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ABSTRACT: Activity tests for synthetic antimicrobial compounds
are often limited to the minimal inhibitory concentration assay
using standard media and bacterial strains. In this study, a family of
acrylamide copolymers that act as synthetic mimics of antimicro-
bial peptides were synthesized and shown to have a disruptive
effect on bacterial membranes and structural integrity through
microscopy techniques and membrane polarization experiments.
The polymers were tested for their antimicrobial properties using
media that mimic clinically relevant conditions. Additionally, their
activity was compared in two different strains of the Gram-positive
bacterium Staphylococcus aureus and the Gram-negative bacterium
Pseudomonas aeruginosa. We showed that the medium composition
can have an important influence on the polymer activity as there
was a considerable reduction in minimal inhibitory concentrations against S. aureus grown in synthetic wound fluid (SWF), and
against P. aeruginosa grown in synthetic cystic fibrosis sputum media (SCFM), compared to the concentrations in standard testing
media. In contrast, we observed a complete loss of activity against P. aeruginosa in the serum-containing SWF. Finally, we made use
of an emerging invertebrate in vivo model, using Galleria mellonella larvae, to assess toxicity of the polymeric antimicrobials, showing
a good correlation with cell line toxicity measurements and demonstrating its potential in the evaluation of novel antimicrobial
materials.
KEYWORDS: antimicrobial, AMP mimics, cationic polymers, Galleria mellonella, wound infection, cystic fibrosis

■ INTRODUCTION
The World Health Organization (WHO) has identified the
antimicrobial resistance (AMR) crisis as one of the most
pressing issues of our times.1 Multidrug-resistant bacteria are
one of the major causes of death globally (5 million deaths in
2019), jeopardizing the effectiveness of modern medicine.2

Infections caused by the ESKAPE pathogens (i.e., Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa, and Enterobacter
species) are especially concerning for their high mortality risk.3

In the last 20 years, only six new classes of antibiotics have
reached the clinic, and none of them were active against Gram-
negative bacteria.4

Bacterial pathogens are able to quickly evolve resistance
against conventional small molecule antibiotics with single
cellular targets or modes of action. This often arises from the
modification of the target molecules in the cell. Inspired by
nature, researchers have focused on antimicrobial peptides
(AMPs) as an alternative attempt to tackle the global
antimicrobial crisis.5 AMPs are short amphipathic amino acid

chains with cationic and hydrophobic moieties,6 which possess
broad antimicrobial activity against Gram-positive and Gram-
negative bacteria, fungi, viruses, and parasites. One of the
predominant mechanisms of action of AMPs is the disruption
of the bacterial membrane integrity. This is mediated by
electrostatic interactions between the negatively charged
moieties on the bacterial surface with the positively charged
residues within AMPs, combined with the hydrophobic AMP
side chains driving insertion into the bacterial membrane.7

Additionally, AMPs have been observed to translocate through
the membrane to the cytoplasm, where the binding to
intracellular targets such as DNA, RNA, and proteins, leads
to bacterial cell death.8 The presence of multiple targets,
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together with the large fitness cost incurred by changes in
components of the cell surface, makes the emergence of
resistance against AMPs rare.9

Even though AMPs are promising candidates as antimicro-
bial agents, cytotoxic effects against mammalian cells have been
reported,10 due to their inherent ability to disrupt lipid bilayers
and, therefore, cell membranes. Their application is further
hindered by their proteolytic instability11 and the high cost
associated with their synthesis.12 The limitations of AMPs have
resulted in an increasing interest in the development of
synthetic antimicrobial peptides (sAMPs). Common strategies
of sAMP development include single amino acid substitutions,
segmentation of AMPs to obtain smaller active fragments,
chimera generation, the incorporation of unnatural amino
acids, and in silico methods to predict new synthetic
peptides.13,14 More recently, polymeric materials have also
been exploited as AMP mimics in order to overcome some of
the abovementioned limitations. The recent development of
precision polymer synthetic methodologies and, in particular,
radical-based techniques, such as reversible addition−fragmen-
tation chain transfer (RAFT) polymerization,15 has allowed the
precise design and synthesis of complex macromolecules,
controlling the size, segmentation of block copolymers,16 the
architecture (e.g., stars, brushes, or nanoparticles),17−19 and
their functionalization with highly diverse chemical moieties,
which mimic the amino acid residues present in AMPs. Since
the hydrophobicity and cationic content of AMPs play a crucial
role in their antimicrobial activity, the influence of these
parameters on the activity and toxicity of polymeric AMP
mimics has been studied by varying the monomer types, the
ratio between hydrophobic and cationic units, the segmenta-
tion of hydrophobic and cationic moieties, and the polymer
architecture.20−23

Studies of antimicrobial activity are usually conducted by
determination of the minimal inhibitory concentration (MIC)
against bacteria grown planktonically in standard media. The
main benefit of this assay is the direct comparison of
antimicrobial activity of antibiotics across clinical and research
laboratories. However, it has been observed that compounds
that appear to be active under these conditions are not
necessarily efficacious in a more physiological environment;
conversely, some compounds with very high MIC values in
standard media are actually active in host-mimicking media or

in vivo.24 For example, salt concentration can influence the
antimicrobial activity of AMPs as it can affect the initial
electrostatic interaction with the bacterial surface. In particular,
it was suggested that an increased salt concentration in the
lung environment of cystic fibrosis (CF) patients25 could
reduce the effectiveness of cathelicidin against P. aeruginosa
infections.26 Moreover, it has been reported that physiological
levels of divalent cations, such as Ca2+ and Mg2+, reduce the
antimicrobial activity of several mammalian AMPs, especially
against Gram-negative bacteria.27 This is at least in part due to
the high affinity and stabilizing effect of divalent cations for
bacterial lipopolysaccharides (LPSs) found on the surface
layers of the outer membrane.28 Therfore, assessing the
antimicrobial activity under conditions that mimic the bacterial
infection environment can be one way to prevent the
discrepancies between in vitro and in vivo data and reduce
the chances of failure in clinical trials.24,29

In the present study, we investigated a family of cationic
acrylamide copolymers by modifying the length and the
segmentation of the hydrophobic and cationic blocks and the
type of cationic moiety. We investigated their antimicrobial
activity in standard cation-adjusted Müller-Hinton broth
(caMHB) to allow direct comparison with the existing
antimicrobials, as well as in synthetic wound fluid (SWF)
and synthetic cystic fibrosis sputum medium (SCFM) in order
to better mimic the environments of bacterial infections in
chronic wounds and CF lungs, respectively. We reported the
effectiveness of the polymers under these conditions and their
cytotoxic effect in vitro and using an invertebrate in vivo model.
Using two lead compounds, we demonstrated that the
copolymers act by compromising the surface integrity of
both Gram-negative and Gram-positive bacteria, functioning as
effective AMP mimics.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Ammonium and

Guanidinium Polymers via RAFT Polymerization. For
this study, a total of six copolymers mimicking AMPs were
synthesized via RAFT polymerization by modifying the type of
cationic group and the monomer distribution along the
polymeric chain as previously reported by Kuroki et al.23 We
used acrylamide monomers, namely, (guanidino-ethyl)-

Figure 1. Schematic representation of the cationic copolymers (red dot for the NIPAM block, blue dot for the GEAM block, and green dot for the
AEAM block).
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acrylamide (GEAM) and N-(2-aminoethyl)acrylamide
(AEAM), as the cationic moieties mimicking arginine and
lysine, respectively. N-Isopropylacrylamide (NIPAM) was also
used to introduce hydrophobicity to the system.

