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The emergence of various resistant bacteria and overuse of antibiotics have led to severe side effects.

Therefore, developing efficient and safe antibacterial systems is important.

Herein, well-defined

antimicrobial material—helical poly(phenyl guanidinium isocyanide) block copolymers with different

conformations (L-P3-van, p-P3-van, and bpL-P3-van) that connect vancomycin (van) to the polymer

through a disulfide bond were synthesized. The prepared antimicrobial materials exhibit broad-spectrum
antimicrobial activity, low bacterial resistance, and good proteolytic stability. They also overcome the
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intrinsic resistance of Gram-negative bacteria to van with a 100-fold increase in antimicrobial activity.

Interestingly, the conformation of the material promotes its antimicrobial activity. The left-handed helix
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Introduction

Recently, considerable progress has been achieved in the study
of polymeric antimicrobial systems for the prevention and
elimination of biofilms.*® Such systems can improve biocom-
patibility, reduce bacterial resistance, and increase antimicro-
bial efficiency.*® Although these polymer antimicrobial systems
have been extensively examined, the effect of chirality on their
antimicrobial effect remains unclear. Many biological macro-
molecules such as amino acids, DNA, cell-penetrating peptides,
and antibacterial peptides have helical structures and are
closely related to vital life functions in biological systems.”*°
Therefore, helical biological macromolecules and their micro-
environments are chiral in living systems. The chirality of the
material affects physiological processes such as the body's
immune response to viral infections.' Most effective antibi-
otics, such as vancomycin (van)," kanamycin,*” and polymyxin
B,™ are chiral. From this perspective, the chirality of a polymer
antimicrobial system may influence its antimicrobial effect.
Moreover, different chiral carriers may behave differently when
interacting with living systems.”™” A helix is a chiral expression
because left- and right-handed helices cannot overlap but are
mirror images of each other.'®” Therefore, the design and
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conformation shows five-fold more antimicrobial activity than the right-handed helical conformation,
thereby opening a path for the application of nanochirality in the field of antibiotics.

synthesis of chiral antimicrobial systems and their structure-
function relationship have important significance.

The formation of biofilms in bacterial infections is a major
medical challenge because biofilms can isolate bacteria from
the host immune response and antibiotics. The traditional
strategy to treat bacterial infections is to use antimicrobials.”®
Developed antimicrobials include antibiotics, antimicrobial
peptides,* cationic polymers,*** and other nanomaterials.>*>
However, only a few of these materials can destroy the original
biofilm.”®*?° Van is an effective antibiotic used against Gram-
positive bacteria.>* However, its overuse has led to the emer-
gence of resistant bacteria.*”?*® Moreover, van is inherently
inactive against Gram-negative bacteria because it cannot pass
through the outer membrane of these bacteria.’” Therefore,
studies on Gram-positive bacteria overcoming resistance
because of abuse and Gram-negative bacteria overcoming
intrinsic resistance to van are warranted. Guanidine derivatives
have received considerable attention for their antimicrobial
potential and membrane association and penetration.***° The
most representative is the cell penetration peptides (CPPs),
which are usually composed of short side chains and arginine-
rich peptides.**> These CPPs enter the cell by direct membrane
penetration; alternatively, the CPPs induce membrane multi-
layers and then enter the cells through membrane fusion or
endocytosis.**™**

Because of the excellent antibacterial and biofilm ablation
properties of guanidine derivatives and van and the many
practical problems they face, we propose a synergistic combi-
nation of guanidine polymers and van to develop an ultra-
efficient antimicrobial system. Partially inspired by the cell-
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Scheme 1 Synthesis of antimicrobial nanoparticles.

