus (no MIC values reported); homopolymerization of 
METH-PYR/3 QAC gives a material that displays antimi-
crobial activity towards S. aureus yet is inactive towards E. 
coli (the authors cite the extra protective membrane of E. coli 
as a reason for this difference) (Fig. 16). Finally, both 
ACRY-IPDA QAC and METH-PYR/3 QAC were co-
polymerized with 2-hydroxyethylmethacrylate (HEMA; 20 
mol%) and only the ACRY-IPDA QAC containing copoly-
mer displayed antimicrobial activity (active towards E. coli 
and S. aureus); the METH-PYR/3 QAC containing co-
polymer was inactive. No hypothesis was presented to ac-
count for this stark difference in antimicrobial activity.     

In 2002, Kenawy and coworkers described the synthesis 
and antimicrobial activity of QAC-modified poly(glycidyl 
methacrylate-co-2-hydroxyethyl methacrylate) [77]; the co-
polymer precursor was prepared via conventional free radical 
polymerization, and a subsequent modifications involved a 
final treatment with triethylamine to install the quaternary 
ammonium functionality in this copolymer with monoca-
tionic and biscationic polymer repeat units (Fig. 17). Since 
this copolymer was not soluble in water (or other solvents), 
antimicrobial activity was assayed measuring diameters of 
inhibition zones using a cut-plug method on nutrient agar.  
Under these conditions, at a concentration of 2.5 mg/mL this 
copolymer killed 70% of T. rubrum, 25% of E. coli, 17% of 
P. aeruginosa, and 15% of B. subtilis.   

In 2004, Mathias and coworkers prepared two acrylate-
based homopolymers containing a pendant 1,4-diazobicyclo-
[2,2,2]-octane (DABCO) functionality and reported favor-
able MIC values for these homopolymers against E. coli and 
S. aureus (Fig. 18) [91]. Homopolymer C4-DAP (where R = 
-CH2(CH2)2CH3) gave MIC values of >1 mg/mL towards E. 
coli and S. aureus.  Homopolymer C6-DAP (where R = -
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CH2(CH2)4CH3) gave a MIC value of 62.5 μg/mL towards 
both E. coli and S. aureus. These trends lend further support 
to the importance of QAC substitution (alkyl chain length) in 
dictating antimicrobial activities.   

 

Fig. (15). Multi-QAC polymers, where no antimicrobial testing is 
reported. 

Tan and Xiao describe the preparation of two Gemini 
surfactant monomers and conventional free-radical copolym-
erization of these monomers with N-(3-aminopropyl) 
methacrylamide hydrochloride (APMA) to form two new 
copolymers, PDQ (where R = C9H19) and PFQ (where R = 
C7F15), see Fig. 19 [92] These copolymers posed challenges 
for characterization; 

1
H NMR and 

19
F NMR methods were 

relied upon to confirm incorporation of both comonomers, 

though the authors did not quantify the degree of incorpora-
tion of the Gemini surfactant monomers. The authors de-
scribed challenges in aqueous GPC analysis due to unfavor-
able interaction of the column packing material with their 
copolymers of high charge density. Both PDQ and PFQ 
displayed antibacterial activity towards E. coli and S. aureus. 
The authors found the antibacterial activity of these copoly-
mers to be "seemingly lower compared with their corre-
sponding monomer", and justify this by stating, "the prob-
able reason is that the real amount of the monomers polym-
erized into the polymers in far lower than their feed amount, 
especially for PFQ."     

More recently, Xing’s group described the synthesis of 
six distinct biscationic QAC monomers (both symmetric and 
asymmetric), and incorporated these monomers into a light 
cured dental resin prior to antimicrobial testing (viable cell 
count method) [93]. All six monomers (see Fig. 20) dis-
played activity towards S. aureus and E. coli on the order of 
6-15 μg/mL.  These monomers were each incorporated (in 
amounts ranging from 1 to 7 wt%) in a light cured resin, 
where the methacrylate-based resin was comprised of the 
following components:  bisphenol glycidyl methacrylate, 
triethylene glycol dimethyacrylate, camphorquinone, and 
N,N-dimethylaminoethyl methacrylate.  Based on viable cell 
count data, the MEBU-TMEDA-C12 containing resin dis-
played the best antimicrobial activity against S. aureus, 
closely followed by MEBU-TMEDA-C14, MEBU-

 

Fig. (14). Ternary nyion-3 copolymers, with reported MIC values (units of μg/L) and HC10 values. 

 

Fig. (16). Multi-QAC polymers with qualitative antimicrobial testing (no MIC values reported). 
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TMHDA-C12, and MEBU-TMHDA-C14.  This data reaf-
firms how subtle changes in the hydrophobic/hydrophilic 
balance of a QAC-containing polymer can impact observed 
antimicrobial activity.  MEBU-TMEDA-MEBU and 
MEBU-TMHDA-MEBU were less active, presumably due 
to reduced accessibility of the QAC units (due to two points 
of connection to the resin via terminal alkenes).   

 

Fig. (17). Multi-QAC polymer with qualitative antimicrobial testing 

(no MIC values reported). 

 

Fig. (18). Multi-QAC polymers with reported MIC values (units of 

mg/mL or μg/mL). 

 

Fig. (19). Multi-QAC polymers with reported MIC values (units of 

μg/mL). 

