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Introduction

With antibiotic resistant bacteria like MRSA spreading in
medical facilities[1] and the community,[2] antibacterial poly-
mers are increasingly important, as they can help to eradi-
cate these pathogens.[3] They are used in high-infectious-risk
areas, with applications such as self-sterilizing catheter
tubes, coatings of medicinal products, surgical implants, and
wound dressings. The antibacterial polymers presented in
this work are synthetic mimics of antimicrobial peptides
(SMAMPs) and can be considered a subgroup of biocidal
polymers. Whereas the latter nonspecifically kill cells,
SMAMPs are designed to only attack pathogens and not the
cells of the host organism. Both biocidal polymers and anti-

microbial peptides (AMPs), the natural analogues of
SMAMPs, have been extensively reviewed.[4–6]

Some important details of the mode of action of AMPs
have been elucidated. In general, they contain a positively
charged hydrophilic surface that promotes attachment to the
negatively charged bacterial cell membrane, while their hy-
drophobic groups trigger membrane permeation and disrup-
tion.[4] This facial amphiphilicity of the peptide does not re-
quire a specific receptor-like cell target, and leads to broad-
spectrum activity against pathogens. At the same time, due
to differences in the membrane composition, AMPs are sig-
nificantly less toxic towards mammalian cells. The nonspe-
cific peptide–membrane interaction leads to less bacterial
resistance build-up, as compared to traditional antibiotics.[7]

The aim in SMAMP design has been to discover polymers
with similar properties to their natural parent peptides,
meaning a high antibacterial activity (MIC90

1) and limited
toxicity to mammalian cells. The latter is commonly estimat-
ed by measuring the polymer�s HC50

2 value. The combined
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1 MIC90 = minimum inhibitory concentration that will reduce the growth
of a certain bacteria by 90% as compared to an untreated control; the
lower the MIC value, the more active the polymer.

2 HC50 = hemolytic concentration at which 50% of human red blood cells
are lysed; the higher the HC50, the less hemolytic the polymer.
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properties of a high HC50 value and a low MIC90 lead to the
desired high selectivity.3 Magainin (MSI 78), a frog host de-
fense peptide, has a selectivity of 10,[8] and human defensins
are even more selective (>40 for nNP-1,[9] >100 for human
b-defensin 3[10]). Several studies investigating structure–
property relationships of SMAMPs have highlighted the im-
portance of an appropriate amphiphilicity:[8,11–14] a polymer
with too much hydrophobicity will be toxic to mammalian
cells, yet too little hydrophobicity will render it inac-
tive.[8,13, 15–17] To complement these reports, the aim of this
paper is: 1) to first study the effect of different organic
counterions of a model SMAMP on its antimicrobial proper-
ties, and 2) to subsequently investigate the influence of mo-
lecular charge density on the antimicrobial properties.

While the importance of the hydrophilic–hydrophobic bal-
ance in a SMAMP is relatively well understood and can be
generalized for many systems,[11, 13,15] the effect of different
counterions on the antimicrobial properties of a polymer
has been essentially neglected in the SMAMP literature.
The few studies published so far investigate the effect of dif-
ferent inorganic counterions on polymer properties. Kanaza-
wa et al. postulated an inverse correlation between the tight-
ness of the ion pair of a polymer–counterion system and its
antimicrobial properties (Cl�>BF4

�>ClO4
�>PF6

�).[18]

Chen et al. saw higher activities for bromide than for chlo-
ride counterions with their polycationic dendrimers,[19] while
Panarin et al. did not see any significant differences between
chloride, bromide, and iodide.[20] The ranking of “activity” in
these studies was based on relative bacterial survival rates in
time-kill studies, a legitimate approach. However, none of
these studies quantified antimicrobial activity in terms of
MIC data. This makes it difficult to assess how much the an-
timicrobial activity is actually affected by the counterion ex-
change, and makes comparison between these studies even
more difficult. While the previous examples focused on inor-
ganic counterions, the effect of different organic counter-
ions, such as tosylate or hexanoate, to the best of our knowl-
edge, has not been studied. The first aim of this work was to
test whether ion exchange using counterions of varying hy-
drophobicity would provide an easy and versatile tool to
tune the hydrophobicity and thus the antimicrobial proper-
ties of the polymer. This approach of tuning the hydropho-
bicity requires much less synthetic effort than the covalent
attachment of hydrophobic groups, both on the monomer
and the polymer synthesis level. We here report how replac-
ing the trifluoroacetate counterions of a hydrophilic model
SMAMP by hydrophobic organic counterions influences the
polymer�s antimicrobial properties and its membrane activi-
ty, which we studied by dye-leakage experiments.

