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ABSTRACT: We have synthesized a series of copolymers
containing both positively charged (amine, guanidine) and
hydrophobic side chains (amphiphilic antimicrobial peptide
mimics). To investigate the structure−activity relationships of
these polymers, low polydispersity polymethacrylates of
varying but uniform molecular weight and composition were
synthesized, using a reversible addition−fragmentation chain
transfer (RAFT) approach. In a facile second reaction, pendant
amine groups were converted to guanidines, allowing for direct
comparison of cation structure on activity and toxicity. The
guanidine copolymers were much more active against Staphylococcus epidermidis and Candida albicans compared to the amine
analogues. Activity against Staphylococcus epidermidis in the presence of fetal bovine serum was only maintained for guanidine
copolymers. Selectivity for bacterial over mammalian cells was assessed using hemolytic and hemagglutination toxicity assays.
Guanidine copolymers of low to moderate molecular weight and hydrophobicity had high antimicrobial activity with low toxicity.
Optimum properties appear to be a balance between charge density, hydrophobic character, and polymer chain length. In
conclusion, a suite of guanidine copolymers has been identified that represent a new class of antimicrobial polymers with high
potency and low toxicity.

! INTRODUCTION

The increasing prevalence of antibiotic resistance is imposing
pressure on chemists to develop novel antimicrobial agents
with a decreased susceptibility to resistance.1,2 Recent focus has
shifted to include host defense antimicrobial peptides (AMPs)
that form part of an organism’s innate defense system against
invading microbes. Many of these peptides have been shown to
exhibit broad spectrum antibacterial activity with low toxicity
toward human cells. While AMPs can be varied in amino acid
sequence, they are typically small in size (12−50 amino acids)
and have been shown to adopt a facially amphiphilic secondary
structure, displaying hydrophobic side chains along one side of
the molecule and cationic side chains along the other, typically
from the presence of lysine or arginine residues.3,4 It is this
structure that allows these peptides to interact with the
negatively charged phosphate heads groups of the bacterial
membrane, followed by subsequent insertion of hydrophobic
groups into lipid bilayers to bring about membrane disruption.
AMPs are also of particular interest as they display little
susceptibility to currently known mechanisms of bacterial
resistance,5,6 presumably, as they do not require active uptake

into the cell and do not interact with a discrete active site, as is
the case with the more classical antibiotics.
While AMPs show promise in the laboratory, their transition

from bench to bedside has been hampered for a number of
reasons.7−9 Peptides can be costly to produce in large quantities
and their pharmacokinetic properties and chemical instability
make the development of effective dosing methods difficult.
The challenge lies in trying to develop synthetic AMP
analogues that overcome such hurdles while retaining the
components necessary for well-tolerated antimicrobial efficacy.
Based on this lead, a number of AMP-mimicking synthetic

polymers have been developed by several research groups.10−15

Such polymers have benefits over peptides as they are typically
inexpensive to manufacture, easier to produce and manipulate
chemically, as well as being more amenable to integration into
drug delivery systems and medical devices.
Kuroda and colleagues have synthesized a range of low

molecular weight, amphiphilic polymethacrylates (Figure 1)
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that show good antimicrobial activity while displaying low
toxicity to human cells in solution.12,16−25 Comprising
monomers bearing either cationic or alkyl side chains, they
are able to mimic the amphiphilic structure of AMPs and,
hence, are thought to have a similar mechanism of action.
However, this has not been unambiguously demonstrated, nor
are structure−activity relationships (SARs) understood to the
degree necessary to enable rational optimization. While Kuroda
and co-workers have been able to show the importance of the
correct balance between the hydrophobic and cationic
characteristics of polymers through systematic alterations of
monomer ratios, linker lengths of pendant cationic groups and
choice of lipophillic group, there are some chemistry aspects
that have been little explored.
For instance, while it has been shown that the choice of

cationic side chain seems to have an effect on the potency of
the polymer, primary ammonium groups typically show high
activity when compared with secondary or quaternary
ammonium groups,19,21 no other cationic functional groups
have been examined beyond these simple primary amine and
N-methyl derivatives. For example, there have been no
investigations of the antimicrobial capability of polymethacry-
lates incorporating guanidine groups as the cationic side chain,
even though arginine, providing a guanidinium side chain, is a
common motif in AMPs. In fact, a high arginine content often
corresponds to strong cell-lytic behavior26−29 and arginine-rich
peptides have been found to function more effectively as
antimicrobials30 and to translocate across cell membranes more
easily31,32 than their lysine counterparts. Such observations may
be in part due to the fact that a guanidine group is capable of
multidentate binding with phosphate head groups, potentially
resulting in a stronger interaction than amine groups,
facilitating better membrane binding. Tew and colleagues

have also found evidence that the replacement of the amine
groups in their inactive Poly-111 derivative with guanidine
groups to give PGON (Figure 1), conferred potent
antimicrobial activity against both Gram-negative and Gram-
positive bacteria without gross membrane disruption.10 Such
studies warrant the examination of a series of amphiphilic
polymethacrylates incorporating pendant guanidine groups.
The aims of this study were to synthesize a series of

guanidine based amphiphilic polymethacrylates (Scheme 1)
and to investigate the SARs governing these polymers based on
results from antibacterial, antifungal and hemotoxicity assays.
While it has previously been suggested that there is a trend
toward higher molecular weight polymers exhibiting a higher
propensity for hemolysis,16 it is difficult to draw reliable
conclusions as the polymers of interest were synthesized using
free radical methods, known to result in broad distributions of
molecular weight.33 In order to obtain a clearer picture in
relation to the effects of molecular weight, reversible addition−
fragmentation chain transfer (RAFT) polymerization was
chosen to ensure the synthesis of well-defined polymers with
narrow polydispersities.34,35 The use of RAFT agents for
controlling polymerization also allows the integration of
reactive end groups, introducing the potential for subsequent
chemical linkage of polymers to other entities or for surface
immobilization. Such capabilities would also facilitate the
integration of active polymers into appropriate dosing and
delivery technologies.
An important aspect of the SARs governing these novel

guanidine polymers is how they perform in comparison to their
amine equivalents, while keeping constant other properties
known to affect activity (e.g., monomer ratios). This task can be
difficult when considering random copolymers, as even under
identical conditions it is almost impossible to synthesize

