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1. Introduction

Biocompatible cationic polypeptoids with
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hydrophobic carbon chain lengthy
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The overuse of antibiotics has triggered a new infection crisis and natural antimicrobial peptides (AMPs)
have been extensively studied as an alternative to fight microorganisms. Polypeptoids, or polypeptide-
biomimetics, offer similar properties to polypeptides and a highly tunable structure that has been
synthesized by various methods such as ring opening polymerization (ROP) using N-carboxyanhydride
monomers. Simultaneous high antibacterial activity and biocompatibility of a structure by efficient
synthesis is desired in the application of those materials. Herein, a series of cationic polypeptoids (PNBs)
with variable side chain lengths was obtained by introducing positive charges to the main chain in one
step and preserving the backbone structure, namely polypeptoids (PNBM, PNBE, PNBB) with different end
groups (methyl (M), ethyl (E), butyl (B)). To address the issue of infection in interventional biomedical
implants, we report cost-effective modified polyurethane (PU) films (PU-PNBM, PU-PNBE, PU-PNBB) as
physical-biological synergistic antibacterial surfaces that overcome problems such as steric hindrance and
the solubility of the materials. Antibacterial selectivity was achieved by regulating the different side chain
lengths. When methyl and ethyl were used as hydrophobic side chains, they can only selectively kill Gram-
positive Staphylococcus aureus. PNBB, the most hydrophobic and with a butyl side chain can kill both Gram-
negative Escherichia coli and Gram-positive Staphylococcus aureus and inhibit the growth of bacterial
biofilms. Effective in both solution and modified substrate, its biocompatibility is not compromised while the
antibacterial properties are substantially improved. Furthermore, PU-PNBB films demonstrated their potential
in vivo antimicrobial efficiency in a model of S. aureus infection established on mouse skin. The synthesis
route and the surface modification strategies are convenient, providing a solution to the problem of poor
biocompatibility in antimicrobial surface applications and a strategy for the use of peptide polymers for
targeted therapy after specific infections in the biomedical field.

and disrupt the morphology of bacteria through electrostatic
interactions.” This antibacterial mechanism keeps bacteria from

Antimicrobial peptides (AMPs) have been widely recognized asa becoming resistant to AMPs. However, natural AMPs are limited

promising solution against multidrug-resistant bacteria." Unlike in their clinical use,

3> mainly due to their high toxicity to

conventional antibiotics, AMPs can interact with specific cells mammalian cells.® Moreover, low synthesis efficiency and lim-

ited structural diversity restrict AMPs’ application. It is of great
importance to develop alternatives with excellent biocompatibil-

“ Research School of Polymeric Materials, School of Material Science & Engineering, ity and structural flexibility by an improved synthesis method.
Jiangsu University, Zhenjiang, 202113, P. R. China. E-mail: liguo@ujs.edu.cn Artiﬁcially Synthesized AMPs display great application

b State and Local joint Engineering Laboratory for Novel Functional Polymeric
Materials, College of Chemistry, Chemical Engineering and Materials Science,
Soochow University, Suzhou 215123, P. R. China agents.

potential and receive a lot attention as effective antimicrobial
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stability, ease of synthesis, and low cost.">™” Polypeptoids with
a degradable backbone,'® also known as N-substituted glycines,

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ represent one of the most important peptide analogues and show
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great potential in various biomedical applications.'® The highly
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tunable structure of polypeptoids means that they retain the
backbone structure of the polypeptide and lose the chiral center
and hydrogen bond, thus providing better biocompatibility and
protein bioactivity.>” The widely chosen solid-phase synthesis
methods®*?° can produce precisely sequenced peptides, but the
drawbacks include low yield and short peptide chains. Ring-
opening polymerization (ROP) of N-carboxyanhydrides (NCAs)
has been proposed as a versatile method for the synthesis of
antibacterial polypeptides/polypeptoids.’®>* It provides an effi-
cient and convenient approach for peptide polymer synthetic
targets with complex macromolecular structures, such as polymeric
nanoparticles of various conformations.**** The antibacterial
mechanisms of AMPs are currently classified into three main types:
membrane destructive, nondestructive membrane disturbance,
and intracellular targeting mechanisms.* Their tunable antibacter-
ial properties have been extensively studied through the synthesis
of peptides/peptoids with both cationic and hydrophobic frag-
ments. In many studies, the cationic groups and hydrophobic
fragments are not in the same center, which greatly increases
the difficulty of polymerization. The complexity of the molecular
backbone structure also affects the action of the cationic groups.
This synergistic mechanism makes it difficult to obtain polymers
with excellent biocompatibility.>**>®* The reduction of structural
complexity is also desired for structural design and engineering.*
To this end, in our work, the cationic sites and hydrophobic
fragments of our antibacterial polymers were designed to be in
the “same center”.

