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ABSTRACT: In this study, we report the design of a new guanylated, cholic- local amphiphilicity
acid-based monomer (GM) to combat antimicrobial resistance. The

microbial activity stems from the interfacial amphiphilicity of cholic acid, /f\ 1

while guanidine shows a strong association with phosphate, which promotes I

binding to membrane phospholipids. The monomer showed strong
antimicrobial activity; however, surprisingly, homopolymers synthesized by
photoiniferter reversible addition—fragmentation chain-transfer (RAFT)
polymerization of GM completely lost their activity likely due to the
conformation of the polymer. In contrast, the design of GM copolymers with
poly(ethylene glycol) methyl ether methacrylate (PEGMA) or 2-hydrox-
yethyl methacrylate (HEMA) allowed recovery of their antimicrobial activity.
Due to the existence of cholesterol in cell membranes, hemolysis was highly
dependent on the content of GM incorporated. This study highlights the
unique and intriguing properties of this novel amphiphilic monomer and its polymers, providing valuable insights into the
development of more potent antimicrobial materials.

broad-spectrum killing

B INTRODUCTION hydrophobic and cationic functionalities is vital for compro-
mising the bacterial membrane.”

Amphiphilicity can be introduced through naturally
occurring amphiphilic structures. Cholic acid, a steroid found
in mammals and vertebrates, has rigid hydrophobic tetracyclic
rings and three hydrophilic hydroxyl groups on its concave

Antimicrobial resistance (AMR) caused by both Gram-positive
and Gram-negative bacteria is a growing threat to public health
worldwide. It is estimated that in 2019, there were 4.95 million
AMR-related deaths, among which 1.27 million deaths could
be directly attributed to AMR, making AMR the third leading
cause of death after ischemic heart disease and stroke." The
misuse of antibiotics both in the community and the

face. This forms a facial amphiphilic structure similar to
AMPs.® Such amphiphilicity endows cholic acid derivatives
with the ability to penetrate bacterial membranes, making them

agricultural industry accelerates the spread of AMR,” requiring a useful antimicrobial material. For example, ceragenins were

greater regulation and the development of new antibiotics. developed as antimicrobial materials using a cholic acid

Such development has stagnated due to both scientific scaffold and appended amine groups.” Polymers with cholic

challenges and low economic incentives.’ Despite improve- acid pendants have also been reported.lo

ments in new antibacterial drug development over the past Arginine-rich peptides such as TAT (HIV-1 Trans-Activator

decade, it is still sparse compared to other diseases in fields of Transcription) have been found to have membrane

such as oncology.” To keep up with the development of AMR, translocation properties.'' Compared to other cationic groups

new therapeutic strategies are urgently required. such as the primary amine in lysine or the imidazole unit in
Antimicrobial peptides (AMPs) are part of the natural histidine, the guanidine group is thought to be the key to these

defense line against pathogen inactivation and thus have drawn translocation properties, as it can form a very stable bidentate

attention as alternatives to antibiotics due to broad bacterial hydrogen bond with phosphate and sulfate.' Inspired by this,

susceptibility.” AMPs are positively charged amphiphilic

molecules that can selectively bind to bacteria and kill them Received: September 8, 2024

through membrane disruption.6 Due to the high production Revised: ~ November 10, 2024

cost of peptides by gene-modified microorganisms or solid- Accepted:  November 15, 2024

phase peptide synthesis, synthetic polymers similar to AMPs Published: November 25, 2024

have been extensively explored as potential alternatives.
Numerous studies have shown that the combination of
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American Chemical Societ¥ https://doi.org/10.1021/acsomega.4c08266

v ACS PUbl ications 48738 ACS Omega 2024, 9, 48738—48747


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yijun+Xiong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Umeka+Nayanathara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangfeng+Lai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangyi+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Changhe+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Yuen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Parveen+Sangwan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Parveen+Sangwan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hsin-hui+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angus+P.+R.+Johnston"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+W.+Muir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Georgina+K.+Such"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c08266&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08266?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08266?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08266?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08266?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08266?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/49?ref=pdf
https://pubs.acs.org/toc/acsodf/9/49?ref=pdf
https://pubs.acs.org/toc/acsodf/9/49?ref=pdf
https://pubs.acs.org/toc/acsodf/9/49?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c08266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 1. Synthetic Scheme for the Synthesis of Boc-Protected Guanidine-Functionalized Monomer through: (a)
Esterification of Cholic Acid (I) with HEMA (II) to Form (2-Methacryloyloxy) Ethyl Cholate (MAECA); (b) Subsequent
Esterification with Bromoacetyl Bromide (III) to Form Tri-Substituted Bromo-Ended (2-Methacryloyloxy) Ethyl Cholate
(Tri-Br-MAECA); and (c) Substitution with Thiol (IV) to Yield Tri-Substituted Boc-Protected Guanidine-Capped (2-

Methacryloyloxy) Ethyl Cholate (Tri-Boc-Gua-MAECA)
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several guanidine-based polymers have been investigated for
their antimicrobial activities.”"’