Figure 1. Amphiphilic polymethacrylates previously examined by Kuroda et al.17,19 and Tew’s inactive polynorbornene derivative, Poly-1, and its
equivalent polyguanidinium oxanorborene derivative, PGON, found to be a potent antimicrobial.10

Scheme 1. Synthesis of Random Copolymers Containing Either Amine (PA1−8) or Guanidine (PG1−8) Side Chains
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polymers with identical characteristics. To overcome this, we
utilized a postpolymerization method (Scheme 1) for
converting the random methyl methacrylate (MMA) and 2-
aminoethyl methacrylate (AEMA) copolymers (PA1−8) into
the equivalent 2-guanidinoethyl methacrylate (GEMA) poly-
mers (PG1−8). This ensured that similar cationic to hydro-
phobic monomer ratios and polymer chain lengths would be
retained between amine and guanidine functionalized pairs,
allowing for unambiguous elucidation of the role that the
pendant guanidine groups have on the activity of polymers.
In addition, we wanted to establish the antimicrobial and

hemolytic potential of the series of poly(MMA-GEMA)
random copolymers. They were tested in a variety of assays
encompassing antibacterial and antifungal effects, and assess-
ments of hemotoxicty using human red blood cells. Such results
were compared with those obtained for matched poly(MMA-
AEMA) polymers, previously shown to be potent antimicro-
bials with low hemotoxicity. The effect of alterations to
monomer ratios and polymer length was also investigated to
ascertain whether previously described SARs for the amine
functionalized polymers hold true for this new class. Such
findings serve to deepen our understanding of antimicrobial
peptide mimicking polymers and may lead to the development
of antibacterial agents with increased potency and reduced
human cell toxicity.

! MATERIALS AND METHODS
Materials. 2-Aminoethylmethacrylate hydrochloride (2-AEMA)

was purchased from Polysciences (Warrinton, PA). The RAFT
agent, 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic
acid, was synthesized according to literature methods.36 Methyl
methacrylate (MMA), N,N!-azobisisobutyronitrile (AIBN), dimethyl
sulfoxide (DMSO), ethanol (EtOH), 1H-pyrazole-1-carboxamidine
hydrochloride, N,N-diisopropylethylamine (DIEA), and all other
reagents were purchased from Sigma-Aldrich (St. Louis, MO) and
used as received. Oxoid Nutrient Agar (CM0003) and cold filterable
Oxoid Tryptic Soy Broth (TSB; CM1065) were purchased from
Thermo fisher. Phosphate buffered saline (PBS; SLBB6584) tablets
were purchased from Sigma Aldrich. All chemicals were used as
received and Milli-Q filtered water was used to prepare solutions, with
the aforementioned chemicals, according to their recommended
concentration. Those solutions were autoclaved prior to their usage
in order to ensure sterility. Fetal Bovine Serum was purchased from
AusGeneX and used without any further purification. The four bacteria
strains used were Staphylococcus epidermidis ATCC 35984, Escherichia
coli ATCC 25922, MRSA Staphylococcus aureus ATCC 43300, and
MSSA Staphylococcus aureus ATCC 29217, and the fungal strain was C.
albicans DAY185. The used 96-well plates were NUNC, purchased
from Thermo fisher. Blood was freshly sourced on the day that the test
conducted.
Polymer Synthesis. Synthesis of Amine-Functionalized Poly-

mers PA1−8. Reversible addition−fragmentation chain transfer
(RAFT) polymerization of 2-AEMA and MMA was performed in
DMSO at 70 °C for 18 h using AIBN as the radical initiator and 4-
cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid as the
RAFT chain transfer agent. A representative procedure is given below.
2-AEMA (828 mg, 5 mmol), MMA (500 mg, 5 mmol), AIBN (12

mg 0.05 mmol), and chain transfer agent (101 mg, 0.25 mmol) were
dissolved in DMSO (5 mL) in a 50 mL Schlenk flask. The reaction
was degassed using three freeze−evacuate−thaw cycles under high
vacuum (10−3 Torr) before being placed in a 70 °C oil bath for 18 h.
The resultant polymer was purified by precipitation from acetone and
collected by centrifugation. The polymer pellet was dissolved in
minimal methanol and precipitated a further 2 times, recovered by
centrifugation each time and the sample stored under vacuum to
remove residual solvent.

Synthesis of Guanidine Functionalized Polymers PG1−8. A
postpolymerization guanylation method was used to convert amine
polymers PA1−8 to give guanidine functionalized polymers PG1−8.

To a 3% w/v solution of amine polymer (PA1−8) in anhydrous
ethanol, was added 1.5 equiv of 1H-pyrazole-1-carboxamidine
hydrochloride and 3 equiv of N,N-diisopropylethylamine relative to
the number of amine units per polymer chain as estimated by 1H
NMR analysis. The resultant mixture was heated under nitrogen at 55
°C overnight. Solvent was removed in vacuo and the polymer purified
by precipitation from methanol−acetone three times to obtain yellow
powders. Conversion was confirmed using 1H NMR, FT-IR, and
MALDI-ToF analysis (for further details, see Supporting Information)