penetrating peptides and biological helices, we designed and
synthesized a number of helical poly(phenyl guanidinium iso-
cyanide) block copolymers with van connected to the polymer
through the disulfide bond (Scheme 1) to obtain antibacterial
materials with broad-spectrum antibacterial activities, low
resistance trends, good proteolytic stability, and structural
flexibility.***” These antimicrobial materials not only exert good
antimicrobial activity against Gram-negative Escherichia coli
and Gram-positive Staphylococcus aureus but also effectively
disrupt the pre-formed biofilm by effectively penetrating bio-
film barriers and disrupting bacteria surrounded by biofilms.
The prepared antibacterial materials show up to 100-fold
stronger activity against Gram-negative bacteria than van. This
result can be attributed to the helical poly(phenyl guanidinium
isocyanide) that can penetrate the outer membrane of Gram-
negative bacteria and release van inside the bacteria for steril-
ization because of the cleavage of the disulfide bond by high
concentrations of glutathione in the bacteria. Furthermore, the
chirality of the material promotes antibacterial activity and
biofilm disruption.

Results and discussion

As outlined in Scheme 1, an enantiopure phenyl isocyanide
monomer r-1 bearing 1-guanidine substituent was polymerized

10376 | Chem. Sci, 2022, 13, 10375-10382

by an alkyne-Pd(u) catalyst (ArPd(PEt;),Cl) in THF at 55 °C ([t-
1]o/[Pd], = 30) following a living polymerization mechanism
(the characterization of the monomer is shown in Fig. S1-S9 in
the ESI).T** The resulting polymer (1-P1-Boc) demonstrated
a single modal and narrow distributed elution trace on size
exclusion chromatography (SEC), as shown in Fig. 1a. The
number-average molecular weight (M,,) and its distribution (M,/
M,) values were 11.7 kDa and 1.08, respectively. For chain
extension of this polymer, the pentafluorophenyl ester func-
tionalized phenyl isocyanide monomer 2 was used, and the
ratio of 2-to-Pd(u) was fixed at ~5. Based on the SEC results,
when monomer 2 was completely consumed, the polymeriza-
tion solution was treated with monomer 3 bearing oligoethylene
glycol to afford a triblock copolymer. As shown in the SEC
results in Fig. 1a, the M, value of diblock copolymer 1-P2-Boc
increased to 12.1 kDa, whereas the M,/M, remained low
(1.10). After copolymerization with monomer 3, the elution
trace of the resulting triblock copolymer r-P3-Boc shifted to
a higher M,-region while remaining unimodal and symmetric.
Based on the SEC results, the M, and M,,/M,, values of L-P3-Boc
were determined to be 34.8 kDa and 1.21, respectively. The
synthetic polymers were further confirmed using '"H NMR and
FT-IR analyses (Fig. S11 in the ESI{). The block ratiois 6:1: 7
(x:y:z), which generally agrees with the proposed structure
and the monomer feed ratios (Fig. S10t). In the '°F NMR

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) SEC curves of homopolymers L-P1-Boc, L-P2-Boc, L-P3-Boc
and L-P3-van-Boc. (b) CD and UV-vis spectra of antibacterial nano-
particles. (c) DLS, (d) stability, (e) TEM, and (f) AFM image of L-P3-van.
The error bars are based on the standard deviations of three parallel
tests.

spectrum of 1-P3-Boc, three broad resonances at —150, —155,
and —160 ppm corresponding to the pentafluorophenol ester
pendants can be clearly determined (Fig. S111). Moreover, the
characteristic vibrations of C=N and C=O bonds can be
detected at 1630 and 1737 cm ™', respectively, in the FT-IR
spectra of the triblock copolymer 1-P3-Boc, which confirmed
the formation of the expected triblock copolymer (Fig. S127).
Using the triblock copolymer, we attempted to synthesize
van and guanidine synergistic antibacterial nanoparticles using
van carrying the disulfide bond (van-NH,, see the ESIt for the
synthesis methods and characterization) (Scheme 1). The
polymer r-P3-van-Boc was obtained by reacting van-NH, with
the pentafluorophenol benzoate pendant of the triblock copol-
ymer in THF using triethylamine as a catalyst. The resulting
polymer was confirmed using SEC. As shown in Fig. 1a,
compared with that of the precursor, the SEC trace of the
polymer shifted to a shorter retention time region. Both M, and
M,/M, of the resulting polymer were 37.6 kDa and 1.32,
respectively. In the 'H NMR spectrum, the signals originating
from van and cystamine were clearly observed (Fig. S14t). No
9F resonance could be determined from the *°F NMR spectra of
the resulting L-P3-van-Boc (Fig. S117). This result confirmed that
almost all pentafluorophenol benzoate pendants participated in
the reaction. Moreover, the characteristic vibration peaks of van
were clearly visible in the FT-IR spectra of vr-P3-van-Boc
(Fig. S127). Thus, the polymers carry plenty of van-units of the
pendants. Subsequently, the protective Boc group was removed
under acidic conditions (HCI/EA) to obtain the corresponding