In this study, we designed a novel guanidine-cholic-acid-
based monomer (GM) as an AMP mimic molecule. Using
photoiniferter reversible addition—fragmentation chain-transfer
(RAFT) polymerization, a series of homopolymers and
copolymers were synthesized, and their antibacterial activity
against both Gram-positive and Gram-negative bacteria was
investigated. Despite the high potency of the monomer, the
resultant homopolymers were found to lose their activity
possibly due to steroid ring stacking, which reduced their
ampbhiphilicity. However, polymeric antimicrobial activity was
recovered through copolymerization with hydrophilic mono-
mers such as poly(ethylene glycol) methyl ether methacrylate
(PEGMA) and 2-hydroxyethyl methacrylate (HEMA). The
copolymers with more hydrophilic PEGMA showed strong
activity against both Gram-positive and Gram-negative
bacteria, with the exception of Gram-negative bacteria rich in
lipopolysaccharides (LPS). Interestingly, cell hemolysis, which
reflects mammalian cell toxicity, varied with the amount of GM
incorporated into the copolymers, likely due to the similarity of
the cholic acid ring structure with cholesterol. This allowed us
to lower the toxicity of copolymers by decreasing the amount
of GM incorporated while maintaining the antimicrobial
activity. This work demonstrates that tuning the selectivity of
these systems for bacteria over human cells could be achieved
based on the copolymer design. We believe that these systems
illustrate interesting trends for optimizing antimicrobial activity
and have a strong potential for further application as
antimicrobial materials.

B RESULTS AND DISCUSSION

Synthesis of Boc-Protected GM Monomer. The Boc-
protected guanidine, cholic acid-based monomer was synthe-
sized via three steps (Scheme 1). First, the methacrylate group
was introduced through the standard esterification of HEMA
(I1) and cholic acid with EDC (1-ethyl-3-(3-(dimethylamino)-
propyl) carbodiimide) and DMAP (4-dimethylaminopyridine).
Second, the three hydroxyl groups were esterified with
bromoacetyl bromide (III) to introduce the bromide handles

48739

for further functionalization. With extensive trials, we found
that the three hydroxy groups could not be fully converted in
one-step even with a significant excess of bromoacetyl
bromide; however, the reaction reached full conversion even
for the most sterically hindered and less reactive hydroxyl
groups after repeating the reaction 3 times. The ideal base in
this reaction was found to be potassium carbonate (for
example, triethylamine reacted with the resultant bromide
rendering a quaternary amine). Third, the resulting bromides
(Tri-Br-MAECA) were subsequently substituted by thiol (IV)
to afford the tri-substituted Boc-protected guanidine-capped
(2-methacryloyloxy) ethyl cholate (Tri-Boc-Gua-MAECA),
which was compatible with RAFT polymerization. The
structure of Tri-Boc-Gua-MAECA was confirmed by NMR
(Figures S6—S9) and mass spectrometry (Figure S10). A
primary amine counterpart, designed to act as a control, was
also synthesized in a similar way, which was confirmed by
NMR (Figure S11).

Polymerization and Characterization. For the polymer-
ization of this novel guanidine-functionalized monomer, 4-
cyano-4-[ (dodecyl-sulfanylthiocarbonyl)-sulfanyl] pentanoic
acid (CDTPA) was chosen as the RAFT agent due to its
extensive use in both conventional thermoinitiated polymer-
ization and photoiniferter RAFT polymerization, where it
effectively initiates and controls the polymerization of
methacrylates.'"* The use of a more conventional initiator,
azobis(isobutyronitrile) (AIBN), at 65 °C for 24 h resulted in
limited polymerization with less than 30% conversion. This
was likely due to the size of the monomer (~1599 Da), which
dramatically slowed the rate of polymerization. Fortunately,
photopolymerization was found to be performed at a much
faster rate. Thus, all polymerizations were conducted using a
handmade light-emitting diode (LED) light source (commer-
cial stripe light (60 LEDs/m, 12 V, 3 m total length, 14.4 W)
wrapped around a plastic 15 cm diameter cylinder)."”” A fan
was also employed to control the ambient temperature.

To demonstrate that the photolysis of CDTPA could initiate
RAFT polymerization, five separate polymerizations were
conducted under the same conditions ([M] = 0.125 M,
[RAFT] = 625 mM in dimethylformamide (DMF), room

https://doi.org/10.1021/acsomega.4c08266
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temperature, blue light, [M] refers to the monomer
concentration, and [RAFT] refers to the CDTPA concen-
tration) and terminated at different times. The results were
measured by "H NMR and are shown in Figure S42. A pseudo-
first-order kinetic reaction was confirmed, indicating controlled
radical concentrations throughout the polymerization. This
proved that CDTPA was suitable for photoiniferter RAFT
polymerization. However, the dispersity (D) measured via size
exclusion chromatography (SEC) was found to be around 3.1
(Table S1), indicating broader molecular weight distributions
suggesting the polymerization was not well controlled.

To achieve better control over the dispersity, a higher
concentration of CDTPA was used. As shown in Table SI,
doubling the concentration of CDTPA resulted in a decrease
in dispersity from 3.12 to 1.35. This is because CDTPA served
as both the photoinitiator for initiation and the chain-transfer
agent (CTA) for controlling the polymerization. At lower
concentrations, most of the CDTPA is converted into radicals
by light, whereas at higher concentrations, most CDTPA
remains undecomposed and thus functions effectively as a
CTA. This phenomenon was previously observed by Bai et
al.'® We further explored the ideal conditions for synthesizing
polymers of different lengths. When the concentration of
monomer was lowered, the rate of polymerization was reduced,
resulting in a very low conversion, low dispersity, and
ultimately, a shorter polymer. On the other hand, increasing
the concentration of CDTPA yielded higher monomer
conversion while maintaining relatively lower dispersity.