Another parameter in the SMAMP/AMP literature that is
not fully understood is the effect of molecular charge densi-
ty on the antimicrobial properties. It is well accepted that
the ability of an AMP to attach to the negatively charged
cell surface is a crucial step for the peptide–cell interaction,
and this step is believed to be charge-driven.[4] However,

few SMAMP studies have managed to isolate the effect of
the molecular charge density on the antimicrobial proper-
ties. Systematic charge variation without changing the over-
all amphiphilicity of the system at the same time can only
be achieved with difficulty, as these parameters are closely
interconnected. Sen et al. have recently published an elegant
study that investigates the effect of molecular charge distri-
bution on antimicrobial properties.[21] Their series of mole-
cules had locally different charge distributions, but the same
overall number of charges per molecule, and the same
global hydrophobicity.[21] This work beautifully demonstrates
that facially amphiphilic4 polymers are more active than
random copolymers made from one hydrophobic and one
hydrophilic, cationic monomer, which is in agreement with
our own research.[13,15] Two other studies investigated mole-
cules in which the molecular charge and the hydrophobicity
were varied simultaneously: Kuroda and DeGrado investi-
gated charge variation by adjusting the comonomer ratio of
a charged and a noncharged hydrophobic comonomer.[12]

They thus discovered polymers that were highly active, but
only slightly selective for bacteria over mammalian cells. Ka-
nazawa et al. have varied the charge density in their poly-
(phosphonium salt) polymers using alkyl spacers of various
lengths.[22] They found that the antibacterial activity in-
creased with decreasing charge density; however the charge
per molecule and the hydrophobicity were changed simulta-
neously and thus the effect of charge variation alone could
not be isolated. Very recently, Al-Badri et al. published a
study with one to three amine groups per repeat unit, lead-
ing to polymers with moderate to good selectivities.[17] In an
effort to more clearly isolate the effect of charge variation
from the effect of changes in hydrophobicity, in this work,
we study a series of polymers with gradually varied cationic
charge, but with only minimal changes to the overall poly-
mer structure and hydrophobicity. We gradually reduced the
charge density from two to one charges per repeat unit by
copolymerization, and investigated the correlation of the
thus obtained molecular charge dilution with the biological
properties of the resulting polymers. In the course of this
study, a copolymer with a selectivity as high as 650 for
Staphylococcus aureus over mammalian cells was discov-
ered. As discussed in our forthcoming review on
SMAMPs,[23] there are various ways to report selectivities in
the SMAMP literature, but most of the differences focus on
hemolysis values. Some groups report MHC/MIC90 [which
should, due to the different definitions of “minimum hemo-
lyitc concentration” (MHC) in the literature better be called
HC0/MIC90 if indeed the authors mean the concentration at
0 % lysis], while others, including us, have reported the ratio
of HC50/MIC90. While HC50 can be determined with more
precision, HC0, which probes the onset of hemolysis, is the
more sensitive parameter, so each ratio has its merits. De-
pending on which ratio is chosen, polymer A may give
“better” selectivities than polymer B with one ratio, while

3 Selectivity=HC50/MIC90.

4 Facially amphiphilic polymers contain a hydrophobic and a hydrophilic,
charged group on the same repeat unit

www.chemeurj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 11715 – 1172211716

www.chemeurj.org


polymer B may look more selective using the other one.
This has led to a somewhat unfortunate discussion about
“who has the better SMAMPs”. We have always used HC50

and have never focused on precise HC0 measurement, thus
assigning arbitrary HC0 values to these samples is certainly
not helpful. HC0 determination must be done carefully as it
is a “slightly above baseline” value.[24] Looking at the raw
data, what is clear from literature is that many molecules
have been designed with selectivities reminiscent of the nat-
ural AMPs, which has been the benchmark to mimic.

Results and Discussion

Diamine homopolymer synthesis : To investigate the effect
of different organic counterions on the antimicrobial proper-
ties of a SMAMP, we designed a predominantly hydrophilic
model polymer with two charges per repeat unit
(Scheme 1). Base-catalyzed ring-opening of the anhydride 1
with a Boc-protected amino ethanol gave the monoester 2.
DCC coupling of 2 with a second equivalent of the alcohol
yielded the diamine monomer 3, which was polymerized by
ring-opening metathesis polymerization (ROMP) using
Grubbs� third-generation catalyst.[25] The obtained Boc-pro-
tected precursor polymer 4 was deprotected with trifluoro-
acetic acid (TFA) to yield the cationic SMAMP 5
(Scheme 1). To determine the optimum activity of polymer
5, a range of molecular weights was synthesized. The pro-
tected polymer 4 was characterized by gel permeation chro-

matography (GPC). All polymers had narrow polydisper-
sities (1.07–1.15, Table 1); however, as observed previous-
ly,[13] polystyrene-calibrated GPC in DMF severely overesti-
mated their molecular weights. This was confirmed by
MALDI-TOF mass spectrometry, which showed that the
molecular weights Mn of those polymers were close to the
targeted ones. When plotting Mn Target versus the molecular
weights obtained from GPC, a straight line is obtained, indi-
cating that the polymerization was controlled (Figure 1).

