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Polymers Against Staphylococcus aureus: In Vivo
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Antimicrobial-resistant pathogens have reached alarming levels, becoming
one of the most pressing global health issues. Hence, new treatments are
necessary for the fight against antimicrobial resistance. Synthetic
nanoengineered antimicrobial polymers (SNAPs) have emerged as a
promising alternative to antimicrobial peptides, overcoming some of their
limitations while keeping their key features. Herein, a library of amphiphilic
oxazoline-based SNAPs using cationic ring-opening polymerization (CROP) is
designed. Amphipathic compounds with 70% cationic content exhibit the
highest activity against clinically relevant Staphylococcus aureus isolates,
maintaining good biocompatibility in vitro and in vivo. The mechanism of
action of the lead compounds against S. aureus is assessed using various
microscopy techniques, indicating cell membrane disruption, while the cell
wall remains unaffected. Furthermore, a potential interaction of the
compounds with bacterial DNA is shown, with possible implications on
bacterial division. Finally, one of the compounds exhibits high efficacy in vivo

health threats facing humanity.l'! The emer-
gence and spread of antibiotic-resistant
pathogens and, in particular, of the ES-
KAPE pathogens (i.e., Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumo-
niae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species) have
been predicted to cause more than 10 mil-
lion deaths annually by 2050.2) As an al-
ternative to common antibiotics, antimi-
crobial peptides (AMPs) have been ex-
tensively investigated. Briefly, AMPs are
mainly defined as short cationic peptides
(12-50 amino acids) with a positive net
charge (+2 to 4+9).1 The peptide chains nor-
mally adopt an amphipathic structure due
to the presence of cationic and hydropho-
bic moieties. This chemical structure is

in an insect infection model.

1. Introduction

Antimicrobial resistance (AMR) has been declared by the
World Health Organization (WHO) as one of the major public

the key parameter inducing bacterial mem-
brane disruption by electrostatic interaction
with the negatively charged phospholipids
of the bacterial membranes.3! The ability to
disrupt bacterial membranes makes AMPs to have broad
spectrum activity against Gram-positive, Gram-negative, fungi,
and viruses. Recently, some AMPs have exhibited multiples
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mechanism of action against bacteria, binding to intracellular
targets, such as DNA, RNA, and proteins, altering many bac-
terial cellular processes, such as metabolic pathways and cell
division.[*®! Furthermore, AMPs have shown the potential to
act as immuno-modulators playing an important role during
infections.l”] Their several reported mechanisms of action made
AMPs ideal candidates to tackle the AMR crisis, since the emer-
gence of resistance should be less likely to occur.®!

However, AMPs have displayed some limitations, such as low
stability toward enzyme degradation,l®’ mammalian cytotoxicity
especially against red blood cells,'*™) and a high manufacturing
cost.'?] In addition, the antimicrobial activity of AMPs is mas-
sively influenced by physiological conditions.!'**] For example,
changes in pH, ions, cations, proteins, lipids, and serum, and the
presence of red blood cells have been shown to affect the activ-
ity of AMPs, resulting in a drastic reduction in the antimicrobial
performance of AMPs in vitro. Hence their success in clinical tri-
als has been limited.[**] Therefore, synthetic peptides designed in
silico or by mathematical modeling have emerged as a possible
alternative to natural AMPs.['®7] Furthermore, synthetic nano-
engineered antimicrobial polymers (SNAPs) have gained increas-
ing interest as a promising alternative to AMPs to overcome some
of their limitations while keeping their key features.[2181]

Very recently, Tiller and coworkers have shown that poly(2-
oxazoline)s can be added to antimicrobial peptides to enhance
the peptide activity,[2°?2] whilst Liu and coworkers have shown
that poly(2-oxazoline)s derivatives can act as antimicrobial agents
themselves, although work to date was only focused on cationic
homopolymers.[?*1 According to the research conducted by Liu
et al., positively charged glycine-pendant poly(2-oxazoline) ho-
mopolymers were found to be active against S. aureus strains,
with a mechanism of action (MOA) that targets DNA. However,
when the alkyl spacer between the backbone and the cationic
charge was increased, a shift in the mechanism of action from
DNA targeting to membrane targeting was observed. Consid-
ering one of the key parameters in AMPs activity is their am-
phipathic structure, especially the hydrophobic/cationic balance,
there is a definite gap in knowledge in assessing how this bal-
ance affects the MOA of poly(2-oxazoline)s against bacteria.['’! In
the past decades, water-soluble poly(2-oxazoline)s have gained an
increasing interest in the biomedical field, especially as an alter-
native to poly(ethylene glycol) (PEG).[2>26] Poly(2-oxazoline)s are
promising substitutes to PEG for biomedical applications, as the
overuse of the latter has led to growing concerns in terms of tox-
icity, including the oxidative degradation of the main chain with
the formation of toxic compounds, the stimulation of anti-PEG
IgM antibody response and, more recently, allergic reactions.”]
The properties of poly(2-oxazoline)s can be tuned easily, by varia-
tion of the side chain of the starting monomer or by the introduc-
tion of functional groups in both the chain-ends or side-chains.
Furthermore, the use of CROP to synthesize 2-oxazoline leads
to well-defined polymers, with narrow molecular weight distri-
butions, high-end-group fidelity, and precise macromolecular ar-
chitectures.