A series of Boc-protected homopolymers, PBG;, PBGq, and
PBG,,, were then synthesized via photoiniferter RAFT
polymerization (Table 1 and Figures S12—S14). The

Table 1. Polymer Characterization

monomer/CDTPA M, (SEC)“ M, (theor.)”
ratio (kDa) DP (kDa) b
PBG; S 8.8 3 4.8 1.16
PBGgq 10 10.7 6 10.6 1.20
PBG,, 20 11.5 14 22.8 1.35
PBA, 10 10.4 9 10.8 1.21

“M, and P were determined by SEC analysis in THF. °M, and DP
(degree of polymerization) were determined from the crude "H NMR
peak integration analysis.

guanidine group was recovered by the deprotection of the
Boc group using trifluoroacetic acid (TFA), which was
confirmed by 'H NMR (Figure S17—S19) and Fourier-
transform infrared (FT-IR) spectroscopy (Figures S22 and
$23). Similarly, a Boc-protected primary amine polymer
(PBA,) was also synthesized for use as a control. All of the
polymers with variable lengths (DP = 3, 6, and 14 for
guanidine and 9 for primary amine) were characterized by
SEC. The polymers had a narrow dispersity (D = 1.16—1.35),
showing that the polymerization was well controlled (Table 1).

Following deprotection, the homopolymers (PG;g4,, (gua-
nidine) and PA, (amine)) were in their TFA salt form and had
good solubility in water. However, when an attempt was made
to dissolve the polymers into phosphate-buffered saline (PBS),
at pH 7.4, precipitation occurred. We tested the polymers in
either phosphate buffer or 150 mM NaCl solution and found
that the precipitation only happened in phosphate buffer. This
is probably due to the strong association between guanidine or
primary amine groups in the polymers and phosphate ions in

the PBS buffer solution. This showed that the cholic acid
scaffold resulted in a stronger interaction between the amine
groups and phosphate ions. Thus, in later work, we used Tris-
buffered saline to dissolve the polymers instead of PBS.
Antimicrobial Activities of Homopolymers. The
antimicrobial activities of the polymers and corresponding
monomers were evaluated using the minimum inhibitory
concentration (MIC) assay against clinically relevant Gram-
positive Staphylococcus aureus 29213 and Gram-negative
Escherichia coli 25922 (Figure 1). Both monomers with either

a. S. aureus
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Figure 1. Relative bioluminescence intensity of (a) S. aureus and (b)
E. coli after treatment of polymers PG;_,, PAy, and corresponding
monomers GM and AM at 37 °C after 24 h.

guanidine (GM) or primary amines (AM) (Figure $20)
resulted in low MICs against both S. aureus (16 yg/mL) and E.
coli (32 pg/mL). There was no significant difference between
the guanidine and amine functional groups used here.

However, none of the four homopolymers showed any
activity against either bacterial strain (Figure 1). This was
surprising, as it is usually observed that increasing the density
of the functional groups in polymerization improves the
activity due to multivalent interactions.'” Moreover, the
homopolymer PG;, which only contained 3 repeating units
and hence resembled an oligomer, showed no difference in
activity compared to the other longer homopolymers. This is
an unusual result, as one would expect such a small polymer to
behave similarly to the monomer, suggesting a dramatic
difference in structure between the monomer and the
homopolymer.

One possible explanation for this notable loss of activity
could be the loss of local amphiphilicity in the polymer. The
similarity of the guanidine monomer (GM) and primary amine
monomer (AM) showed that the facial amphiphilicity from
cholic acid was essential to its activity. However, steroids are
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known to self-assemble due to their rigid tetracyclic ring
system. For example, cholesterol, one of the most well-studied
steroids, can be modified to endow liquid crystal properties.'®
Bile acid derivates such as tripodal cholamide, on the other
hand, tend to form hydrogels.19 In the case of the
homopolymer, the rigid tetracyclic ring units were in proximity
to each other, increasing the probability of ring stacking.
Furthermore, the positively charged guanidine/amine moieties,
which could prevent this ring stacking, were distanced from the
cholic acid rings through their long flexible spacer. The
resulting steroid ring stacking likely has a detrimental effect on
the antimicrobial activity of the polymers. Similar phenomena
have been observed elsewhere. For example, the Boyer group
found that polymer sequence was a major contributor to
antimicrobial activity.”” When the amphiphilic polymers were
random, they could adopt a random coil form that was
amphiphilic and membrane active (Figure S44a). However, in
block polymers, micelles were formed due to self-assembly, and
the separation of the cationic domain and hydrophobic domain
resulted in the loss of activity (Figure S44b). Similarly, we
postulate that a change of conformation whereby the
tetracyclic rings stack would also form a hydrophobic core
surrounded by cationic tails. The separation of charge and the
hydrophobic domain may have the same impact as micelle
formation, resulting in a loss of activity (Figure S44d).

Synthesis and Antimicrobial Activities of Copolymers
with PEGMA and HEMA. In an attempt to revive the
polymers’ activity, copolymerization with three hydrophilic
monomers, PEGMAg (300 Da), PEGMA; (500 Da), and
HEMA, was conducted, where S and L stand for short and
long, respectively. The purpose of this copolymerization was to
change the conformation of the polymer chain in solution,
alleviating the potential ring stacking and thus maintaining
facial amphiphilicity.

A library of copolymers with either PEGMAg or PEGMA,
and HEMA were synthesized. To understand the influence of
the hydrophilic comonomers, the molar ratios were tuned from
40 to 90%. The length (DP) of the polymers was around 8. All
of the polymers were characterized by NMR (Figures S24—
S41) and SEC (Table 2). The polymers had a higher D value
than the homopolymers, which was possibly caused by the size
differences between the two comonomers used. All of the
copolymers were named using the number of repeat units as
subscripts; for example, PPEG;Gg refers to a copolymer with

Table 2. Characterization of Copolymers Synthesized with
PEGMA,, HEMA, and PEGMA,

comonomer? ratio (%) DP M, (theor.)” (kDa) P

PPEGg,G° 40 9 8.5 1.42
PPEGq;G; 60 8 63 1.62
PPEGgG, 80 8 45 1.39
PPEGq,G, 90 7 33 1.33
PHEMA,G, 40 9 7.8 1.42
PHEMA,G, 60 8 54 1.41
PHEMA,G, 80 8 34 1.36
PHEMA,G, 90 7 22 1.80
PPEG,(G, 80 8 5.7 1.81

“D was calculated from SEC characterization using THF as the
mobile phase. M, and DP were calculated from the crude 'H NMR
and the ratio of monomer/CDTPA. “Subscripts denote the number of
repeat units. “Comonomers used other than GM, including PEGMA,
HEMA, and PEGMA,.

three 300 Da PEGMA (PEG) units and five guanidine
monomer (G) units.

