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Abstract
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Quaternary ammonium compounds (QACs) are a class of antimicrobials that have been around for
over a century; nevertheless, they have found continued renewal in the structures to which they can
be appended. Ranging from antimicrobial polymers to adding novel modes of action to existing
antibiotics, QACs have found ongoing use due to their potent properties. However, resistance
against QACs has begun to emerge, and the mechanism of resistance is still only partially
understood. In this review, we aim to summarize the current state of the field and what is known
about the mechanisms of resistance so that the QACs of the future can be designed to be evermore
efficacious and utilized to unearth the remaining mysteries that surround bacteria’s resistance to
them.
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QACs are amphiphilic small molecules containing a positively charged, quaternary nitrogen
atom connected to a hydrophobic tail. Though not a requirement, most commercial QACs
have four carbon-nitrogen bonds, giving a permanent positive charge to the nitrogen. QACs
were discovered in the early 1900s [1], and have since been incorporated into many different
products for usage including surfactants for cosmetics [2], contact lens solutions [3], and
antimicrobials [4]. As for the latter, QACs are active against a wide range of microbes, and
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have shown their utility in a variety of applications, including but not limited to, hospital and
food processing sterilization [5].
Mechanistically speaking, the positive charge of these small molecules allows them to
interact with the negatively charged heads of phospholipid bilayers on bacterial cell
membranes. Once anchored in place, the hydrophobic portion of the molecule can then
intercalate into the membrane, disrupting membrane diffusive forces and ion gradients, often
causing membrane lysis - all of which lead to cell death [6,7]. QACs have also been shown
to be potent biofilm eradicators [8], and some reports indicate that they have activity against
metabolically inactive persister cells that are otherwise inaccessible by traditional antibiotics
[9].

Author Manuscript

Over the years, many research groups have dedicated time and resources to investigating and
developing the most active QACs possible while minimizing their toxicity. Due to their
membrane-focused mechanism of action, QACs can be used to kill both Gram-negative and
Gram-positive bacteria. One challenge to QAC usage is toxicity due to non-specific
membrane activity, which can be optimized through further investigation of non-traditional
QAC scaffolds. Some of these structures include pyridine-, cyclic-, linear-, and natural
product-based scaffolds (Recommended Review) [10]. While the research community as a
whole has learned a great deal about structure-activity relationships in QACs, resistance
development is still not fully understood.

Author Manuscript

Resistance to QACs and other antimicrobials is on the rise due to their extended and often
superfluous use [11,12]. As we edge closer to the precipice of a multidrug resistant bacteria
crisis, it is imperative that we exploit all avenues to improve our defensive arsenal. Years of
research and design have been dedicated to understanding QAC structure-function activity
with an added aim at reducing resistance development. It is our goal that by analyzing the
field as a whole, trends will emerge to point researchers in the direction of the next
successful generation of QACs.

Results and discussion
QACs as polymers

Author Manuscript

The Haldar group—Since our last review, Haldar and coworkers have been prolific in
their development of QACs and their polymeric derivatives. Since 2016, they have
developed a poly-maleimide QAC that has low human cell line toxicity and high bactericidal
growth inhibition, while also binding lipopolysaccharides (LPSs), a class of negatively
charged amphiphiles produced by bacteria that activate the human inflammatory response.
These polymers were produced by first an aminolysis with polymaleic anhydride and 3amino-propyldimethylamine that gave quantitative yield, followed by a substitution reaction
with the corresponding halogenated alkyl, ester, or amide chain to afford the quaternized
center. These reactions were also high yielding, ranging from 90% to quantitative yield. By
using their cationic polymers, they were able to demonstrate pseudoaggregate formation of
the QACs with the LPSs, which sequesters them away from cytokines and leads to
detoxification (Fig. 1A) [13]. Through ester and amide derivatives of these polymers, they
discovered that the amide derivatives were more effective, possibly due to increased
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hydrogen bonding between the partially positive amide nitrogen and the negatively charged
bacterial membrane [14]. They also discovered that the bactericidal activity of their
polymers depended on the cyclization and unsaturation states of the side chains, as opposed
to just which isomer was used [15]. These polymers also proved useful in combatting
bacterial resistance to known antibiotics such as rifampicin and erythromycin when they
were used in conjunction with poly-maleimide propyl and cyclobutyl derivatives [16].