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nano-antibacterial material -P3-van (Scheme 1). This polymer
was insoluble in organic solvents but soluble in water. The
enantiomeric antipode p-P3-van and achiral pr-P3-van with
similar block ratios and degree of polymerizations (DPs) of each
block to those of 1-P3-van were prepared using the same method
(Scheme 1 and Fig. S13-S15, ESI¥).

The helicity of synthetic polymers was examined using
circular dichroism (CD) and UV-vis absorption spectroscopies.
As shown in Fig. 1b, because of the asymmetric induction of the
chiral monomer -1, .-P1-Boc demonstrated intense CD at the
absorption region of the poly(phenyl isocyanide) backbone,
thus confirming the formation of a predominant left-handed
helix. After copolymerization with achiral monomers 2 and 3,
the CD intensities decreased because of the partial helical
inversion of the newly formed blocks. However, after intro-
ducing van and removing the protective Boc group, the CD was
maintained as that of the triblock copolymer, suggesting that
the optical activity of the helical polyisocyanide was main-
tained. As anticipated, p-P3-van demonstrated a mirror CD
profile to that of 1-P3-van, whereas pi-P3-van was CD silent
(Fig. 1b). The optical activities were confirmed using the optical
rotation investigation (Table 1 and Fig. S16}). The structure was
stable, with almost no observable changes in CD and UV-vis
spectra at the temperature range of 5 °C to 50 °C in water
(Fig. S177).

The nano-antimicrobial material 1-P3-van demonstrated
good solubility in water because of the presence of the guani-
dine group and oligoglycol chain. The hydrodynamic diameter
(Dp) of 1-P3-van in water determined by dynamic light scattering
(DLS) was 142 nm (Fig. 1c). A prolonged standing study
demonstrated that the Dy, and polydispersity index remained
almost unchanged over a month (Fig. 1d). Accordingly, the Dys
values of pi-P3-van and p-P3-van were 137 and 136 nm,
respectively (Fig. S18a and df). The morphology of 1-P3-van was
investigated by transmission electron microscopy (TEM) and
atomic force microscopy (AFM). As shown in Fig. 1e and f, .-P3-
van demonstrated spherical nanoparticles in the TEM and AFM
images. The average diameters of these nanoparticles were
estimated to be 110 and 115 nm, as determined by TEM and
AFM, respectively; generally, these results agree with the DLS
analyses. Accordingly, both TEM and AFM studies demon-
strated that pr-P3-van and p-P3-van had similar spherical
morphologies and sizes to those of t-P3-van due to the similar
block ratios and DPs of the three polymers (Fig. S18, ESIT). The
driving force for self-assembly is not very clear at the current
stage, while the different solvophobic effects of the three blocks
in water may have great contribution to the assembly.'® The self-
assembled micelles have locally enriched positive charges, and
thus favor enhanced antimicrobial activity and selectivity.*

Then, the antibacterial potential of the three polymers was
evaluated against Gram-positive S. aureus (ATCC25923) and
Gram-negative E. coli (0157), and the results are summarized in
Tables 1 and S2 and Fig. S19 in the ESL{ The minimum
inhibitory concentration (MIC) is defined as the lowest polymer
concentration required to inhibit 100% bacterial growth after
an incubation period of 18 h.* For Gram-positive S. aureus, van
demonstrated potent antimicrobial activity against extracellular