A constant ratio of [NIPAM]/[cationic monomer] = 70:30
was maintained, independently of the molecular weight of the
final polymers, since a 30% cationic ratio has been reported as
ideal to provide good antimicrobial activity and high
biocompatibility toward mammalian cells.21 For ease of
reference, the polymers are identified by the type of cationic
charge (“g” for guanidinium and “a” for ammonium), the
degree of polymerization (DP = 50 or 100), the block
sequence distribution (“D” for diblock, “T” for triblock, with
the composition of the middle block identified as “T-1” for a
middle positively charged segment, and “T-2” for a middle
hydrophobic segment), and labeled “Boc” when in their
protected form (Figure 1).

As can be observed from the 1H NMR spectra for the
guanidinium and ammonium copolymers (Figures S3−S5), full
conversion was reached for the polymerization of the first
monomer, thus allowing chain extension with the addition of
the second monomer in a one-pot process, without
intermediate purification steps. For all the synthesized
polymers, full conversion of each block was reached before
further chain extensions (Figures S6−S8). All polymers
showed low dispersity values (D̵ ≤ 1.21) according to SEC
analyses (Figure S9 and Table S2). The shift of the molecular
weight to higher values and the minimal broadening in the
SEC traces demonstrated the success of the chain extension
reactions in a control manner.

Since it is known that the monomer distribution and the
segmentation in the polymeric chain have an effect on the
physicochemical properties of the polymers, we investigated
the overall hydrophobicity of the synthesized compounds. For

instance, hydrophobicity is a key parameter that increases the
antimicrobial activity of polymeric materials, but it is also
correlated with toxicity toward mammalian cells.20,21 The
hydrophobicity of the polymers was evaluated via reverse-
phase HPLC (RP-HPLC), following a protocol previously
reported by our group.23 As reported by Kuroki et al.,
guanidinium-NIPAM copolymers showed a less hydrophobic
profile with increasing block segmentation. Similar to previous
studies, we have observed that the more hydrophilic diblock
copolymers (D50) were eluted first due to a shorter
hydrophobic block in comparison to the triblock copolymers.
In the case of the triblock copolymers, the difference of
hydrophobicity could be related to the segregation of the
hydrophobic content. For instance, T-100-2 copolymers were
less segregated than T-100-1 copolymers, partially explaining
the later elution time indicating greater hydrophobicity. A
similar hydrophobicity pattern was observed for the
guanidinium and ammonium copolymers (Figure 2A,B). The
retention time of the copolymers can be found in Table S2.

Given the difference in hydrophobicity of the different
polymer architectures, as evidenced by differences in the RP-
HPLC retention time, it is feasible that the intrinsic
amphipathic nature of these polymers could lead to self-
assembly under physiologically relevant conditions. The
polymers were dissolved to a concentration of 1 mg mL−1 in
phosphate-buffered saline (PBS, pH = 7.4) and analyzed by
DLS at 37 °C. In all cases, particle size distributions revealed
hydrodynamic diameters below 10 nm (Figure S16),
suggesting minimal self-assembly. Due to the assumption
made throughout DLS analysis that all particles in solution
form spherical structures, these data do not exclude the
possibility of other types of aggregation in solution. Therefore,
to obtain more precise structural details of the conformation of
these polymers in solution, small-angle neutron scattering

Figure 2. HPLC chromatograms of the guanidinium polymers (A) and the ammonium polymers (B) with a gradient of 5−95% ACN in 30 min
using the 100 mm C18 column. (C) SANS data guanidinium polymers and (D) SANS data ammonium polymers.
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(SANS) measurements were performed (Figure 2C,D). In the
case of guanidinium-containing copolymers, clear Gaussian-
coil form factors were identified in all SANS profiles. g-D50
had the smallest radius of gyration of all polymers measured
(Table S3), consistent with the low molecular weight and
hydrophilicity. An increase in the scattering intensity at low
momentum transfer (Q), however, indicated a degree of
aggregation in solution occurring for each polymer and, in
particular, a mass-fractal-like aggregation forming cross-linked
networks of Gaussian coils. Ammonium-containing polymers,
on the other hand, showed a much stronger aggregation,
particularly for a-D50 and a-T100-1. It should be noted,
however, that the concentrations required for the SANS
experiments were much higher (5 mg mL−1) than those tested
for biological activity, so aggregation may not greatly influence
activity.

While the behavior in solution to this point has been
characterized under physiologically relevant conditions, poly-
NIPAM has well-characterized thermoresponsive properties,
possessing a lower critical solution temperature (LCST)
around 32 °C in water, which is close to physiological
temperatures.30 Previous studies have identified that copoly-
merization of NIPAM with a hydrophilic monomer can
increase the LCST.31 An LCST behavior around 37 °C
(physiological temperature) could affect the antimicrobial
activity of the copolymers. Therefore, we investigated the
solution behavior of all polymers via turbidity measurements.
Polymer solutions (1 mg mL−1) in PBS (pH = 7.4) were
prepared and then subjected to two heating/cooling cycles
from 25 to 60 °C, and turbidity was monitored at a wavelength
of 633 nm. As can be observed in Figure S17, all polymers
showed a transmittance close to 100% over the whole
examined temperature range, indicating no decrease in
solubility with increasing temperature. This showed that the
thermoresponsiveness of the pNIPAM block was completely
hindered by the presence of the positively charged blocks.
Therefore, the performance of the copolymers in the biological
assays would not be influenced by temperature.
Antibacterial Activity of the Cationic Acrylamide

Polymers under Standard and Clinically Relevant
Conditions. The antimicrobial activity of the copolymers
was screened against the Gram-positive S. aureus and the
Gram-negative P. aeruginosa. Both species are members of the

high-priority ESKAPE group,3 and both are flexible opportun-
ists, associated with a wide range of acute and chronic
infections. For instance, S. aureus and P. aeruginosa are the
main pathogens present in chronic wound infections.32 In lung
infections, especially in CF patients, P. aeruginosa is the most
prevalent pathogen.33 Pseudomonas bacteria were shown to
have a different pattern of gene expression and phenotypic
characteristics in lung sputum or in media mimicking the
composition of CF sputum compared to when grown in
standard laboratory media.34 This includes changes in
membrane composition, which can affect antibiotic suscepti-
bility.35 Since the media can have an effect on the bacterial
physiology and on the antimicrobial activity, we investigated
the antimicrobial activity under standard conditions and with
growth media that mimic the environment of two types of
infections: (i) a chronic wound infection using SWF36 and (ii)
a respiratory infection of a CF lung using SCFM.34