The biological activities, MIC90 and HC50, of the depro-
tected SMAMPs (5) were tested using standard proce-
dures.[26] The results are summarized in Table 1, in which di-
amine_3 k refers to a sample of polymer 5 with a molecular
weight of 3000 g mol�1. The data shows that, while all poly-
mers were inactive against E. coli, the antimicrobial activity
against S. aureus was highest for the 3000 g mol�1 polymer,
with an MIC90 of 15 mg mL�1. Upon increasing the molecular
weight, the antimicrobial activity was lost, while the hemo-
lytic activity HC50 was about the same for all molecular
weights. This molecular weight dependence has been previ-
ously observed[13] and a recent study from our group sug-
gests that this is related to a sieving effect of the outer cell
wall of Gram-positive organisms.[27]

Effect of the counterions : As it was found that diamine_3 k
was the most active polymer of the series, the ion exchange
studies were performed with this sample. As a result of the

Scheme 1. Synthesis and polymerization of the diamine monomer to yield
SMAMP 5.

Table 1. Characterization of SMAMP homopolymers.

Sample
Mn Target

[a]ACHTUNGTRENNUNG[gmol�1]
GPC Mn

[a]ACHTUNGTRENNUNG[gmol�1]
Mw/Mn

[a] MIC90
[b] [mgmL�1]

HC50
[b] [mg mL�1]

Selectivity[b]

E. coli S. aureus E. coli S. aureus

diamine_3k 3000 8900 1.15 >200 15 1000 <5 67
diamine_5k 5000 12900 1.08 >200 25 1000 <5 40
diamine_10k 10000 22500 1.08 >200 50 1000 <5 20
diamine_50k 50000 77000 1.07 >200 200 2000 <10 10

[a] GPC analysis was performed on the protected polymers 4 (in DMF, 0.01 m LiCl, calibrated with polystyrene standards). [b] Biological properties (min-
imum inhibitory concentration, hemolytic activity and selectivity) were determined for the corresponding deprotected polymers 5, with TFA counterions.

Figure 1. GPC data for the SMAMP homopolymer 4 series. Target mo-
lecular weight is plotted versus number average molecular weight from
gel permeation chromatography (in DMF/0.01 m LiCl, calibrated with
polystyrene standards).
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deprotection conditions, the initial counterion of the poly-
mer was TFA. By passing the polymer solution through an
ion exchange column, TFA was exchanged for hydroxide.
Immediately after the ion exchange, excess of the acid form
of the target counterion (HX) was added. This neutralized
the hydroxide before side reactions such as transamidation
or base-catalyzed ester hydrolysis of the side chains could
occur, and left X� as a counterion. Excess acid was removed
by dialysis. Using this method, the hydrophobic organic
counterions X�=hexanoate, dodecanoate, benzoate, and to-
sylate were introduced. 1H NMR spectra of the freeze-dried
polymers revealed that the counterion exchange was suc-
cessful. These hydrophobic organic counterions were chosen
because we expected that their distribution coefficient5

would be high. Thus, unlike more hydrophilic counterions,
such as TFA, they would not diffuse away from the polymer
backbone and the effect of the counterion on the antimicro-
bial properties would be observed in the MIC experiment.
The MIC90 results for this series of ion-exchanged polymers
are summarized in Table 2. To investigate the effect of a co-

valently attached “intramolecular counterion”, which cer-
tainly would not be able to diffuse away from the polymer
backbone, the monoester 2 was also polymerized, yielding
polymer 6. After deprotection with TFA, the zwitterionic
polymer 7 was obtained (Scheme 2). That MIC data is also
included in Table 2. In the following, the 3000 g mol�1

sample of polymer 7 will be referred to by zwitterion_3 k for
the reader�s convenience.