Chem. Sci., 2022, 13,10375-10382 | 10377
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Selectivity HCso/

MIC (uM) MBEC (uM) HCso (M) MICqy
Samples® Size® (nm) £36s° M ' em™Y) E. coli °S. aureus E. coli S. aureus /RBC E. coli S. aureus
pL-P3-Van 137 — 1.5 0.8 45 4 150 10 187.5
L-P3-Van 142 —8.10 0.5 0.2 15 1 150 30 750
p-P3-Van 136 +7.80 2 1 70 5 150 7.5 150

“ The polymers were synthesized according to ESI Scheme S2. ? Determined by dynamic light scattering. © Measured in water at 25 °C (c = 0.2 mg

mL Y. ¢ E. coli (0157). ¢ S. aureus (ATCC25923).” Rat red blood cells.

S. aureus (MIC = 0.69 pM), which was consistent with the
literature.>* Compared with the antibacterial activity of van, the
antimicrobial activity of the synthetic polymers increased by
~30-100 fold after the introduction of van. Interestingly, the
helicity of polymers resulted in different antimicrobial effects,
although they have similar DPs and block ratios. Compared
with the antibacterial activities of pr-P3-van and p-P3-van with
MIC = 0.8 and 1 pM, respectively, 1-P3-van had a stronger
antibacterial activity (MIC = 0.2 pM). This result can be attrib-
uted to the left-handed antibacterial polymer acting on the cell
membrane faster than the antimicrobial materials with racemic
and right-handed helices. As shown in Fig. 2a, the bactericidal
efficiency of L-P3-van at ~2 pM was >99%, and its antibacterial
activity was comparable to that of van. Similarly, the antimi-
crobial activity of L-P3-van against E. coli was ~15-40 fold higher
than that of van alone. Even at higher concentrations, van does
not naturally have high antibacterial activity (MIC = 50 uM)
against Gram-negative bacteria. When it was introduced in the
helical polymer, its antibacterial activity increased by up to 100-
fold. Note that the bactericidal efficiency of 1-P3-van at 5 pM
exceeded 99% for E. coli (Fig. 2b). A series of copolymers with
different block ratios of van to guanidinium and oligoglycol
segments were prepared and evaluated against two typical
bacteria, E. coli and S. aureus (Fig. S20-S24, ESIT). For both S.
aureus and E. coli, the introduction of van and the guanidine
groups into the copolymers was beneficial for increasing the
antimicrobial activity, while the ratios of van to guanidinium
and to oligoglycol moieties have a slight influence on the anti-
bacterial properties.

The hemolytic concentration-50% (HCs,) of polymers was
determined against freshly drawn mouse red blood cells (RBCs)
to assess the toxicity toward mammalian cells.” HCs, is defined
as the lowest polymer concentration required to lyse 50% of the
RBCs within an incubation period of 1 h. The highest concen-
tration of polymer solution tested was 2000 pug mL™'.*° As
summarized in Table S2,7 homopolymers pi-P1, 1-P1, and p-P1
were highly antibacterial against E. coli and S. aureus but
extremely hemolytic (HC5o = 1.3 uM). After introducing the
oligoglycol segment, the hemolytic activity of the material
decreased, and the HCs, values corresponding to br-P3, r-P3,
and p-P3 were 135 uM. This result can be attributed to the oli-
goglycol segments resisting protein adsorption, providing
stealth properties, modifying the hydrophilic/hydrophobic
balance of the polymer structure, and reducing the