We used two isolates of each species. On the one hand, S.
aureus Newman (ATCC 25904) is a well-studied laboratory
strain, but it is known to be a relatively weak biofilm former
and relatively sensitive to antibiotic treatment.37 On the other
hand, S. aureus USA300 LAC is a community-associated
MRSA clone also known to be a good biofilm former.38 P.
aeruginosa PA14 is widely used as a reference strain, and it is
known to have high acute virulence and strong biofilm
formation.39 P. aeruginosa LESB58 is an isolate from the
Liverpool epidemic strain, a transmissible clone which causes
significant disease in people with CF, and it is often used as a
representative CF isolate.40

First, we investigated the antimicrobial activity of the
polymers using the broth microdilution method with standard
testing medium (cation-adjusted Müller-Hinton broth,
caMHB). In the case of both S. aureus strains, the MIC values
evidenced a clear correlation between the antimicrobial activity
and the type of cationic charge. Guanidinium copolymers
showed a higher antimicrobial activity (lower MIC values)
than their ammonium counterparts against S. aureus strains
(Table 1). Moreover, triblock copolymers showed an improved
antimicrobial activity than lower molecular weight diblock
copolymers. In the case of P. aeruginosa strains, no influence of
the cationic moieties on the antimicrobial activity was observed
in PA14, while ammonium copolymers were slightly more
active than their guanidinium counterparts against LESB58.

Table 1. Antimicrobial Activity of the Polymersa

aMICs values expressed in μM of the copolymers tested in caMHB and SWF against S. aureus Newman and S. aureus USA300. MIC values
expressed in μM tested in caMHB, SWF, and SCFM against P. aeruginosa PA14 and P. aeruginosa LESB58. The color gradient was used to highlight
the most active compounds (clear blue) to the inactive compounds (dark red).
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Strikingly, a-D50 and g-D50 were completely inactive even at
high concentration (∼38 μM and 512 μg mL−1) against P.
aeruginosa PA14 (Table 1). In contrast, in the case of the
clinical isolate LESB58, both polymers were active, evidencing
a difference between clinical isolates and laboratory strains
(Table 1). The LESB58 strain possesses a rough LPS devoid of
the O-antigen in the outer membrane in comparison with the
smooth LPS (with the O-antigen) of PA14 strain.41 We
hypothesized that the difference observed between the diblock
copolymer against the two strains might be related with the
type of LPS, since the copolymer was likely to interact with
LPS by electrostatic interaction as other AMPs, such as colistin
or polymyxin B.42 The activity of the compounds in the
standard medium was influenced to some extent by the nature
of the charge. However, a significant difference between the
activity of the diblock copolymers and that of the longer
triblock copolymers could be observed. Previously, we
demonstrated that multiblock copolymers were more efficient
antimicrobials compared to their statistical or diblock
equivalents,21 while other authors showed that an increase in
the molecular weight could result in improved activities of
statistical guanidinium-based methacrylate copolymers.43

Subsequently, we tested the antimicrobial activity of the
polymers in SWF against both S. aureus and P. aeruginosa and
in SCFM against P. aeruginosa. S. aureus grew poorly in vitro
using SCFM; therefore, it was excluded from the study. The
results of our assay showed that for S. aureus strains, an
enhanced activity of the copolymers was observed in the
presence of SWF in comparison with standard caMHB
medium (Table 1). For instance, a drastic change could be
observed for a-D50 against S. aureus strains where the MIC in
caMHB was 37.9 μM (256 μg mL−1), while in SWF, it was 9.5
μM (64 μg mL−1). For P. aeruginosa, in the case of the PA14
strain, the antimicrobial activity of the copolymers in SCFM
was enhanced in comparison to caMHB. As can be observed,
the activity of a-D50 was recovered in SCFM (Table 1). In the
case of the clinical isolate, the same trend was observed except
for g-D50, which was inactive in SCFM against both strains
(Table 1). More surprisingly, the antimicrobial activity of all
polymeric compounds was lost in SWF against P. aeruginosa
strains (Table 1).

On the one hand, the improved antimicrobial activity of the
polymers in SCFM against P. aeruginosa and in SWF against S.

aureus compared to caMHB demonstrated that these materials
held promise for use in certain therapeutic applications. On the
other hand, the loss of activity against Pseudomonas in SWF
was striking. A possible explanation could be an overexpression
of efflux pumps by the bacteria in this environment, as this has
been observed to occur in the presence of burn wound fluid.44

Efflux pumps are a resistance mechanism of bacteria that allows
them to pump antibiotics out of the cell, minimizing damage.
Another possibility might be the association of the polymers
with proteins found in serum, which is present in SWF. On the
one hand, protein binding is known to be an important factor
affecting the activity and pharmacokinetic properties of
antibiotics, with the protein-bound antibiotic fraction being
considered inactive.45 On the other hand, the presence of
serum components has been observed to result in a synergistic
effect with certain compounds by facilitating their uptake by
the bacteria.46 There is limited information on the effect of
serum on antimicrobial polymers, although in a study of
cationic methacrylate polymers, Thoma et al. observed
enhanced activity against S. aureus in MHB-containing
serum.47 This resembles our observations with SWF and S.
aureus. Therefore, if there was an interaction with serum
components, it seemed to affect the activity of the compounds
in ways that differed between bacterial species, possibly due to
differences in the bacterial surface.

In an attempt to understand the lack of activity against P.
aeruginosa in SWF, we fluorescently labeled the compound g-
D50 by attaching Cy5 to the RAFT agent (Figures S10 and
S11). The MIC of the labeled compound was unaffected. We
then treated both S. aureus Newman and P. aeruginosa LESB58
with the compound at a fixed concentration of 8.6 μM (64 μg
mL−1), and observed the bacteria 30 min post-treatment,
following fixation. As can be seen in Figure 3A, in contrast to S.
aureus, where the compound associated with the bacteria in
both media, there was very little interaction of the compound
with P. aeruginosa in SWF (Figure 3B). It should be noted that
the interaction of the compound with both bacteria was not
homogeneous even in caMHB. This effect has been previously
observed for both AMPs and synthetic mimics.48,49

Overall, our results demonstrate that the compound activity
needs to be assessed in media that better mimic the infection
environment, as it can vary widely under certain conditions.
Similarly, the discrepancies seen in polymer activity against the

Figure 3. Fluorescence microscopy images of (A) S. aureus Newman and (B) P. aeruginosa LESB58 grown in either caMHB or SWF, after 30 min
treatment with 64 μg/mL Cy5-g-D50 and fixation with paraformaldehyde. Control cultures were not treated with any compound. Scale bar: 4 μm.
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two strains of P. aeruginosa illustrate the fact that there can be
great differences between bacteria, even within the species
level. Indeed, different strains are known to possess distinct
LPS molecules or membrane lipid modifications.50 Con-
sequently, there are certain risks and limitations when one
chooses specific bacterial strains as “representative” organisms
for antimicrobial activity testing.
In Vitro Toxicity of Peptidomimetic Polymers in

Mammalian Cells. The interaction of AMPs with cellular
membranes has the potential to cause off-target effects and
results in toxicity against mammalian cells.51 For instance, LL-
37 is a human cathelicidin (AMPs) that induces apoptosis to
epithelial cells.52 Additionally, some AMPs and polymer
mimics have shown lytic activity against RBCs in vitro,53 and
hydrophobicity is one of the parameters involved in their
hemolytic behavior.20 We thus tested the copolymer family at
concentrations up to 1 mg mL−1 at 37 °C against sheep RBCs
(Figure S18). As can be observed in Table S5, none of the
polymers caused considerable lysis of RBCs even at the highest
concentration tested. For instance, even the most hydrophobic
compounds, g-T100-2 and a-T100-2, showed less than 10%
hemolysis at the highest concentration.