Polymer Characterization. 1H NMR spectra were recorded at
400 MHz using a Bruker Avance 400 MHz NMR spectrometer
(Billerica, MA). Chemical shifts (δH) are reported in parts per million
(ppm). NMR solvent (CD3OD) was purchased from Cambridge
Isotope Laboratories and used as received. Gel permeation
chromatography (GPC) was performed on a Shimadzu system
comprising a CMB-20A controller system, a SIL-20A HT autosampler,
a LC-20AT tandem pump system, a DGU-20A degasser unit, a CTO-
20AC column oven, a RDI-10A refractive index detector, and four
Waters Styragel columns (HT2, HT3, HT4, and HT5). Each column
was 300 ! 7.8 mm2, providing an effective molar mass range of 100 to
4 ! 106. N,N-Dimethylacetamide (DMAc; with 2.1 g L−1 of lithium
chloride (LiCl)) was used as an eluent with a flow rate of 1 mL min−1

at 80 °C. Calibration curves were obtained using low dispersity
poly(methyl methacrylate) standards purchased from Polymer
Laboratories. Dispersity (!) values were calculated using the
Shimadzu software package. Infrared (IR) spectra were generated
using a ThermoScientific Nicolet 6700 FT-IR spectrophotometer
using a DTGS detector. Spectra were run on a Bruker autoflex III
MALDI TOF/TOF mass spectrometer using a positive ion mode. The
matrix was super-DHB (9:1 mixture of 2,5-dihydroxybenzoic acid
(DHB) and 2-hydroxy-5-methoxybenzoic acid) at a concentration of
10 mg/mL in methanol. A total of 10 μL of this solution was coapplied
with the 1 μL of the analyte (1 mg/mL in methanol) on the target
plate for analysis. Mn (number average molecular weight), %
conversion (% monomer conversion during polymerization), MPmethyl
(mole percentage of methyl side chains), and DP (degree of
polymerization) values were determined by 1H NMR peak integration
analysis (for further details, refer to Supporting Information).

Antibacterial Testing. The minimum inhibitory concentration
(MIC), defined as the lowest polymer concentration tested to
completely inhibit bacterial growth, was determined by using a
standard microbroth dilution assay in accordance with the Clinical and
Laboratory Standards Institute (CLSI) guidelines.37 Sterile PBS was
used to prepare stock solutions of each polymer in duplicates with a
concentration of 10 mg/mL.

Small amounts from a deep frozen aliquot (−20 °C) of bacteria
were plated out on an agar plate and incubated overnight at 37 °C.
The next day, a single colony was picked and transferred into 10 mL of
TSB and incubated at 37 °C for 18 h. A total of 1 mL of the bacterial
solution was transferred into 9 mL of fresh TSB and incubated at 37
°C for 2 h to reach exponential bacterial growth. The optical density
was measured at 600 nm and the bacterial solution was diluted with
fresh TSB so that optical density corresponded to OD600 = 0.1 for E.
coli and OD600 = 0.2 for S. aureus and S. epidermidis. These OD values
translated into a bacterial concentration of approximately 108 CFU/
mL for each strain. The solutions were then further diluted by a factor
of 100 to reach a final concentration of 106 CFU/mL to be used for
the MIC testing.

MIC Value Determination for Values 1500−3 μg/mL. Two stock
solutions with a concentration of 10 mg/mL in PBS were prepared for
each polymer. For each 96-well plate, two stocks solutions were used,
utilizing the first one for the top four rows and the second one for the
bottom four rows. The polymer solutions were serially diluted across
the 96 well plate from a starting concentration of 1500 μg/mL down
to a concentration of 3 μg/mL by a dilution factor of 0.5. The well
plate was then incubated for 24 h at 37 °C after which it was read by a
plate reader (BioTekl EL!800). The MIC value was determined as the
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concentration, with no significant change of turbidity compared to the
blank.
This test was conducted for each polymer, three times in the case of

S. aureus and E. coli, on three separate days. In the case of S.
epidermidis, after the first test, the polymers that showed a MIC value
lower than 24 μg/mL (PG1, PG2, PG3, PG4, PG5, and PG6) were
retested a further three times with a more sensitive dilution series
described below. The polymers that showed MIC values higher than
24 μg/mL were tested two further times with the above-mentioned
dilution method on two separate occasions. The median was chosen
and all concentrations were rounded to the next integer.
MIC Value Determination for Values 30−4 μg/mL. Each stock

solution was diluted down to 0.2 mg/mL in PBS buffer. Two of the 0.2
mg/mL stocks solutions were used per 96-well plate, utilizing the first
one for the top four rows and the second one for the bottom four
rows. The polymer solutions were serially diluted across the 96-well
plate starting from a concentration of 30 μg/mL down to a
concentration of 4 μg/mL by a dilution factor of 0.8. The well plate
was then incubated for 24 h at 37 °C after which it was read by a plate
reader (BioTekl EL!800). The MIC value was determined as the
concentration with no significant change of turbidity compared to the
blank. This dilution series was conducted on three separate occasions
and the median was chosen. All concentrations were rounded to the
next integer.
MIC Value Determination Using 10% FBS/90% TBS Broth. The

afore described protocol for the MIC value determination for values
1500 to 3 μg/mL with the addition of thawed FBS to the bacteria
solution, so the final FBS concentration was 10 vol %.
Antifungal Testing. The wild-type C. albicans strain DAY185 was

used for antifungal susceptibility testing (ura3Δ::λimm434/ura3-
Δ::λimm434, ARG4:URA3:arg4::hisG/arg4::hisG his1::hisG::pHIS1/
his1::hisG). MICs were determined using the broth microdilution
method according to CLSI guidelines M27-A3. A total of 100 μL of 2-
fold serial dilutions of the compounds prepared in RPMI-1640 were
added into wells of 96-well plates. Exponentially grown cultures were
diluted in RPMI-1640 to a density of ∼1−5 ! 103 CFU/mL and 100
μL of culture were added to each well. Plates were incubated for 48 h
at 37 °C. Fungal growth was examined visually with the aid of a mirror
reader.
Hemolysis and Hemagglutination Determination. Human blood

collected in ethylenediaminetetraacetic acid (EDTA) tubes (5 mL)
was diluted in phosphate buffered saline (PBS; 20 mL) and rinsed four
times by centrifugation (10 min at 2000 rpm, 15 °C). Rinsed red

blood cells were diluted to provide a 2% final concentration of RBCs
(v/v).