The antimicrobial activities of these copolymers and GM
were then evaluated using their MIC against a broad spectrum
of Gram-negative strains including Acinetobacter baumannii
5075, A. baumannii 5075D, A. baumannii 03—149.1, A.
baumannii 03—149.2, Klebsiella pneumoniae BS05S, K. pneumo-
niae BS0SS nm, Pseudomonas aeruginosa 19147 nm, P.
aeruginosa 27853, E. coli DC10B, and E. coli DHSa; and
Gram-positive strains including S. aureus 29213 and Methicillin-
resistant S. aureus (MRSA) 43300 (Figure 2).

We first evaluated how the hydrophilic monomers affected
the antimicrobial activity. In general, we observed that
PEGMAg outperformed HEMA regardless of the amount
incorporated. This is notable, as the content of GM in the
HEMA copolymers was higher than in the PEGMAg
copolymers. HEMA is not as hydrophilic as PEGMA;
therefore, it forms a weaker global amphiphilic structure with
more hydrophobic GM resulting in less membrane activity.
PEGMA, was not as effective as PEGMAg when incorporated
at 80%, which is probably due to the lower content of active
GM inside the PPEG,Gq.

We then studied the ratio of incorporation. In the case of
HEMA, there was a clear decrease in activity when more
HEMA was incorporated. This is probably due to the amount
of active GM where 94, 85, 76, and 58 wt % of the polymer
were composed of GM for PHEMA;G;, PHEMA;G;,
PHEMAG,, and PHEMA,G, respectively. In the case of
PEGMAy, the strongest performance was found for PPEGg;G;
with 60% PEGMA and PPEGyG, with 80% PEGMA.
PPEGg;Gs, despite possessing more GM than PPEGgG;,
showed a slight decrease in activity, which was probably due to
the inability of the reduced amount of PEGMA to prevent the
ring stacking of GM. For 90% incorporation of PEGMAg, an
increase in MIC was observed as GM content was reduced as
more PEGMA was incorporated.

Of particular note is the fact that PEGylation recovered
antimicrobial activity relative to the homopolymers; PPEGy;G;
and PPEGgG, outperformed the monomeric control GM in
some strains tested. For example, for A. baumannii 5075D, the
MIC of PPEGgsG; was 16 ug/mL, and the MIC of PPEGg4G,
was 8 pg/mL while the MIC of GM was 32 pug/mL. For the
strains where GM was not efficient, such as A. baumannii 03—
149.1, A. baumannii 03—149.2, K. pneumoniae B50SS, K
pneumoniae BSOSS nm, and P. aeruginosa 19147 nm, our two
copolymers still achieved inhibition in the range tested.

The performance of the copolymers was minimized in the
case of K pneumoniae, which has a capsule structure, an
outermost layer composed of polysaccharides. In the case of A.
baumannii, almost all of the copolymers and GM worked well
only on A. baumannii 5075D, which is a polymyxin-dependent
mutant that lacks lipopolysaccharide. Instead, phosphatldylgly—
cerol (PG) is abundant on its outer membrane.”' Considering
the fact that guanidine in GM binds strongly with phosphate
ions in PBS, it is likely that the mechanism of action for both
GM and the copolymers involved binding to phospholipids
instead of polysaccharides. This is possibly why copolymers
also work well against E. coli and S. aureus, likely through
targeting PG, phosphatidylethanolamine (PE) and cardiolipins
(CL) on the bacterial membrane.

Overall, our results demonstrate that the copolymerization
recovered the activity of GM. Using a more hydrophilic
comonomer such as PEGMA showed higher microbial activity
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Figure 2. Heat map of MICs for GM and its copolymers showing antimicrobial activity. The bacterial strains are A. baumannii 5075, A. baumannii
5075D (colistin-resistant), A. baumannii 03—149.1 (polymyxin susceptible), A. baumannii 03—149.2 (polymyxin resistant), K. pneumoniae BS0SS,
K. pneumoniae BS0SS nm (colistin-resistant), P. aeruginosa 19147 nm (colistin-resistant), P. aeruginosa 27853, E. coli DC10B, E. coli DHSa, S.
aureus 29213, and M.-Resistant S. aureus (MRSA) 43300. The MIC was determined by using a standard microbroth dilution method. In the
copolymers, the monomers are depicted in different colors, GM (purple), PEGMAg (light blue), PEGMA; (dark blue), and HEMA (orange).

due to stronger amphiphilicity of the whole polymer. The
microbial activity was affected by the incorporation of PEGMA
in two key ways; (1) above 40% PEGMA was needed to
prevent steroid stacking, and (2) less PEGMA resulted in
higher concentration of GM and higher activity.