Considering the very promising potential of poly(2-oxazoline)s
as antibacterial agents, we have embarked on a systematic study
assessing the structure-property relationship underlying their an-
tibacterial activity, for instance, the hydrophobic/cationic balance
in the polymer structure, as well as defining a range of proto-
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cols to optimize the screening of material activity. We built a li-
brary of amphipathic oxazoline-based copolymers via CROP, and
evaluated their antimicrobial activity against five relevant strains
of S. aureus, a well-known pathogen responsible for many criti-
cal infections,!*®?! showing potent antimicrobial activity in an in
vivo-like wound infection medium. Their cytotoxicity was evalu-
ated in vitro against mammalian cells and in vivo using an in-
sect model. Two lead compounds were selected, and their mech-
anism of action was investigated using time-killing experiments
and several microscopy techniques, indicating that the presence
of hydrophobic moieties plays a significant role in their MOA in
comparison with the cationic homopolymer control. Finally, the
optimized polymer compositions exhibited a potent antimicro-
bial activity against an in vivo insect infection model.

2. Results and Discussion

2.1. Synthesis and Characterization of 2-Oxazoline
Homopolymer and Statistical Copolymers

A library of 2-oxazoline (co)polymers mimicking AMPs was syn-
thesized to evaluate the effect of the cationic and hydrophobic
content on their antimicrobial activity and toxicity (Figure 1A).
Boc-protected amino-2-oxazoline (NHBocOx) was used as the
cationic monomer (Figures S1 and S2, Supporting Information),
and the hydrophobicity was adjusted by copolymerization with
EtOx or PrOx (Figures S3 and S4, Supporting Information).
The molecular weight of the (co)polymers was carefully selected
to have good biocompatibility since similar antimicrobial ho-
mopolymers with higher DPs exhibited higher toxicity against
cells.] Therefore, the degree of polymerization (DP) was kept
constant at 20 for all polymers, while the ratio between the
cationic and the more hydrophobic monomers was varied as
shown in Table S1 (Supporting Information). For clarity, the
polymers are defined with “H” and “C” to represent homopoly-
mers and copolymers, respectively, followed by the number of
carbon atoms in the alkyl chain of 2-alkyl-2-oxazoline (2 for ethyl,
and 3 for propyl), and the number represents the percentage of
cationic content in the copolymer (30, 50, 70, or 100). According
to the 'H NMR spectra a quantitative monomer conversion was
obtained for all polymerizations (Figures S5-S10, Supporting
Information). CROP resulted in well-defined polymers, as
indicated by the symmetrical monomodal molecular weight
distributions, with relatively high dispersity values (1.25-1.40)
due to possible gel permeation chromatography (GPC) column
interactions of NHBocOx repeat units (Figure 1B). This could
also be observed in the GPC chromatogram of the homopolymer,
which exhibited the highest polydispersity. Similar results have
been previously obtained for NHBocOx homopolymers with
different DPs.[?)] Kinetic studies of the copolymerization of
NHBocOx and 2-ethyl-2-oxazoline (EtOx) confirmed the syn-
thesis of statistical copolymers with apparent reactivity ratios
close to 1.00 (Figure S11 and Table S2, Supporting Information).
The Boc-protected amines were successfully deprotected via
carbamate hydrolysis under acidic conditions, yielding posi-
tively charged (co)polymers (Figures S12 and S13, Supporting
Information). It is important to note that due to the presence of
charged moieties and their interaction with the GPC column, the
(co)polymers could not be analyzed via GPC after deprotection.
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Figure 1. A) Chemical structure of the H100 cationic homopolymer, and of the C2-XX and C3-XX copolymer series. B) GPC traces of the NHBocOx
homopolymer and its copolymers with EtOx or PrOx using THF as eluent. C) Normalized number DLS measurements of 1 mg mL™" solutions in PBS
of the deprotected polymers at 37 °C. D) HPLC chromatograms of the deprotected polymers with a gradient of 5% to 95% MeOH in 40 min using a
100 mm C18 column. E) Heatmap of the MIC values (ug mL™") of the polymers tested against five different strains of S. aureus in SWF. F) Viability of
HaCaT (triangle) and 3T3 (circle) cell lines in the presence of C2-70 (blue) and C3-70 (magenta) measured by the reduction of XTT. The viability was
calculated from the positive control (6% DMSO = 0% viability) and the negative control (PBS = 100% viability). The average of three independent
experiments + standard deviation is shown. G) Time-killing curves of S. aureus SH1000 in caMHB after exposure to H100 (yellow), C2-70 (blue), and

C3-70 (magenta) at 2x MIC. The average of three replicates + standard deviation is shown. SD bars are smaller than the symbols.