Each polymer (10000 μg/mL) was diluted in PBS to 1500 μg/mL.
The 2-fold serial dilutions were prepared in a 96-well round-bottom
microplate (BD Bioscience) to the lowest dilution of 2.93 μg/mL. Red
blood cells (2% v/v; 50 μL) were added to a 50 μL volume of polymer
solution per well. The assay plate was tapped gently to ensure
adequate mixing of polymer and red cells, followed by incubation of
the covered plate for 2 h at 37 °C. PBS was used as the negative
control for both hemolysis and hemagglutination. Concanavalin A (50
μg/mL) and Triton-X-100 (0.2% v/v in water) were used as positive
controls for hemagglutination and hemolysis, respectively.

Following incubation, the macroscopic appearance of well contents
was recorded in relation to that of controls. A tight cell button was
interpreted as negative for both hemolysis and hemagglutination.
Hemolysis was indicated from the presence of a transparent red
solution, devoid of sedimented red cells. Hemagglutination was
indicated from the presence of a wide layer of agglutinated cells
(Concanavalin A control) and suggested for test polymers by
noticeable turbidity.

Microplates were centrifuged (5 min, 4000 rpm, 15 °C) to sediment
intact and fragmented red blood cells. Macroscopic results were again
recorded in relation to controls. To assess hemolysis, the supernatant
for each polymer dilution and control (60 μL) was transferred to a
clean 96-well round-bottom microplate with the absorbance of
released hemoglobin measured at 570 nm using a microplate reader
(BIO-TEK Instruments). Percent hemolysis was calculated relative to
the positive hemolysis control (Triton-X-100) as follows with results
represented graphically (GraphPad Prism Version 5):

= !
!

"

%hemolysis
Abs of sample Abs of PBS negative control

Abs of positive control Abs of PBS negative control

100

Hemagglutination and hemolysis titers were subsequently deter-
mined from resuspension of well contents in the original microplate
with PBS (60 μL per well). Hemagglutination was scored as strong ++
++, moderate +++, mild ++, weak +, or none 0, and hemolysis as 0(L).
The presence of visible clumps despite resuspension was representa-
tive of hemagglutination, with an absence of hemagglutination
indicated from rapid dispersal of red cells. Hemolysis was clearly
differentiated based upon the absence of turbidity and presence of a
transparent red solution. Observations were used to record
hemagglutination/hemolysis titers (i.e., the highest dilution to produce

Table 1. Polymer Characterization and Activity Results

polymer % conva MPmethyl
a (%) DPa Mn

a !b MICc S. epidermidis MICc S. aureus MICc E. coli MICc C. albicans

PA1 96.0 35 21 3370 1.07 625 >1500 >1500 >128
PA2 99.9 41 24 3770 1.04 750 >1500 >1500 >128
PA3 98.7 47 37 5460 1.02 750 >1500 >1500 128
PA4 99.6 30 20 3360 1.04 500 >1500 >1500 128
PA5 99.8 63 30 3970 1.07 >1500 >1500 >1500 >128
PA6 99.9 0 22 4000 1.15 187 >1500 >1500 128
PA7 98.9 49 75 10380 1.13 500 >1500 >1500 >128
PA8 74.0 51 174 23420 1.12 750 >1500 >1500 >128
PG1 n/a 39 18 3360 1.15 10 94 >1500 32
PG2 n/a 44 29 4510 1.24 12 375 >1500 16
PG3 n/a 50 29 4300 1.12 20 750 >1500 16
PG4 n/a 32 20 3370 1.18 10 94 >1500 8
PG5 n/a 64 23 3240 1.19 24 >1500 >1500 >128
PG6 n/a 0 17 3320 1.16 12 375 >1500 2
PG7 n/a 49 80 11270 1.25 100 >1500 >1500 >128
PG8 n/a 51 142 19610 n/ad 187 >1500 >1500 >128

aMn (number average molecular weight), % conv (% monomer conversion during polymerization), MPmethyl (mole percentage of methyl side
chains), and DP (degree of polymerization) values were determined by 1H NMR peak integration analysis, as described in the Supporting
Information. bDispersity (!) was determined by GPC analysis in DMAC against PMMA standards. cMIC (μg/mL). d! could not be determined as
the polymer was insoluble in DMAC.
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macroscopic hemagglutination/hemolysis) for each polymer. All
results were generated in triplicate.

! RESULTS AND DISCUSSION
Polymer Design and Synthesis. A series of random

copolymers of 2-AEMA and MMA (PA1−8) were prepared
using the RAFT chain transfer agent 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid,36 and
commercially available monomers, with high conversion rates
(74.0−99.9%) and low dispersity (!) values (1.02−1.15), as
shown in Table 1. These low dispersity measures indicate that
the RAFT conditions utilized have allowed sufficient control
resulting in polymers with narrow molecular weight ranges.
This result provides an opportunity to more accurately examine
the relationship between molecular weight of polymers and
activity in this study.
To allow an investigation of structure−activity relationships,

a variation in the ratio of monomers, represented as molar
percentage of methyl side chains (MPmethyl), as well as polymer
molecular weights, represented as degree of polymerization
(DP), was utilized across the series. These values varied from
0% (PA6, the 2-AEMA homopolymer) to 51% methyl groups
(PA8) and from 20 monomer units (PA4) to 245 for polymer
PA8. A proportion of each of these samples was then converted
directly into the corresponding guanidine polymers (PG1−8)
via a base-catalyzed reaction using 1H-pyrazole-1-carboxami-
dine hydrochloride38 (Scheme 1) in quantitative yield
according to NMR results.
While a slight increase in ! was noted for the resultant

guanidine copolymers, MPmethyl, DP, and Mn measures agreed
fairly well with values for the corresponding PA series. It must
be stressed here that all the characterization data presented in
Table 1 are based on actual measured results from NMR and
GPC analysis for both PAs and PGs. Any discrepancies are
within those expected for estimating molecular weight and
composition via 1H NMR analysis involving calculations based
on integrations of monomer pendant groups to the RAFT end
groups (see Supporting Information for further details).
It had been noted previously in the literature that 2-AEMA,