Hemolysis Assay. For potential therapeutic applications, it
is important to understand whether the copolymers have any
detrimental effects on human cells. Therefore, hemolysis assay
was conducted to evaluate the toxicity of copolymers (Figure
3). HCy, defined as the polymer concentration needed to
cause 50% lysis of red blood cells, was used to indicate the
toxicity of the copolymers. Both copolymers with PEGMAg or
HEMA showed a dependence of hemolysis on the amount of
GM incorporated where increasing incorporation of PEGMAg
or HEMA resulted in decreasing toxicity. The decrease in
toxicity was significant for PEGMAg, compared to the MIC, as
the HCy, increased from 4 to 512 pg/mL with the increasing
amount of PEGMAs. We hypothesize that GM was capable of
inserting into the cell membrane better due to both association
of phospholipid with guanidine and steroid stacking with
cholesterol; moreover, with additional hydrophilic compo-
nents, the copolymers could affect the amphiphilicity of the
whole membrane structure to a greater extent. When the
different hydrophilic comonomers were compared, more
hydrophilic PEGMAg resulted in more hemolysis than
HEMA. HEMA was found to be less membrane active in
our case for both bacterial and mammalian cell membranes.

Tuning the amount of PEGMA incorporated into GM
copolymers reduced the hemolysis while preserving antimicro-
bial activity, and thus, good selectivity (defined as HCy,/MIC)
was achieved. This is different from traditional cationic
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Figure 3. Hemolytic (HCs,) activities for GM and its copolymers
with PEGMAg, HEMA, and PEGMA;. HCj, is the lowest polymer
concentration required to cause 50% lysis of red blood cells.

polymers where selectivity comes from electrostatic inter-
actions to negatively charged bacterial membranes.”” For GM
copolymers, due to the interaction of phospholipid with
guanidine, the association with both bacterial and cell
membranes is expected to be similar except in a bacterial
membrane with abundant LPS (Figure 4a). In all ratios tested
here, GM copolymers performed similarly against bacterial
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Figure 4. Ilustration of the interaction between copolymers of GM with different membranes. (a) LPS (lipopolysaccharide) rich Gram-negative
bacterial membrane; (b) LPS sufficient bacterial membrane; and (c) mammalian cell membrane where only high GM content caused hemolysis.

membranes after association (Figure 4b); however, lower GM
content resulted in a significant reduction in hemolysis (Figure
4c). The best copolymer in our screen was PPEGgG, which
had a selectivity of 16 against A. baumannii 5075D.

B CONCLUSIONS

Herein, we report an extraordinary copolymer system for the
development of antimicrobial materials. The guanylated cholic-
acid-based monomer showed good antimicrobial activity.
However, its homopolymer lost antimicrobial activity possibly
due to an unfavored conformational structure from tetracyclic
ring stacking. By copolymerization with a hydrophilic
monomer such as PEGMA, antimicrobial activity was
recovered. The copolymers also exhibited a stronger depend-
ence on hemolysis and showed that good selectivity could be
achieved by tuning the amount of GM incorporated. This work
showed that both cationic and hydrophobic components
significantly contribute to their activity. These novel
copolymers are promising antimicrobial agents for the
treatment of both Gram-positive and Gram-negative bacteria,
including antibiotic-resistant strains. This work provides an
interesting platform for researchers in the field to design better
antimicrobial materials in the future.

48743

B MATERIALS AND METHODS

Materials. 4-cyano-4-[(dodecyl-sulfanylthiocarbonyl)-sul-
fanyl] pentanoic acid (CDTPA), 4-(dimethylamino) pyridine
(DMAP), triethylamine (TEA), cholic acid, 2-hydroxyethyl
methacrylate (HEMA), bromoacetyl bromide, potassium
carbonate, cysteamine hydrochloride, S-methylisothiourea
hemisulfate, calcium chloride, trifluoroacetic acid (TFA),
hydrochloride acid (37%), sodium chloride (NaCl), potassium
chloride, potassium phosphate monobasic, and sodium
phosphate dibasic were purchased from Sigma-Aldrich and
used without further purification. N-ethyl-N’-(3-
(dimethylamino)propyl) carbodiimide hydrochloride (EDC-
HCl) was purchased from Oakwood Chemical, and di-tert-
butyl dicarbonate was purchased from Alfa Aesar. Tris-
(hydroxymethyl) aminomethane (Tris) and all of the solvents
used were purchased from Chem Supply. S-methylisothiourea
hydrochloride was prepared from hemisulfate salt by the
addition of calcium chloride and removal of the precipitate.
Tris-buffered saline (10 mM pH 7.4) was prepared using Tris
(10 mM 1.211 g) and NaCl (150 mM 8.766 g) dissolved into
approximately 1 L of DI water, and pH was adjusted using 1 M
HCI solution to pH 7.4. Cation-adjusted Mueller—Hinton
broth (MHB) powder was purchased from Thermo Fisher and
used to prepare the microbial broths according to the
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manufacturer’s instructions. S. aureus 29213, M.-Resistant S.
aureus (MRSA) 43300, E. coli 25922, E. coli DHSa, E. coli
DCI10B, P. aeruginosa 27853, P. aeruginosa 19147 nm (colistin-
resistant), A. baumannii 5075, A. baumannii S075D (colistin-
resistant), A. baumannii 03—149.1 (polymyxin susceptible), A.
baumannii 03—149.2 (polymyxin resistant), and K. pneumoniae
BS0SS and K. pneumoniae BS0SS nm (colistin-resistant) were
used for the antimicrobial study.