Table 2 shows that the presence of the organic counter-
ions does indeed influence the antimicrobial activity of the
polymers, although not in the expected direction. From the
results of previous studies,[13] we expected that adding hy-
drophobicity to the very hydrophilic diamine_3 k through
the counterions would increase its antimicrobial activity
against both E. coli and S. aureus. Instead, the results show
that all polymers with hydrophobic counterions stayed inac-
tive against E. coli and were significantly less active against
S. aureus than diamine_3 k, although unfortunately no dis-
crimination between their relative activities within the range
below 200 mg mL�1 could be made. Not only does this data
confirm that the hydrophobic counterions stay close to the
polymer backbone, but in fact they bind so strongly that
they eliminate the antimicrobial activity.

There are two possible interpretations for this. First, the
hydrophobic counterions could reduce the polymer solubili-
ty to such an extent that the SMAMP is unable to interact
with the bacteria membrane and thus appears inactive in the
MIC experiment. Second, the counterions could form such a
tight ion pair with the ammonium groups that the overall
positive charge of the polymer is effectively masked and the
SMAMP is rendered inactive. One way to differentiate be-
tween these two possibilities is to perform dye-leakage ex-
periments.[28] These experiments are designed to probe the
membrane activity of a compound. A polymer that is only
poorly soluble will still be active in dye-leakage experi-
ments, because these studies are much more sensitive than
the MIC experiment. An example of a polymer that is
poorly soluble and therefore inactive in the MIC experi-
ment, but retains significant membrane activity in the dye
leakage experiment, is the previously reported hexyl_3 k.[13]

However, if the counterions of the ion-exchanged polymers
mask the positive charge of the polymer backbone, these
polymers will be inactive both in the MIC and the dye-leak-
age experiments. Using standard procedures,[28] dye-loaded
unilamellar vesicles made from cardiolipin, the predominant
component of the plasma membrane of S. aureus bacteria,
were obtained. Leakage of the self-quenching dye from the
vesicle led to fluorescence, which was monitored as a func-
tion of time.[28] The vesicles were exposed to a 20 mg mL�1

solution of the ion-exchanged
polymers at t=100 s.6 The re-
sulting dye-leakage curves are
plotted in Figure 2 as % Leak-
age, normalized to the standard
Triton X-100, versus time. The
dye-leakage results from the S.
aureus mimicking vesicles close-

Table 2. Minimum inhibitory concentration of the zwitterionic and ion-
exchanged polymers, determined for the deprotected polymers; ion-ex-
changed polymers are referred to by their counterion, for example, tosy-
late_3 k is the 3000 gmol�1 diamine polymer with a tosylate counterion.
Diamine_3 k has the original TFA counterion.

MIC90 [mgmL�1]
Sample S. aureus E. coli

diamine_3k 15 >200
tosylate_3k >200 >200
benzoate_3k >200 >200
hexanoate_3k >200 >200
dodecanoate_3k >200 >200
zwitterion_3k 50 >200
zwitterion_10k >200 >200

Scheme 2. Synthesis of the zwitterionic polymer 7.

5 In this context, we define the distribution coefficient as the counterion
concentration near the nonpolar polymer backbone divided by the
counterion concentration in the bulk polar buffer medium of the MIC
experiment.

6 The polymer concentration in the dye-leakage experiments is
20 mg mL�1. This makes the ratio of polymer to vesicles much higher
than the ratio of polymer to bacteria in the MIC experiment. Thus, al-
though this polymer concentration is lower than in the MIC experi-
ments, the much higher ratio of polymer to vesicle concentration would
be expected to show leakage if the molecules are membrane disruptive.
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ly follow the MIC trend against those bacteria: the poly-
mers with hydrophobic counterions were membrane-inactive
(<5 % leakage), whereas the parent polymer diamine_3 k
showed membrane activity (>50 % leakage).

It is instructive to compare this data, especially that of the
hexanoate_3 k polymer, with the previously mentioned
hexyl_3 k polymer. As illustrated in Figure 3, the polymers

are structurally similar, as each contains one hexyl chain per
amine group; however hexyl_3 k (MIC90>200 mg mL�1)
causes 38 % leakage at 20 mg mL�1 (see the Supporting Infor-
mation), whereas hexanoate_3 k only causes <5 % leakage.
This supports the second interpretation, that the hydropho-
bic counterions form tight ion pairs and thereby dramatical-
ly reduce the positive charge of the polymer, resulting in a
loss of membrane activity and, consequently, of the antimi-
crobial activity. While this means that exchange of the coun-
terions does not provide an additional handle to tune the
antimicrobial activity, our dye-leakage studies support Kana-
zawa�s reasoning[22]—the tighter the polymer–counterion
pair, the lower the antimicrobial activity, because the poly-
mer is no longer cationic enough.