10378 | Chem. Sci,, 2022, 13, 10375-10382

electrostatic repulsion between the amphipathic polymer
chains.*®¢ Although the oligoglycol pendants are short, the
polymeric backbone bearing plenty of oligoglycol pendants
could resist protein adsorption.>**® For comparison, owing to
protein adsorption, 1-P2 without oligoglycol pendants was
precipitated when treated with S. aureus (Fig. S25, ESIT).
Bacteria with and without the presence of antibiotic poly-
mers were cultured in Petri dishes to evaluate their antibiotic
effects. As shown in Fig. 2¢, pi-P3-van, 1-P3-van, and p-P3-van
demonstrated high sterilization effects on E. coli and S.
aureus, of which the left-handed 1-P3-van demonstrated the best
performance. Fluorescence microscopy imaging experiments
were performed to visualize the viable and inactive bacteria.
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Fig. 2 Antibacterial ability of L-P3-van against (a) S. aureus, (b) E. coli
and van (2 and 25 pM) as the positive controls, respectively. PBS as the
negative control. * indicates no detection of bacteria in the plate
counting experiments. The error bars indicate the standard deviations
of triplicate experiments. (c) Photographs obtained by culturing the
sample solutions from S. aureus and E. coli incubated with PBS, pL-P3-
van, L-P3-van and p-P3-van solution on individual Petri dishes and (d)
corresponding fluorescence microscopic images of S. aureus and E.
coli that were stained with calcein-AM/PI dyes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Calcein-AM was used to label the viable cells with green fluo-
rescence, whereas PI with red fluorescence merely penetrated
bacteria with damaged cell membranes. As shown in Fig. 2d,
nearly all S. aureus and E. coli cells were stained red with PI after
the 1-P3-van treatment, indicating the disintegration of bacte-
rial membranes. However, very rare red fluorescence was
observed in the phosphate-buffered saline (PBS) group. The
bacteria exhibited green and red fluorescence for the other
formulations of van, pi-P3-van, and p-P3-van, suggesting an
incomplete bacterial killing. These results demonstrated that
the antimicrobial polymers killed the bacteria by destroying
their membranes and cell walls. In addition to the disruptive
interactions of the guanidine group with the cell membrane, the
ability of van to block the cell wall growth contributes to the
increased antimicrobial capacity.>”*®

The SEM observations revealed that the bacteria treated with
1-P3-van, p-P3-van, and br-P3-van were ruptured, and the
morphology hardly maintained integrity, especially that of the t-
P3-van-treated bacteria (Fig. 3b-d and f-h). The PBS-treated
bacteria had complete morphology and a smooth surface
(Fig. 3a and e). Then, the protein leakage from the bacteria was
first explored using the Bradford protein assay kit. All treat-
ments of van, pr-P3-van, r-P3-van, and p-P3-van resulted in
a certain amount of protein leakage, indicating that the
membrane was damaged to a certain extent (Fig. S267). As ex-
pected, the r-P3-van-treated bacteria displayed the largest
amount of protein leakage and the maximum membrane
damage, which is consistent with the SEM observations.

To investigate the effect of the helical conformation on the
antibacterial effects of the antimicrobial materials, we intro-
duced the fluorescein spiropyran (spi.) into the helical polymers
to synthesize three fluorescent markers with different confor-
mations (-P3-spi, p-P3-spi, and pr-P3-spi, see the ESIf for the
synthesis methods and characterization Fig. S27 and S287).
Because of the fluorescence properties of the polymer itself,
antibacterial processes were monitored for different materials
by confocal microscopy. As shown in Fig. 4, S. aureus was
detreated with 1-P3-spi, p-P3-spi, and pr-P3-spi. After 1 h, visible
fluorescence was observed in the bacteria treated with 1-P3-spi
under confocal microscopy but not in the bacteria treated
with p-P3-spi and pr-P3-spi after ~5 h (Fig. S29, ESIt). After 7 h,
a large area of S. aureus was observed by confocal microscopy