 

Fig. (20). Multi-QAC monomers for incorporated into dental resin, 
with antimicrobial testing (viable cell count). 

F. STRATEGIES TO ADDRESS MULTI-DRUG RE-
SISTANT INFECTIONS AND BIOFILMS.   

As discussed in the introduction, our society faces in-
creasing biomedical challenges regarding the rise of multi-
drug resistant bacteria and the prevalence of biofilm forma-
tion (and the associated difficulties in remediating these). 
Strategies to address such challenges are the subject of recent 
reviews [94-98].

    
The balance and distribution of hydropho-

bic and hydrophilic content in antimicrobial polymers is an 
organizing principle presented in one of these reviews; 
through this schema, copolymers (where one comonomer 
contains a pendant QAC) and homopolymers (where each 
monomer contains a pendant QAC) are categorized sepa-
rately [92]. Another review distributes antimicrobial poly-
mers in three categories: polymers with covalently attached 
(pendant) QAC components (best agreement with the focus 
of this review), biopolymers inspired by nature (such as chi-
tosan derivatives and antimicrobial peptides), and polymers 
immobilized on solid support (nanoparticles, etc.) [93]  

Polymers immobilized on solid support (such as nanopar-
ticles, silica particles, stainless steel, glass, cotton, cellulose, 
and paper) can be designed with three different antimicrobial 
modes of action in mind: bactericidal surface, bacteria-
resistant surfaces, and bacteria-release surfaces; dual-
function surfaces that employ two of these antimicrobial 
modes of action are also possible, though more rare [94]. 
Bactericidal surfaces can be further divided into two catego-
ries based on the mechanism by which bacteria are eradi-
cated: contact-based bactericidal surfaces (antibacterial 
agents are either covalently attached or physically adsorbed 
to the surface, and presumably remain attached) and release-
based bactericidal surfaces (antibacterial agents are pre-
loaded or embedded in the surface prior to their use as con-
trolled release agents). Contact-based bactericidal surfaces 
include biopolymers inspired by nature (such as chitosan 
derivatives and antimicrobial peptides), and release-based 
bactericidal surfaces include silver nanoparticles (that release 
Ag

+
 ions), or surfaces that contain embedded antibiotics or 

nitrogen oxide – full discussion is outside the scope of this 
review.   

Two examples from 2013 demonstrate the contrasting 
approaches of contact-based bactericidal surfaces and re-
lease-based bactericidal surfaces for biofilm eradication. 
Employing the contact-based strategy, Hedrick and Yang 
described the preparation of two-component hydrogels for 
biofilm eradication [99]. The ABA-type triblock copolymer, 
(MTC-VitE)1.25(PEG-20k)(MTC-VitE)1.25 (see Fig. 21) 
forms a hydrogel at 4 wt%; this hydrogel was then treated 
with 0.1 wt% of one of two options for a Vitamin E contain-
ing cationic polycarbonate, abbreviated as VE/PrBr (1:30) 
and VE/BnCl (1:30). These two-component hydrogels were 
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tested against S. aureus and E. coli, and also assayed for 
their ability to eradicate biofilms by metabolism assessment, 
biomass removal, and scanning electron microscopy (SEM). 
First, hydrogels were tested for their effectiveness in stunting 
growth of S. aureus and E. coli on an individual basis, with 
both options more effective in preventing proliferation of S. 
aureus and less effective towards E. coli. The hydrogel with 
the VE/BnCl (1:30) component provided greater antimicro-
bial activity as compared to the hydrogel incorporating the 
VE/PrBr (1:30) component; the authors assert the enhanced 
hydrophobicity introduced by the benzyl group (as opposed 
to the propyl) leads to this difference in activity. Next, three 
microbes (S. aureus, E. coli, and C. albicans) were co-
cultured to form biofilms for testing. Again, the hydrogel 
with the VE/BnCl (1:30) component was more effective, in 
this case having stronger activity in removing E. coli bio-
mass (both VE/PrBr (1:30) and VE/BnCl (1:30) were simi-
larly effective in eradicating S. aureus and C. albicans).  
SEM images supported these conclusions and were consis-
tent with the cell viability and biomass assays.     

Employing the release-based strategy, Nostro and co-
workers incorporated essential oils into poly(ethylene-co-
vinyl acetate) (EVA) by utilizing a melt processing method 
[100]. As highlighted in Fig. 22, this report does not use a 
QAC motif to achieve antimicrobial activity, although in 
theory a similar approach can be implemented with such a 
precursor. Commercially available EVA (EVA14, Greenflex 
FC456, Polimeri Europa, vinyl acetate content 14%) was 
treated with citronellol, eugenol, and linalool in 3.5 and 7 
wt% by melt mixing; the authors tout this as a desirable 
method to release the active agent (essential oil) into the en-
vironment. EVA + citronellol (7 wt%) displayed the best 
inhibitory effect towards growth of five individual species 
(L. monocytogenes, S. aureus, S. epidermidis, E. coli, and P. 
aeruginosa), closely followed by EVA + eugenol (7 wt%); 
EVA + linalool (7 wt%) was much less effective in inhibit-

ing growth of these microbes.  EVA + citronellol showed 
greater inhibition towards Gram-negative bacteria and lower 
inhibition of Gram-positive bacteria.  In all cases, inhibition 
was assayed by optical density measurement.  EVA + citro-

nellol (7 wt%) and EVA + eugenol (7 wt%) were also most 
effective in interfering with biofilm formation, including 
mixed culture biofilm (S. aureus and E. coli). Biomass ab-
sorbance (optical density measurements) and colorimetric 
detection (formazan production by metabolically active bac-
teria) gave consistent results [101]. The authors provide evi-
dence that the essential oil components do not bind to the 
EVA polymer matrix, and instead diffuse from this matrix 
over the course of days to make the polymer inhospitable to 
bacterial adhesion, firmly planting this strategy as a release-
based one. 