Due to the amphiphilic nature of poly(2-oxazoline)
copolymers,3% we studied the solution behavior of the ob-
tained polymers under physiological conditions via dynamic
light scattering (DLS) and turbidity measurements were per-
formed via UV-vis spectroscopy. The copolymers were dissolved
at a concentration of 1 mg mL™! in phosphate buffer solution
(PBS, pH = 7.4) and analyzed by DLS at 25 and 37 °C. The
DLS measurements showed assemblies with diameters between
1 and 10 nm for all copolymers at both temperatures, indi-
cating that no self-assembly occurred under these conditions
(Figure 1C and Figures S14 and S15, Supporting Information).
The copolymer solutions were also analyzed by UV-vis spec-
troscopy, which showed that the polymers did not exhibit any
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thermoresponsive behavior with transmittance values close
to 100% over the analyzed temperature range (Figure S16,
Supporting Information).

Since it is known that both the antimicrobial activity and the
toxicity towards mammalian cells are strongly influenced by
the hydrophobicity of the tested compounds,*'**! the overall
hydrophobicity of the polymers was also measured via HPLC.33!
The polymers exhibited the expected elution trend, with the
more hydrophobic copolymers eluting later compared with the
more hydrophilic ones (Figure 1D). H100 and C2-70 eluted at a
similar time, indicating that the copolymerization of NHBocOx
with 30% of EtOx did not affect the overall hydrophobicity
of the copolymer, followed by C2-50, C3-70, C2-30, C3-50,
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and, lastly, the most hydrophobic C3-30 (Table S1, Supporting
Information).

2.2. Antimicrobial Activity Against S. aureus

The antimicrobial activity of the polymers was evaluated against
the Gram-positive bacterium S. aureus, an opportunistic mem-
ber of the ESKAPE group associated with several acute and
chronic infections including skin and soft tissue wounds.?*l
The gene expression, phenotypic characteristics, and metabolic
state of bacteria can be influenced by the metabolites supplied
(growth medium conditions), influencing the activity of the
tested antimicrobial compounds.3>-”] Therefore, we screened
the antimicrobial activity of the polymers in standard labora-
tory conditions using cation-adjusted Mueller—-Hinton broth
(caMHB), to compare to other studies, and in a medium mim-
icking the environment of a chronic wound infection, synthetic
wound fluid (SWF), in order to closer mimic a wound infection
microenvironment.*®] Media composition affects the metabolic
state of bacteria and their susceptibility toward antibiotics.[*>=7]
Furthermore, different strains of the same specie might have dif-
ferent susceptibility toward antimicrobial agents.[**! Therefore,
we included five different strains of S. aureus, comprising two
strains of methicillin-sensitive (MSSA) S. aureus (Newman and
SH1000),1 one methicillin-resistant (MRSA) strain (USA300
LAC), and two clinical isolates from chronic wound infections
from human patients (CW2 and CW4).

In the case of the copolymers in caMHB, a clear correlation
between the MIC values and the cationic content was observed
(Figure S17, Supporting Information). The copolymers having
a higher amount of amine-containing oxazoline monomer
(C2-70 and C3-70) resulted in lower MIC values (32-64 ug mL™)
against all the selected S. aureus strains compared to the more
hydrophobic copolymers, which resulted in higher MICs (128—
512 pg mL7!) or were completely inactive at concentrations
tested (MIC > 512 pg mL?'). These results demonstrated that
the presence of a high amount of cationic monomer (70%) was
necessary to achieve a good antimicrobial activity, as previously
reported by Zhou et al. for purely cationic homopolymers with
different DPs.[2)] However, the positively charged homopoly-
mer H100 exhibited MIC values slightly higher than the two
best-performing copolymers (C2-70 and C3-70), confirming that
hydrophobicity played a crucial role in the antimicrobial activity
of the compounds. Interestingly, most of the tested polymers en-
hanced their antimicrobial activity in SWF, showing lower MIC
values compared with caMHB (Figure 1E; Figure S17, Support-
ing Information), resulting in an improved antimicrobial activity
for C2-70, C3-70 and H100 with a two- to four fold decrease in
the MIC values. However, this trend was not observed in the
case of the most hydrophobic compounds (C2-50, C3-50, and
C3-30). This might have been caused by the interaction of the
more hydrophobic compounds with the proteins present in the
medium, which hindered the improvement of their activity.[*!42]
Interestingly, the polymers did not show a noticeable difference
in antimicrobial activity depending on the S. aureus strain.