Subsequently, we studied the propensity of the polymers to
cause RBC agglutination. As can be seen in Figure S19 and
Table S5, the low-molecular-weight diblock copolymers (i.e., g-
D50 and a-D50) showed no hemagglutination at the highest
concentration tested (138.5 and 151.6 μM, respectively, or
1024 μg mL−1). The most hydrophobic polymers g-T100-2
and a-T100-2 seemed to produce hemagglutination even at
low concentrations (<1.1 μM or <16 μg mL−1, and 4.7 μM or
64 μg mL−1, respectively). The polymers characterized by an
intermediate hydrophobic profile between the diblocks and the
other triblocks, namely, g-T100-1 and a-T100-1, showed an
intermediate hemagglutination effect (2.2 μM or 32 μg mL−1,
and 9.7 μM 128 μg mL−1, respectively). In the case of the
triblock copolymers, we noticed that the guanidinium
copolymers caused more hemagglutination than the ammo-
nium counterparts. However, hydrophobicity seemed to be the
key parameter that modulated hemagglutination activity as the
cationic percentage/proportion has been kept constant for all
polymers.

S. aureus is one of the principal causes of recurrent infection
in a chronic wound due to its ability to hinder wound
healing.32 The antimicrobial activity of our polymers against S.
aureus strains in SWF suggested that there was potential for
application of the polymers as treatment in wound infections.
As fibroblasts form an important component of connective
tissue, it was pertinent to assess the cytotoxicity of the
copolymers against the 3T3 murine cell fibroblast line,
evaluated using an XTT assay. Ammonium polymers (a-D50,
a-T100-1, and a-T100-2) did not show toxicity against the 3T3
cell line, as can be seen in Figure 4B. In this case, the monomer
sequence and the molecular weight did not influence the
toxicity of these polymers at the tested concentrations.
However, the guanidinium polymers showed a higher
cytotoxicity in comparison with their ammonium counterparts
(Figure 4A), as observed previously.23 As can be seen in Figure
4A, the triblocks g-T100-1 and g-T100-2 exhibited high levels
of cytotoxicity, while g-D50 was only toxic at the highest
concentration tested. In this case, the molecular weight of the
polymers was a crucial parameter that modulated the toxicity.
In addition, the lower hydrophobicity profile of g-D50
compared to the triblock copolymers could be a reason for

the reduction in toxicity in comparison with the more
hydrophobic guanidinium triblock tested.

P. aeruginosa is the principal cause of death in CF patients
due to lung infection.33 Since the polymers exhibited
promising antimicrobial activity against Pseudomonas in
SCFM, we investigated the cytotoxicity of the copolymers
against human epithelial lung cells (A549). Since our study has
shown that the charge group did not strongly influence the
polymer activity against Pseudomonas and as the guanidinium
copolymers have higher toxicity profiles, we focused on the
most promising materials, the ammonium polymers. As can be
seen in Figure 4C, the ammonium polymers do not exhibit a
cytotoxic effect against A549 cells, even at the highest
concentrations. IC50 values against 3T3 and A549 cells can
be found in Table S6.

When designing new antimicrobial compounds, the goal is
to optimize their therapeutic potential, so minimizing toxicity
is as important as ensuring that they are active. On the one

Figure 4. Cell viability in the presence of the polymers as measured
by the reduction of XTT. (A) Guanidinium and (B) ammonium
copolymers tested on the 3T3 cell line. (C) Ammonium copolymers
tested on the A549 cell line. Shown are the averages of three
biological replicates ± standard error.
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hand, our hemolysis and hemagglutination assays showed that
hydrophobicity and molecular weight are defining factors for
toxicity against RBCs. This is in line with the findings of
Kuroda et al., who have shown a correlation between the
higher hydrophobic content of statistical methacrylate
copolymers with increased hemolysis.20 Additionally, the
different results we obtained with the two triblock architectures
are in agreement with the observations of Lie et al., who
demonstrated that the segregation of the hydrophobic content
played a crucial role in the toxicity of polymeric materials, as
statistical copolymers were more hemolytic than diblock
copolymers with similar molecular weight.54 Similarly, our
group has previously shown a trend of increasing hemolytic
behavior from diblocks to multiblocks to random copolymers,
where the segregation of the hydrophobic content increased.23

On the other hand, toxicity against the 3T3 cell line was more
influenced by the type of the positive charge with guanidinium
copolymers showing higher levels of toxicity than their
ammonium counterparts. Interestingly, the guanidinium
polymers can be thought to mimic arginine-rich cell
penetrating peptides (CCPs), which recently have been
reported to induce membrane multilamellarity and fusion,
allowing them to penetrate mammalian cells.55

In Vivo Toxicity of Peptidomimetic Polymers Against
Galleria mellonella. In recent years, not only invertebrates
have emerged as a useful alternative to small mammals for in
vivo assessments,56 due to the considerable similarities between
the insect and mammalian innate immune system, but also
there is increasing evidence that tests conducted in insects can
provide good approximation and prediction for toxicity and
pharmacokinetic properties in mammals.57 Specifically, the
larvae of the greater wax moth Galleria mellonella have been
used to study the relative toxicity of a variety of small
molecules, showing a strong correlation with the toxicity
profiles obtained against rats.58 Hence, we used G. mellonella
larvae as an in vivo model to evaluate the cytotoxicity of our
copolymers. In general, the data were in good agreement with
the cytotoxicity assays against mammalian cells. Ammonium
copolymers were not toxic to G. mellonella at any concentration
tested. Triblock guanidinium copolymers showed the most
toxic profiles, as larvae were killed at concentrations above 17.6
μΜ (256 μg mL−1). With regard to g-D50, the compound did
not show toxicity to G. mellonella, even at the highest
concentration tested (138.6 μM or 1024 μg mL−1). Survival
plots at the different concentrations tested (Figure S20) can be
found in the Supporting Information.

Since compound g-D50 was not toxic against G. mellonella
larvae, we used the fluorescently labeled polymer Cy5-g-D50
to observe distribution and retention of the compounds in the
larvae. Using both oral administration and injection, we
observed that the compound quickly became well distributed
in the body of the larvae and was mostly retained up to 96 h
later, with a small amount excreted in the frass (Figure 5).