while stable as a hydrochloride, rapidly isomerizes to 2-
hydroxyethyl methacrylamide (2-HEMAAm) under basic
conditions.19,39 Previous studies have shown similar amidation
rearrangements to occur in poly(2-AEMA), but that this occurs
much less readily than in the monomer, often requiring long
reaction times and/or highly basic conditions.39 With these
kinetics in mind, we hypothesized that the basic conditions
utilized in Scheme 1, would favor guanylation to give polymers
PG1−8, over that of the amidation rearrangement.
FT-IR investigations in this study echoed previous results,

showing that the monomer 2-AEMA hydrochloride, readily
isomerized to 2-HEMAAm when treated with N,N-diisopropy-
lethylamine (DIEA) for 1 h, with the complete loss of peaks
corresponding to an ester CO stretch (1713 cm−1) and C−
O stretch (1155 cm−1; see Figure SI4 in the Supporting
Information).
This was in contrast to results obtained for the 2-AEMA

homopolymer, PA6. Following treatment of PA6 with the
guanylating agent, 1H-pyrazole-1-carboxamidine hydrochloride,
and 3 equivalents of DIEA, there was no evidence for the loss of
these ester groups, with the FT-IR spectrum showing a strong
CO stretch at 1718 cm−1 and C−O stretch at 1146 cm−1.
This was also accompanied by a CN stretch at 1639 cm−1,
corresponding to the new guanidine group. The conversion of

amine to guanidine was accompanied by a 1H NMR downfield
shift of the methylene group adjacent to the ester in the
guanidine units from 3.32 ppm to 3.60 ppm. The successful
conversion was further supported by MALDI-ToF investiga-
tions, showing a difference of 171 mass units between major
peaks, in agreement with the molecular weight of 2-GEMA,
171.20 g mol−1 (see Figures SI2 and SI3 in the Supporting
Information for relevant spectra).
This gave evidence that we had successfully derived a series

of eight novel guanylated polmethacrylates (PG1−8) of varying
composition and molecular weight. These, along with the
matched series of amine copolymers (PA1−8), allowed for the
systematic elucidation of relevant structure−activity relation-
ships.

Antimicrobial Activity. The polymers were tested for their
activity in solution against three bacteria that play key roles in
human health, for example, in infections associated with
implants40 and catheters: Staphylococcus epidermidis (S.
epidermidis), Staphylococcus aureus (S. aureus), and Escherichia
coli (E. coli), and a fungal organism that also is a key contributor
to opportunistic human infections: Candida albicans (C.
albicans). S. epidermidis ATCC 35984 is a strain that vigorously
forms biofilms. For S. aureus, two strains were used, of which
ATCC 43300 is methicillin-resistant (MRSA) and ATCC
29217 is methicillin-sensitive (MSSA), in order to assess the
ability of these polymers to combat MRSA strains due to the
role such strains play in nosocomial infections, and also to test
whether the methicillin resistance gene might have any
influence on the activity of the polymers used in this study,
which turned out not to be the case. For E. coli, strain ATCC
25922 was used. Comparing this bacterium with the Gram-
positive Staphylococci was intended to elucidate whether the
polymers might also affect Gram-negative bacteria, which are
often harder to combat. Minimum inhibitory concentration
(MIC) values were determined using a standard microbroth
dilution assay in accordance with the Clinical and Laboratory
Standards Institute guidelines, as detailed in Materials and
Methods.
Also summarized in Table 1 are the MIC values, in μg/mL,

determined for all 16 polymers tested against these microbial
organisms. For S. aureus, only the data for the MRSA strain are
listed; those for the MSSA strain were identical within the 2!
experimental uncertainty (see Supporting Information). From
the data in Table 1, several interesting conclusions emerge.
First, none of these polymers were active against E. coli; this can
be attributed to the greater difficulty of disrupting the more
complex cell membranes of Gram-negative bacteria.41 Second,
S. epidermidis was found to be more susceptible to these
polymers than S. aureus. Comparing amine and guanidine
polymers, it is striking how much more potent the guanidine
polymers are. For several of the guanidine polymers, the MIC
values were in the range of 2−20 μg/mL, both against S.
epidermidis and C. albicans. In contrast, all the amine polymers
displayed MIC values that were too high for practical purposes,
against all organisms tested (note that for C. albicans tests were
done only up to 128 μg/mL, whereas the bacteria tests were
carried out up to much higher concentrations in order to see if
there was a threshold, even if well above any useful potency).
While the differences in activity against different organisms
require further study and will be discussed in a future
publication, in the following we will focus on the interesting
observation of the enhanced activity that results from
guanylation. The observed differences in the activities among
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the guanylated polymers also raise the need to understand these
differences in terms of structure−activity relationships.
Thus, we now attempt to analyze the observed differences in

MIC values in terms of structural features of the polymers. One
such factor is the molecular weight of the polymers. Does the
chain length play a determinant role? Depicted in Figure 2 is

the dependence of the MIC values observed with S. aureus and
S. epidermidis on the molecular weight of the polymers (note
that generally the results with C. albicans parallel those with S.
epidermidis, and hence, we expect analogous structure−activity
relationships against this organism). In order not to obfuscate
possible effects from compositional differences, only MIC
values for polymers with a similar methyl content were plotted
against the degree of polymerization.
For S. aureus the amine polymers were completely inactive as

no inhibition was observed up to concentrations as high as
1500 μg/mL. With S. epidermidis, the amine polymers also
performed rather poorly, with clinically impractical MIC values,
which were independent of the polymer molecular weight. This
is in accordance with the results obtained by Gellman et al.13

who found that for amine-containing “Nylon-3” polymers,
increasing the molecular weight had moderate or little effect on
MIC values. In contrast, for the guanidine counterparts studied
here, a strong dependence of the MIC values on the polymer
molecular weight was observed. This effect was observed for
both the Gram positive bacteria S. epidermidis and S. aureus (but
no activity ensued against the Gram-negative E. coli), but was
significantly more pronounced with S. aureus. For example, an
8-fold increase in the polymer molecular weight (comparing
PA1 and PA8) led to almost no change in the observed MIC
value for amine polymers, whereas the same 8-fold change for
the analogous guanidine copolymers (PG1 and PG8) led to an
almost 20-fold increase in the observed MIC value. These
observations suggest that the mechanisms of action may be
different for amine and guanidine copolymers.
Another molecular structural factor that may be relevant to

activity is the ratio of methyl to amine or guanidine pendant
side chains, which affects both the functional group density and
the hydrophobicity of the resultant polymers. In Figure 3 is
presented data that illustrates the dependence of MIC values,
again with S. epidermidis and S. aureus, on the percentage of
methyl monomer incorporated into the copolymer, while the
molecular weight was kept constant. Of particular interest are