We hypothesized that the cationic units were necessary for the
electrostatic interaction with the negatively phospholipids of the
bacterial membrane and the hydrophobic moieties might pro-
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mote the insertion of the polymer into the lipidic bilayer causing
a membrane disruption effect. In fact, our results showed that
the cationic/hydrophobic balance plays a crucial role on the an-
timicrobial activity of the polymeric compounds and that it needs
to be assessed depending on the polymer type. Furthermore, they
highlighted the importance of assessing the antimicrobial activ-
ity of polymers in media that better mimic the environment of
specific infections as it can considerably vary from the results ob-
tained in a standard testing medium.[**]

2.3. In Vitro and in Vivo Biocompatibility of the Antimicrobial of
2-Oxazoline Polymers

Due to the amphipathic nature of the copolymers, a possible
interaction with the membrane of mammalian cells could oc-
cur and cause toxicity. Therefore, to evaluate the biocompatibil-
ity of the polymers and their toxicity against mammalian cells
and their possible interaction with the cell membrane, we first
investigated their haemocompatibility by studying their hemoly-
sis and haemagglutination profiles against sheep red blood cells
(RBCs). In general, the polymers did not cause any significant
lysis and agglutination of RBCs (Figure S18, Supporting Infor-
mation). Only H100 and C2-70 showed a mild cell agglutination
at the highest concentration tested (1024 pg mL™!). The molec-
ular weight of the copolymers was carefully selected to avoid low
biocompatibility since similar antimicrobial homopolymers with
higher DPs showed higher toxicity profiles against RBCs.!23]

Based on our MIC results and the biocompatibility against
RBCs, we calculated the therapeutic indexes (see ESI) to select
the lead candidates for further investigations. By increasing the
cationic content to 70%, the copolymers showed improved ther-
apeutic indexes in comparison with the copolymers with a lower
cationic content of 30% and 50% (Figure 2). Also, the H100 ho-
mopolymer showed a good therapeutic index, however, the C2-70
and C3-70 copolymers outperformed H100 with a two- and four
fold increase in their therapeutic indexes considering the MICs
in SWF.

Further, the cytotoxicity of the two leading compounds, C2-
70 and C3-70, was evaluated against two different mammalian
cell lines. As previously mentioned, S. aureus is one of the most
abundant pathogens on the skin associated with wound infec-
tions, leading to chronicity of the infection and wound healing
impairment.[**l Since keratinocytes are the major component of
the epidermis, and fibroblast cells contribute to the formation
of connective tissues, we selected keratinocyte (HaCaT) and fi-
broblast (3T3) cell lines to evaluate the cytotoxicity of the two
copolymers using a metabolic mitochondrial viability (XTT) as-
say. The two copolymers did not cause a reduction in cell viabil-
ity (Figure 1F), exhibiting a high biocompatibility toward the two
cell lines even at the highest concentration tested.

2.4. Investigation of the Mechanism of Action of C2-70 and C3-70
Copolymers Against S. aureus
We then decided to investigate the mechanism of action (MOA)

of the two lead compounds. Previously, Zhou et al. have re-
ported that amine-containing oxazoline homopolymers targeted
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Figure 2. Selectivity indexes of the polymers against five S. aureus strains calculated from the ratio between MIC and hemolysis results in A) caMHB and
B) SWF, and from the ratio between MIC and haemagglutination results in C) caMHB and D) SWF. The color gradient was used to highlight the lowest
(magenta) and the highest (blue) selectivity indexes and the inactive compounds (white).

DNA as their principal MOA.[?)] Hence, we included the H100
homopolymer in the study as a direct comparison with the
copolymers. By introducing some hydrophobicity, we hypothe-
sized that the MOA of the copolymers might rely on membrane
disruption as well as potentially targeting DNA, as already
reported for other antimicrobial cationic polymers.[2#3345-471 g,
aureus SH1000 was selected as our model bacteria strain since
the pathogen is commonly used to investigate the MOA of
antibiotics against Gram-positive bacteria.l*]

We first performed a time-killing assay in caMHB to estab-
lish how fast the compounds caused bacterial killing (Figure 1G).
Over 99.9% of bacteria were killed by H100 and C2-70 by 2 h af-
ter exposure at 2x MIC, with similar killing profiles between the
polymers. The more hydrophobic copolymer C3-70 exhibited a
slower killing rate (over 99.9% of S. aureus SH1000 killed by 4 h
after exposure to 2x MIC) in comparison with C2-70 and H100.
The differences observed between the polymers might have been
caused by the different hydrophobicity profiles. It might be pos-
sible that the presence of a higher hydrophobic content in C3-70
might have potentially caused a slower insertion into the bacterial
membrane, requiring a longer time to cause bacterial cell disrup-
tion compared to the more hydrophilic compounds.