Recently, many researchers have developed a series of novel
antibacterial agents by exploiting the cationic and amphiphilic
synergistic mechanism of AMP in the design and chemical
synthesis of antimicrobial polymers. Those polymers have
easily post-modified structures, improved cytocompatibility,
and low immunogenicity. For example, Sun’s group*® developed
sulfonium-containing polypeptoids and explored the effects of
the cationic and amphiphilic properties on their antimicrobial
and hemolytic activities. The antibacterial activity decreased at
low levels of hydrophobic units, while the hemolytic activity
increased at high levels of hydrophobic units. Liu’s group*'
reported a simple and economical thermoplastic polyurethane
(TPU) surface-modified peptide polymer with broad-spectrum
antibacterial properties and effective in vitro thixotropic ability
which exhibited good biocompatibility and showed no hemolysis
or cytotoxicity. These studies suggest that the key to modulating
the antibacterial activity and cytocompatibility is to properly
balance the local amphiphilicity of the polymer, ie., the ratio
of cationic to hydrophobic units.**

Herein, we prepared a series of cationic polypeptoids by ring-
opening polymerization (ROP) and one-step quaternization of
the N atom on the main chain. The hydrophobic fragments are
regulated by the different side chain carbon lengths and, for this
purpose, we designed polypeptoids with different side chain
lengths (1C, 2C, 4C) and cationized them under the same
conditions. In general, hydrophobic groups, especially lipophilic
alkyl groups, are used to enhance antibacterial properties. How-
ever, they can also lead to an increase in hemolysis. Conversely,
higher hydrophilicity leads to a decrease in toxicity, but also
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affects antibacterial activity.*> We systematically investigated the
effects of hydrophobic fragments on the antibacterial activity
and selectivity. In contrast to previous studies, we found that
four carbon-chain-length side chain moieties still did not cause
non-negligible cytotoxicity in the highly hydrophobic case.
Furthermore, different carbon chain lengths selectively killed
E. coli and S. aureus, which effectively avoids the crisis that
inactivation of a specific antibacterial would cause cytotoxicity.
Unlike S. aureus, E. coli has an additional layer of lipopolysac-
charide (LPS) in its outer wall, which makes it more difficult to
break. Therefore, the ‘“selectivity” is passively caused by the
proven mechanism of membrane breaking. The presence of
large spatial site resistance in the material structures and the
different solubilities of polymers are factors that make it difficult
for the polymers to adhere firmly to the material surface to
achieve the desired antibacterial effect.**** After verifying the
antibacterial effect and selectivity of the above-mentioned poly-
mers in solution, we introduced PNBB, a polymer with broad-
spectrum bactericidal effect, to the surface of polyurethane (PU)
substrates. The PU-PNBB films were found to still exhibit contact
killing ability against bacteria both in vivo and in vitro. The
enhanced hydrophobicity no longer triggers cytotoxicity of con-
cern and this work provides a solution to address targeted
elimination of infections by antimicrobial agents applied to
surfaces.

2. Results and discussion

The polypeptoids were first synthesized by ROP using N-methyl
N-carboxyanhydride (Me-NCA), N-ethyl N-carboxyanhydride
(Et-NCA) and N-butyl N-carboxyanhydride (Bu-NCA) with benzyl-
amine (BnNH,) as the initiator. This was followed by quaterniza-
tion with bromoethane to cationize the N atom on the main
chain, producing PNBM, PNBE, and PNBB (Scheme 1 and
Fig. S1-S6, S10, ESIt). PNBs is the generic umbrella term used
for them.