A recent review outlines different types of drug delivery 
systems that may be used to eradicate biofilms, categorized 
as follows: lipidic delivery systems (liposomes, solid lipid 
nanoparticles, microemulsions), polymeric delivery systems 
(micro- and nano-particles, smart or responsive polymers, 
dendrimer, cyclodextrins – in each case, the delivery system 
may be preloaded or embedded with antimicrobial agent, or 
may display antimicrobial activity in its own right – as de-
scribed in this review) and inorganic delivery systems (met-
als and metal nanoparticles composed of silver, gold, copper, 
zinc, or iron salts) [95]. A final review describes polymeric 
delivery systems in greater detail, both those with preloaded 
antimicrobials and those with inherent antimicrobial activity 
[96].

  

G. FUTURE DIRECTIONS 

The research presented within this review highlights the 
importance and breadth of polyQACs in society. Over the 
past century, substantial advances have been made to in-
crease the potency, selectivity, and durability of such materi-

 

Fig. (21). Two-component hydrogels for biofilm eradiction. 

 

Fig. (22). Melt processed EVA copolymers (component 1) + essential oils (component 2), for biofilm eradication. 
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als to address the multitude of challenges posed by bacterial 
colonization, though additional characterization of molecular 
targets and further toxicity assessments would be welcomed. 
As illustrated in the above figures, significant bioactivity 
data has been accumulated against a wide range of plank-
tonic bacteria. However, what is significantly lacking in the 
community, and is of dire need, are more strategies that will 
address biofouling and biofilm formation. The development 
of antimicrobial surfaces is essential, although they intrinsi-
cally lend themselves toward resistance development. Look-
ing forward, innovative solutions that specifically address 
biofilm formation and adhesion (i.e., without effecting mi-
crobial growth), would have the potential to revolutionize 
the way which we address antimicrobial surfaces. Further-
more, multicationic polyQAC scaffold development is still in 
its infancy; with the development of novel monomeric 
multiQACs one would expect this specific subfield to grow 
rapidly in the near future. As the threat of multi-drug resis-
tant bacteria grows, it is imperative that research both re-
evaluates the effectiveness of the industry standard poly-
QACs and innovates with novel scaffolds and materials to 
stay ahead of this formidable opponent. 

CONFLICT OF INTEREST 

K.P.C.M. and W.M.W. are equity shareholders in Nova-
Lyse BioSolutions, which works in this arena. 

ACKNOWLEDGEMENTS 

Financial support was provided by The University City 
Science Center (QED-S1403) and Temple University in the 
form of research support (W.M.W.). The authors would also 
like to thank M.C. Jennings for helpful suggestions. 

REFERENCES 

[1] Walker, J. E. The germicidal properties of pure soaps.  J. Infect. 
Dis., 1925, 35, 557-566.  

[2] Domagk, G. A new class of disinfectants.  Dtsch. Med. Wiss., 1935, 

61, 829-832.   
[3] Brycki, B. Gemini alkylammonium salts as biodeterioration inhibi-

tors. Polish J. Microbiol., 2010, 59(4), 227-231. 
[4] Block, S. S. Disinfection, Sterilization, and Preservation, 5th ed.; 

Lippincott Williams & Wilkins: Philadelphia, 2000. 
[5] Paniak, T. J.; Jennings, M. C.; Shanahan, P. C.; Joyce, M. D.; San-

tiago, C. N.; Wuest, W. M.; Minbiole, K. P. C.  The antimicrobial 
activity of mono-, bis-, tris-, and tetracationic amphiphiles derived 

from simple polyamine platforms. Bioorg. Med. Chem. Lett., 2014, 
5824-5828.  

[6] Ator, L. E.; Jennings, M. C.; McGettigan, A. R.; Paul, J. J.; Wuest, 
W. M.; Minbiole, K. P. C.  Beyond paraquats: Dialkyl 3,3’- and 

3,4’-bipyridinium amphiphiles as antibacterial agents.  Bioorg. 
Med. Chem. Lett., 2014, 3706-3709. 

[7] Jennings, M. C.; Ator, L. E.; Paniak, T. J.; Minbiole, K. P. C.; 
Wuest, W. M. Biofilm Eradicating Properties of Quaternary Am-

monium Amphiphiles: Simple Mimics of Antimicrobial Peptides. 
ChemBioChem, 2014, 2211–2215.  