Characterization. 'H NMR spectroscopy data was
collected on a Bruker 400 MHz NMR spectrometer using
deuterated chloroform (CDCl;) or deuterium oxide (D,0) as
the solvent. Chemical shifts were referenced to residual
protons in the deuterated NMR solvent. NMR data analysis
was performed on Topspin software. Size exclusion chroma-
tography (SEC) was performed on a Waters Alliance system
equipped with an Alliance 2695 Separations Module
(integrated quaternary solvent delivery, solvent degasser, and
autosampler system), a Waters column heater module, a
Waters 2414 RDI refractive index detector, a Waters PDA
2996 photodiode array detector (210 to 400 nm at 1.2 nm),
and 4X Agilent PL-Gel columns (3X PL-Gel Mixed C (S ym)
and 1X PL-Gel Mixed E (3 um) columns), each 300 x 7.8
mm?, providing an effective molar mass range of 200—2 X 10°
Da. Tetrahydrofuran (THF) high purity solvent (HPLC
grade) was prefiltered through aluminum oxide (90 active
neutral, 70—230 mesh) with 0.45 pm filter, and 0.1 g/L 2,6-
ditert-butyl-4-methylphenol (BHT) was added as an inhibitor.
The filtered THF-containing BHT was purged slowly with
nitrogen gas and used as an eluent with a flow rate of 1 mL/
min at 30 °C. Number (M,) and weight-average (M,,) molar
masses were evaluated using Waters Empower-3 software. The
SEC columns were calibrated with low dispersity polystyrene
(PSt) standards (Polymer Laboratories) ranging from S80 to
7,500,000 g mol™}, and molar masses are reported as PSt
equivalents. A third-order polynomial was used to fit the log
Mp vs time calibration curve, which was near linear across the
molar mass ranges. Fourier-transform infrared (FT-IR) spectra
were collected on a Bruker Tensor 27 FT-IR spectrometer.
The samples were prepared by the KBr disc technique, and the
scan range was 4000—400 cm™'. Mass spectrometric analysis
was performed on a Thermo Scientific Q Exactive mass
spectrometer fitted with a HESI-II ion source. Positive and
negative ion electrospray mass spectra were recorded in an
appropriate mass range set for 140,000 mass resolution. The
probe was used with a 0.3 mL/min flow of methanol. The
nitrogen nebulizing/desolvation gas used for vaporization was
heated to 350 °C in these experiments. The sheath gas flow
rate was set to 25 °C and the auxiliary gas flow rate to 10 (both
arbitrary units). The spray voltage was 3.50 kV, and the
capillary temperature was 300 °C.

Synthesis of (2-methacryloyloxy) Ethyl Cholate
(MAECA). To a solution of cholic acid (8.16 g, 20 mmol),
EDC-HCI (7.63 g, 40 mmol), and DMAP (0.48 g, 4 mmol) in
anhydrous THF (100 mL), HEMA (4.88 mL, 40 mmol) was
added under a nitrogen atmosphere. After addition, the
reaction mixture was connected to dried air to prevent
polymerization. The reaction mixture was allowed to react for
3 days. The reaction mixture was evaporated and dissolved in
dichloromethane (DCM), washed with water (3X) and brine
(1x), and then the organic phase was dried over anhydrous
MgSO,. After removing the solvent under vacuum, the reaction
mixture was dissolved in ethanol and purified by precipitation
in water 3 times to afford the product as a white solid (9.3 g,

89% yield). "H NMR (400 MHz, CDCL,): § 6.13 (s, 1H), 5.60
(s, 1H), 4.33 (br, 4H), 3.97 (s, 1H), 3.85 (s, 1H), 3.46 (br,
1H), 1.95 (s, 3H), 0.99 (d, 3H), 0.89 (s, 3H), 0.68 (s, 3H).
The fully assigned 'H NMR spectra are shown in Figure S1.

Synthesis of Tri-Br-MAECA. To a solution of MAECA
(7.2 g, 13.8 mmol) and K,CO; (23 g, 166 mmol) in anhydrous
DCM (100 mL) at 0 °C, bromoacetyl bromide (7.2 mL, 83
mmol) was added dropwise under a nitrogen atmosphere. The
reaction mixture was warmed up to room temperature and
allowed to react overnight. The reaction mixture was
sequentially washed with water (1X), saturated NaHCO,
(2%X) and brine (1x), and then the organic phase was dried
over anhydrous MgSO,. After removal of the solvent under
vacuum, the product was afforded without further purification
as a brown liquid (10 g, 82% yield). '"H NMR (400 MHz,
CDCL): § 6.12 (s, 1H), 5.60 (s, 1H), 5.17 (s, 1H), 5.01 (s,
1H), 4.64 (br, 1H), 4.33 (br, 4H), 3.78 (br, 6H), 1.99 (s, 3H),
0.94 (s, 3H), 0.85 (d, 3H), 0.75 (s, 3H). The fully assigned 'H
NMR spectra are shown in Figure S2.

Synthesis of N,N’-di-Boc-S-Methylisothiourea (Boc-
Isothiourea). To a solution of S-methylisothiourea hydro-
chloride (7.25 g, §7.5 mmol) in methanol (100 mL), di-tert-
butyl dicarbonate (27.3 g, 125 mmol) was added in one
portion, and then TEA (8.37 mL, 60 mmol) dissolved in
methanol (10 mL) was added dropwise. The reaction mixture
was allowed to react for 2.5 h. The reaction mixture was
evaporated and dissolved in hexane, washed with water (2X)
and brine (1X), and then the organic phase was dried over
anhydrous MgSO,. After removal of the solvent under vacuum,
the product was afforded without further purification as a white
solid (12.54 g, 75% yield). '"H NMR (400 MHz, CDCL,): &
240 (s, 3H), 1.52 (s, 18H). The fully assigned 'H NMR
spectra are shown in Figure S3.

