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Antibacterial supramolecular polymers
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An antibacterial supramolecular polymer is developed that exhibits enhanced antibacterial efficacy and

controlled degradability. To this end, a water-soluble bifunctional monomer bearing two naphthalene
moieties and a phenylbenzene moiety, as well as a small molecule with antibacterial activity were
synthesized. The side-chain antibacterial supramolecular polymer was fabricated through self-sorting of the

bifunctional monomer, the small-molecule antibacterial agent, and cucurbit[8]uril. It displayed enhanced
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antibacterial efficacy against ampicillin-resistant E. coli owing to the local enrichment effect. The controlled
degradation of the antibacterial supramolecular polymer could well regulate its antibacterial performance
from high to low activity. It is anticipated that this line of research may lead to novel antibacterial

supramolecular materials for building degradable antibiotics with enhanced antibacterial efficacy to fight

rsc.li/frontiers-materials against drug-resistant bacteria.

Introduction

Infections caused by drug-resistant bacteria are a severe threat
to human health, because of the long-term abuse of antibiotics
in medical treatments, the agricultural field etc."” Prolonged
antibiotic treatment can lead to an increase of bacterial drug
resistance.® To tackle this severe threat, supramolecular anti-
biotics have been employed to combat antibiotic resistance,
benefiting from the dynamicity, degradability and reversibility
of supramolecular interactions.’” To avoid long-term exposure
to the active antibiotics, the antibacterial performance can be
switched “on” and “off” by a supramolecular strategy, and the
emergence of drug-resistant bacteria could be slowed down.
However, to further inhibit the emergence of drug-resistant
bacteria, there is a need not only to construct degradable
antibiotics, but also to promote the antibacterial activity of such
antibacterial materials.

We wondered if supramolecular polymers with controllable
antibacterial efficacy could be fabricated. Supramolecular poly-
mers refer to polymers in which monomers are connected with
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each other via non-covalent interactions.”®>® By construction
of supramolecular polymers, functional monomers can be
linked together through reversible non-covalent interactions.
Therefore, we assume that if small-molecule antibiotics could be
linked together to form supramolecular polymers, the antibacterial
efficacy could be significantly enhanced owing to the local enrich-
ment effect. Besides, benefiting from the dynamicity and reversibility
of supramolecular interactions, such antibacterial supramolecular
polymers can be controllably degraded. Thus, enhanced anti-
bacterial efficacy and degradability of antibacterial materials
could be realized by fabricating antibacterial supramolecular
polymers.

Herein, we attempted to construct a side-chain antibacterial
supramolecular polymer via a self-sorting strategy. Self-sorting
is a self-assembly process in which molecules are endowed with
the ability to selectively and specifically form complexes with
their own recognition units within a complex mixture.””®* It
has been reported that supramolecular polymers with con-
trolled structure and molecular weight can be constructed
through the self-sorting strategy.®>®® By employing this strategy,
we designed a side-chain antibacterial supramolecular polymer, by
which antibacterial agents could be grafted to the supramolecular
polymer backbone as the side chains. Then antibacterial agents
could be locally enriched for promoting antibacterial performance.
Moreover, the backbone of the antibacterial supramolecular poly-
mer could be controllably degraded, thus reducing the antibacterial
activity in case of need. The architecture of the antibacterial

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Scheme 1 Chemical structures of building blocks and schematic illustration of the fabrication of side-chain antibacterial supramolecular polymer.

supramolecular polymer consisted of two parts, the supramolecular
polymer backbone and the side-chain antibacterial agents. As
shown in Scheme 1, a bifunctional monomer (Np-PhDi-Np),
containing two naphthalene (Np) moieties and a phenylbenzene
(PhDi) moiety, was designed and synthesized to construct the
supramolecular polymer backbone through the host-guest inter-
action of Np-PhDi-Np and cucurbit[8]uril (CB[8]).

A small molecule with antibacterial activity (TNAB) containing
naphthalene acetamide (NpAM) moieties could be grafted to the
supramolecular polymer backbone as side chains via self-sorting.
The hydrophobic NpAM moieties of TNAB could insert into the
membranes of bacteria for bacterial membranolysis. By locally
enriching the TNAB on the supramolecular polymer backbone,
the capacity for bacterial membranolysis may be remarkably
increased. The degradation of the antibacterial supramolecular
polymer could be realized by addition of a disassembling agent.
Therefore, we may fabricate the antibacterial supramolecular poly-
mer with tailor-made antibacterial efficacy and degradability.