The antibacterial activity of the three quaternized polypeptoids
was evaluated by determining their bacteriostatic efficiency
against two representative bacteria, Gram-positive bacteria
Staphylococcus aureus (S. aureus) and Gram-negative bacteria
Escherichia coli (E. coli) (Fig. 1a). In all cases, the polymers showed
excellent antibacterial performance against Gram-positive bac-
teria S. aureus. We tested the concentration of the polymer
corresponding to killing 80% of the bacteria by plate colony
counting method (Table 1). Interestingly, PNBM and PNBE were
resistant only to Gram-positive bacteria S. aureus, due to their
positive charge attracting negatively charged bacterial bodies,
allowing them to accumulate on the cell wall and creating an
inhibiting effect. It is noteworthy that the PNBE sample is more
hydrophobic than PNBM, but has a lower {-potential than PNBM
(Fig. S7 and S8, ESIt). It is conceivable that it is the balance of
these two factors that leads to the similar antibacterial activity
against S. aureus. These results suggest that cationic group action
is a key factor in the elimination of Gram-positive pathogens that
possess thin cell membranes.
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Scheme 1 Synthesis of cationic polypeptoids.
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Fig. 1 (a) Bacterial inhibition by PNBs and PU-PNBs against E. coli MG1655 and S. aureus. In the hot spot plot, a darker color indicates higher inhibition
efficiency. (b) Antibacterial selectivity of PU-PNBs (red and green). Colony growth on plate media after co-incubation of PU-PNBs and bacterial solution
at a concentration of 300 ug mL~ for 3 h. (c) Live/dead staining assay showing S. aureus incubated with PU and PU-PNBB for 3 h. (d) SEM images of
film rupture of E. coli and S. aureus. (e) Leaked protein concentration after co-incubation of PNBB (1 mg mL™?) with E. coli (107 CFU mL™) and S. aureus
(10° CFU mL™Y. The PBS group was the control group. Data are shown as mean =+ SD (n = 3 per group).

It is well known that Gram-negative bacteria E. coli displays a
double membrane structure with low cell permeability and
additional defense mechanisms. Our experiments showed that
PNBB had the highest antibacterial activity and increased
potential to kill an equivalent amount of S. aureus at a concen-
tration of only 80 ug mL ', compared to PNBM and PNBE,

5788 | J Mater. Chem. B, 2023, 11, 5786-5793

which required 90 pg mL " to kill 80% of S. aureus. In addition,
PNBB also exhibited potent antibacterial activity against E. coli,
independent of the degree of polymerization (DP), killing 80%
of E. coli at polymer concentrations up to 120 pg mL~". This
may be due to the interaction of hydrophobic alkyl chains with
hydrophilic groups of bacteria which alters the permeability of

This journal is © The Royal Society of Chemistry 2023
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Table 1 Antibacterial activity and hemolytic activity of polymers

Concentration of 80% antibacterial effi-
ciency (ug mL™")

Sample  S. aureus E. coli HCyo% [ug mL™"]
PNBM 90 — >2000
PNBE 90 — >2000
PNBB 80 120 >2000
PU-PNBM 260 — >2000
PU-PNBE 200 — >2000
PU-PNBB 150 150 >2000

“ The concentration of a polymer that causes 10% hemolysis of hRBC.

the membrane, disrupting the cell structure and leading to
cell lysis and death. Also, the lipopolysaccharide (LPS) in the
outer wall of the E. coli cell wall enables it to maintain the
bacterial structure and even connects them to each other to
form biofilms.

Notably, the most hydrophobic PNBB exhibited the lowest
{-potential of the three, so we suggest that the antibacterial
activity shows a non-negligible dependence on the side chain
length of the polymer and that this hydrophobic interaction
plays a dominant role in killing the Gram-negative bacteria
E. coli. After clarifying the antibacterial effect of PNBs in solution,
we introduced them onto the surface of a universal glass substrate
and prepared PU-PNBs films (Scheme 2). The plate counting
method also showed that PU-PNBs were able to kill bacteria well
at high cell viability concentrations, despite also killing 80% of
bacteria at higher concentrations than PNBs in solution. We have
boxed in red the polymer samples with antibacterial efficiency
below 80%. It can be seen that both the PNBM and PNBE polymers
have only a very low antibacterial effect against E. coli, both in the
solution proper and on the PU surface (Fig. 1a). Moreover, it was
clearly observed on the plate medium that a comparable number of
E. coli colonies to the control group grew in the experimental
groups of PU-PMBM and PU-PNBE when the concentration was
300 pg mL ™", In contrast, in the experimental group of PU-PNBB,
there were almost no clearly visible bacterial colonies on the plates.
The difference in hydrophobic fragments still retained this anti-
bacterial selectivity (Fig. 1b). The antibacterial effect of PU-PNBBs
was further demonstrated by the results of live/dead fluorescent
dyes (Fig. 1c). (Red and green fluorescence represent dead and

Photoinitiators

Stirring /
——)

Scheme 2 Preparation route of PU-PNBs film.
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surviving bacteria, respectively.) We observed the Kkilling of
bacteria after the action of PU-PNBB. This further adds to the
proof that this antibacterial effect is independent of the pure
PU films on the composite base.