Adv. Healthcare Mater. 2023, 2301961 2301961 (5 of 13)

Therefore, we sought to investigate the effect of the polymers
on bacterial cell morphology using scanning electron microscopy
(SEM). Since these experiments were performed using a higher
bacterial density than in the MIC and time-killing assays, we eval-
uated the effect on bacterial viability of 1 h exposure to the poly-
meric compounds (2x MIC) at the highest bacterial density of
~10% CFU mL™! (Figure S19, Supporting Information). After 1 h
treatment, H100 caused a 3-log;, CFU reduction. In the case of
the copolymers, the CFU did not decrease after 1 h exposure. Itis
important to note that the MIC of H100 in caMHB (64 ug mL™)
was double that of the copolymers (32 pg mL™!). Therefore, a
higher concentration of H100 was used compared with C2-70 and
C3-70, and this might have influenced the killing observed. From
the SEM analysis, we observed a striking difference in the num-
ber of bacterial cells between the copolymers and the homopoly-
mer (Figure 3). Fewer cells were observed in the case of H100,
confirming its faster bactericidal activity compared with C2-70
and C3-70. Since high bacteria concentrations were necessary
for imaging purposes, there was a certain degree of heterogene-
ity in the effect of the treatments on bacteria at the concentra-
tion of polymers tested due to an inoculum effect, as previously
reported for AMPs.[*®] Focusing on morphologically affected

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Representative scanning electron micrographs of S. aureus SH1000 untreated (grey) and treated with H100 (yellow), C2-70 (blue), and C3-
70 (magenta) at 2x MIC concentration. Superficial blebs (yellow arrows), crumpled cells, membrane holes, and large spherical aggregates (blue and

magenta arrows) could be observed.

bacterial cells, we could observe dead cells and a roughening ef-
fect on the bacterial surface when treated with H100, with the ap-
pearance of superficial blebs (Figure 3, yellow arrows). The blebs
formation has already been observed in S. aureus after the treat-
ment with AMPs and SNAPs.[*#] Interestingly, the cells treated
with the copolymers presented strikingly different phenotypes
compared with the homopolymer. “Crumpled” dead cells pre-
senting holes on the membrane could be observed together with

Adv. Healthcare Mater. 2023, 2301961 2301961 (6 Of13)

the appearance of enlarged spherical agglomerates (Figure 3,
blue and magenta arrows). Similar phenotypes of pore forma-
tion caused by AMPs have been reported against S. aureus.5%
The enlarged spherical aggregates were only observed after the
copolymer treatment. We hypothesized that the enlarged spher-
ical structures (=5 times the size of untreated bacteria) could be
caused by a) bacterial cell aggregates embedded in a polymeric
matrix, b) debris of dead cells held together by the fixing agents of

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

95U8017 SUOLULLOD aA IR 9|dedl|dde ay) Aq peuseAob afe sopiLe VO ‘SN J0 S3|NJ J0j AkelqiTauljuQ /8|1 UO (SUONIPUOD-pUe-SLLB)L0Y" A3 | Im A le.q 1[eul uo//SAny) SUONIPUCD pue Wi 1 8u) 88S *[£202/60/6T] U0 Ariqiauliuo Ao|IM 5oL A T96TOEZ0Z WUPe/Z00T OT/10p/woo A8 |Im Aleiq 1pul|uo//sdny wouy pepeojumod ‘0 ‘65922612



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

the sample preparation, or c) a single enlarged cell resulting from
a possible osmotic shock due to the membrane disruption caused
by the polymeric materials. However, we could not determine its
nature from the SEM analyses. Nevertheless, a significant differ-
ence in the MOA between the copolymers and the homopolymer
was observed, indicating that the presence of the hydrophobic
moieties induced greater membrane damage compared to the
purely cationic polymer. Additionally, in the case of H100, cell
death already occurred after 1 h of treatment (3-log,, CFU re-
duction) prior to the imaging and, consequently, it was difficult
to determine if the membrane disruption was caused directly by
the interaction of the polymeric material or as a consequence of
cell death attributed to a possible different mechanism of action
of the compound. In the case of the C2-70 and C3-70 copolymers,
we could conclude that membrane disruption was directly related
to the MOA of the compounds (no drastic CFU reduction).

To better understand the unexpected phenotype of S. aureus
after the exposure to the copolymers, we performed thin-section
transmission electron microscopy (TEM) analysis of individual
bacterial cells after 1 h exposure to 2x MIC of the polymeric treat-
ments (Figure 4). As can be observed, the homopolymer H100
caused cell lysis, since disrupted membranes and less electronic
dense cells due to the leakage of the cytoplasmic material could
be visualized. Furthermore, fewer cells and no aggregation or en-
larged cells were observed in agreement with the SEM analysis.
For both copolymers, cell lysis was especially observed in divid-
ing cells. We hypothesized that the copolymers could affect the
bacterial membrane, particularly in the cells that are dividing. As
reported by Zhou et al., homopolymers of the cationic oxazoline
directly affected DNA.[23] However, Dai et al. demonstrated that
homopolymers with a longer alkyl spacer between the backbone
and the cationic charge switched their antibacterial mechanism
from DNA-targeting to membrane-targeting.[2*]

Therefore, the introduction of hydrophobicity in the copoly-
mers might have switched their MOA, resulting in bacterial
membrane disruption. However, DNA and cell division could still
be two of the main targets of the copolymers since the dividing
cells seemed to be more affected (Figure 4, blue and magenta).
In the case of the enlarged spherical structures, the TEM analysis
revealed highly electronic dense areas around lysed cells. Based
on these observations, the hypothesis of single enlarged cells was
discarded. On the contrary, it seemed to support the theory of cell
aggregation, with the electronic dense material possibly being de-
bris of dead cells.