Results and discussion

The fabrication of the supramolecular polymer backbone
through the host-guest interaction of Np-PhDi-Np with CB[8]
was demonstrated by isothermal titration calorimetry (ITC),
"H NMR and diffusion-ordered NMR spectroscopy (DOSY). As
shown in the "H NMR analysis in Fig. S1 (ESIt), when the molar

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

ratio of CB[8] to Np-PhDi-Np increased from 0 to 1.0, the peaks
of Np moiety shifted up-field, while the peaks of PhDi moiety
shifted down-field. These shifting peaks indicated that the
CB[8] combined with Np moieties of Np-PhDi-Np primarily,
acting as the driving force for supramolecular polymerization.
When the molar ratio of CB[8] to Np-PhDi-Np increased from
1.0 to 2.0, the peaks of PhDi moiety shifted up-field, which
indicated that the CB[8] combined with the PhDi moiety of Np-
PhDi-Np subsequently. The two-step host-guest complexations
were also indicated by ITC data, as shown in Fig. 1. The first
abrupt change at a molar ratio of 1:1 could be ascribed to the
complexation between CB[8] and Np moieties, and the second
abrupt change at a molar ratio of 2:1 could be ascribed to the
complexation between CB[8] and PhDi moiety. The two-step
complexation may lead to the formation of the supramolecular
polymer backbone.

Direct evidence for the formation of the supramolecular
polymer backbone was demonstrated by DOSY. The diffusion
coefficient of Np-PhDi-Np (0.25 mM) in water was 2.80 X
107" m> s~'. After addition of 2 equivalents of CB[8], the
diffusion coefficient was decreased to 1.10 x 107 '° m? s77,
which indicated the formation of polymeric species. Taking the
'H NMR data, ITC data and DOSY measurements into account,
the supramolecular polymer backbone is formed on the basis of
the host-guest complexations between Np-PhDi-Np and CB[8].

To fabricate a side-chain antibacterial supramolecular poly-
mer, TNAB containing three NpAM moieties was designed as

Mater. Chem. Front., 2019, 3, 806-811 | 807
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Fig. 1 ITC data (1x PBS buffer, pH = 7.0, 25.0 °C) of CB[8] (0.25 mM)
titrated into Np—PhDi—Np (0.010 mM).

the side chains to graft to the supramolecular polymer back-
bone through self-sorting. The self-sorting among Np, NpAM,
PhDi model molecules and CB[8] was studied by '"H NMR, as
demonstrated in Fig. 2. When Np, NpAM, PhDi model mole-
cules and CB[8] were mixed at a ratio of 2:1:1:2, only the
complexation between Np and CB[8] and the complexation of
NpAM, PhDi and CB[8] were observed. The ITC data further
demonstrated that Np could bind with CB[8] at a ratio of 2:1
with a binding constant of 2.25 x 10'> M2 In addition, the
NpAM moiety could insert into the supramolecular polymer
backbone with a binding constant of 2.01 x 10> M, as shown

coe v

2Np + CB[8]

PhDi + NpAM + 2Np+ 2CBI[8]

PhDi + NpAM + CB[8]
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Fig. 2 Partial *H NMR spectra (400 MHz, D,O, 25.0 °C) of (a) Np (2.0 mM);
(b) 2Np-CB[8] (1.0 mM); (c) a mixture of Np (2.0 mM), NpAM (1.0 mM),
PhDi (1.0 mM), and CB[8] (2.0 mM); (d) PhDi-NpAM-CBI8] (1.0 mM);
(e) NpAM (1.0 mM); (f) PhDi (1.0 mM).
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in Fig. S4 (ESIt). Based on the self-sorting of the model molecules,
TNAB, containing three NpAM moieties, could insert into the
supramolecular polymer as side chains for constructing the
antibacterial supramolecular polymer.

The formation of the side-chain antibacterial supramolecular
polymer was confirmed by analytical ultracentrifugation. As
shown in Fig. S5a and b (ESIf), at a low concentration of
50 uM, the highest molecular weight of supramolecular polymer
backbone was measured as 1.7 x 10* Da, corresponding to a
degree of polymerization (DP) of 5. After addition of TNAB, the
molecular weight of the antibacterial supramolecular polymer
was increased up to 2.1 x 10* Da. The increased molecular
weight indicated that 5 TNAB molecules were grafted to the
supramolecular polymer backbone. Although there were three
NpAM moieties on TNAB, the same DP of supramolecular back-
bone and antibacterial supramolecular polymer indicated that
the crosslinking among the supramolecular polymer chains was
negligible because of the low concentration. In addition, the DP
of the antibacterial supramolecular polymer could be increased
with increasing concentration of the building blocks. For example,
the DP was measured to be 12 at a concentration of 0.50 mM, as
shown in Fig. S5c (ESIt). Therefore, the side-chain antibacterial
supramolecular polymer is successfully fabricated through self-
sorting.