Fig. 3 SEM images of (a)-(d) S. aureus and (e)—(h) E. coli treated with
PBS, L-P3-van, p-P3-van and pL-P3-van.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

and labeled by using the left-handed r-P3-spi. This result
suggests that the left-handed polymer acted faster on the
bacterial cell membranes than the other two polymers. These
antimicrobial polymers carrying van and guanidinium
pendants kill the bacteria by destroying their membrane and
cell walls. Thus, the polymer acting faster on the bacteria can
kill the bacteria more quickly and showed better antibacterial
properties."* The 1-P3-van, p-P3-van, and pr-P3-van polymers
have similar DPs and block ratios, and are self-assembled into
micelles of similar sizes in water. The different antibacterial
properties of these polymers were probably ascribed to the
different chirality and handedness of the backbone, which
resulted in left- and right-handed packing of the van and gua-
nidinium pendants on 1-P3-van and p-P3-van, respectively,
while the van and guanidinium pendants of pr-P3-van may
packed in a random way. The different arrays of the pendants
thus resulted in different antibacterial properties.

Encouraged by the performance of pr-P3-van, -P3-van, and
p-P3-van against bacterial cells, we evaluated the efficacy of pr-
P3-van, 1-P3-van, and p-P3-van as agents to disrupt bacterial
biofilms. S. aureus and E. coli biofilms were pre-cultivated and
then treated with pi-P3-van, i-P3-van, and p-P3-van for another
24 h. The resulting bacterial growth in biofilms was observed by
measuring the optical density at 600 nm (ODgg,). PBS as
a negative control and van as a positive control were employed.
Crystal-violet staining and the minimum biofilm eradication
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Fig. 4 (a) Real-time monitoring of pL-P3-spi, L-P3-spi and p-P3-spi
infecting S. aureus. (b) Fluorescence intensities per image for bacteria
treated with pL-P3-spi, L-P3-spi and b-P3-spi, as calculated by ImageJ
software.
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Fig. 5 Inhibition of (a) E. coli and (b) S. aureus biofilm formation by

different antimicrobial materials stained with crystal violet. Each
concentration of compound was tested in five wells. (c) E. coli and (d)
S. aureus growth after treatment with different antimicrobial materials
for 1 day in biofilm stages.

concentration assay were performed to accurately evaluate the
biofilm inhibition and eradication activities of pL-P3-van, -P3-
van, and p-P3-van (Fig. 5, S30 and S31 in the ESI}).

As summarized in Tables 1 and S2,T biofilm inhibition and
eradication effects could be observed at 5 uM, which indicated
that pr-P3-van, 1-P3-van, and p-P3-van have potential to be
therapeutic agents to tackle biofilm-associated infections.
Although the actual mechanism of biofilm disruption is under
investigation, we believe the following factors play major roles.
First, the positively charged polymers could perturb the nega-
tively charged exopolysaccharide matrix of biofilms through
electrostatic and hydrophobic interactions.*®*® Second, these
helical polymers can act as cell-penetrating peptides to cross the
membrane into the cell interior,”**** releasing van and thus
hindering the synthesis of the bacterial cell wall, ultimately
leading to biofilm degradation.*

Conclusions

We designed and synthesized a series of well-defined helical
polymers (.-P3-van, p-P3-van, and br-P3-van) with a redox
stimulus-responsive release of van for preparing synergistic
antibacterial and ablation biofilms. These antimicrobial mate-
rials demonstrated broad-spectrum antibacterial activities, low
bacterial resistance, and good proteolytic stability. 1-P3-Van
exhibited high activity, which was 100-fold higher than that
achieved by van. This result can be attributed to the fact that
helical poly(phenyl guanidinium isocyanide) can penetrate the
outer membrane of Gram-negative bacteria, thus releasing van
into the Gram-negative bacteria for sterilization. Interestingly,
the chirality of the material promoted the antibacterial activity
and disruption of biofilms. Both antimicrobial and confocal
microscopic experiments demonstrated that the material with
a left-handed helical conformation performed better with
respect to antibacterial activity and biofilm removal. To
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summarize, these results reveal that the prepared helical poly-
mers are efficient and safe antibacterial systems with essential
application prospects for treating bacterial infections and
ablating biofilms in vivo.
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The detailed experimental data associated with this work are
available in the ESL.}
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