To the best of our knowledge, this is only the second study
to use G. mellonella to assess the toxicity of polymeric
compounds as it was recently used for polymeric nano-
capsules.59 Our results showed that there is a good correlation
between toxicity of polymers assessed against mammalian cell
lines and using this insect model. A small discrepancy was seen
with g-D50. However, it has been previously observed that G.
mellonella can in fact be a better predictor for mammalian
toxicity, while cell-based assays may overestimate the toxic
effects of chemicals, especially those of low toxicity.60 In vivo
toxicity tests are very costly and involve the use of animals,
posing ethical considerations. As such, they only happen in
later stages of development when a lead compound is
identified. The use of such invertebrate models has the
advantage that large numbers can be used for experiments,
allowing whole libraries of novel compounds to be tested at a
very early stage. Finally, our observations following the
administration of the fluorescently labeled compound to the
larvae show that this model can be used to further investigate
aspects, such as uptake and distribution of polymeric materials
for an expanded range of applications.
Studying the Interaction of the Polymers with

Bacteria. To gain a better understanding of how the
compounds work and whether they do mimic AMPs, we
selected one compound for each bacterial strain to perform in-
depth interaction studies. Guanidinium diblock copolymers
have been reported to be able to target intracellular S. aureus
infections.23 As a result, we selected the g-D50 copolymer from
our family of copolymers as it showed relatively low MIC and a
good biocompatibility against G. mellonella larvae. For P.
aeruginosa, we further investigated the antimicrobial activity of
ammonium copolymers as their MIC values were low in both
caMHB and SCFM. The antimicrobial activity of the short
diblock (a-D50) seemed to be dependent on the strain;
therefore, we focused on the a-T100-1 copolymer (preliminary
data suggested a stronger interaction with bacterial membranes
than the a-T100-2 copolymer).

In order to establish how fast the compounds act, we
performed time-killing kinetic assays of two lead compounds.

Figure 5. Fluorescence of Cy5-labeled g-D50 immediately following administration in G. mellonella larvae and 96 h later. (A) Administration of the
compound was carried out by injection. The larvae shown at the top three wells were injected with the compound, while the remaining three larvae
were injected with PBS. (B) Administration of the compound was carried out orally. The larvae were injected with PBS as the negative control for
both experiments (imaging performed at the same time).
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In particular, we investigated the effect of exposure time and
concentration of the polymer on bacterial viability. Over 99.9%
of S. aureus Newman bacteria were killed by g-D50 after 40
min of exposure to 2 × MIC and after 2 h of exposure to the
MIC concentration (Figure 6A). Over 99.9% of P. aeruginosa
PA14 bacteria were killed after 4 h of exposure to 2 × MIC of
a-T100-1. At the MIC, there was a single order of magnitude
reduction in colony forming units rather than complete
eradication of the bacteria (Figure 6B).

To investigate whether these lead compounds truly act as
AMP mimics by disrupting the bacterial membrane or
compromising the cell surface, we performed a series of assays
using fluorescence and electron microscopy. As these experi-
ments are conducted using higher bacterial densities than the
MIC or time-killing assays, we first established the effect of 1 h
exposure to different concentrations of the compounds to
bacterial viability at a higher bacterial density of ∼108 CFU
mL−1 corresponding to an OD600 of 0.5. On the one hand, we
observed that for S. aureus Newman, there was a single order of
magnitude reduction in colony forming units after treatment
with the MIC, with an additional 10-fold decrease for every
doubling of the concentration of the compound (Figure
S21A). On the other hand, for P. aeruginosa, at the MIC, there
was only a twofold decrease in bacterial numbers and only a
10-fold decrease at 4 × MIC (Figure S21B). These results were

confirmed by staining with the nucleic acid dye propidium
iodide, which can only enter cells with compromised
membranes. The cell-permeable SYTO-9 dye, which can
enter intact cells, was used as a counter stain. At subinhibitory
concentration, no uptake of propidium iodide could be
observed either by S. aureus Newman treated with g-D50 or
by P. aeruginosa PA14 treated with a-T100-1 (Figure S21C,D).
At the MIC and at higher concentrations, uptake of propidium
iodide correlated with the effect seen on bacterial viability. As a
result, we were able to conduct further imaging studies on the
effect of treatment using a concentration range close to the
MIC, as that was expected to cause observable effects.

The effect of the compounds on the bacterial membrane was
further observed by investigating how the treatment affected
the staining of the lipophilic styryl dye FM 4-64 FX. The dye is
almost nonfluorescent in aqueous solutions but becomes
intensely fluorescent as it inserts into cell membranes.
Therefore, loss of FM 4-64 FX staining would indicate
complete destruction of the membrane. Bacteria treated with
different concentrations of the compounds, or left untreated,
were subsequently stained with the dye. As can be seen in
Figure S22, at supraMIC concentrations, the staining of FM 4-
64 FX was weaker than the control, indicating membrane
disruption. However, the compounds did not act as surfactants
to completely solubilize or “wash off” the membrane.

Figure 6. Time killing experiment of g-D50 against S. aureus Newman (A) and time killing experiments of a-T100-1 against P. aeruginosa PA14 (B)
in caMHB. Control cultures were not treated with any compounds. Shown are the averages of three biological replicates ± standard error.

Figure 7. Membrane depolarization measured through the fluorescence of DiSC3(5) added to (A) S. aureus Newman, following treatment with
either g-D50 at the indicated concentrations for g-D50, and (B) P. aeruginosa PA14 and following treatment with a-T100 at the indicated
concentrations. Control cultures were not treated with any compounds. Shown are the averages of three biological replicates ± standard error.
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Furthermore, we investigated the effect of the treatment on
membrane ion permeability in S. aureus Newman and on inner
membrane ion permeability of P. aeruginosa PA14 and
subsequent membrane polarization. For this purpose, we
used the potentiometric dye DiSC3(5), whose fluorescence
becomes quenched as it enters energized cells. Membrane
depolarization by treatment with compounds that dissipate
membrane potential causes release of the dye and an increase
in fluorescence. As can be observed in Figure 7, the addition of
g-D50 to S. aureus Newman (Figure 7A) and a-T100-1 to P.
aeruginosa PA14 (Figure 7B) caused rapid membrane
depolarization even at concentrations below the MIC. In P.
aeruginosa PA14, a concentration-dependent response could be
observed (Figure 7B).