PG2 and PG4 with 44 and 32% methyl monomer content,
respectively, as they showed the best activity among these
polymers, at 10 μg/mL against S. epidermidis. While these
methyl contents were most active, the activity decreased both
for lower and higher methyl content, though with S. epidermidis,
the differences were not large. This methyl dependence was
similar to that found by Ilker et al. for amphiphilic
polynorbonene polymers, although in their case with E. coli.11

For the amine polymers studied here, in contrast, the
relationship was distinctly different in that the activity
decreased continuously as the methyl content increased. This
marked difference in the trends again suggests that the
mechanisms of action may be different for amine and guanidine
polymers. The fact that the fully aminated polymer was most
active is reminiscent of other cationic polymers, where the
density of positive charges is the key factor, whereas for the
guanylated polymers it appears that the density of charged
groups was not the most important determinant of activity.
While most studies have tested antibacterial effectiveness

against bacteria cultured in tryptic soy broth (TSB), for
potential human medical applications, one must consider the
possibility that human proteins present in blood and tissue, and
not present in TBS, might interact with and reduce the activity
of an antibacterial compound. Many serum proteins have an
overall negative charge and thus might complex with cationic
polymers. An illustrative example of such interference is the
recent observation that a serrulatane-class antibiotic was active
in TSB but addition of the protein human serum albumin
blocked its activity.42 Such effects might account for lack of
translation from in vitro to in vivo models. Accordingly,
additional MIC testing was conducted with S. epidermidis using
TSB growth medium to which had been added 10% (v/v) fetal
bovine serum (FBS), to provide a more realistic pool of the
types of molecules found in the in vivo environment.
Use of TSB+FBS led to significantly higher MIC values for

the amine polymers compared with TSB alone, and essentially
the MIC values were above the threshold of the experiment
(1500 μg/mL; Figure 4). For the guanidine polymers, however,
the MIC values were very similar in both cases. At higher
methyl content there seemed to be a slight reduction in activity,
as assessed by the standard deviation from three replicate
measurements, but one needs to bear in mind that the MIC test
procedure is generally thought not to be reliable to a 2!
difference, which corresponds to one step in the dilution series.

Figure 2. Antimicrobial activities (MIC) of guanidine and amine
polymers as a function of polymer chain length (DP) with S.
epidermidis and MRSA S. aureus. Note that the amine polymers were
found to be inactive against S. aureus up to the threshold of the test
(1500 μg/mL).

Figure 3. Antimicrobial activities (MIC) of guanidine and amine
polymers as a function of molar percent methyl groups (MPmethyl) with
S. epidermidis and MRSA S. aureus. Note that the amine polymers were
found to be inactive against S. aureus up to the threshold of the test
(1500 μg/mL).
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Thus, the differences seen here for the guanidine polymers are
not statistically significant, in contrast to the clear effect of FBS
on the amine polymers. These results confirm that it is
important to examine the activity of antimicrobial polymers
under realistic conditions that approach in vivo environments,
particularly if future human biomedical applications are being
considered. The absence of blocking by serum proteins of the
activity of the guanidine polymers is a promising finding, and
again indicates the markedly different biointeractions of amine
and guanidine polymers.
Hemolytic and Hemagglutination Activity. For poten-

tial human healthcare applications, one needs to clarify whether
a candidate antimicrobial compound might analogously
detrimentally affect human cells. A number of compounds,
for example, quaternary amine compounds, are known to be
equally as cytotoxic as they are antimicrobial.43 Accordingly, we
also tested the ability of the polymers to lyse red blood cells
(hemolysis) as an initial test of their specificity toward bacterial
cells over mammalian cells; hemolysis is a standard assay to
evaluate the toxicity of such polymers and is particularly
relevant for potential intravenous application. Moreover, we
also assessed the propensity of the polymers to cause
aggregation of red blood cells (hemagglutination).
The results obtained in the hemolysis assays are displayed in

Figure 5 for amine and guanidine polymers, showing the
measured extent of hemolysis versus solution concentration.
These data provide, for some polymers, interesting differences
in relation to the measured MIC values with bacteria and C.
albicans, which will be discussed in the next section, and also
interesting differences between the polymers themselves.
Strikingly, there were marked differences in the hemolytic
activity of the amine polymers; most of them showed hemolytic
activity at concentrations lower than their MIC values; this was
particularly pronounced for PA7 and PA8 (>90% hemolysis).
For the guanidine polymers likewise there were large
differences in their hemolytic activities, however, as their
MIC values were significantly lower than the amine polymer,
the hemolytic activity at their MIC values was significantly
lower.
Hemolytic activity is often quantified as the concentration

that causes 50% lysis (HC50) of human erythrocytes; however,
for the polymers studied here this was not feasible as the results
obtained over the whole range of concentrations investigated

did not reach 50% lysis for several of the polymers tested and
fitting to a sigmoidal dose response curve was problematic.
Therefore, we chose to assess the polymers using the extent
(%) of hemolysis at the concentration that corresponded to
their MIC value with S. epidermidis.
The hemolysis, thus assessed, was plotted against molecular

structural factors in order to elucidate the most important
factors for achieving minimal hemolysis at antimicrobially
useful concentrations. Such analyses may provide clues for
future structural optimization. Analysis of the data presented in
Figure 6 showed that for both the guanidine and amine
copolymers an increase in polymer molecular weight led to
higher hemolytic activity. The shortest guanidine polymer

Figure 4. Antimicrobial activities (MIC) of guanidine and amine
polymers in TSB and TSB plus 10% fetal bovine serum (+FBS) against
S. epidermidis. Note that the amine polymers were found to be inactive
following addition of FBS, up to the threshold of the test (1500 μg/
mL).