Author Manuscript

While developing the poly-maleimide derivatives, they were also able to develop an organic
soluble, aqueous insoluble QAC-containing polymer based on chitin (Fig. 1B). The
polymers were obtained by first regioselectively tosylating the primary alcohol at low
temperatures, which led to three backbone structures that varied in their degree of tosylation.
Next, they acylated the free amines, then saponified any esters that may have formed.
Finally, they did a substitution reaction with tertiary amines to yield the quaternized
polymers with tosylates as the counterions. Through in vitro and in vivo studies, they were
able to confirm the potent antibacterial activity (minimum inhibitory amounts of 0.06–15.6
μg/mm2 for their best compound) and lack of activity towards mammalian cells. They
determined both utility and safety through a variety of mouse models, including a polymer
coated catheter that completely inhibited biofilm formation and decreased bacterial load by
3.7 log when compared to a noncoated catheter [17].
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While working on their polymeric QACs, the Haldar lab also investigated how the degree of
hydrophobicity between quaternary centers affected activity. The two scaffolds used for this
study, one based on lysine coupled to bis(hexamethylene)triamine and one based on an alkyl
chain, were both simply synthesized to form amides, then substituted to form the quaternary
centers on the nitrogens not involved in amide bonds. The trend obtained from the minimum
inhibitory concentration data for both sets of QACs showed hemolysis decreased and
antibacterial activity increased with increasing hydrophobic spacer (Fig. 1C) [18,19].
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The Finn group—The idea of appending QACs and other polycationic substances to solid
supports has also been researched by the Finn lab. First, Geng and Finn were able to
synthesize novel thiabicyclononane-core antimicrobial polycations by reacting
thiabicyclo[3.3.1]nonane (BCN) dinitrate with a dipyridine to yield pyridinium QAC
polymers linked by thiabicyclononanes (Fig. 2) [20,21]. The linkers between the pyridine
monomers were varied to give a variety of scaffolds that contained a modification, such as
an amide, or could be modified post-polymerization, such as an alkyne or an azide. The
longest of these structures had an average of 20 repeating units, while other polymers had an
average of 8–12 repeating units (Table 1) [21]. The polymers were also found to decompose
in aqueous media, resulting in uncharged pyridines and BCN diol fragments, which would
lend itself to a decrease in resistance development as these QACs would not persist in the
environment.
Geng and Finn found that these polymers had impressive activity against both Gram-positive
and Gram-negative pathogens and demonstrated that activity was improved when MIC90’s
were conducted in buffer instead of media. The group also tested the ability of bacteria to
become resistant to the polymers by growing the bacteria at sub-MICs and then repeating the
MIC experiments. They found that their polymers induced resistance at a slower rate than
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the smaller cetylpyridinium chloride (CPC), and one polymer even sensitized the bacteria to
another polymer and CPC. The alkyne modified polymers were also able to be coupled to
modified glass that had an organo azide group through a copper mediated click reaction,
leading to a QAC containing polymer surface. The use of glass as a scaffold for QACs was
also reported by Poverenov and Klein [22]. The modified glass was tested for antimicrobial
activity by adding a 10 μm2 piece to a known amount of bacteria in buffer, then plating the
bacteria to determine how effective the surface was at killing bacteria. They found that the
glass could effectively kill 1.5 × 107 bacteria per square centimeter and were nontoxic to
mammalian cells under similar conditions [21].

Author Manuscript

To continue to develop QAC-modified surfaces, the Finn group designed polyvinylchloride
(PVC) tubing that contained QACs. The team first did a substitution reaction on flexible
endotracheal PVC tubing with aqueous azide and a phase transfer catalyst. They tested
several different conditions for degree of azidation and retention of flexibility and found that
Aliquat 336 worked best to satisfy these criteria. Once the azide-containing PVC was
synthesized, a copper catalyzed click reaction with an alkyne bearing substituent such as
trimethylammonium and pyridinium gave the desired QAC containing PVC. The group also
tested the reaction with an alkyne bearing peg polymer and an alkyne bearing amide, and
found that both could be utilized effectively to modify the tubing. They did not test the
tubing for antimicrobial activity, but they did find that the reaction conditions did lead to
some discoloration. The tubing was able to maintain its flexibility under the reaction
conditions, and only the exterior underwent the azidation [23].