We have demonstrated successfully that antibacterial activity
can be enhanced owing to the local enrichment of the antibacterial
small molecules through the construction of the side-chain
antibacterial supramolecular polymer. For comparison, anti-
bacterial activity of the antibacterial supramolecular polymer,
supramolecular polymer backbone and TNAB were investigated.
As shown in Fig. 3, the supramolecular polymer backbone
displayed almost no antibacterial activity, and the bacterial
inhibition ratio of TNAB against ampicillin-resistant E. coli was

100+
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=
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-
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X 40-
=
(18
O 20-
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Side-chain antibacterial
supramolecular polymer

Supramolecular polymer TNAB
backbone

Fig. 3 The colony-forming unit (CFU) ratio of E. coli with antibacterial
supramolecular polymer, supramolecular polymer backbone and TNAB.
The concentrations of building blocks of supramolecular polymers and
TNAB are 50 pM.
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Fig. 4 The antibacterial activity of the antibacterial supramolecular poly-
mer with different amounts of a disassembling agent, naphthalene deri-
vatives (DA shown in Scheme 1). (A) 50 uM antibacterial supramolecular
polymer; (B) A + 10 uM DA; (C) A + 20 uM DA; (D) A + 30 uM DA; (E) A +
40 uM DA; (F) A + 50 uM DA.

calculated as 57%. When TNAB was grafted to the supramolecular
backbone for forming the antibacterial supramolecular polymer,
the bacterial inhibition ratio was remarkably increased up to 95%.
Therefore, the antibacterial activity can be promoted by fabrication
of the antibacterial supramolecular polymer.

The dynamic nature of supramolecular interactions endowed
the supramolecular polymer with degradability, which could be
used to turn off the antibacterial activity of the antibacterial
supramolecular polymer for avoiding long-term drug exposure.
The antibacterial supramolecular polymer could be degraded by
addition of a disassembling agent (DA), naphthalene derivatives,
through competing with the host-guest interaction between Np
and CB[8], as indicated by DOSY shown in Table S1 (ESIf). Then
the antibacterial efficacy could be regulated by the controllable
degradation of the antibacterial supramolecular polymer. As
shown in Fig. 4, by gradual addition of the DA to the antibacterial
supramolecular polymer, the bacterial inhibition ratio was gradually
decreased from 95% to 44%. The controllable degradation of the
antibacterial supramolecular polymer could diminish the enrich-
ment of TNAB, leading to the decrease of antibacterial activity.
Therefore, the antibacterial efficacy of the antibacterial supra-
molecular polymer can be well regulated from high to low activity.

{-Potential measurements and scanning electron micro-
scopy (SEM) were employed to understand the interactions
between the antibacterial supramolecular polymer and bacteria.
Upon addition of the antibacterial supramolecular polymer,
the surface charge of E. coli was altered from —48.0 mV to
19.9 mV (Table S2, ESIY), indicating that the positively charged
antibacterial supramolecular polymer was adsorbed onto the
surface of E. coli. It was demonstrated by SEM that the anti-
bacterial mechanism was membranolysis of the bacteria (Fig. S6,
ESIT). As reported, the hydrophobic groups of antibacterial
agents can insert into the membranes of bacteria, resulting in
membranolysis.">*®'” By locally enriching the hydrophobic
groups of TNAB on the antibacterial supramolecular polymer,
the membranolysis of bacteria can be enhanced, thus promoting
the antibacterial efficacy.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 5 The cytotoxicity of supramolecular polymer backbone, TNAB and
antibacterial supramolecular polymer on mammalian cells (HaCaT).

The cytotoxicity of TNAB, supramolecular polymer backbone
and antibacterial supramolecular polymer on mammalian cells
was also investigated by MTT assay. A nonmalignant epithelial
cell line, HaCaT, was chosen as representative cells. As shown
in Fig. 5, no cytotoxicity was observed for the supramolecular
antibacterial polymer, TNAB and supramolecular polymer back-
bone when their concentrations were lower than 0.125 mM. The
antibacterial supramolecular polymer and TNAB exhibited cyto-
toxicity when their concentrations were higher than 0.125 mM.
However, the supramolecular polymer backbone displayed no
clear cytotoxicity even if the concentration was increased up to
0.50 mM. These results suggest that the fabrication of the
antibacterial supramolecular polymer is a potential biocompatible
strategy for further medical treatment.

Conclusions

In conclusion, we have successfully fabricated a side-chain
antibacterial supramolecular polymer via the self-sorting strategy.
The side-chain antibacterial supramolecular polymer exhibits
enhanced antibacterial efficacy and controllable degradation.
Besides E. coli, this kind of supramolecular polymeric antibacterial
material could be used for killing other kinds of microbes. In
addition, it is anticipated that other antibiotic reagents may also be
supramolecularly polymerized through this method, thus providing
a general strategy for building degradable polymer antibiotics with
enhanced antibacterial efficacy to fight against drugresistant
bacteria.
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