We then sought to investigate the effect of the polymers on the
bacterial cell wall nanometric morphology using atomic force mi-
croscopy (AFM). As in the EM analysis, these experiments were
performed using a higher bacterial density than in the MIC as-
says. We prepared the sample by exposing the cells for 1 h to
the polymeric compounds (2x MIC), which were then collected,
boiled (to avoid using fixing agents), and attached to a flat surface
for AFM imaging. From the AFM analysis, the main observation
was the lack of generalized striking defects in the major compo-
nent of the cell wall, the peptidoglycan (Figure 5). The untreated
cells showed either groups of cells or individual cells, which had
the expected peptidoglycan architecture of living cells despite be-
ing boiled.’! Therefore, any effect seen in the other samples
could be attributed to the polymeric treatments rather than the
boiling process. Cells treated with H100 presented the same ef-
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fect seen by SEM, the appearance of superficial blebs (yellow ar-
rows). Looking at the nanostructure on the zoom images, we pro-
pose that these blebs were probably broken membranes or leaked
cytoplasm that has been left out after the cells died. The peptido-
glycan architecture remained mostly unchanged as the mature
mesh (black arrowheads) and nascent concentric rings (white ar-
rowheads) were still present in the majority of the cells. The C2-
70 and C3-70 treatments did not induce the formation of “non-
peptidoglycan blebs”. As previously observed in the EM analysis,
also in this case there was a certain degree of heterogeneity in
the effect of the treatment on bacteria at the concentrations of
polymers tested. Focusing on the morphologically affected bacte-
ria, a major disruption was observed that could be related to ex-
posed cytoplasm around the rupture of the cell wall (blue arrow
on the C2-70 treated cells). For both C2-70 and C3-70, the pep-
tidoglycan architecture remained mostly unchanged with both
mesh and rings present in the majority of the cells. The enlarged
spherical agglomerates were not observed with AFM, which cor-
roborates the hypothesis that they are aggregates of cell debris
held together by fixing agents used during the SEM and TEM
analyses. Given the lack of fixing during the AFM sample prepa-
ration, only the individual cells were observed on the surface. Itis
worth mentioning that some unusual protrusions on the nascent
rings (white arrowheads on the C3-70 images) were observed. As
well as deep holes on several cells treated with C3-70 (magenta
arrows), which have been observed before on untreated cells dur-
ing the division process.l>!] However, here this feature was more
prevalent than normal, which could indicate that the cells were
stuck during the division process due to the polymer activity. To
conclude, the AFM analysis reinforced the hypothesis that the
polymeric treatments did not cause evident damage on the cell
wall, meaning they probably have a mode of action either related
to lipid membrane disruption or DNA-targeting.

Since EM analyses revealed that the copolymers caused lysis
of dividing cells, we investigated the colocalization of the copoly-
mers in S. aureus SH1000 using confocal microscopy. The copoly-
mers were labeled with the Cy5-dye by an azide-alkyne “click”
reaction (Figures S20 and S21, Supporting Information). Bac-
teria were incubated with the Cy5-copolymers (magenta signal)
for 1 h (2x MIC), the lipidic bilayer was stained with the dye
FM1-43 (green signal), and the bacterial DNA was stained with
DAPI (cyan signal). Subsequently, the cells were fixed with 4%
formaldehyde solution in PBS for 1 h prior to the imaging. As can
be observed in Figure 6, the untreated control showed a strong
signal for the FM1-43 and DAPI dyes, indicating healthy bacterial
cells. In the case of the bacteria treated with the Cy5-copolymers,
almost all the bacterial cells showed a reduction of DAPI signal
(Figure 6 and Figure S22, Supporting Information). We hypoth-
esized that the cationic moieties of the copolymers could electro-
statically interact with the negatively charged phosphate groups
of the DNA, preventing the intercalation of the DAPI-dye. Sim-
ilar polymeric materials have been investigated as gene delivery
agents, therefore, the binding of DNA in bacterial cells due to the
amphipathic nature of the compounds is not surprising.[>>3]

In some bacterial cells exposed to the polymeric treatment, the
FM1-43 and DAPI signals were depleted, while a strong signal
from the Cy5-copolymers was observed. This correlates with our
previous observation in the AFM analysis, indicating that the
compounds have a direct effect on the bacterial lipidic bilayer.