Membrane depolarization experiments indicated that the
membrane of S. aureus and the inner membrane of P.
aeruginosa were disrupted by the antimicrobial polymers in
terms of their ion permeability. In order to investigate the
effect of polymer treatment on the cell morphology, we used
both scanning (SEM) and transmission (TEM) electron
microscopy to image individual bacterial cells following
polymer exposure, with untreated bacteria serving as controls.
As seen above with the use of the fluorescently labeled g-D50,
there was a certain degree of heterogeneity in the effect of the
treatment of bacteria at the concentrations of polymers tested.
Focusing on the bacteria that were morphologically affected,
we could see through SEM that after 1 h of exposure to a-
T100-1 at the MIC, the surfaces of P. aeruginosa PA14 cells lost
their smoothness and developed superficial blebs (Figure 8A
and S23, S24). The surface of S. aureus Newman treated with
g-D50 at the MIC became roughened and covered by visible
blebs (Figure 8A). Imaging thin-sectioned bacteria using TEM

allowed for subcellular features to be unambiguously
distinguished. In the case of P. aeruginosa PA14 cells exposed
to a-T100-1 at the MIC for 1 h, TEM images revealed that in a
subpopulation of bacteria, the outer membrane was visibly
disrupted, with a larger periplasmic space between the inner
and outer membrane in comparison with P. aeruginosa PA14
cells which have not been exposed to treatment (Figures 8B
and S23, S24). In the case of S. aureus Newman treated with g-
D50 at the MIC for 1 h (Figure 8B), lysed cells could be
identified, where the cytoplasm of the lysed cells appeared
substantially less electron dense in comparison with non-
exposed cells, indicating the loss of intracellular material.

Here, our results using a variety of imaging techniques and
membrane studies with the use of DiSC3(5) confirm that the
compounds used in this study act as efficient AMP mimics with
regard to their membrane disrupting abilities. Membrane
depolarization experiments indicate potentiometric disruption
to the inner membrane even at subinhibitory concentrations
where there is no effect in bacterial viability or permeability to
propidium iodide. This is a characteristic of the activity of
certain AMPs, such as gramicidin, but is not universal to all
AMPs. For example, polymyxin only causes minimal
depolarization at concentrations much higher than the
MIC.61 Additionally, our observations using electron micros-
copy confirmed the loss of structural integrity upon treatment.
TEM imaging of P. aeruginosa was particularly revealing as the
increased periplasm volume suggests that the osmotic integrity
of the outer membrane has also been compromised. With
regard to S. aureus, our findings are reminiscent of what was
seen after treatment with AMPs (L12) at the MIC.62 Similarly,
our observations using SEM are consistent with what has been
reported for synthetic AMPs (PA-13) against P. aeruginosa

Figure 8. Representative electron micrographs. (A) Scanning electron micrographs of S. aureus Newman (untreated) and S. aureus Newman treated
with g-D50 at MIC and 2× MIC concentration. Scanning electron micrographs of P. aeruginosa PA14 (untreated) and P. aeruginosa PA14 treated
with a-T100-1 at MIC and 2× MIC. (B) Transmission electron micrographs of S. aureus Newman (untreated) and S. aureus Newman treated with
g-D50 (MIC concentration). Transmission electron micrographs of P. aeruginosa PA14 (untreated) and P. aeruginosa PA14 treated with a-T100-1
(MIC concentration).
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cells, where significant changes in the bacterial membrane were
observed, manifesting as roughening and corrugation.63

■ CONCLUSIONS
It has been made clear in recent years that the activity of
polymeric materials designed to mimic AMPs depends on
factors, such as charge and hydrophobicity, and that some of
these parameters can confer certain specificity toward Gram-
positive or Gram-negative organisms. Here, we have
demonstrated that in addition to these factors, the composition
of the medium can greatly influence activity of synthetic AMPs,
which could have important consequences for outcomes in a
real infection scenario. Moreover, we illustrated the necessity
to consider bacterial strain variability, which can also greatly
affect compound activity. Finally, we demonstrated the
usefulness of an invertebrate in vivo model in the early
assessment of novel compound libraries for bioapplications.

■ EXPERIMENTAL SECTION
Materials. Acetonitrile for HPLC (>99.9%), diethyl ether, NIPAM

(97%) dimethyl sulfoxide-d6 (DMSO, 99.5%), acryloyl chloride, 1,4-
dioxane (≥99), chloroform (CHCl3), dichloromethane (DCM),
ethylacetate (EtOAc), ethylenediamine, triethylamine (NEt3), tri-
fluoro acetic acid (TFA), bis(tert-butoxycarbonyl)-2-methyl-2-thio-
pseudourea, magnesium sulfate (MgSO4), sodium bicarbonate
(NaHCO3), hexane, ethyl acetate (EtOAc), N,N-diisopropylethyl-
amine (DIPEA) Boc-anhydride, Dulbecco’s modified Eagle’s medium
(DMEM), Müller-Hinton Broth type II (MHB cationic adjusted),
phosphate saline solution (PBS) tablets, Roswell Park Memorial
Institute medium (RPMI-1640), triton-X, concanavalin A from
Canavalia ensiformis (Jack bean), and 3,3'-diropylthiadicarbocyanine
iodine Disc3(5) were purchased from Sigma-Aldrich and used
without further purification. DAPI (4',6-diamidino-2phenylindone),
FM 4-64FX, fixable analog of FM 4-64 membrane stain, defibrinated
sheep blood, fetal bovine serum (Gibco), hexamethyldisilazane
(electronic grade, 99+%), LIVE/DEAD BacLight Bacterial Viability
Kit for microscopy and quantitative assays (L7012), poly-D-lysine,
and slowFade Gold Antifade Mountant were purchased from Fisher
Scientific. Adhesion slides, coverslip (631-0123), round coverslip of
12 nm (631-1577P), and formaldehyde 4% aqueous solution buffered
were purchased from VWR International Ldt (UK). O-(7-Aza-1H-
benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophos-
phate 99% (HATU) was purchased from Alfa Aesar. Cyanine5
amine was purchased from Lumiprobe GMHB. Pre-wetted RC
tubings 1 kD were purchased from Spectrumlabs. XTT Cell
proliferation Kit was purchased from ATCC. Glutaraldehyde solution
25% for electron microscopy was purchased from PanReac
AppliChem. 2′-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride
(VA-044, Wako), Boc-anhydride (98%, Fluka), and sodium chloride
(NaCl, Fisher-Scientific) were also used without any further
purification steps. 2-((Butylthio)-carbonothioyl) thio propanoic acid
(PABTC), 1,3-di-Boc-guanidinoethyl acrylamide (diBocGEAM), and
N-t-butoxycarbonyl-1,2-diaminoethane (BocAEM) were synthesized
and purified according to the reported literature.64−66

Buffered peptone water was purchased from Merck.
Galleria mellonela was purchased from Livefoods, UK.
The bacterial isolates used were S. aureus Newman (ATCC 25904),

S. aureus USA300 Los Angeles County clone,38 P. aeruginosa PA14
(standard laboratory strain),39 and the Liverpool epidemic strain P.
aeruginosa LESB58.40 The cells lines used were embryonic fibroblast
(Mus musculus) 3T3 (ATCC CRL-1658TM) and lung epithelial cells
(Homo sapiens) A549 (ATCC CCL-185TM).
Synthesis and Characterization. The synthesis of the

monomers 1,3-di-Boc-guanidinoethyl acrylamide (diBoc-GEA) and
Boc-AEAM, monomer characterization via NMR, block copolymer-
ization, deprotection of polymers, and attachment of the Cy5 dye are
described in the Supporting Information. Additionally, polymer

characterization using NMR, size-exclusion chromatography, dynamic
light scattering, HPLC, and SANS are also found in the Supporting
Information.