Author Manuscript
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Miscellaneous uses of QAC polymers—Aside from disinfecting surfaces and medical
equipment, QACs have found a variety of uses in the field of polymers and material science.
Wang et al. reported a graphene hydrogel that has pi-pi stacking interactions with an
aromatic QAC they synthesized. This QAC has a core of 5 aromatic rings that together form
strong enough pi-pi interactions to keep the QACs contained within the graphene without
significant leakage. These hydrogels can be used to disinfect water and boast a removal of
99.5% of Gram-negative E. coli and Gram-positive S. aureus from water [24]. QACs can
also be used to absorb antibiotics from the environment. Liu et al. recently reported a QACcontaining organo-montmorillonite, or clay, that can absorb tetracycline from the
environment at a considerably higher capacity than the clay alone. These species were
prepared by mixing the clay that was saturated with sodium ions with one of three QACs
(methyl, dodecyl or hexadecyltrimethylammonium bromide), then stirring slowly for 10 h in
double distilled water. The organo-clays were found to absorb more tetracycline at lower
pH’s, and more QAC loading provided better absorption of the antibiotic [25]. This has
ramifications in removing antibiotics like tetracycline from the environment, where their
persistence could potentially encourage bacterial resistance.
For a more comprehensive review of polymeric QACs, see the reviews published by Zubris
et al. and Jiao et al. [26,27].
QACs as an additional mode of action for existing antibiotics—Recent
discoveries from the Boger lab have demonstrated the utility of appending quaternary
ammonium groups to traditional antibiotics like vancomycin to increase membrane
Tetrahedron Lett. Author manuscript; available in PMC 2020 September 12.
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permeability and lend an additional mechanism of action. The first site modified in
vancomycin was the C-terminus, where quaternary ammonium analogs would be easily
accessible through amide coupling reactions. Their analogs ranged from dimethyl and
trimethyl amines to pyrrolidine. However, the most active analog was a dimethyltetradecyl
substituted ammonium which showed 2 μg/mL activity against VanA resistant E. faecalis
(Fig. 3) [28]. In a later study, modifications to the N-terminus were investigated, inspired by
observing naturally occurring quaternization at this position. Both direct quaternization of
the N-terminus amine and alkylation to add a quaternized ammonium several carbons away
were evaluated for antibacterial activity. The most active analog from this study was
determined to be a trimethylammonium salt attached to the vancomycin core by a three
carbon linker with an MIC of 1 μg/mL against MRSA and >250 μg/mL against VanA E.
faecalis (Fig. 3) [29]. These changes, along with other structural modifications like the
addition of a (4-chlorobiphenyl)methyl to the disaccharide [30] and substitution of the
carbonyl for an amidine [31], increase the modes of action of vancomycin, thereby reducing
the probability for resistance development to this crucial antibiotic.