To clarify the antibacterial mechanism of the cationic anti-
microbial polypeptoid, we observed obvious cell rupture mor-
phology in SEM images (Fig. 1d). Further, we did BCA
(bicinchoninic acid) protein concentration detection experiments.
As an example of PNBM solution interacting with S. aureus, we
added BCA solution to the polymer solution containing the bacteria
at 60 °C and incubated for half an hour. During this time, divalent
copper ions in the solution are reduced to monovalent copper ions
by protein under alkaline conditions. The interaction of mono-
valent copper ions and the unique BCA solution results in a color
development reaction. Since the solution shows strong absorbance
at 562 nm, the concentration of protein leaking from the bacteria
intracellularly was deduced from the good linear relationship
between absorbance OD value and protein concentration. The
higher the concentration, the more bacteria are ruptured. The
control group had no polymer addition. The results are shown in
Fig. 1e and Fig. S9 (ESIt); the solution with polymer action has
significantly more protein, because cations attract the negatively
charged bacteria on the surface and the hydrophobic group
punctures the bacterial membrane, changing the permeability of
the membrane and leading to cell lysis and protein leakage from
the interior. We also found that PNBB leaked the most protein and
PNBM leaked slightly less than PNBE in the state of co-incubation
with the same concentration of polymer and the same colony. This
again corroborates that the different abilities of the three polymers
to puncture the cell membrane increase with the length of the
hydrophobic side chain.

It is generally believed that increasing hydrophobicity
improves the ability to lyse RBCs. To investigate the biotoxicity
of these antibacterial polypeptoids, we evaluated their hemolysis
effect on human red blood cells (hRBCs) using the PNBB samples
with the strongest antibacterial effect (most hydrophobic).
Notably, despite the presence of four carbon-chain length hydro-
phobic groups, PNBB exhibited insignificant hemolytic activity
(Fig. 2a and Table 1). The insert graph demonstrates the very low
hemolysis of the polymer at high concentrations of 1000 pg mL ™,
900 pug mL ', and 800 ug mL ', with the supernatant remaining

J. Mater. Chem. B, 2023, 11, 5786-5793 | 5789
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Fig. 2 (a) Hemolysis rate and hemolysis status of PNBB, where the PCR tubes were in the order of positive control, 1000 ug mL™%, 900 pg mL™* and

800 pug mL™ sample groups. Data are shown as mean =+ SD (n = 3 per group).

(b) SEM images of human red blood cells (hRBCs) after being treated with PNBB

(1000 pg mL™Y). Data are shown as mean + SD (n = 3 per group). (c) Cell viability after incubation with PNBs polymer at a concentration of 1000 pg mL~*for 1, 3
and 5 days against L929 cells. Data are presented as mean =+ standard deviation (n = 3). (d) Fluorescence microscope diagram of live/dead stained L929 cells
incubated with PNBB and PU-PNBB at a concentration of 1000 pg mL™2 for 1, 3 and 5 days.

clear and turbidity-free. (The red clear solution is the positive
control.) This is due to the absence of chiral centers in the
designed backbone structure and the lack of hydrogen bonding,
resulting in generally low hemolysis values of the cationized
antibacterial polypeptoids, whether they are in solution or on the
glass surface. The SEM images showed that the erythrocytes
retained their regular morphology, with an overall round disk
shape, slightly depressed in the middle and slightly protruding at
the edges, rather than being significantly disrupted (Fig. 2b). The
excellent biocompatibility is not diminished with increased anti-
microbial effect (increase in hydrophobic side chain length).
To further assess the cytotoxicity of PNBs, we evaluated them
by performing a CCK-8 (Cell Counting Kit-8) assay on mouse
fibrillogenic cells 1L929. Each PNBs sample exhibited negligible
cytotoxicity at a concentration of 80% antibacterial rate and even at
1000 pg mL ™" (Fig. 2c). In addition, we observed that the cell survival
rate of PU-PNBs was not as good as that of PNBs, but the survival rate
higher than 90% was considered biocompatible. This decrease may
be due to the steric hindrance of the polymeric moieties caused by
the introduction of the PU component. Both in the solution proper
and on the surface, the number of cells showed a significant
proliferation during the cycles of 1, 3 and 5 days of co-incubation
of PNBB and PU-PNBB with 1929 cells at high concentrations of
1000 pg mL ", The cell morphology was well active and shuttle-
shaped, with obvious contours and borders and clearly visible nuclei,
and in good growth condition (Fig. 2d). In many studies, the cationic
groups and hydrophobic fragments are not in the same center, which
greatly increases the difficulty of polymerization.