■ METHODS
Minimum Inhibitory Concentrations. Minimum inhibitory

concentrations (MICs) were determined according to the standard
Clinical Laboratory Standards Institute (CLSI) broth microdilution
method (M07-A9-2012)67 using cation-adjusted Müller-Hinton broth
(caMHB). Additionally, MICs were determined using SWF (peptone
water/fetal bovine serum 50:50 %v/v) as described by Wertheń et
al.36 and SCFM as described by Palmer et al.34 A single colony of
bacteria grown on LB agar plates was picked and resuspended in fresh
medium. The concentration of bacterial cells was adjusted by
measuring the optical density at 600 nm (OD600) to obtain an
equivalent to a McFarland standard of 0.5 (OD600 ∼ 0.08−0.1),
corresponding to a bacterial concentration of ∼108 colony forming
units per mL (CFU mL−1). The solution was diluted 100-fold to
obtain a concentration of 106 CFU mL−1. Polymers were dissolved in
the respective media, and 50 μL of each polymer solution was added
to the wells of Corning Costar TC-treated 96-well plates followed by
the addition of the same volume of bacterial suspension, resulting in a
final bacterial density of 5 × 105 CFU mL−1. The polymer
concentrations tested ranged from 512 to 8 μg mL−1, in a twofold
dilution series. The microwell plates were incubated at 37 °C for 18 h,
and growth was evaluated by eye. Triplicates were performed for each
concentration. Triplicates with just bacteria and triplicates with media
only were used as positive and negative control, respectively. The
experiment was repeated three times, and the highest value obtained
was reported. MIC values were reported in μM due to the difference
in the molecular weight of the polymeric material and to enable
comparison of the antimicrobial activity with small-molecule anti-
biotics.
Bacterial Killing Experiments. For the time-killing assays, a

bacterial suspension of 106 CFU mL−1 was prepared, from
exponentially growing cells (bacterial density similar to that used in
the MIC experiments). This bacterial suspension was placed into
screw cap test tubes of 5 mL (LabDirect) and incubated in the
presence of polymeric compounds at the MIC and 2× MIC in a final
volume of 2 mL at 37 °C with shaking conditions. Bacteria were
counted by taking 50 μL aliquots at regular time intervals (t = 0, 20,
40, 60, 120, and 280 min for S. aureus Newman and t = 0, 60, 120,
280, 360, and 420 min for P. aeruginosa PA14), making serial dilutions
and plating on LB agar. For assaying killing at high bacterial densities,
bacteria were grown in caMHB until OD600 reached 0.5
(corresponding to ∼108 CFU mL−1). Bacteria were aliquoted in 2
mL tubes, and the lead compounds were added at the indicated final
concentrations (0.5× MIC, MIC, 2× MIC, and 4× MIC). The
bacteria were incubated in the presence of the compound for 1 h at 37
°C, and then, the cultures were serially diluted in PBS. Aliquots were
plated on LB agar. Three independent experiments were performed,
and the average and standard deviation were reported.
Hemolysis Assay. Sheep red blood cells (RBCs) were washed

with PBS via centrifugation (4500g for 1 min) at least three times,
until the supernatant was clear. Polymers were dissolved in PBS and
serially diluted (1024 to 16 μg mL−1). A solution of 2% (v/v) Triton
X-100 was used as a positive control, and a solution of PBS was used
as a negative control. Each treatment and controls were performed in
triplicates. RBCs (100 μL, 6% (v/v)) in PBS were added to each well
of Corning Costar TC-treated 96-well plates. Then, 100 μL of each
treatment was added and was mixed before being incubated at 37 °C
for 3 h. The 96-well plates were centrifuged at 600g for 10 min, and
100 μL of the supernatant was transferred to a new plate. The
absorbance at 540 nm was measured using a Cytation 3 microplate
reader (BioTek). Three independent experiments were performed.
Hemagglutination Assay. Hemagglutination assay was per-

formed according to the protocol established by Banerjee et al.68,69

Sheep RBCs were washed with PBS via centrifugation (4500g for 1
min) at least three times, until the supernatant was clear. RBCs were
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diluted in PBS buffer, and 50 μL was transferred to each well of
Corning 96-well clear round-bottom TC-treated microplates.
Polymers were dissolved in PBS and serially diluted. Then, 50 μL
aliquots of the polymer solutions were transferred to the wells
containing the RBCs, using triplicate wells for each concentration.
The resulting polymer concentrations tested ranged from 16 to 1024
μg mL−1. Concanavalin A (50 mg mL−1) solution was used as a
positive control, and PBS was used as a negative control. The
microplate was incubated at 37 °C for 1 h. Three independent
experiments were performed. The highest hemagglutination values
were reported (the data was reported in μM due to the difference in
molecular weight of the polymeric material and in order to enable
comparison).
In Vitro Toxicity of Antimicrobial Polymers in Eukaryotic

Cells. Cells were seeded into Corning Costar TC-treated 96-well
plates at a density of 2 × 104 cells per well and cultured at 37 °C in
basal medium DMEM with 10% fetal calf serum (for 3T3 cells) or
10% fetal bovine serum (for A549 cells) supplemented with 1% (v/v)
glutamine and 1% (v/v) penicillin/streptomycin. The cells were
allowed to grow for 24 h. The medium was then replaced with fresh
medium and complemented with solutions of polymers (ranging from
16 up to 1024 μg mL−1). Cells were further incubated for 24 h. The
media were replaced, and the cells were washed twice with PBS and
then fresh medium containing 2,3-bis-(2-methoxy-4-nitro-5-sulfo-
phenyl)-2H-tetrazolium-5-carboxanilide) (XTT) at 0.2 mg mL−1, and
N-methyl dibenzopyrazine methyl sulfate (250 μM) was added and
incubated for 18 h. Cells were then transferred to a plate reader, and
absorbance at 450 and 650 nm was measured. Each polymeric
treatment was performed in triplicates, and three independent
experiments were performed.
G. mellonella Assays. G. mellonella was used to assess the toxicity

of polymeric compounds in vivo as previously reported.70 The fifth
instar larvae were maintained in sawdust at 4−8 °C (1−3 days).
Larvae were weighed, and only those weighing 250 mg ± 10 mg were
used in the experiment to ensure that the correct polymeric dose was
injected. Eight larvae were used for each dose of the polymeric
compound tested. Larvae were placed on ice for immobilization
during injections. Before the injection, the surface of the larvae was
sterilized using 70% ethanol. The polymeric solution (10 μL, ranging
from 256 to 1024 μg mL−1 as the final concentration) was injected
using a Hamilton syringe in the proleg. PBS was used as a negative
control. The larvae were placed in Petri dishes in the dark at room
temperature, and the survival was monitored for 7 days.