Interestingly, the zwitterionic sample (zwitterion_3 k),
with an MIC of 50 mg mL�1, was more membrane active
than the ion-exchanged samples (Figure 2), but less active
than the diamine_3 k polymer. We assume that this is also
due to the formation of ion pairs. Whereas the other anions
could diffuse freely to the positive charges on the polymer

backbone, this is not possible for the built-in counterions of
the zwitterionic sample. However, because the zwitterionic
polymers are structurally irregular,7 this leads to an overall
irregular charge distribution along the backbone, leading to
local cationic and anionic patches, as illustrated in Figure 4.
Due to these residual charges, neither the antimicrobial ac-
tivity nor membrane activity of zwitterion_3 k vanishes com-
pletely.

Charge variation by copolymerization : Al-Badri et al. re-
cently investigated a ROMP-based polymer system with one
to three primary amines per repeat unit and their impact on
the antimicrobial properties.[17] While it was clearly observed
that the hemolytic activity decreased significantly with in-
creasing amine content, the effect of charge on the MIC90

remained inconclusive, possibly because the changes in the
repeat unit structure of this polymer series not only influ-
enced the charge distribution, but also the overall hydropho-
bicity of each polymer. In the system presented here, we di-
luted the charge per repeat unit gradually from two to one
by copolymerizing the diamine monomer 3 with structurally
similar monoamine–alkyl monomers (Figure 5).[13]

We synthesized four series of copolymers, with R varying
from methyl to butyl on the monoamine–alkyl monomer.
The polymer characterization data of the protected copoly-

Figure 2. Dye-leakage curves obtained upon adding SMAMP solutions to
cardiolipin model vesicles (S. aureus mimics). The polymer solutions
were added at t=100 s (cfinal =20 mgmL�1). All leakage curves were
standardized using Triton X-100 (added at t=800 s), which gave 100 %
leakage.

Figure 3. Structural comparison between a) hexanoate_3 k and b)
hexyl_3k.

Figure 4. Cartoon representation of local charge surplus for zwitter-
ion_3 k. Parentheses show the neutral ion pairs.

Figure 5. Structure of model polymers with gradually decreasing molecu-
lar charge; R=methyl to butyl. For R= methyl, these polymers have con-
stant hydrophobicity.

7 The asymmetry of the zwitterionic monomer leads to two stereoisomers
during monomer synthesis. This, in addition to the random configura-
tion of the double bond (cis or trans), yields an irregular tacticity of the
repeat units in the polymer.
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mers, as well as the biological data of the deprotected co-
polymers, are summarized in Table 3 and Figure 6. The data
for the previously published homopolymers is included for
comparison.[13] M9:D1 refers to a copolymer with a molar
ratio of methyl/diamine =9:1.

As these data indicate, all the methyl and ethyl copoly-
mers are nonhemolytic (Figure 6 a and b) and inactive
against E. coli bacteria, whereas the propyl and butyl co-
polymers become very hemolytic, but at the same time

more active against E. coli with increasing alkyl comonomer
content (Figure 6 c and d). This suggests that the properties
of these polymers are dominated by the hydrophobicity of
those R groups. Meanwhile, the methyl copolymers are evi-
dently the least hydrophobic as observed by their limited ac-
tivity against E. coli even for the methyl homopolymer, and
their high HC50 values. This lack of activity due to limited
hydrophobicity is consistent with reverse phase thin-layer
chromatography results, and with the polymer solubilities in
water and DMF, which showed that the polarity of the
monoamine–methyl homopolymer closely resembled that of
the diamine homopolymer, while the ethyl to butyl deriva-
tives were significantly more hydrophobic.

These studies confirm that the methyl copolymers are the
most appropriate model system to investigate the effect of
charge density on biological activity, and we will restrict our-
selves to the discussion of the monoamine–methyl homopo-
lymer series for the rest of the paper.

Starting with diamine_3 k, which has an HC50 of
1000 mg mL�1, the hemolytic activity decreases across the
series to M9:D1 with an HC50 of 2600 mg mL�1. This was par-
alleled by an increase in the antimicrobial activity from 15
to 4 mg mL�1 against S. aureus for the same polymers (see
Table 3). When going further down in charge (M9:D1 to the
monoamine–methyl homopolymer), there is a sudden jump
in the MIC from 4 to 100 mg mL�1, indicating that the opti-
mum value for both the HC50 and the MIC90 against
S. aureus is obtained for M9:D1.

The sudden jump in the MIC data when decreasing the
charge from on average 1.1 to 1.0 per repeat unit is similar
to data published by Al-Badri et al.[17] They observed a dis-
tinct improvement of the hemolytic properties when increas-
ing the number of amines per repeat unit from one to two
in their polyB series, while a further increase to three
amines did not improve the HC50 value.[17] Apparently, this
system had a minimum charge threshold (>1.0) that needed
to be crossed to obtain decent selectivities. A similar charge
threshold for activity against S. aureus, combined with ap-

Table 3. Copolymer characterization.