Figure 5. Hemolysis vs solution concentration for (A) the amine
polymers PA1−8 and (B) the guanidine polymers PG1−8.

Figure 6. Hemotoxicity (% hemolysis at the MIC measured with S.
epidermidis) for guanidine and amine polymers as a function of
polymer chain length (DP).
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chains, PG1, had negligible hemolytic activity at the MIC value,
whereas the longest polymer chains, PA8 and PG8, showed
strong hemolytic activity at their respective MIC values. Yet,
invariably the guanidine copolymers exhibited lower hemolytic
activity at their MIC values and outperformed the amine
analogues. Our findings accord well with what has been
reported by others, that hemolysis activity increases with
increasing molecular weight.44

Presented in Figure 7 are data obtained for the hemolytic
activity of the copolymers as a function of the methyl content

(and thus charge density and hydrophobicity) of the chains,
again at the concentrations corresponding to the MIC with S.
epidermidis. As was observed for the MIC values (Figure 3), the
two classes of polymers showed distinctly different relation-
ships, that is, an increase in the molar percentage of methyl
ester side chains led to an increase in the hemolytic activity of
the amine copolymers. In contrast, the guanidine copolymers
were found to exhibit low % hemolysis over much of the
composition range until at higher methyl ester content, an
increase in hemolysis was evident.
Taken together, the data presented in Figures 6 and 7

indicate that for minimal hemolysis, optimal polymers should
possess guanidine rather than amine side groups, be of low
molecular weight, and possess not more than 40−50% methyl
side groups (with the cutoff to be determined more accurately
in future work).
We observed, however, that some of the polymers caused a

degree of hemagglutination, which might be of concern in some
potential applications. Hemagglutination appeared not to
correlate with degree of hemolysis. In particular, the amine
and guanidine homopolymers PA6 and PG6 exhibited very low
hemolysis at their MIC values but were strongly agglutinating
(Figure 8 and Supporting Information). As the methyl
monomer content was increased to around 30% (PA4 and
PG4), the hemolytic activity increased to 20% for PA4,
whereas, for PG4 the hemolytic activity was lower than that of
the homopolymer PG6. Interestingly, PA4 showed strong
hemagglutination, whereas, PG4 exhibited only mild agglutina-
tion at the MIC (Figure 8 and Supporting Information). As the
methyl monomer content increased further to around 60%, the
hemolytic activity increased both for the guanidine and the
amine copolymers (PA5 and PG5). It has been shown by
Kuroda et al.45 and Gellman et al.14 that the hydrophobic
composition and length of their polymers had a profound

influence on the hemolytic activity, and our copolymers
conform to the same trends. As to hemagglutination and any
parallels with hemolysis, too few data are available to draw even
tentative interpretations. Certain antibacterial copolymers,
especially those with a higher content of cationic groups,
have been shown to agglutinate red blood cells while not having
hemolytic activity.45 This and our data suggest that
hemagglutination should also be measured when making
assessments of toxicity as it may not parallel hemolysis.

Selectivity: Antimicrobial Activity versus Hemolysis.
Ideally, an antimicrobial compound intended for human
medical applications should combine high antimicrobial
potency (low MIC) with minimal adverse effects on blood.
Having discussed antimicrobial effects and effects on blood
separately above, we now proceed to tie these two aspects
together in order to identify the best compromise and, hence,
the most promising copolymers. This would thereby derive
hints for further optimization of the required multifactorial
structure−activity relationships.
Presented in Figure 8 are the key data, MIC, hemolysis, and

hemagglutination, as observed for the series of amine and
guanidine polymers. Polymers which resulted in moderate to
high hemagglutination at their MIC value are represented by
purple symbols (see Supporting Information for details), while
guanidine and amine polymers with low hemagglutination are
colored blue and red, respectively. The figure is divided into
four quadrants for easier distinction of groups with common
hemolytic and antibacterial activity patterns. The highly
charged polymers PA4, PA6, and PG6 exhibited strong
hemagglutination and low hemolysis activity at their MIC,
but this is an artifact of the hemolysis test as agglutination
occurred before hemolysis and thus prevented accurate
determination of the latter. It would seem reasonable to infer
that hemagglutination may tend to occur with higher molecular
weight polymers as they can more readily interact with multiple
red blood cells.
When comparing the guanidine and amine polymer counter-

parts side by side it becomes evident that the former
outperform the latter in combined MIC and hemolysis in
every single case. Except for the longer polymers PG7 and PG8,
all the guanidine polymers are in the quadrant with low MIC
and low hemolysis activity, which is the desired target. In stark
contrast, all the amine polymers fall into the quadrants with
undesirable properties. PG6 exhibits strong hemagglutination,

Figure 7. Hemotoxicity (% hemolysis at the MIC measured with S.
epidermidis) of guanidine and amine copolymers as a function of molar
percent methyl groups (MPmethyl) at constant molecular weight.