[8] Minbiole, K. P.; Jennings, M. C.; Ator, L. E.; Black, J. W.; Grenier, 
M. C.; LaDow, J. E.; Caran, K. L.; Seifert, K.; Wuest, W. M. From 

antimicrobial activity to mechanism of resistance: the multifaceted 
role of simple quaternary ammonium compounds in bacterial eradi-

cation. Tetrahedron, 2016, doi:10.1016/j.tet.2016.01.014. 
[9] Kenawy, E.-R.; Worley, S. D.; Broughton, R. Biomacromolecules, 

2007, 8, 1359–1384. 
[10] Tezel, U., and Pavlostathis, S.G. Role of Quaternary Ammonium 

Compounds on Antimicrobial Resistance in the Environment. In 
Antimicrobial Resistance in the Environment (Keen and Montforts, 

Ed.), 1st ed., pp 349-387, John Wiley & Sons, Inc., New York, 

2011. 
[11] Jaglic, Z.; Cervinkova, D. Genetic basis of resistance to quaternary 

ammonium compounds-the qac genes and their role: a review. Vet. 
Med. (Praha). 2012, 57, 275–281.  

[12] Paulsen, I. T.; Brown, M. H.; Skurray, R. A. Proton-dependent 
multidrug efflux systems. Microbiol. Rev., 1996, 60, 575-608.   

[13] Brown, M. H.; Skurray, R. A. Staphylococcal Multidrug Efflux 
Protein QacA. J. Mol. Microbiol. Biotechnol., 2001, 3, 163-170.   

[14] Mitchell, B. A.; Brown, M. H.; Skurray, R. A. QacA Multidrug 
Efflux Pump from Staphylococcus aureus: Comparative Analysis 

of Resistance to Diamidines, Biguanidines, and Guanylhydrazones. 
Antimicrob. agents chemo., 1998, 42(2), 475–477. 

[15] Hegstad, K.; Langsrud, S.; Lunestad, B. T.; Scheie, A. A.; Sunde, 
M.; Yazdankhah, S. P. Does the wide use of quaternary ammonium 

compounds enhance the selection and spread of antimicrobial resis-
tance and thus threaten our health? Microbial Drug Resistance. 

2010, 16(2), 91–104. 
[16] Milovic, N. M.; Wang, J.; Lewis, K.; Klibanov, A. M. Immobilized 

N-Alkylated Polyethylenimine Avidly Kills Bacteria by Rupturing 
Cell Membranes with No Resistance Developed. Biotechnol. Bio-
eng., 2005, 90, 715-722. 

[17] Tiller, J. C. Antimicrobial Surfaces. Adv. Polym. Sci., 2011, 240, 

193-217. 
[18] Beyth, N.; Yudovin-Farber, I.; Perez-Davidi, M.; Domb, A. J.; 

Weiss, E. I. Proc. Natl. Acad. Sci. USA., 2010, 107(51), 22038-
22041. 

[19] Schaer, T. P.; Stewart, S.; Hsu, B. B.; Klibanov, A. M. Biomateri-
als, 2012, 33, 1245-1254. 

[20] Fletcher, M. H.; Jennings, M. C.; Wuest, W. M. Draining the moat: 
disrupting bacterial biofilms with natural products. Tetrahedron, 
2014, 70, 6373-6383. 

[21] Reference: Available from http://grants.nih.gov/grants/guide/pa-

files/PA-03-047.html 
[22] Macedo, M. F.; Miller, A. Z.; Dionisio, A.; Saiz-Jimenez, C. Bio-

diversity of Cyanobacteria and Green Algae on Monuments in the 
Mediterranean Basin: An Overview. Microbiology, 2009, 155, 

3476-3490. 
[23] Tiller, J. C.; Liao, C.-J.; Lewis, K.; Klibanov, A.M. Designing 

Surfaces That Kill Bacteria on Contact. Proc. Natl. Acad. Sci. 
U.S.A., 2001, 98, 5981-5985. 

[24] Busscher, H. J.; van der Mei, H. C.; Subbiahdoss, G.; Jutte, P. C.; 
van den Dungen, J. J. A. M.; Zaat, S. A. J.; Schultz, M. J.; 

Grainger, D. W. Biomaterial-Associated Infection: Locating The 
Finish Line In The Race For The Surface Sci. Transl. Med., 2012, 

4, 153rv10. 
[25] Overberger, C.; Biletch, H.; Nickerson, R. Copolymerization of 

vinylene carbonate with vinyl thiolacetate and 
N,N,N‐triethyl‐N‐[2‐(methacryloxy) ethyl] ammonium iodide with 

4‐vinylpyridine. J. Polymer Sci., 1958, 27(115), 381–390. 
[26] Lloyd, W. G. Water-soluble vinylbenzyl quaternary nitrogen poly-

mers. US Patent 3,178,396, April 13, 1965. 
[27] Olaj, O.; Maeder, A. Water-soluble acrylic copolymers containing 

quaternary ammonium groups and including N-vinyl pyrrolidone 
type comonomer. US patent 3,178,397, April 13, 1965. 

[28] Losev, I. P.; Khrunev, I. M.  Synthesis of strongly basic monofunc-
tional water-soluble polyelectrolytes. Plasticheskie Massy, 1967, 1, 

3-5. 
[29] Redi, N. S.; Panarin, E. F.  Synthesis of polymeric salts of ben-

zylpenicillin. Khim-Pharmats Zh, 1968, 2(12), 18-21. 
[30] Cornell, R. J.; Donaruma, L. G. 2-Methacryloxytropones. Interme-

diates for the synthesis of biologically active polymers. J. Med. 
Chem., 1965, 8, 388–390. 