Sample Co-monomer Mn Target
[a]ACHTUNGTRENNUNG[gmol�1]

GPC Mn
[a]ACHTUNGTRENNUNG[gmol�1]

Mw/Mn
[a] MIC90

[b] [mgmL�1] HC50
[b] [mgmL�1] Selectivity[b]

E. coli S. aureus E. coli S. aureus

diamine_3k – 3000 8900 1.15 >200 15 1000 5 66
M1:D9 methyl 3500 17355 1.03 >200 12.5 1400 <7 112
M1:D1 methyl 4100 15400 1.07 >200 6.25 1400 <7 224
M9:D1 methyl 4600 17400 1.07 >200 4 2600 <13 650
methyl – 3000 11200 1.08 200 100 2000 <10 20
E1:D9 ethyl 4600 13100 1.06 >200 50 3100 <15.5 62.0
E1:D1 ethyl 4100 14700 1.08 >200 15 1400 <7.0 93.3
ethyl – 3000 9200 1.10 50 50 1400 28 28
P1:D9 propyl 4600 13700 1.06 >200 15 4800 <24.0 320.0
P1:D1 propyl 4200 13900 1.05 >200 50 1400 <7.0 28.0
propyl – 3000 9200 1.10 6.25 25 50 8.3 3.3
B1:D9 butyl 4600 14200 1.06 >200 15 1200 <6.0 80.0
B1:D1 butyl 4300 14700 1.07 <15 25 <50 >3.3 <2.0
butyl – 3000 11500 1.08 15 25 <50 <3.3 <2.0

[a] GPC analysis was performed on the protected polymers (DMF, 0.01 m LiCl, polystyrene standards). [b] Biological properties (minimum inhibitory
concentration, hemolysis and selectivity) were determined for the corresponding deprotected polymers.

Figure 6. Antimicrobial and hemolytic properties (MIC90 in mgmL�1

against Escherichia coli and Staphylococcus aureus and HC50 in mgmL�1

of human red blood cells) of diamine–monoamine copolymers: a) dia-
mine–methyl, b) diamine–ethyl, c) diamine–propyl, and d) diamine–
butyl. M9:D1 refers to a copolymer with a molar ratio of methyl:dia-
mine=9:1. The 3000 g mol�1 monoamine homopolymers of each mono-
mer are included for comparison.
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propriate amphiphilicity, was observed in a comparative
study of an AMP library.[30] Assuming that such a minimum
charge threshold also exists for our system, the methyl co-
polymers presented here seem to be all above the threshold,
as their properties are likewise not much affected by in-
creasing the charge from 1.1 to 2 charges per repeat unit,
while the monoamine–methyl homopolymer (1.0 charges
per repeat unit) is much less active against S. aureus ; be-
cause it is below this critical threshold. On the molecular
level, this postulated charge threshold translates into a mini-
mum charge that is necessary to trigger successful attach-
ment of the SMAMP to the bacterial membrane. Once
enough charge is present to enable this attachment, the hy-
drophobicity of the molecule will then determine to what
extent the SMAMP is active. This is clearly observed for the
diamine_3 k to monoamine–methyl homopolymer series. As
more monoamine–methyl monomer is added, the MIC90

steadily decreases because these copolymers are above the
charge threshold and slightly more hydrophobic; however,
the monoamine–methyl homopolymer is less antimicrobial
despite being the most “hydrophobic” because it is below
the charge threshold.

An intriguing aside of this study is the finding that the
methyl copolymers and diamine_3 k are not only selective
for bacterial over mammalian cells, but also for S. aureus
over E. coli (Figure 6 a). Further MIC experiments with
M9:D1 and other bacteria revealed that this polymer has a
Gram selectivity: while inactive against Gram-negative
E. coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae
(MIC90 =100 mg mL�1 for the last two organisms), it was
found to be active against Gram-positive S. aureus, S. epider-
mis and even the multiresistant MRSA (MIC90 =

12.5 mg mL�1).

Conclusions

In this study, several important parameters that influence
the antimicrobial and hemolytic activity of SMAMPs were
investigated. We demonstrated that exchanging the hydro-
philic counterions of a ROMP-derived diamine polymer by
hydrophobic organic counterions drastically reduced the an-
timicrobial properties of that polymer. It was shown by dye-
leakage studies on model vesicles that this loss in antimicro-
bial activity was due to the loss of the positive charge of the
polymer backbone by ion-pair formation with the counter-
ions. It is expected that by a partial exchange of the counter-
ions, which would add hydrophobicity but at the same time
retain the required minimum molecular charge, polymers
with tunable properties—between those of the active diami-
ne_3 k polymer and the inactive hexanoate_3 k polymer—
could be obtained; however, this is difficult to realize and
quantify experimentally.