For the study of distribution and retention of the fluorescently
labeled polymer, polymeric solution was prepared in PBS and
administered to the larvae either by injection, as described above, or
orally by force-feeding. The final concentration of the compound was
128 μg mL−1 of larval weight. To assist with oral administration, the
polymer solution was aspirated using a 20 μL pipette and gel loading
tips were used. The larvae were imaged using a Syngene G:BOX XR5
system equipped with an Epi red LED (640 nm) to allow for Cy5
excitation.
Fluorescence Microscopy. Bacteria were grown in caMHB,

unless otherwise stated, to the mid-exponential phase until an OD600
of ∼0.5 was reached.

To investigate binding of the fluorescent polymer, 500 μL aliquots
of bacteria grown in caMHB or SWF were transferred to 2 mL
centrifuge tubes and either treated with a final concentration of 64 μg
mL−1 Cy5-gD50 or left untreated. The suspensions were incubated at
37 °C, shaking at 700 rpm for 30 min. They were then harvested by
centrifugation (10,000 rpm, 5 min), washed with PBS, and fixed using
4% formaldehyde in PBS for 10 min. They were again washed with
PBS, and 3 μL was deposited on slides containing agar pads and
allowed to air-dry. Then, SlowFade gold antifade mountant was
added, and a coverslip was mounted.

To investigate the effect of the compounds on membrane staining,
400 μL aliquots of bacteria were transferred to 2 mL tubes and
incubated in the presence of the lead compounds at the desired
concentrations for 1 h. 10 min prior to the end of the incubation
period, the lipophilic dye FM 4-64 FX was added. The bacteria were

then washed in PBS and fixed using 4% formaldehyde in PBS for 10
min. They were again washed with PBS and applied to agar-pad slides
for microscopy as described above.

For staining with SYTO 9 and propidium iodide, the LIVE/DEAD
BacLight bacterial viability kit (L7007) from Invitrogen was used
according to the manufacturer’s instructions. Briefly, exponentially
growing cells were aliquoted into 2 mL tubes and treated with the
indicated concentration of gD50 for S. aureus Newman or a-T100-1
for P. aeruginosa PA14 for 1 h. They were then washed twice and
resuspended in 0.9% w/v NaCl. LIVE/DEAD solution consisting of
equal volumes of component A and component B was then added at 3
μL mL−1 bacterial suspension so that the final concentration of SYTO
9 was 5 μM and of propidium iodide was 30 μM. The bacteria were
then applied to agar pad slides and visualized by microscopy. Imaging
was performed on a Leica DMi8 widefield fluorescence microscope,
equipped with a Hamamatsu Orca Flash 4.0 V2 camera. The 100× oil
objective was used together with the FITC and TXR filters.
Inner Membrane Depolarization Assay. Overnight cultures of

S. aureus Newman and P. aeruginosa PA14 were diluted in caMHB
and grown to mid-exponential. They were then washed in a 5 mM
HEPES buffer containing 20 mM glucose, pH = 7.3 (HEPES−glucose
buffer). For S. aureus Newman, the culture was adjusted to an OD600
of 0.35, and 85 μL aliquots were transferred to a black flat-bottomed
μClear 96-well plate (Greiner). Then, 5 μL of DiSC3(5) dye was
added from a stock solution of 40 μM in HEPES−glucose buffer
containing 20% DMSO, giving a final concentration of the dye of 2
μM. Following uptake of the dye, 5 μL of KCl was added to a final
concentration of 100 mM, followed by 5 μL of gD50 from stock
solutions at 20×, the desired final concentrations. For P. aeruginosa
PA14, permeabilization of the outer membrane of the bacteria is
necessary to allow uptake of the dye, so after washing the bacteria in
HEPES−glucose buffer, EDTA was added at a final concentration of
0.5 mM. Bacterial density was adjusted to an OD600 of 0.2, and the
experiment was conducted as mentioned above with compound a-
T100-1 and using a final concentration of DiSC3(5) of 2.5 μM.
Fluorescence was measured using a BMG LABTECH OPTIMA plate
reader with the plate shaken between measurements. Three
independent experiments were perfomed, and the average and
standard deviation were reported.
Scanning Electron Microscopy. From an overnight of bacterial

suspension in caMHB, a fresh inoculum was prepared and incubated
at 37 °C with shaking until the mid-exponential phase was obtained
(107−8 CFU mL−1 in caMHB). This bacterial solution was incubated
in the presence of polymeric compounds (at the MIC and 2× MIC)
at 37 °C for 1 h. Then, the cells were pelleted by centrifugation at
6000g for 1 min, followed by three washes in PBS. Circular glass cover
slips (12 mm diameter) were incubated with 50 μL of poly-lysine in a
24-well tissue culture plate. After 15 min, the poly-lysine solution was
removed, and the cover slips were left to dry. The bacterial cell pellets
were resuspended in 400 μL of PBS, and 100 μL was added to the
cover slips. After 30 min of incubation, the excess volume was
removed. The cells were then fixed at 4 °C overnight with a 2.5%
glutaraldehyde solution in PBS. After fixation, the 2.5% glutaraldehyde
solution was discarded, and the cover slips where rinsed three times
with PBS. The coverslips were transferred to clean wells, and
dehydration was performed using an ethanol gradient (from 20, 50,
70, 90, 100, and 100%) for 10 min at each concentration. After
complete dehydration, the cover slips were moved to clean wells and
were incubated with 0.5 mL of hexamethyldisilazane (HDMS) as a
drying agent for 30 min. The HDMS solution was then discarded, and
the cover slips were moved to clean wells and left to dry in a laminar
flow cabinet for 30 min. Copper tape was added to SEM sample
holders, and the cover slips where placed on top. Finally, the samples
were sputtered using a carbon coater (Emitech K950X). Imaging was
performed at the Warwick Electron Microscopy Research Technology
Platform on a Zeiss Gemini scanning electron microscope equipped
with an in-lens detector, at a voltage of 1 kV.
Transmission Electron Microscopy. From an overnight of

bacterial culture in caMHB, a fresh inoculum was prepared and
incubated at 37 °C in shaking until the mid-exponential phase was
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obtained (∼108 CFU mL−1 in caMHB). This bacterial solution was
incubated in the presence of polymeric compounds at the MIC, at 37
°C for 1 h. Then, the cells were pelleted by centrifugation at 6000g for
1 min, followed by three washes in PBS. The cells were then fixed at 1
h at room temperature with a 2.5% glutaraldehyde solution in PBS.
After fixation, the 2.5% glutaraldehyde solution was discarded, and the
pellets where rinsed three times with PBS. Cells were subsequently
incubated with 1% osmium tetroxide for 60 min at room temperature.
Following washing with PBS, the bacterial samples were dehydrated in
a graded acetone series and transferred to graded acetone−epoxy
resin mixtures for 45 min each until pure resin incubated overnight at
a constant temperature. Finally, the specimens were sectioned with an
ultramicrotome. Imaging was performed at the Warwick Advanced
Bioimaging Research Technology Platform on a JEOL 2100Plus LaB6
transmission electron microscope equipped with a Gatan OneView IS
camera.
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