Author Manuscript
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Aminosterol QACs—Aminosterol QACs have demonstrated a wide range of potential
therapeutic applications ranging from breast cancer [32] and Parkinson’s disease
therapeutics [33] to antimicrobials [34]. A few of the key scaffolds that have displayed
impressive biological activity are shown in Fig. 4. Squalamine and analogs like claramine
A1 have been investigated for several years as a membrane active antimicrobial with potent
activity against both Gram-negative and Gram-positive ESKAPE pathogens [34]. More
recent investigations of squalamine have demonstrated that it has activity against broadlydefined dormant A. baumannii cells. These dormant cells are made up of persister cells and
viable but non-culturable cells (VBNCs) which can lead to reoccurring bacterial infections.
Nicol and co-workers showed that both squalamine and colistin have activity against A.
baumannii, but unlike colistin, squalamine shows activity at concentrations well below its
hemolytic concentration [11]. A closer look at the literature shows that the positively
charged small molecules have been shown to change the rate of amyloid-β aggregation and
have long been investigated for their potential effects in Alzheimer’s disease and other
plaque forming diseases [35]. For example, the aminosterol trodusquermine has been has
been shown to facilitate the aggregation of amyloid-β formation in vitro while also
inhibiting the ability of amyloid-β to bind to cell membranes, thereby decreasing the toxicity
of these aggregates [36]. In an analogous investigation, researchers found that both
squalamine and trodusquermine inhibit the aggregation of the Parkinson’s disease-related
protein α-synuclein in vitro [37]. In both cases, it is theorized that their cationic structure
enables aminosterols to assist in the removal of aggregated proteins from the membranes or
limit the toxicity of the aggregates themselves.
Minbiole-Wuest labs
Super-T QACs—Prior analysis of the field demonstrated that several trends concerning
antimicrobial activity of QACs emerged across different structural studies. In summary, the
most antimicrobial QACs have alkyl chains ranging from 10 to 12 carbons and contain at
least two quaternary centers. These characteristics allow QACs to have increased
antimicrobial activity, increased biofilm eradication abilities, and evade possible efflux pump
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resistance mechanisms. With this information in mind, the Minbiole and Wuest groups
developed the “super-T” series of QACs to investigate if these trends held true while
incorporating more cationic centers with increasing hydrophobic spacers. Based on an
analogous, smaller tetramine previously investigated [38], two classes of T-shaped analogs
were developed: a tertiary-substituted amine appended with three QACs (a trisQAC) and an
analogous tetraQAC with a quaternized center nitrogen and similar substituents [39]. All
analogs were synthesized as described in Scheme 1 and tested against a panel of Grampositive and Gram-negative bacteria including S. aureus, hospital-acquired (HA)-MRSA,
community-acquired (CA)-MRSA, E. facalis, E. coli, and P. aeruginosa.
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Interestingly, activity seemed to be more reliant on length of alkyl chain as opposed to
number of quaternary centers or central nitrogen quaternization. However, the importance of
QAC overall structure was demonstrated in that this collection is among the strongest
antiseptic compounds to date (Table 2). It was determined that carbon chain lengths of 10–
12 carbons were optimal for activity, and that benzyl or allyl substitutions did not have a
significant effect on activity or toxicity. Super-T QACs were further tested in biofilm assays
to investigate minimum biofilm eradication concentration (MBEC) or the minimum
concentration of each compound needed to completely eradicate biofilm growth. From this
experiment, three compounds stood out: sT-10,10,10,0; sT-10,10,10,3A; and sT-11,11,11,Bn.
These three compounds all displayed an MBEC of 25 μM against CA-MRSA
(USA300-0114), a strain known to bear qac resistance genes. Though it is tempting to
assume that this means that the Super-T QACs are evading qac resistance mechanisms, more
detailed and direct correlations must be investigated before a causative relationship can be
determined. In general, the most active compounds were also shown to be the most toxic,
leading to the conclusion that the perfect QAC has not yet been designed [38].

Author Manuscript

Next-generation pyridinium-based multiQACs—Based on findings that multiple
quaternary centers increase the potency of QACs and the demonstrated potency of
commercially used pyridinium-based QACs, the Minbiole and Wuest groups decided to test
the utility of combining these two concepts. Original designs were to synthesize pyridinium
bisQACs separated by a three carbon linker with varying alkyl chain lengths, and ortho-,
para-, and meta-substituted compounds containing a central tertiary amine separated by a
one carbon linker. Synthesis of eight bisQACs (2Pyr), two para-trisQACs (P3Pyr), and eight
meta-tris-QACs (M3Pyr) analogs were completed and tested to show several general trends
(Scheme 2).

Author Manuscript

All three of the un-alkylated compounds were inactive against the six bacteria tested. Of the
2Pyr-n,n series, it was determined that carbon chain lengths of 10–13 carbons provided the
most active compounds, and were especially effective against Gram-positive bacteria (Table
3). When looking at the M3Pyr and P3Pyr structures tested, it was found that the substitution
pattern did not have a great effect on activity; however, this series showed better potency
against the virulent CA-MRSA strain compared to the other S. aureus strains tested. Overall,
these two series were effective antimicrobials across the whole panel of bacteria tested
including Gram-negative bacteria P. aeruginosa and E. coli [40].
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Ester- and amide-QACs for improved environmental footprint—Having surveyed
an extensive array of scaffold properties, the Minbiole and Wuest researchers focused their
attention on minimizing opportunities for resistance development against QACs. One
hypothesis was that utilizing an ester or amide linkage within synthesized QACs would
allow for decomposition in aqueous media, yielding an alcohol or amine and a nonamphiphilic, inactive compound. To test these compounds, they synthesized 40 QACs,
ranging from mono- to tris-QACs, all with ester or amide linkages in the alkyl chain
(Scheme 3).
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Researchers discovered that the amides had better activity than their ester counterparts,
possibly due to increased hydrogen bonding with the membrane. The best compounds
showed a slight preference for Gram-positive bacteria, but activity between the two classes
of bacteria was usually within a two- to four-fold dilution. They also reaffirmed prior
knowledge that alkyl chain lengths around 10–12 carbons have the best activity, while
antimicrobial activity for longer or shorter chain QACs diminished greatly (Tables 4A, 4B).
The Minbiole lab also conducted stability studies to further understand how the QACs would
behave in the environment. They tested two of their most active amides and the
corresponding ester counterparts, and found that all compounds were stable in pure water.
The esters decomposed rapidly in any sort of buffered solution, whereas the amides were
stable in basic and neutral buffered solutions, but decomposed rapidly in an acidic buffered
solution [41].

Author Manuscript

Commercial hybrid QACs—Some of the most common monoQACs are benzylalkonium
chloride (BAC), used in household disinfectants, and cetylpyridinium chloride (CPC), used
in mouthwashes and toothpastes (inset, Scheme 4). With the knowledge that bisQACs tend
to be more effective than monoQACs, Minbiole and Wuest decided to combine these two
already ubiquitous compounds to make a more active antimicrobial without increasing
toxicity. Initial synthetic aims were directed at developing a family of ortho-, meta-, and
para-substituted pyridines. Unfortunately, ortho-substituted pyridines were resistant to
pyridine nitrogen alkylation after alkylation of the amino group, and while para-substituted
pyridines were readily alkylated, the resulting QACs were largely unstable. Researchers thus
directed their efforts to synthesizing 28 meta-substituted mono- and bisQACs ranging from
8 to 18 carbons (Scheme 4).
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It was observed that compounds with 10–12 carbon chain lengths had optimal activity
against a panel of clinically relevant bacteria, while longer and shorter chain lengths had
diminished activity (Table 5A, 5B). Of the 28 compounds synthesized, sixteen contained
cleavable amide linkers attached to the pyridine nitrogen. Based on prior experiments
showing the cleavability of amide QACs in environmentally-relevant conditions, it is
interesting to note that these compounds were equipotent compared to their non-cleavable
counterparts, thus bolstering confidence in the future of “green” antimicrobials. It was also
observed that nine of these compounds had single-digit activity against all six bacteria
tested, including Gram-negative P. aeruginosa and E. coli. Additionally, the incorporation of
asymmetry into the alkyl chains does not appear to effect the activity; rather, a more
consistent trend can be observed with number of total carbons in the alkyl chains, with the
most active having a total of 22–25 side-chain carbons [42].
Tetrahedron Lett. Author manuscript; available in PMC 2020 September 12.
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Rigidity effects on QAC activity—Though a vast area of chemical and structural space
had been investigated to date, few investigations into three-dimensional approach of a QAC
to a bacterial membrane had been analyzed. With this in mind, Wuest and Minbiole decided
to start from a highly flexible TMEDA structure and then figuratively draw tethers between
quaternary centers to create a more structurally constrained QAC. This led to the design of
21 piperazine and DABCO-based QACs (Scheme 5). Although both cis and trans isomers
were desired, X-ray diffraction analysis showed that only trans-piperazine QACs were
synthesized.
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Biological analysis showed that the usual trends emerged; bis QACs were more potent than
monoQACs, and optimal side chains were about 12 carbons long, with the addition of
increased rigidity of QAC leading to increased potency. Early predictions theorized that
more structural fluidity would allow for greater interactions with the membrane and
therefore increased potency; however, the opposite trend was observed. The more
structurally rigid compounds were determined to be more potent, and in fact, when the alkyl
chain included an amide, there was diminished red blood cell lysis observed (Table 6). This
led researchers to the theory that both a rigidified 180° projection of amide containing alkyl
chains may allow for increased activity against Gram-positive and Gram-negative bacteria,
and an increased selectivity for bacterial membranes over mammalian membranes [43].
QAC resistance studies

Author Manuscript

Dye-inspired QACs provide insight into efflux pump resistance.: How bacteria become
resistant to QACs has been a question posed and investigated by several research groups,
including the Minbiole and Wuest labs. QAC activity is often summarized as lytic due to
their structural components, but at sub-lethal concentrations lysis does not always occur, and
as with other antibiotics, the opportunity for resistance development arises. One commonly
accepted form of Gram-positive and Gram-negative bacterial resistance is use of efflux
pumps which allow the bacteria to eject the QAC without damage to itself (Fig. 5). The
regulation of efflux pumps can be directly or indirectly regulated by the presence of a
specific antibiotic, but the efflux pump itself does not have to be specific to only that
antibiotic. In fact, many efflux pumps are capable of removing structurally diverse
compounds, and in some cases it has been found that exposing bacteria to sub-lethal
concentration of QACs allow for cross resistance with other antibiotics like fluoroquinolones
[44]. In Gram-positive S. aureus the qacAB/R and NorA efflux systems are commonly
observed [45]. Similarly, in Gram-negative bacteria there is the AcrAB-TolC system found
in E. col [46] and the Mex-OPr system from P. aeruginosa [47], both of which are a part of
the larger resistance-nodulation-division (RND) superfamily.

Author Manuscript

The majority of such resistance studies focus on the QacA/R system in S. aureus. Initial
modeling studies by Brennan and coworkers demonstrated that the transcriptional regulator
QacR preferentially binds planar mono- or bisQAC strucutres like berberine, and common
dye agents like crystal violet and ethidium bromide [48]. Once bound, the QacA-DNA
complex dissociates and transcription of efflux pump QacA occurs. Based on these initial
findings, Minbiole and Wuest designed a series of over 50 analogs to further evaluate the
implications of this resistance system (Scheme 6).
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Interestingly, the synthesized QACs displayed typical ranges of activity and followed similar
trends to other QACs, with the exception of their potency against bacteria that are known to
have efflux pumps, specifically CA-MRSA, E. coli, and P. aeruginosa. This was most
significant in monocationic species, some of which showed 125-fold higher MICs against
resistant bacteria. Though not conclusive, a trend emerged that efflux gene-carrying strains
had MIC values several dilutions greater than those that tend to be without efflux genes
(Table 7). This finding suggests that the structural core of these QACs make them
susceptible to resistance development, encouraging further research by Minbiole and Wuest
to probe the validity of their hypothesis [49].

Author Manuscript

If efflux pumps aren’t the whole story, what is?.: With a collection of tool compounds in
hand, the Wuest and Minbiole labs began to investigate the development of QAC resistance
through a series of bacterial assays. First, a serial passage resistance assay was performed
with a selection of super-T QACs in comparison to commercially available BAC. In this
study, it was determined that the multiQACs did not promote resistance even after 24 days
[10]. This hinted that there was something about multiQACs compared to monoQACs that
allows them to evade resistance. One potential explanation was that due to the excessive
positive charge, multiQACs were unable to accumulate inside the cell, therefore not
stimulating a resistance mechanism.
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To investigate this further, modified strains containing efflux pump relevant genes were
obtained to be tested with a range of QACs and compared to the emerging trends with CAMRSA. Utilizing the dye QACs discussed previously, this highly virulent strain and four
other S. aureus strains that contained either qacR and qacA, only qacA, only qacR, or neither
were exposed to QACs. Interestingly, a large difference in MIC was observed between
super-T QACs and dye QACs in all strains. The monoQAC TET-12,0,0 had higher MICs
across the board compared to multiQAC TET-12,1,1, but intriguingly, CA-MRSA was the
only strain to show resistance to TET-12,0,0. In all qacA containing strains, a modest
increase in MIC was observed in the case of TET-12,0,0 treatment, suggesting that
monoQACs may be pumped out by QacA and therefore contribute to resistance
development. These results hint at a potential trend, but further investigation needs to be
completed to draw conclusions for future antimicrobial design [49].
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Based on the hypothesis that multiQACS may not be able to move across the membrane as
well as monoQACs, investigation into kinetic binding using propidium iodide to stain dead
or damaged cell membranes was conducted [50]. Interestingly, all qacA/qacR modified
strains shared similar kinetic profiles. CA-MRSA however, had two-fold higher relative
fluorescence units (RFU) than all other bacteria for all compounds tested, leading to the
the‘ ory that differences in membrane composition may be contributing to a higher affinity
of CA-MRSA for the tested QACs.
A final theory suggested that perhaps other efflux pumps besides the QacA was responsible
for the resistance profile of CA-MRSA as compared to MSSA. To test this, two efflux pump
inhibitors (reserpine and carbonyl cyanide m-chlorophenylhydrazone) were tested with the
selected QAC compounds for an effect on MIC. Unfortunately, this led to no significant
change in MIC values of the designed QAC compounds, but a change was observed for
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BAC. Together this data suggests that efflux pumps may have an effect on resistance in some
cases, but may not be the largest contributor to QAC resistance or may be dependent on
overall structural differences [50]. The potential mechanisms of resistance to QACs are
summarized in Fig. 6.

Author Manuscript

Upon further examination of the literature on S. aureus membrane composition, it has
become apparent that variations in fatty acid content, as well as the proposed differences in
proteins like PBP2a, may be contributing factors. Several years ago, it was observed that
QACs can alter the fatty acid content of P. putida by diminishing the unsaturated fatty acid
content and therefore rigidifying the membrane [51]. Furthermore, the Wilkinson group
demonstrated that growth media can also change the fatty acid content and therefore changes
the fluidity of the cell membrane. Specifically, in a comparison of CA-MRSA strain JE2 and
MSSA strain SH1000, Wilkinson and coworkers found that the branched-chain fatty acid
(BCFA) content and straight-chain fatty acid (SCFA) content normally favors an excess of
BCFAs or a more fluid membrane. More concerning is that when these strains were grown
ex vivo in serum, their membrane composition changed again to incorporate the host-derived
straight chain unsaturated fatty acids [52]. Taken together, these studies suggest that the
presence of QACs or other environmental considerations may influence the susceptibility of
S. aureus strains to cationic antimicrobials and warrants further investigation in the context
of resistance development.

Conclusions

Author Manuscript
Author Manuscript

Since our last review [10], great strides have been made in understanding how QAC
structure affects activity and to better understand the QAC resistance mechanism. Haldar
and coworkers demonstrated that QACs can be easily incorporated into polymers that can be
used as antiseptics and antimicrobial paints. They also discovered that increasing the
hydrophobic spacer between two quaternary centers retains activity while decreasing
toxicity, and that amides in the hydrophobic side chains possibly create additional hydrogen
bonding with the cell membrane, which leads to greater efficacy of the QAC. Other groups
have shown that old antibiotics can have restored activity against resistant strains when a
QAC is appended to the molecule, and natural products with QACs can have a myriad of
purposes, from Alzheimer’s drugs to cancer treatments to antimicrobials. From studies by
the Minbiole and Wuest collaboration, it was determined that chain lengths of approximately
10–12 carbons were found to have the most activity. Structural rigidity and increased
hydrogen bonding moieties also increased activity, while cleavable amides add a
decomposition mechanism in the environment that will hopefully slow resistance
development. They also explored the drivers of QAC resistance and concluded that efflux
pumps may not be the only cause for resistance, and that resistance may also be due to
changes in the cell membrane. One such avenue is to explore resistance mechanisms in more
detail, such as proteins that may be involved in the reconfiguration of the cell membrane.
Further resistance studies against aryl and multiQACs may help elucidate this question, as
well as provide insight to other potential mechanisms of resistance. Although much work
has been accomplished, there is still much to do when it comes to the world of quaternary
ammonium compounds.
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Fig. 1.
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A) Poly-maleimide QACs are capable of binding lipopolysaccharides in vivo to sequester
them away and prevent an inflammatory response, in addition to good antibiotic activity
against 3 Gram-positive and 1 Gram-negative bacterial strains. B) A QAC containing
polymer paint based on chitin decreases the bacterial load and prevents biofilm formation
when used on a catheter in a mouse model. C) Increasing the carbon chain length that
separates two quaternary nitrogen centers increases activity while also decreasing toxicity
when compared to their shorter carbon chain length counterparts.
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Fig. 2.
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Four examples of effective QACs that can decompose in aqueous media and cause little
resistance.
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Fig. 3.

A snapshot of Boger and co-worker’s efforts to investigate the effect of quaternary nitrogen
centers on vancomycin activity.
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Fig. 4.

Select aminosterols and their range of applications compared to known antibiotic, colistin.
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Fig. 5.

Summary of QAC bacterial interactions.
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Fig. 6.

Potential QAC resistance mechanisms.
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Scheme 1.

Super-T QAC Series: For sT-n,n,n,0 compounds n = 8,10–14,16,18. For sT-n,n,n,1
compounds n = 8,10–14. For sT-n,n,n,3A compounds n = 8,10–14,16,18. For sT-n,n,n,Bn
compounds n = 11 or 12.
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Scheme 2.

Pyridine-Containing QACs: For 2Pyr-n,n compounds n = 8, 10–14, 16, 18. For P3Pyr-n,n,n
compounds n = 10, 12. For M3Pyr-n,n,n compounds n = 8, 10–14,16,18.
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Scheme 3.

Cleavable QACs: For all compounds E denotes the presence of an ester (X = O) and A
denotes the presence of an amide (X = NH). For all compounds p denotes linker length of
starting material, m = n + 3 and denotes the total chain length including the ester or amide
functionality, and for E compounds n = 6–10,12, 14.
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Scheme 4.

BAC and CPC Hybrid QACs: For all compounds m-Hy-n,n: n = 8,10–14, 16, 18. For all
compounds m-Hy-n,0: n = 10, 12, 14, 16. For all compounds m-Hy-n, mA: n = 10, 12, 14,
16 and m = p + 3 where p = 8–10, 12, and A denotes the presence of a cleavable amide.
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Scheme 5.

Structural Rigidity QACs: For all compounds pip-n,n: n = 8, 10–14, 16, 18. For all
compounds pip-mA,mA m = n + 3.
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Scheme 6.

Malachite Green and Crystal Violet – Inspired QACs: For all compounds n = 10–12, 14, 16,
18.
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Table 1
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Select activities and structures of antimicrobial polymers created by Finn and coworkers.
Monomer

n

MIC in media (μg/mL)
E. coli

B. subtilis

P. aeruginosa

S. aureus

A

20

12.5

3

25

12.5

B

8

6.25

1.5

50

12.5

C

18

1.5

0.4

6

3

D

10

12.5

6.25

25

12.5

Author Manuscript
Author Manuscript
Author Manuscript
Tetrahedron Lett. Author manuscript; available in PMC 2020 September 12.

Morrison et al.

Page 27

Table 2
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Select activities of superT QACs against S. aureus strains (reported in μM).
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Table 3
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Select activities of Pyridinium-based QACs against S. aureus strains (reported in μM).
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Table 4A
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Select activities of ester-cleavable QACs against S. aureus strains (reported in μM)
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Table 4B
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Select activities of amide-cleavable QACs against S. aureus strains (reported in μM)

Author Manuscript
Author Manuscript
Author Manuscript
Tetrahedron Lett. Author manuscript; available in PMC 2020 September 12.

Morrison et al.

Page 31

Table 5A
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Select activities of hybrid QACs against S. aureus strains (reported in μM).
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Table 5B
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Select activities of amide-cleavable, hybrid QACs against S. aureus strains (reported in μM).
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Table 6
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Select activities of rigid QACs against S. aureus strains (reported in μM).
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Table 7
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Select activities of dye-inspired QACs against S. aureus strains (reported in μM).
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