Copolymerization of two structurally similar monomers
with one and two charges, respectively, led to a series of
polymers with gradually decreased charge density but more
or less constant hydrophobicity. When compared to litera-

ture data, these results seem to indicate that, for a system of
a given amphiphilicity, a minimum threshold of charge is re-
quired for obtaining favorable HC50 values and activities.
Above that threshold, the biological properties of the poly-
mer are not affected by further charge increase. For the par-
ticular diamine–methyl copolymer system investigated here,
this threshold is reached for M9:D1, with an average charge
of 1.1 per repeat unit. In the process of optimizing the
charge density of the copolymer system, a polymer with an
impressive selectivity of 650 for S. aureus over human red
blood cells was obtained. Additionally, this polymer was
shown to be Gram-selective for all bacterial strains tested,
including MRSA, which makes this SMAMP a promising
candidate for materials applications. The reason for the in-
triguing double selectivity has been studied and published
separately.[27]

Experimental Section

All experimental details are given in the Supporting Information.

Acknowledgements

Mass spectral data were obtained by Dr. Steve Eyles at the University of
Massachusetts Amherst Mass Spectrometry Facility which is supported,
in part, by the National Science Foundation. Broad-spectrum antimicro-
bial activity was tested by Dylan Clements from PolyMedix. Funding by
the German Research Foundation (DFG—Forschungsstipendium to
K.L.), MRSEC, NIH and ONR is gratefully acknowledged.

[1] E. Klein, D. L. Smith, R. Laxminarayan, Emerging Infect. Dis. 2007,
13, 1840.

[2] K. Okuma, K. Iwakawa, J. Turnidge, W. B. Grubb, J. M. Bell, F. G.
O�Brien, G. W. Coombs, J. W. Pearman, F. C. Tenover, M. Kapi, C.
Tiensasitorn, T. Ito, K. Hiramatzu, J. Clin. Microbiol. 2002, 40, 4289.

[3] A. E. Madkour, G. N. Tew, Polym. Int. 2008, 57, 6.
[4] K. A. Brodgen, Nat. Rev. Microbiol. 2005, 3, 238.
[5] D. Smith, E. B. Pentzer, S. T. Nguyen, Polym. Rev. 2007, 47, 419.
[6] E.-R. Kenawy, S. D. Worley, R. Broughton, Biomacromolecules

2007, 8, 1359.
[7] M. Zasloff, Nature 2002, 415, 389.
[8] T. Eren, A. Som, J. R. Rennie, C. F. Nelson, Y. Urgina, K. N�sslein,

E. B. Coughlin, G. N. Tew, Macromol. Chem. Phys. 2008, 209, 516.
[9] J. Varkey, R. Nagaraj, Antimicrob. Agents Chemother. 2005, 49,

4561.
[10] J. Harder, J. Bartels, E. Christophers, J.-M. Schrçder, J. Biol. Chem.

2001, 276, 5707.
[11] M. F. Ilker, K. N�sslein, G. N. Tew, E. B. Coughlin, J. Am. Chem.

Soc. 2004, 126, 15870.
[12] K. Kuroda, W. F. DeGrado, J. Am. Chem. Soc. 2005, 127, 4128.
[13] K. Lienkamp, A. E. Madkour, A. Musante, C. F. Nelson, K. N�s-

slein, G. N. Tew, J. Am. Chem. Soc. 2008, 130, 9836.
[14] B. P. Mowery, S. E. Lee, D. A. Kissounko, R. F. Epand, R. M.

Epand, B. Weisblum, S. S. Stahl, S. H. Gellman, J. Am. Chem. Soc.
2007, 129, 15474.

[15] G. J. Gabriel, J. A. Maegerlein, C. F. Nelson, J. M. Dabkowski, T.
Eren, K. N�sslein, G. N. Tew, Chem. Eur. J. 2009, 15, 433.

[16] G. J. Gabriel, J. G. Pool, A. Som, J. M. Dabkowski, E. B. Coughlin,
M. Muthukumar, G. N. Tew, Langmuir 2008, 24, 12489.

[17] Z. M. Al-Badri, A. Som, S. Lyon, C. F. Nelson, K. N�sslein, G. N.
Tew, Biomacromolecules 2008, 9, 2805.