Figure 8. Antimicrobial activities (MIC) against S. epidermidis bacteria
for all guanidine (PG1−8) and amine (PA1−8) polymers as a function
of hemotoxicity (% hemolysis at S. epidermidis MIC). Polymers that
gave moderate to high hemagglutination at their MIC value are
displayed in purple (PA4, PA6, and PG6; see Supporting Information
for further details).
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but the short to medium length polymers PG1, PG2, and PG4
with 32−44% methyl monomer content combine the desirable
characteristics of high antimicrobial activity, low hemolysis, and
low or negligible hemagglutination at their MIC. Kuroda et al.
have found a similar effect for their antimicrobial polymers,
showing that, in order to achieve an optimum balance between
MIC and hemolysis as well as hemagglutination, there was an
optimal set of polymer properties in relation to the polymer
length, hydrophobicity, and tacticity.45

In summary, Figure 8 graphically illustrates that when
considering the three important factors of antimicrobial activity
(based on the MIC value), the degree of hemolysis, and the
presence of any hemagglutination, the guanidine polymers
outperformed their amine analogues in every case. Further-
more, the best overall performance was achieved with guanidine
copolymers of low to medium molecular weight and low to
medium methyl monomer content. Supporting Information,
Figure SI6, displays an enlarged image of the lower left-hand
quadrant of Figure 8 in order to show the differences and error
bars more clearly.
Structure−Activity Relationships and Antimicrobial

Mechanisms. In this study our aim was to perform an initial
exploration of the effects of molecular structural factors on
biological activities. The ensuing SARs could then be used to
design next-generation copolymers with fully optimized activity
and selectivity. While the present data are not extensive enough
to construct detailed SARs, some initial interpretations are
warranted. Some of our observations parallel those made with
other classes of polymers. Gellman et al.14 have shown for
cationic amine polymers that increasing the polymer molecular
weight had low to moderate influence on the MIC value,
depending on the bacteria used. We observed a similar response
for S. epidermidis with the amine polymers used in this study
(Figure 2). In contrast, our findings indicate that the guanidine
polymers behave distinctly differently and could potentially
work via a different antimicrobial mechanism than their amine
counterparts.
To interpret interactions in molecular terms, a key factor is

the number of molecules per bacterial cell. However, MIC
values are routinely reported in μg/mL, which can be translated
into a “kill-efficiency” for a defined number of monomer units
rather than per molecule. Thus, the MIC data obtained have
been replotted as molar concentrations (M; Figure 9), which
represents a “kill-efficiency” per molecule. Plotting the data in
this way now reveals an effect that was hidden in Figure 2, in

that there emerges a molecular weight (MW) dependence for
the amine copolymers. The decreasing molar MIC values with
increasing MW observed for the amine polymers supports the
theory of membrane destabilization, which has been computer
modeled in a similar case by Kuroda et al.46 This observation
can be explained by the idea that longer chain length molecules
can adsorb to and destabilize a larger area of the phospholipid
bilayer of the bacterial cell wall than their shorter chain length
counterparts. The kill efficiency per molecule of the guanidine
polymers, on the other hand, decreased with increasing
polymer molecular weight. This strongly suggests that a
diffusion limited process was involved in the case of the
guanidine copolymers. Why this is not the case for the amine
copolymers of similar molecular weight is not known. A
possible explanation is that guanidine copolymers can diffuse
into the membrane bilayer (see below), while the amine
copolymers only adsorb onto the outer bilayer surface and thus
are not subject to diffusional effects on their potency; however,
the molecular weight effect might also be affected by other
factors.
It is known that small peptides, containing guanidine groups,

can translocate quickly across cell membranes.47,48 It has been
reported that charge itself is necessary but not sufficient for
cellular uptake of arginine-rich peptides because corresponding
lysine peptides show poor uptake,42 which is the analogous
peptide comparison between guanidine and amine side groups.
Our current hypothesis is that the shorter guanidine polymers
can better translocate into or possibly even across the bacterial
cell wall, in the same way that arginine-rich peptides insert into
eukaryotic cell membranes. Another possibility is that, if able to
enter the cytoplasm, the guanidine copolymers might imitate
the intracellular messenger molecule cyclic di-GMP; cyclic
diguanidines have been shown to affect the motility, biofilm
formation, and virulence of bacteria.49 However, such putative
interpretations are necessarily speculative at this stage, and the
precise mechanism of action and why the guanidine copolymers
exhibit an opposite trend to the amine copolymers with respect
to their molar kill efficiency are aspects that are currently under
further investigation.

! CONCLUSIONS
Inspired by guanidine-rich AMPs, the goal of this study was to
synthesize a new class of antimicrobial copolymers containing
pendant guanidine groups in combination with hydrophobic
residues and to evaluate their effectiveness against a variety of
clinically significant pathogens. We synthesized the polymers
using the RAFT methodology, which allowed for control over
the composition, molecular weight, and much lower poly-
dispersity than previously reported polymers. Furthermore, the
RAFT approach allows for control over the end groups of the
polymer chains, which can have advantages if these polymers
are to be used in combination with biomedical devices. In a
high yielding second step, the amine moieties were converted
to guanidine groups, enabling the direct comparison between
amine and guanidine functionalized copolymers with the same
degree of polymerization and composition (e.g., molar
percentage of methyl ether side chains). We have shown in
this study that the SAR for amine and guanidine containing
copolymers greatly differs. The guanidine copolymers exhibited
higher potency against Gram positive bacteria, S. epidermidis
and S. aureus, and the pathogenic fungi, C. albicans, while
exhibiting a lower hemolytic activity at the MIC value
compared to the amine copolymers. The activity against S.

Figure 9.Molar antimicrobial activities (MIC) of guanidine and amine
polymers as a function of polymer chain length (DP).
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aureus was found to be reduced for both amine and guanidine
polymers, irrespective of whether methicillin resistant or
susceptible strains were used. It is anticipated that the activity
against S. aureus could be improved with further optimization of
the polymer structure.
Carrying out the antibacterial testing under more realistic in

vitro conditions by using TSB, which contained 10% FBS,
showed that the high activity of the guanidine copolymers
against S. epidermidis could be maintained, while the amine
copolymers lost their activity completely when FBS was added.
Our findings are in good agreement with those from other
groups, namely that there seems to be a balance between charge
density, hydrophobic character and polymer length which
needs to be tuned in order to selectively optimize the
antibacterial activity, hemolysis, and hemagglutination behavior.
Nevertheless, the guanidine copolymers presented here
represent a new class of antimicrobial polymers with high
potency. Current studies in our laboratory are aimed at
immobilizing these new polymers to various surfaces for their
use in biomedical devices and will be reported in due course.
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