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

95U8017 SUOLULLOD aA IR 9|dedl|dde ay) Aq peuseAob afe sopiLe VO ‘SN J0 S3|NJ J0j AkelqiTauljuQ /8|1 UO (SUONIPUOD-pUe-SLLB)L0Y" A3 | Im A le.q 1[eul uo//SAny) SUONIPUCD pue Wi 1 8u) 88S *[£202/60/6T] U0 Ariqiauliuo Ao|IM 5oL A T96TOEZ0Z WUPe/Z00T OT/10p/woo A8 |Im Aleiq 1pul|uo//sdny wouy pepeojumod ‘0 ‘65922612



ADVANCED ADVANCED
dCIENCE NEWS ... HEATHCARE

www.advancedsciencenews.com www.advhealthmat.de

Untreated
S. aureus SH1000

S. aureus SH1000 + H100

S. aureus SH1000 + C2-70

S. aureus SH1000 + C3-70

Figure 4. Representative transmission electron micrographs of S. aureus SH1000 untreated (grey) and treated with H100 (yellow), C2-70 (blue), and
C3-70 (magenta) at 2x MIC concentration. Blue and magenta * indicate dead dividing cells and cell debris. Dark and light cells correspond to cells with
and without cytoplasm, respectively.
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Untreated
S. aureus SH1000

S. aureus SH1000 + H100

aureus SH1000 + C3-70  S. aureus SH1000 + C2-70

S.
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Figure 5. Representative AFM images of S. aureus SH1000 untreated (grey) and treated with H100 (yellow), C2-70 (blue), and C3-70 (magenta) at 2x MIC
concentration. Yellow, blue, and magenta arrows indicate effects of the respective polymers on the cells, black arrowhead indicates mature peptidoglycan
architecture, and white arrowhead indicates nascent peptidoglycan as a form of concentric rings.

These results reinforced our hypothesis that the copolymers
might cause membrane disruption and affect cell division by
targeting or complexing DNA. Furthermore, aggregates of bac-
teria could be observed similarly to the SEM and TEM analysis.
The bacterial aggregates showed a strong Cy5 signal, while the
signal of FM1-43 was reduced, indicating that they contained
cell debris (highly electron-dense material observed in the TEM
imaging) lacking phospholipids from the bacterial membrane.
This observation reinforced our hypothesis that the spherical
aggregates could be composed of bacterial cell debris.

Adv. Healthcare Mater. 2023, 2301961 2301961 (9 of 13)

2.5. In Vivo Infection Insect Model: Galleria melonella

Based on the promising results obtained from the XTT assays,
we decided to evaluate the toxicity of the two copolymers using
an in vivo invertebrate model. Invertebrate models have been
used as an alternative to small mammals due to the similarities
in their innate immune response,® the easy experiment setup,
the low cost associated, and the ethical benefits, resulting in
reproducible and reliable outcomes comparable to those per-
formed on mammals.>>) Among all, the larvae of the greater wax

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Merged

Figure 6. Representative confocal micrographs of S. aureus SH1000 untreated (grey), and treated with Cy5-C2-70 (blue) and Cy5-C3-70 (magenta) at
2x MIC concentration, the nucleic acid was stained with DAPI and the phospholipid bilayer was stained with FM1-43.

moth, Galleria mellonella, have been widely used as an infection
model and for testing the pharmacokinetics and toxicity of
antimicrobial agents.’*%?] Therefore, we used G. mellonella
larvae to assess the in vivo cytotoxicity and to evaluate the in
vivo antimicrobial activity of the two lead compounds. The poly-
mers were tested at three different concentrations (20x MIC,
10x MIC, and 5x MIC) on six larvae per treatment and their
effect was monitored over 7 days before the larvae entered in the
pupation state where the experiment was terminated.

Both C2-70 and C3-70 showed good biocompatibility even at
the highest concentration tested (Figure 7A). In the case of C2-
70, one larva died after 3 days, reducing the survival rate from
100% to 83%. However, this could also potentially be caused by
the mode of injection, via a needle. A good correlation between
the cytotoxicity of the compounds against mammalian cells and
the invertebrate model was obtained.

Furthermore, we investigated the antimicrobial activity of the
copolymers against an in vivo infection model. The larvae were
infected with S. aureus SH1000 (10® CFUs) followed by the injec-
tion of the polymeric material. The polymer dose was adjusted to

Adv. Healthcare Mater. 2023, 2301961 2301961 (10 0f13)

10x MIC (320 ug mL™") based on the in vitro cytotoxicity where
no cell death was reported. The larvae treated with only bacteria
died in a constant manner over 7 days (Figure 7B). However, the
addition of C2-70 and C3-70 increased the survival rate to 33%
and 50%, respectively. The obtained results showed a promising
bactericidal effect of the compounds in an in vivo infection insect
model, increasing the survival rate from 0% up to 50%.