Chem. Eur. J. 2009, 15, 11715 – 11722 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11721

FULL PAPERAntimicrobial Polymers

http://dx.doi.org/10.1128/JCM.40.11.4289-4294.2002
http://dx.doi.org/10.1002/pi.2399
http://dx.doi.org/10.1080/15583720701455186
http://dx.doi.org/10.1021/bm061150q
http://dx.doi.org/10.1021/bm061150q
http://dx.doi.org/10.1038/415389a
http://dx.doi.org/10.1002/macp.200700418
http://dx.doi.org/10.1128/AAC.49.11.4561-4566.2005
http://dx.doi.org/10.1128/AAC.49.11.4561-4566.2005
http://dx.doi.org/10.1074/jbc.M008557200
http://dx.doi.org/10.1074/jbc.M008557200
http://dx.doi.org/10.1021/ja045664d
http://dx.doi.org/10.1021/ja045664d
http://dx.doi.org/10.1021/ja044205+
http://dx.doi.org/10.1021/ja801662y
http://dx.doi.org/10.1021/ja077288d
http://dx.doi.org/10.1021/ja077288d
http://dx.doi.org/10.1002/chem.200801233
http://dx.doi.org/10.1021/la802232p
http://dx.doi.org/10.1021/bm800569x
www.chemeurj.org


[18] A. Kanazawa, T. Ikeda, T. Endo, J. Polym. Sci. Part A: Polym.
Chem. 1993, 31, 1441.

[19] C. Z. Chen, N. C. Beck-Tan, P. Dhurjati, T. K. V. Dyk, R. A. LaRos-
sa, S. L. Cooper, Biomacromolecules 2000, 1, 473.

[20] E. F. Panarin, M. V. Solovaskii, N. A. Zaikina, G. E. Afinogenov,
Makromol. Chem. Suppl. 1985, 9, 25.

[21] V. Sambhy, B. R. Peterson, A. Sen, Angew. Chem. 2008, 120, 1270;
Angew. Chem. Int. Ed. 2008, 47, 1250.

[22] A. Kanazawa, T. Ikeda, T. Endo, J. Polym. Sci. Part A 1993, 31,
3031.

[23] K. Lienkamp, G. N. Tew, Chem. Eur. J. 2009, DOI: 10.1002/
chem.200900049.

[24] B. P. Mowery, A. H. Lindner, B. Weisblum, S. S. Stahl, S. H. Gell-
man, J. Am. Chem. Soc. 2009, 131, 9735.

[25] J. A. Love, J. P. Morgan, T. M. Trnka, R. H. Grubbs, Angew. Chem.
2002, 114, 4207; Angew. Chem. Int. Ed. 2002, 41, 4035.

[26] J. Rennie, L. Arnt, H. Tang, K. Nuesslein, G. N. Tew, J. Ind. Micro-
biol. Biotechnol. 2005, 32, 296.

[27] K. Lienkamp, K.-N. Kumar, A. Som, K. N�sslein, G. N. Tew, Chem.
Eur. J. 2009, 10.1002/chem.200802558.

[28] A. Som, G. N. Tew, J. Phys. Chem. B 2008, 112, 3495.
[29] A. Som, S. Vemparala, I. Ivanov, G. N. Tew, Biopolymers 2008, 90,

83.
[30] M. Pasupuleti, B. Walse, B. Svensson, M. Malmsten, A. Schmidtch-

en, Biochemistry 2008, 47, 9057.

Received: March 6, 2009
Published online: October 1, 2009

www.chemeurj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 11715 – 1172211722

G. N. Tew et al.

http://dx.doi.org/10.1002/pola.1993.080310611
http://dx.doi.org/10.1002/pola.1993.080310611
http://dx.doi.org/10.1021/bm0055495
http://dx.doi.org/10.1002/macp.1985.020091985104
http://dx.doi.org/10.1002/ange.200702287
http://dx.doi.org/10.1002/anie.200702287
http://dx.doi.org/10.1002/pola.1993.080311219
http://dx.doi.org/10.1002/pola.1993.080311219
http://dx.doi.org/10.1021/ja901613g
http://dx.doi.org/10.1002/1521-3757(20021104)114:21%3C4207::AID-ANGE4207%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3757(20021104)114:21%3C4207::AID-ANGE4207%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3773(20021104)41:21%3C4035::AID-ANIE4035%3E3.0.CO;2-I
http://dx.doi.org/10.1007/s10295-005-0219-0
http://dx.doi.org/10.1007/s10295-005-0219-0
http://dx.doi.org/10.1021/jp077487j
http://dx.doi.org/10.1002/bip.20970
http://dx.doi.org/10.1002/bip.20970
http://dx.doi.org/10.1021/bi800991e
www.chemeurj.org