[31] Cornell, R. J.; Donaruma, L. G. Poly(2-methyacryloxytropone). A 
synthetic biologically active polymer.  J. Polymer Sci., 1965, 3(2; 

Pt A), 827-828. 
[32] Panarin, E. F.; Solovskii, M. V.; E´kzemplyarov, O. N. Synthesis 

and antimicrobial properties of polymers containing quaternary 
ammonium groups. Khim.-Farm. Zh., 1971, 5(7), 24-28.   

[33] Rembaum, A. Biological activity of ionene polymers. Applied 
Polymer Symposia, 1973, 22, 299-317.   

[34] Rembaum, A.; Senyei, A. E.; Rajaraman, R. Interaction of living 
cells with polyionenes and polyionene-coated surfaces. J. Biomed. 
Mat. Res., 1977, 11(1), 101-110.  

[35] Samour, C. M. Polymer drugs. Chemtech, 1978, 8, 494-501. 



Polymeric Quaternary Ammonium Compounds Current Topics in Medicinal Chemistry, 2017, Vol. 17, No. 3    317 

[36] Muñoz-Bonilla, A.; Fernández-García, M. Polymeric materials 

with antimicrobial activity. Prog. Polymer Sci., 2012, 37(2), 281–
339. 

[37] Muñoz-Bonilla, A.; Cerrada, M.; Fernández-García, M. Polymeric 
Materials with Antimicrobial Activity: From Synthesis to Applica-
tions, RSC Publishing: London, 2014.   

[38] Jain, A.; Duvvuri, L. S.; Farah, S.; Beyth, N.; Domb, A. J.; Khan, 

W.; Antimicrobial Polymers  Adv. Healthcare Mat., 2014, 
3(12),1969–1985. 

[39] Sun, D.; Shahzad, M. B.; Li, M.; Wang, G.; Xu, D. Antimicrobial 
materials with medical applications. Materials tech., 2015, DOI: 

http://dx.doi.org/10.1179/1753555714Y.0000000239 
[40] Siedenbiedel, F.; Tiller, J. C. Antimicrobial Polymers in Solution 

and on Surfaces: Overview and Functional Principles. Polymers, 
2012, 4(1), 46-71. 

[41] Timofeeva, L.; Kleshcheva, N.  Antimicrobial polymers: mecha-
nism of action, factors of activity, and applications. Appl. Micro-
biol. Biotech., 2011, 89(3), 475-492.   

[42] Charnley, M.; Textor, M.; Acikgoz, C. Designed polymer struc-

tures with antifouling–antimicrobial properties. React. Funct. 
Polymers., 2011, 71(3), 329–334.  

[43] Gabriel, G. J.; Som, A.; Madkour, A. E.; Eren, T.; Tew, G. N. 
Infectious Disease: Connecting Innate Immunity 

to Biocidal Polymers. Mat. Sci. Eng. R, 2007, 57, 28-64.  
[44] Tew, G. N.; Scott, R. W.; Klein, M. L.; De Grado, W. F. De Novo 

Design of Antimicrobial Polymers, Foldamers, and Small Mole-
cules: From Discovery to Practical Applications. Account. Chem. 
Res., 2010, 43, 30-39. 

[45] Yu, Q.; Wu, Z. Chen H. Dual-function antibacterial surfaces for 

biomedical applications. Acta biomaterialia, 2015, 16, 1–13. 
[46] Gerba, C. P. Quaternary Ammonium Biocides: Efficacy in Appli-

cation. Appl. Env. Microb., 2015, 81(2), 464–469. 
[47] Tischer, M.; Pradel, G.; Ohlsen, K.; Holzgrabe, U. Quaternary 

ammonium salts and their antimicrobial potential: targets or non-
specific interactions? ChemMedChem, 2012, 7(1), 22–31. 

[48] Buffet-Bataillon, S.; Tattevin, P.; Bonnaure-Mallet, M.; Jolivet-
Gougeon, A. Emergence of resistance to antibacterial agents: the 

role of quaternary ammonium compounds—a critical review. Int. J. 
Antimicrob. Agents., 2012, 39(5), 381–389. 

[49] Liu, W.; Wang, C.; Hou. G.; Sun, J. Research of Antimicrobial 
Activity and Application based on Quaternary Ammonium Salt. 

Shandong Huagong,  2013, 42(11), 49-53.   
[50] Walker, E. B.; Paulson, D. Quaternary ammonium compounds; 

Marcel Dekker: New York, 2002. 
[51] Jaeger, W.; Bohrisch, J.; Laschewsky, A. Synthetic polymers with 

quaternary nitrogen atoms – Synthesis and structure of the most 
used type of cationic polyelectrolytes.  Progress Polym. Sci., 2010, 

35, 511-577.   
[52] Imazato, S.; Ma, S.; Chen, J; Xu, H. H. Therapeutic polymers for 

dental adhesives: loading resins with bio-active components. Dent. 
Mat., 2014, 30(1), 97–104. 