3. Conclusion

In conclusion, we have synthesized a library of oxazoline-based
antimicrobial polymers via CROP by varying the ratio between
the cationic and hydrophobic content by polymerizing the pos-
itively charged amine-containing oxazoline with EtOx or PrOx.
The polymers did not exhibit any thermoresponsive behavior
as demonstrated by DLS and turbidity measurements, and
they displayed the expected trend of amphiphilicity as shown
by HPLC analysis. We then tested the antimicrobial activity of
the polymers via MIC assays against five strains of S. aureus
in standard caMHB medium and in a more advanced medium

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 7. Survival rate of G. mellonella larvae evaluated over a period of 7 days after A) the inoculation of C2-70 (blue) and C3-70 (magenta) at a
concentration of 20x MIC, and B) the inoculation of 108 S. aureus SH1000 cells followed by C2-70 (blue) and C3-70 (magenta) treatments at 10x MIC.

Six larvae were used for each treatment.

mimicking the environment of a chronic wound infection
(SWF). In general, the copolymers with a higher amount of
cationic content resulted in lower MIC values against all the
tested S. aureus strains compared with the more hydrophobic
copolymers, demonstrating that the presence of a high amount
of positively charged oxazoline was necessary to achieve a good
antimicrobial activity. Furthermore, the cationic homopolymer
(H100) exhibited slightly higher MIC values compared with
the two best-performing copolymers (i.e., C2-70 and C3-70),
confirming that hydrophobicity is a key parameter of the an-
timicrobial activity of the compounds. Interestingly, enhanced
activity was observed for the more hydrophilic polymers in SWF,
while the interaction between the hydrophobic moieties and the
proteins present in the medium might have hindered the activity
of the most hydrophobic compounds. Subsequently, we tested
the hemocompatibility of the compounds against sheep RBCs.
The polymers did not cause lysis of the cells even at the highest
concentration tested, while a minor agglutination was observed
for H100 and C2-70 at the highest concentration.

Adv. Healthcare Mater. 2023, 2301961 2301961 (11 0f13)

We then selected two lead compounds based on the deter-
mined selectivity indexes and we investigated their cytotoxicity in
vitro against keratinocyte (HaCaT) and fibroblast (3T3) cell lines.
The compounds did not show any toxicity even at the highest con-
centration tested, crucial for their further application.

Finally, using several microscopy techniques, we investigated
the potential membrane disruption caused by H100, C2-70, and
C3-70 against S. aureus SH1000. The amphipathic copolymers
showed bacterial aggregates, membrane disruption, and bind-
ing to the bacterial DNA potentially affecting cell division. In
the case of the homopolymer control, a fast-killing effect was ob-
served at the concentration tested, with blebs formation on the
cell surface and cell lysis. In a recent publication, it has been re-
ported that amine-containing oxazoline copolymers target bac-
terial DNA.[?*] The incorporation of hydrophobic monomers in
a statistical manner seemed to tune the mechanism of action
of the compounds. For instance, membrane disruption and po-
tential pore-formation, as indicated in the EM imaging, were re-
ported. Furthermore, from the confocal microscopy imaging, the
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penetration of the copolymers into the cytoplasm of the bacte-
ria preventing the DAPI staining seemed to indicate that the
copolymer might be binding to DNA due electrostatic interac-
tions. Poly(oxazoline) copolymers have already been explored for
gene delivery by complexing RNA or DNA,[%3-%¢] hence the po-
tential effect of the copolymers on cell division is not surpris-
ing. Furthermore, the AFM analysis revealed that the peptido-
glycan architecture was not damaged upon the treatment with
the polymers. However, membrane disruption and debris of cells
caused by the amphiphilic copolymers were observed, while the
homopolymer caused blebs formation, as reported in the SEM.

Finally, we investigated the cytotoxicity and the antimicrobial
activity of the lead compounds in vivo using the larvae Galleria
mellonella as an insect model. The compounds exhibited high
biocompatibility even at the highest concentration tested and the
most amphipathic copolymer (C3-70) showed a good antimicro-
bial activity in vivo against S. aureus SH1000 infection in the lar-
vae, increasing their viability from 0% up to 50%. These results
are promising for the evaluation of their toxicity and antimicro-
bial activity in more advanced in vivo testing.

In summary, we have shown that amphipathic poly(2-
oxazoline)-based SNAPs had a potent antimicrobial activity
against clinical isolates of S. aureus, and the mechanism of ac-
tion of the materials was based on bacterial membrane disrup-
tion and potentially targeted bacterial nucleic acids as well, with-
out compromising the bacterial cell wall. Furthermore, the com-
pounds showed promising antimicrobial activity in vivo using
an insect model. In the future, the application of the poly(2-
oxazoline) SNAPs as topical agents to prevent wound infections
and prosthetic joint infections will be investigated. Furthermore,
the investigation at the molecular level of SNAPs‘ interactions
with lipidic bilayer might lead to a better understating of their
MOA and to the improvement of the next generation of materi-
als to aid the fight against the AMR crisis.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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