Biofilm infections are usually associated with chronic infec-
tions and are rarely cured. Biofilms exist in structured microbial

5790 | J Mater. Chem. B, 2023, 11, 5786-5793

communities and are formed by the accumulation of micro-
organisms and their secretions. The biofilm-producing pathogen
Staphylococcus aureus has become notorious for chronic infec-
tions due to its ability to resist treatment and form biofilms on
implanted medical devices, including implanted catheters and
joint prostheses.*®*” We found that the polypeptoid PNBB had a
mechanism of inhibition of bacterial film growth against
S. aureus after co-incubation of the polymer with bacteria for
48 hours and staining with crystal violet (Fig. 3). The significant
decrease in OD value was considered an inhibitory effect of
PNBB. This inhibitory effect was also reflected in PU-PNBB. It is
obvious from both systems that the inhibitory effect of PU-PNBB
film is weaker than that of PNBB solution. We speculate that the
introduction of the PU component leads to the steric hindrance
of the polymer groups. A portion of the polymer molecules are
encapsulated inside the PU film and cannot be released in the
biological environment, thus preventing them from contacting
the bacteria and killing them.

The antibacterial efficiency of a PU dressing containing
polypeptoids for wound anti-infection was evaluated using a
S. aureus infection model on mouse skin in vivo. Using the
typical wound infection method, full-thickness wounds were
created on the backs of mice using surgical scissors. After
12 hours of S. aureus (1 x 10’ CFU mL™") infection, PU-PNBB
film dressings were applied to the wound sites (Fig. 4a). No
treatment wounds were used as controls. The progression of
wound healing showed slow wound healing when wounds were
not treated with dressings. In contrast, the PU-PNBB film-
covered wounds shrank more rapidly. On day 3, the wound
started to crust and healed to only 36% of the original area.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The OD values of crystalline violet-stained PNBB and PU-PNBB interacting with S. aureus biofilm for 24, 48 and 72 h. Data are shown as mean +

SD (n = 3 per group).

Recovery was largely achieved after 7 days of infection (Fig. 4b
and c). At the middle of the treatment, six mice from each
group had their full-thickness skin around the wound cut off
and the bacterial survival rate there was counted by the plate
counting method (Fig. 4d and e); it was obvious that the PU-
PNBB film-covered wound had less bacteria and even some of
the miscellaneous bacteria were effectively killed. The results
further demonstrated the excellent in vivo antibacterial effect
and wound healing potential of the polypeptoids.

3. Conclusions

We have reported a general strategy for the preparation of
cationic polypeptoids by ROP and subsequent cationization
with a one-step quaternary ammonium method. Polypeptoid
PNBs were introduced to universal glass surfaces together with
polyurethane (PU). The antibacterial mechanism of the anti-
bacterial polypeptoids was suggested to be membrane breaking

d.

Wound infection with
S. aureus for 12 hours

Film dressing
on the wound

b.

No
dressing

PU-PNBB
dressing

7 days of treatment

action leading to cellular cleavage of proteins, which is similar
to that of AMP. We attribute this to the fact that the polymers
have the same backbone as AMP. We investigated the anti-
bacterial activity and selectivity of PNBs, considering the
importance of the proportion of hydrophobic fragments. A
targeted antibacterial effect was achieved by choosing different
alkyl chain lengths to modulate the hydrophobic strength. Only
four-carbon lengths showed a rapid killing effect against both
S. aureus and E. coli. All materials (PNBs and PU-PNBs) showed
good biocompatibility which did not deteriorate with the
increasing length of the hydrophobic fragments. Good effi-
ciency in inhibiting S. aureus biofilm formation was also
observed. Among the fabricated materials, PU-PNBB was found
to be the most effective, making it a promising candidate for
biological applications. In addition, using S. aureus infection
models on mouse skin, we further showed that the polypep-
toids have potent in vivo antibacterial efficacy. This simple and
efficient cationic polypeptoid formulation with selective anti-
bacterial effect helps provide ideas for achieving therapeutic
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Fig. 4 .(a) In vivo antibacterial activity of PU-PNBB film dressing against S. aureus using a rat full-thickness wound infection model. (b) The digital images

of polymer-infected mice skin wounds after being treated with PU-PNBB films at 0, 1, 3, 5, and 7 days. (No dressing treatment was the control group.)
(c) Changes in skin wound size in mice treated with PU-PNBB dressing and no dressing. Data are shown as mean =+ SD (n = 3 per group). (d) Flat panel
image on day 5 after treatment with PU-PNBB dressing. (No dressing treatment was the control group.) (e) Bacterial survival rate on the fifth day after
treatment with PU-PNBB dressing (no dressing treatment was the control group.) The plate count method was used. Data are shown as mean +SD (n =3
per group).
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properties against specific groups of bacteria as well as a viable
strategy for introducing antimicrobial agents to the surfaces of
biomedical devices.
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