[53] Kenawy, E.-R.; Kandil, S. In: Muñoz-Bonilla, A.; Cerrada, M.; 
Fernández-García, M. Polymeric Materials with Antimicrobial Ac-
tivity: From Synthesis to Applications. Synthesis, Antimicrobial 
Activity and Applications of Polymers with Ammonium and Phos-

phonium Groups. RSC Publishing: London, 2014. Chapter 3. 
[54] Tiller, J. C.; Lee, S. B.; Lewis, K.; Klibanov, A. M. Polymer Sur-

faces Derivatized with Poly(vinyl-N-hexylpyridinium) Kill Air-
borne and Waterborne Bacteria. Biotechnol. Bioeng., 2002, 79, 

465-471. 
[55] Muñoz-Bonilla, A.; Cerrada, M.; Fernández-García, M. Polymeric 

Materials with Antimicrobial Activity: From Synthesis to Applica-
tions, Introduction to Antimicrobial Polymeric Materials. RSC 

Publishing: London, 2014. Chapter 1.  
[56] Green, J.-B. D.; Fulghum, T.; Nordhaus, M. A. A review of immo-

bilized antimicrobial agents and methods for testing. Biointer-
phases, 2011, 6(4), MR13–28. 

[57] American Society for Testing and Materials, ASTM E 2149-01 
Standard Test for Determining Antimicrobial Activity of Immobi-

lized Antimicrobial Agents Under Dynamic Contact Conditions. 
(ASTM, West Conshohocken, PA, 2001.) 

[58] Song, L.; Baney, R. H. Long-term Antimicrobial Performance of 
Cotton Textile Treated by 3-(trimethoxysilyl) propyl-

dimethyloctadecyl Ammonium Chloride. 38th Central Regional 
Meeting of the American Chemical Society, 2006, CRM-088. 

[59] Rodriguez, H. S.; Hinestroza, J. P.; Ochoa-Puentes, C.; Sierra, C. 

A.; Soto, C. Y. Antibacterial activity against Escherichia coli of 
Cu-BTC (MOF-199) metal-organic framework immobilized onto 

cellulosic fibers. J. Appl. Polymer Sci., 2014, 131(19), 40815/1-
40815/5.   

[60] Japanese Standards Association, JIS Z 2801:2000 Antimicrobial 
products – Tests for Antimicrobial Activity and Efficacy (Japanese 

Standards Association, Tokyo, Japan, 2000.)  
[61] Stocks, S. Mechanism and use of the commercially available vi-

ability stain, BacLight. Cytometry Part A., 2004, 61(2), 189–195. 
[62] Joux, F.; Lebaron, P. Use of fluorescent probes to assess physio-

logical functions of bacteriaat single-cell level. Microbes Infection., 
2000, 2(12), 1523–1535. 

[63] Green. J.-B. D.; Bickner, S.; Carter, P. W.; Fulghum, T.; Luebke, 
M.; Nordhaus, M. A.; Strathmann, S. Antimicrobial testing for sur-

face‐immobilized agents with a surface‐separated live–dead staining 
method. Biotech. Bioeng., 2011, 108(1), 231–236. 

[64] Tu, E. Y. Balancing antimicrobial efficacy and toxicity of currently 
available topical ophthalmic preservatives. Saudi J. Ophth., 2014, 

28(3),182–187. 
[65] Goddard, E. D.; Gruber, J. V. Principles of Polymer Science and 

Technology in Cosmetics and Personal Care. 1st ed., CRC Press: 
Boca Raton, 1999.  

[66] Bruinsma, G. M.; Rustema-Abbing, M.; van der Mei, H. C.; Lak-
kis, C.; Busscher, H. J. Resistance to a polyquaternium-1 lens care 

solution and isoelectric points of Pseudomonas aeruginosa strains. 
J. Antimicrob. Chemo., 2006, 57, 764–766. 

[67] Butler, G. B.; Angelo, R. J. Preparation and Polymerization of 
Unsaturated Quaternary Ammonium Compounds. VIII. A Proposed 

Alternating Intramolecular-Intermolecular Chain Propagation.  J. 
Am. Chem. Soc., 1957, 79, 3128-3131. 

[68] Melo, L.D.; Mamizuka, E.M.; Carmona-Ribeiro, A.M. Antimicro-
bial particles from cationic lipid and polyelectrolytes. Langmuir 
2010, 26, 12300–12306. 

[69] Li, Y.; Kumar, K. N.; Dabkowski, J. M.; Corrigan, M.; Scott, R. 

W.; Nusslein, K.; Tew, G. N.  New Bactericidal Surgical Suture 
Coating.  Langmuir 2012, 28, 12134-12139. 

[70] Kuegler, R.; Bouloussa, O.; Rondelez, F. Evidence of a charge-
density threshold for optimum efficiency of biocidal cationic sur-

faces. Microbiology, 2005, 151, 1341–1348.  
[71] Yuen, J. W. M.; Yung, J. Y. K. Medical Implications of Antimi-

crobial Coating Polymers- Organosilicon Quaternary Ammonium 
Chloride.  Mod. Chem. Appl., 2013, 107. 

[72] Dizman, B.; Elasri, M. O.; Mathias, L. J. Novel Antibacterial 
Polymers. In ACS Symp Ser., 2009; Vol. 1002, pp 27–51. 

[73] Dizman, B.; Elasri, M. O.; Mathias, L. J. Synthesis and Antibacte-
rial Activities of Water-Soluble Methacrylate Polymers Containing 

Quaternary Ammonium Compounds. J. Polym. Sci. Part Polym. 
Chem., 2006, 44 (20), 5965–5973. 