Synthesis of Tert-Butyl-(Tert-Butoxycarbonylamino)
(2-Thioethylamino) Methylenecarbamate (Boc-Gua-
Thiol). To a solution of cysteamine hydrochloride (2.34 g,
20 mmol) and Boc-isothiourea (3 g 10 mmol) in methanol
(40 mL) was added TEA (2.88 mL, 20 mmol) under a
nitrogen atmosphere. The reaction mixture was allowed to
react for 3 h. DCM was added to the reaction mixture which
was sequentially washed with water (2x), and brine (1X), and
then the organic phase was dried over anhydrous MgSO,. After
the solvent was removed by blowing nitrogen, the reaction
mixture was purified by silica gel column chromatography (2%
diethyl ether/DCM) to afford the product as a white solid (2.1
g, 64% yield). 'H NMR (400 MHz, CDCL,): 5 11.49 (s, 1H),
8.66 (br, 1H), 3.64 (dd, 2H), 2.73 (dd, 2H) 1.50 (s, 18H),
1.42 (t, 1H). The fully assigned "H NMR spectra are shown in
Figure S4.

Synthesis of 2-(Boc-Smino) Ethanethiol. To a solution
of cysteamine hydrochloride (3.4 g, 30 mmol) in methanol (30
mL), di-tert-butyl dicarbonate (6.5 g, 30 mmol) was added in
one portion, and then TEA (4.2 mL, 30 mmol) was added
under nitrogen atmosphere. The reaction mixture was allowed
to react for 3 h. DCM was added to the reaction mixture,
which was sequentially washed with water (2X), and brine
(1X), and then, the organic phase was dried over anhydrous
MgSO,. After removing the solvent by blowing nitrogen, the
intermediate (containing corresponding disulfide) was afforded
without further purification as a colorless liquid (4.3 g, 81%
yield). 'H NMR (400 MHz, CDCL,): & 4.94 (br, 1H), 3.30
(dd, 2H), 2.64 (dd, 2H), 1.43 (s, 9H), 1.34 (s, 1H). The fully
assigned '"H NMR spectra are shown in Figure SS.
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Synthesis of Tri-Boc-Gua-MAECA. Tri-Br-MAECA (3.72
g, 4.2 mmol), Boc-Gua-thiol (5.4 g, 16.9 mmol), and K,CO;
(1.16 g, 8.4 mmol) were dissolved in DMF (80 mL) under
nitrogen atmosphere. The reaction mixture was allowed to
react overnight. DCM was added to the reaction mixture,
which was sequentially washed with water (2X) and brine
(1x), and then, the organic phase was dried over anhydrous
MgSO,. After removal of the solvent under vacuum, the
reaction mixture was purified by silica gel column chromatog-
raphy (30% ethyl acetate/hexane) to afford the product as a
colorless solid (5.2 g, 77% vyield). 'H NMR (400 MHz,
CDCL,): 6 11.47 (s, 3H), 8.61 (br, 3H), 6.12 (s, 1H), 5.59 (t,
1H) 5.13 (s, 1H), 4.96 (s, 1H), 4.60 (br, 1H), 4.33 (br, 4H),
3.70 (br, 6H), 3.29 (br, 4H), 323 (s, 2H), 2.92 (t, 2H), 2.85
(br, 4H), 1.94 (s, 3H), 1.49 (s, 54H), 0.92 (s, 3H), 0.84 (d,
3H), 0.73 (s, 3H). The fully assigned '"H NMR spectra and
mass spectra are shown in Figure S6—10.

Synthesis of Tri-Boc-Ami-MAECA. Br-MAECA (3.08 g,
3.5 mmol), 2-(Boc-amino) ethanethiol (2.48 g, 14.0 mmol),
and K,CO; (0.96 g, 7.0 mmol) were dissolved in DMF (15
mL) under nitrogen atmosphere. The reaction mixture was
allowed to react overnight. DCM was added to the reaction
mixture, which was sequentially washed with water (2X) and
brine (1X), and then, the organic phase was dried over
anhydrous MgSO,. After removing the solvent under vacuum,
the reaction mixture was purified by silica gel column
chromatography (40% ethyl acetate/hexane) to afford the
product as a colorless solid (2.5 g, 61% yield). "H NMR (400
MHz, CDCLy): § 6.12 (s, 1H), 5.59 (t, 1H) 5.13 (br, 4H), 4.97
(s, 1H), 4.60 (br, 1H), 4.33 (br, 4H), 3.36 (br, 6H), 3.29 (br,
6H), 2.82 (t, 2H), 2.76 (br, 4H), 1.94 (s, 3H), 1.44 (s, 27H),
0.93 (s, 3H), 0.84 (d, 3H), 0.74 (s, 3H). The fully assigned 'H
NMR spectra are shown in Figure S11.

Polymerization of Tri-Boc-Gua-MAECA and Tri-Boc-
Ami-MAECA to Produce Polymers (PBG;_;, and PBA,).
The synthesis of PBG; is described below, and all other
polymers were synthesized similarly. Tri-Boc-Gua-MAECA
(300 mg, 0.186 mmol) and 4-cyano-4-(phenyl carbon-
othioylthio) pentanoate (15.1 mg, 0.037 mmol) were dissolved
in DMF (0.75 mL) and transferred into a Schlenk flask with a
magnetic stirrer bar. The flask was degassed by three freeze—
pump—thaw cycles (S, 10, and 15 min, respectively). The
reaction mixture was stirred at room temperature for 16 h
under blue light irradiation. The reaction was terminated by
exposing the reaction mixture to air. The mixture was purified
by repeated dissolution—precipitation process using DCM/
methanol 3 times to give a colorless solid (49 mg, 15% yield).
The fully assigned 'H NMR spectra and SEC data are shown
in Figure S12—S18.

Deprotection of Boc Group of Monomers or
Polymers to Produce Corresponding Guanidium or
Amine. Deprotection of Tri-Boc-Gua-MAECA is described
below, and all other Boc deprotections were carried out
similarly. Tri-Boc-Gua-MAECA (100 mg, 0.0625 mmol) was
dissolved in DCM (5.2 mL), TFA (0.575 mL, 7.51 mmol) was
added, and the reaction mixture was allowed to react at room
temperature overnight. After the removal of solvent in vacuo, a
white waxy solid was obtained as the deprotected monomer.
The monomer was subsequently dissolved in water and
lyophilized to yield the product (88.26 mg, 84% yield). The
fully assigned 'H NMR spectra are shown in Figures S16—S21
and S33—S541.

Copolymerization of Tri-Boc-Gua-MAECA with Other
Monomers to Produce Polymers (PPEGsBG, PHEMABG,
and PPEG BG). Synthesis of PPEGg;BG; is described below,
and all other polymers were synthesized similarly. Tri-Boc-
Gua-MAECA (200 mg, 0.119 mmol), CDTPA (8.4 mg, 0.021
mmol), and PEGMA (25 mg, 0.083 mmol) were dissolved in
DMF (0.84 mL) and transferred into a Schlenk flask with a
magnetic stirrer bar. The flask was degassed by three freeze—
pump—thaw cycles (S, 10, and 1S min, respectively). The
reaction mixture was stirred at room temperature for 16 h
under blue light irradiation. The reaction was terminated by
exposing the reaction mixture to air. The mixture was purified
by repeated dissolution—precipitation process using DCM/
ether 3 times to give a colorless solid (187 mg, 80% yield). The
fully assigned '"H NMR spectra and SEC data are shown in
Figures S24—S32.

Antimicrobial Testing. The minimum inhibitory concen-
tration (MIC), defined as the lowest polymer concentration
tested to completely prevent visible bacterial growth, and
minimum bactericidal concentration (MBC), defined as the
lowest concentration to achieve bactericidal killing (99.9%
reduction in the initial inoculum), were determined using a
standard microbroth dilution method according to Clinical and
Laboratory Standards Institute (CLSI) guidelines.

Initial MIC Assay of S. aureus 29213 and E. coli 25922.
To prepare the inoculums, a colony of either bacterium was
directly transferred from a nutrient agar plate into 10 mL of
Mueller—Hinton broth (MHB — cation adjusted) bacterial
growth media and incubated at 37 °C overnight. The
concentration of the bacteria was measured by the optical
density at 600 nm (ODyg) and adjusted to approximately 1 X
10* cfu/mL (colony-forming units per mL). Culture
suspension was further diluted by 100-fold to 1 X 10° cfu/
mL in MHB media. Serial 2-fold dilutions of the nanoparticles
in Tris-buffered saline (pH 7.4) were prepared to obtain the
desired concentration range. An aliquot of 100 yL of the
nanoparticle solution was added to each well of a 96-well flat-
bottom plate (Corning, Sigma-Aldrich) followed by the
addition of 100 uL of bacterial suspension (1 X 10° cfu/
mL). The solution only containing bacterial suspension and
Tris-saline buffer (pH 7.4) served as positive controls, and
solution only containing MHB media and the nanoparticles
served as a negative control. The plates were incubated for 24
h at 37 °C under constant shaking at 75 rpm. The growth was
measured by ODgy, using a 96-well plate reader (Byonoy
absorbance 96, Byonoy). Triplicates were carried out for each
condition.

MIC Assay. The strains were inoculated and prepared
according to the same procedure described above. 100 uL of
MHB solution containing the polymer or monomer in serial 2-
fold dilutions was placed into each well of a 96-well microplate
followed by the addition of an equal volume of microbial
suspension. The plates were incubated for 16—20 h at 37 °C.
The MIC was taken as the concentration of the sample at
which no visible microbial growth was observed with unaided
eyes. The experiments were repeated twice.

MBC Assay. After the MIC assay, an aliquot of 10 yL of
bacterial suspension from each clear well of the MIC study was
plated onto LB agar plates. After incubation at 37 °C for 24 h,
MBC values were determined by the lowest concentration of
tested reagents that resulted in no growth of bacteria on the
agar plates.
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Hemolysis Assay. Heparinized blood from adult Sprague—
Dawley rats (Biospecimen service, Monash Animal Research
Platform) was collected 3 h before the assay. One milliliter of
blood was diluted in 49 mL of prechilled phosphate buffer
saline (PBS, 10 mM, pH 7.4) and washed several times by
centrifugation until the supernatant was clear (10 min at 3000
rpm at 4 °C). After the supernatant was carefully removed, red
blood cells were diluted in Tris-buffered saline (10 mM, pH
7.4) to obtain a blood suspension of 4% (v/v) final
concentration. The polymers were dissolved in Tris-buffered
saline at specific concentrations ranging from 2.0 to 1024 ug/
mL, and 100 uL of polymer solutions at different
concentrations were added to the diluted blood suspension
(4% v/v, 100 uL) in a V-shaped clear-bottom 96-well plate (in
triplicates for each concentration). Blood suspension was also
mixed with Tris-buffered saline and 0.2% Triton X-100 (in
triplicate) to obtain negative and positive controls. The plate
was incubated at 37 °C for 1 h. The plate was then spun at
3000 rpm at room temperature, and 100 yL of the supernatant
was carefully transferred to a flat, clear-bottom 96-well plate.
The ultraviolet (UV) absorbances were measured at 540 nm
using a plate reader (Clariostar, BMG), and hemolysis
percentage was calculated from the following equation. The
experiment was repeated 3 times independently.

hemolysis (%) absorbancesmple — absorbancenegati\,e
emolysis (%) =
absorbanceposmve - absorbancenegative
X 100%
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