[74] Palermo, E. F.; Kuroda, K. Chemical Structure of Cationic Groups 
in Amphiphilic Polymethacrylates Modulates the Antimicrobial 

and Hemolytic Activities. Biomacromolecules, 2009, 10 (6), 1416–
1428. 

[75] Alvarez-Paino, M.; Muñoz-Bonilla, A.; López-Fabal, F.; Gómez-
Garcés, J. L.; Heuts, J. P.; Fernández-García, M. Effect of Gly-

counits on the Antimicrobial Properties and Toxicity Behavior of 
Polymers Based on Quaternized DMAEMA. Biomacromolecules, 
2015, 16, 295-303. 

[76] Kenawy, E.-R.; El-Shanshoury, A. E.-R. R.; Omar Shaker, N.; El-

Sadek, B. M.; Khattab, A. H.; Elzatahry, A. Synthesis and Biocide 
Activity of Polymers Based on Poly (hydroxy Styrene) and Poly 

(hydroxy Styrene-Co-2-Hydroxyethyl Methacrylate). Main Group 
Chem., 2013, 12 (4), 293–306. 

[77] Kenawy, E.-R.; Abdel‐Hay, F. I.; El‐Shanshoury, A. E.-R. R.; 
El‐Newehy, M. H. Biologically Active Polymers. V. Synthesis and 

Antimicrobial Activity of Modified Poly (glycidyl methacry-
late‐co‐2‐hydroxyethyl Methacrylate) Derivatives with Quater-

nary Ammonium and Phosphonium Salts. J. Polym. Sci. Part Po-
lym. Chem., 2002, 40 (14), 2384–2393. 

[78] Sellenet, P. H.; Allison, B.; Applegate, B. M.; Youngblood, J. P. 
Synergistic Activity of Hydrophilic Modification in Antibiotic 

Polymers. Biomacromolecules, 2007, 8 (1), 19–23. 
[79] Dizman, B.; Elasri, M. O.; Mathias, L. J. Synthesis and Characteri-

zation of Antibacterial and Temperature Responsive Methacryla-
mide Polymers. Macromolecules, 2006, 39 (17), 5738–5746. 



318    Current Topics in Medicinal Chemistry, 2017, Vol. 17, No. 3 Zubris et al. 

[80] Palermo, E. F.; Sovadinova, I.; Kuroda, K. Structural Determinants 

of Antimicrobial Activity and Biocompatibility in Membrane-
Disrupting Methacrylamide Random Copolymers. Biomacro-
molecules, 2009, 10 (11), 3098–3107. 

[81] Nederberg, F.; Zhang, Y.; Tan, J. P.; Xu, K.; Wang, H.; Yang, C.; 

Gao, S.; Guo, X. D.; Fukushima, K.; Li, L. Biodegradable Nanos-
tructures with Selective Lysis of Microbial Membranes. Nat. 
Chem., 2011, 3 (5), 409–414. 

[82] Chin, W.; Yang, C.; Ng, V. W. L.; Huang, Y.; Cheng, J.; Tong, Y. 

W.; Coady, D. J.; Fan, W.; Hedrick, J. L.; Yang, Y. Y. Biodegrad-
able Broad-Spectrum Antimicrobial Polycarbonates: Investigating 

the Role of Chemical Structure on Activity and Selectivity. Mac-
romolecules, 2013, 46 (22), 8797–8807. 

[83] Ng, V. W. L.; Tan, J. P. K.; Leong, J.; Voo, Z. X.; Hedrick, J. L.; 
Yang, Y. Y. Antimicrobial Polycarbonates: Investigating the Im-

pact of Nitrogen-Containing Heterocycles as Quaternizing Agents. 
Macromolecules, 2014, 47 (4), 1285–1291. 

[84] King, A.; Chakrabarty, S.; Zhang, W.; Zeng, X.; Ohman, D. E.; 
Wood, L. F.; Abraham, S.; Rao, R.; Wynne, K. J. High Antimicro-

bial Effectiveness with Low Hemolytic and Cytotoxic Activity for 
PEG/Quaternary Copolyoxetanes. Biomacromolecules, 2014, 15 

(2), 456–467. 
[85] Thaker, H. D.; Som, A.; Ayaz, F.; Lui, D.; Pan, W.; Scott, R. W.; 

Anguita, J.; Tew, G. N. Synthetic Mimics of Antimicrobial Pep-
tides with Immunomodulatory Responses. J. Am. Chem. Soc., 
2012, 134 (27), 11088–11091. 

[86] Sgolastra, F.; Deronde, B. M.; Sarapas, J. M.; Som, A.; Tew, G. N. 

Designing Mimics of Membrane Active Proteins. Acc. Chem. Res., 
2013, 46 (12), 2977–2987. 

[87] Chakraborty, S.; Liu, R.; Hayouka, Z.; Chen, X.; Ehrhardt, J.; Lu, 
Q.; Burke, E.; Yang, Y.; Weisblum, B.; Wong, G. C. Ternary Ny-

lon-3 Copolymers as Host-Defense Peptide Mimics: Beyond Hy-
drophobic and Cationic Subunits. J. Am. Chem. Soc., 2014, 136 

(41), 14530–14535. 
[88] Mowery, B. P.; Lindner, A. H.; Weisblum, B.; Stahl, S. S.; Gell-

man, S. H. Structure− Activity Relationships among Random Ny-
lon-3 Copolymers That Mimic Antibacterial Host-Defense Pep-

tides. J. Am. Chem. Soc., 2009, 131 (28), 9735–9745. 
[89] Gong, M.-S.; Lee, M.-H.; Rhee, H.-W. Humidity Sensor Using 

Cross-Linked Copolymers Containing Viologen Moiety. Sens. Ac-
tuators B Chem., 2001, 73 (2), 185–191. 

[90] Ayfer, B.; Dizman, B.; Elasri, M. O.; Mathias, L. J.; Avci, D. Syn-

thesis and Antibacterial Activities of New Quaternary Ammonium 
Monomers. Des. Monomers Polym., 2005, 8 (5), 437–451. 

[91] Dizman, B.; Elasri, M. O.; Mathias, L. J. Synthesis and Antimicro-
bial Activities of New Water‐soluble Bis‐quaternary Ammonium 

Methacrylate Polymers. J. Appl. Polym. Sci., 2004, 94 (2), 635–
642. 

[92] Zhang, Y.; Ding, M.; Zhou, L.; Tan, H.; Li, J.; Xiao, H.; Li, J.; 
Snow, J. Synthesis and Antibacterial Characterization of Gemini 

Surfactant Monomers and Copolymers. Polym. Chem., 2012, 3 (4), 
907–913. 

[93] Qiu, T.; Zhang, L.; Xing, X.-D. Synthesis and Antibacterial Activi-
ties of Novel Polymerizable Gemini Quaternary Ammonium 

Monomers. Des. Monomers Polym., 2014, 17 (8), 726–735. 
[94] Engler, A. C.; Wiradharma, N.; Ong, Z. Y.; Coady, D. J.; Hedrick, 

J. L.; Yang, Y.-Y. Emerging Trends in Macromolecular Antimi-
crobials to Fight Multi-Drug-Resistant Infections. Nano Today , 

2012, 7 (3), 201–222. 
[95] Coad, B. R.; Kidd, S. E.; Ellis, D. H.; Griesser, H. J. Biomaterials 

Surfaces Capable of Resisting Fungal Attachment and Biofilm 
Formation. Biotechnol. Adv., 2014, 32 (2), 296–307. 

[96] Yu, Q.; Wu, Z.; Chen, H. Dual-Function Antibacterial Surfaces for 
Biomedical Applications. Acta Biomater., 2015, 16, 1–13. 

[97] Martin, C.; LiLow, W.; Gupta, A.; Cairul Iqbal Mohd Amin, M.; 
Radecka, I.; T Britland, S.; Raj, P.; Kenward, Ken (MA). Strategies 

for Antimicrobial Drug Delivery to Biofilm. Curr. Pharm. Des., 
2015, 21 (1), 43–66. 

[98] Muñoz-Bonilla, A.; Fernández-García, M. The Roadmap of Antim-
icrobial Polymeric Materials in Macromolecular Nanotechnology. 

Eur. Polym. J., 2015, 65, 46-62. 
[99] Lee, A. L.; Ng, V. W.; Wang, W.; Hedrick, J. L.; Yang, Y. Y. 

Block Copolymer Mixtures as Antimicrobial Hydrogels for Biofilm 
Eradication. Biomaterials, 2013, 34 (38), 10278–10286. 

[100] Nostro, A.; Scaffaro, R.; D’Arrigo, M.; Botta, L.; Filocamo, A.; 
Marino, A.; Bisignano, G. Development and Characterization of 

Essential Oil Component-Based Polymer Films: A Potential Ap-
proach to Reduce Bacterial Biofilm. Appl. Microbiol. Biotechnol., 
2013, 97 (21), 9515–9523. 

[101] Park, D.; Larson, A. M.; Klibanov, A. M.; Wang, Y. Antiviral and 

antibacterial polyurethanes of various modalities.  Appl. Biochem. 
Biotechnol., 2013, 169, 1134-1146. 

 

  

 

 


	Polymeric Quaternary Ammonium Compounds: Versatile AntimicrobialMaterials
	Abstract:
	A. BACKGROUND ON POLYQACS
	B. TESTING OF POLYQACS FOR ANTIMICROBIALAND ANTIBIOFILM ACTIVITY
	C. COMMERCIAL ANTIMICROBIAL POLYQACS
	D. POLYQACS WITH ANTIMICROBIAL DATA
	Fig. (1).
	Fig. (2).
	Fig. (3).
	Fig. (4).
	Fig. (5).
	Fig. (6).
	Fig. (7).
	Fig. (8).
	Fig. (9).
	Fig. (10).
	Fig. (11).
	E. MULTICATIONIC POLYQACS, WITH BIOACTIVITYDATA WHERE AVAILABLE
	Fig. (12).
	Fig. (13).
	MEBUFig.(14).
	Fig. (15).
	Fig. (16).
	Fig. (17).
	Fig. (18).
	Fig. (19).
	Fig. (20).
	F. STRATEGIES TO ADDRESS MULTI-DRUG RESISTANTINFECTIONS AND BIOFILMS.
	Fig. (21).
	Fig. (22).
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES



