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Highly efficient antibacterial polymeric films were prepared in a facile manner via a thiol-ene reaction
assisted by ultraviolet radiation. The influence of the positive charge density and hydrophobicity on the
antimicrobial activity was evaluated with Escherichia coli and Staphylococcus aureus. There was

a synergetic enhancement in sterilization in the presence of a positive charge density and hydrophobicity,
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prepared films, with abundant cations and sufficient hydrophobicity, exhibited robust antibacterial effects

DOI: 10.1035/c6ra26071c against E. coli and S. aureus. Their excellent thermostability makes these films suitable for practical
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Introduction

Antibiotic resistance in humans and animals is a growing
public health concern worldwide,* especially in healthcare,**
public facilities and food safety. Animals and plants both
possess potent broad spectrum antimicrobial peptides (AMPs)
that protect them from microbial infection.* The Shai-Matsu-
zaki-Huang model*>® is used to interpret the activity of AMPs
(Scheme 1a). This model emphasizes the importance of elec-
trostatic interactions between the positive AMPs and the nega-
tive bacterial membranes and hydrophobic interactions.
Electrostatic interactions facilitate the association of cationic
AMPs with the anionic bacterial membrane and hydrophobicity
strengthens this association, which will physically disrupt the
membrane structure and lead to bacterial death.

Inspired by the antimicrobial properties of AMPs, a series of
polymers (Scheme 1b) designed to mimic the amphiphilic
features of AMPs, including the cationic hydrophilic groups and
hydrophobic moieties, have recently been reported.” Tiller et al.®®
prepared alkylated pyridinium polymers coated onto glass slides,
which killed bacteria via covalent attachment. Gottenbos et al.*
synthesized three methacrylate polymers and copolymers with
different surface charge densities and studied their antimicrobial
effects on Gram-negative and Gram-positive bacilli. The Gram-
negative bacilli were inhibited by the polymers with positively
charged surfaces."” Whitten and coworkers'** reported that pol-
y(phenylene ethynylene) with pendant quaternary ammonium
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groups or alkylpyridinium groups inhibited the growth of Gram-
negative and Gram-positive bacteria either in solution or an
immobilized phase.

Many researchers have explored the roles of charge density
and hydrophobicity in antimicrobial activity;**'” however, there
has been little research on how to control either of these two key
parameters separately. We therefore synthesized a series of
diallylimidazolium-based polymers with different ratios of
hydrophobicity and charge density via the facile thiol-ene click
reaction; thiol-ene photochemistry provides a convenient single-
step approach to the synthesis of cross-linked polymers.**>* The
characteristics of the polymerization reaction, such as a step-
growth mechanism*® and mild reaction conditions,> low
temperatures, rapid polymerization® and oxygen-resistance are
suitable for many biomolecular purposes.* We introduced an
antibacterial agent 1-allyl-3-decylimidazolium bromide (ADIm)*
and used N,N-diallylimidazolium (DIm) bromide as the cross-
linking agent. Both of these species provide double bonds and
cations and the alkyl chains provided by ADIm act as hydro-
phobic groups. By carefully balancing the two factors, optimum
sterilization was obtained.

Experimental section
Materials

Unless otherwise stated, all materials were obtained from
commercial suppliers without further purification. Acetonitrile,
ethanol, ethyl acetate, petroleum ether, sodium hydroxide and
imidazole were of analytical-reagent grade and were obtained
from Sinopharm Chemical Reagent Co. 1-Bromodecane (>98%)
was purchased from Aladdin. Allyl bromide (>98%), 1-allylimi-
dazole (98%), 2,4,6-triallyloxy-1,3,5-triazine (TAC, 99%) and 2,2-
dimetho-xy-2-phenylacetophenone (DMPA, 98%) were obtained

This journal is © The Royal Society of Chemistry 2017
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from J&K. Pentaerythritol tetra(3-mercaptopropionate) (PETMP,
90%) was purchased from Micxy Reagent. The main compounds
investigated in the study are shown in Scheme 2.

Synthesis of N,N-diallylimidazolium bromide

1-Allylimidazole (7 ml, 64 mmol), allyl bromide (5.54 ml, 64
mmol) and 20 ml of ethanol were added to a 100 ml flask under
a nitrogen atmosphere. The reaction mixture was refluxed for
20 h. After removing the solvent, the residue was washed three
times with hexane. This compound was obtained as a dark
green viscous oil at a yield of 90%. 'H NMR (400 MHz; DMSO):
6 9.24 (1H, s, N-CH-N), 7.76 (2H, s, CH in imidazolium ring),
5.98-6.08 (2H, m, -CH=CHj,), 5.25-5.35 (4H, m, CH,=CH-),
4.85-4.86 (4H, d, N-CH,-) ppm.

This journal is © The Royal Society of Chemistry 2017
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Synthesis of antibacterial polymer films with a charge density
gradient and films with variable hydrophobicity

The general procedure for the synthesis of antibacterial polymer
films with a charge density gradient (film-CDG) was as follows.
The UV-curable formulation was prepared by mixing PETMP,
a compound cross-linking agent consisting of TAC and/or DIm,
with ADIm in five serum bottles using a magnetic stirrer. The
composition of all formulations is given in Table 1. After stir-
ring to obtain a homogeneous mixture, DMPA (48 mg, 0.187
mmol) dissolved in DMF (50 puL) was added to the bottle as
a photoinitiator and the mixture was stirred for 10 s. The
formulations were then coated on a round glass pane (22 x 22
mm) using a film applicator and irradiated on a an Exposure
Model RW-UVAT201-20 UV-curing conveyor system (RunWing

RSC Adv., 2017, 7, 6006-6012 | 6007
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Table 1 Compositions of the antibacterial polymer films with a vari-
able charge density

TAC DIm ADIm PETMP
Entry  Symbol nr:np  (mg) (mg) (mg) (mg)
1 Film-CDG1 1:0 272 0 135 500
2 Film-CDG2 2:1 204 241 135 500
3 Film-CDG3 1:1 163 169 135 500
4 Film-CDG4 1:2 117 241 135 500
5 Film-CDG5 0:1 0 422 135 500

Table 2 Compositions of the antibacterial polymer films with variable
hydrophobicity with variable ADIm contents

Entry Symbol ADIm (mg) TAC (mg) DIm (mg) PTEMP (mg)
1 Film-VH1 0 (0%) 0 468 500
2 Film-VH2 135 (10%) 31 374 500
3 Film-VH3 337 (25%) 75 234 500
4 Film-VH4 673 (50%) 151 0 500

Co. Ltd, Shenzhen, China) equipped with a 2 kW Hg lamp at
a conveyor speed of 3 m min " for 20 s exposure in one run.
The general procedure for the synthesis of antibacterial
polymer films with variable hydrophobicity (film-VH) was as
follows. The procedure for the film-VH was similar to that
described previously. The ADIm content was increased
systematically to obtain a series of different alkyl chain lengths.
The amount of TAC and DIm were adjusted and controlled to
maintain the amount of total cations in ADIm and DIm. The
composition of all formulations is given in Table 2.

Characterization

X-ray photoelectron spectroscopy (XPS) was performed using an
S-probe spectrometer (Surface Science Instruments, Mountain
View, CA, USA) with monochromatic X-rays (10 kv, 22 mA, spot
size 250 x 1000 um) sourced from an aluminum anode to
monitor the composition of the film-CDG. The attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectra were
recorded on a Thermo Nicolet IR spectrometer. The isosorbide-
derived films (6-8 mg) were introduced into aluminum pans
and were analyzed using a PerkinElmer Diamond DSC instru-
ment under a nitrogen atmosphere. The samples were first
scanned from —80 to 100 °C at a heating rate of 10 °C min~ ' and
then cooled to —80 °C at 100 °C min ™", and finally heated again
to 80 °C at a heating rate of 100 °C min~". The second heating
run was used to determine the glass transition temperature (Ty).
Thermogravimetric analysis (TGA) was performed with a Met-
tler TGA/DSC instrument between 25 and 500 °C at a heating
rate of 10 °C min " under a flow nitrogen.

Assessment of antibacterial activity

Gram-negative Escherichia coli (ATCC 25922) and Gram-positive
Staphylococcus aureus (ATCC 29213), species commonly related
to infections associated with biomaterials, were used to evaluate
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the antibacterial efficacy of the polymer films. After the frozen
E. coli and S. aureus stock had been defrosted, they were
cultured overnight in an incubator at 37 °C on Luria-Bertani
and Manitol Salt agar plates, respectively. A single colony was
incubated for 12 h at 37 °C in 5 ml of Nutrient Bertani broth to
grow statically for activation. After incubation, the bacterial
suspension was centrifuged and the supernatant was decanted.
The bacterial cells were resuspended and washed twice with PBS
and then resuspended in 10 ml of PBS at 6 x 10 cells per ml.
Each film was then immersed in the bacterial suspension at
37 °C by shaking in an orbital incubator to ensure a good
contact between the antimicrobial films and the bacteria. The
viability of the bacteria on the polymer films was quantified
using the spread plate method by sampling an equal amount of
the bacterial suspension at 20, 40 and 60 min.

Results and discussion

N,N-1-Allyl-3-decylimidazolium (ADIm)-based polymers have
previously been reported to have a good antibacterial effect on
both Gram-negative and Gram-positive bacteria containing long
alkyl chains.>**” ADIm was therefore chosen as the hydrophobic
component in this work and the charge density was modulated
by changing the ratio of N,N-diallylimidazolium bromide (DIm)
and ADIm. By varying the amount of ADIm, DIm and the thiol
cross-linking agent, the hydrophobicity and charge density
could be accurately controlled (Scheme 3).

We studied the effect of the charge density on the antibacte-
rial activity. An identical amount of ADIm was used in each
polymer to maintain the hydrophobicity at the same level. Table
1 shows that the charge density was gradually changed by varying
the ratio of TAC and DIm. XPS was used to determine the charge
difference in five samples (Fig. 1). The N 1s core-level spectrum
could be curve-fitted into two peak components. The peak
component at a binding energy (BE) of 399.7 eV was attributable
to the amine (C)=N group in TAC." The peak component at a BE
of 401.5 eV was associated with the positively charged nitrogen
(-N'-) in DIm and ADIm.?® As expected, the positively charged
nitrogen (-N'-) peak component in the N 1s core-level spectra
became stronger as the amount of DIm increased, reflecting the
increase in charge density on the polymer films.

We evaluated the antibacterial activity of the film-CDGs
using E. coli and S. aureus (Fig. 2). The as-prepared films
showed antibacterial activity at a contact time of 60 min and the
activity improved as the density of the positive charge increased.
For E. coli, when the ratio of T to D was =1:1, the corre-
sponding film (film-CDG3-5) killed them all in <40 min. Similar
results were obtained for S. aureus. S. aureus was more sensitive
to the density of positive charge than E. coli. S. aureus was
quantitatively killed in <40 min when the ratio of T to D was
2:1. At aratio of 0: 1, S. aureus was killed very quickly, indi-
cating a very high efficiency. The film with this composition
(entry 5 in Table 1) could be used as a prototype for further
optimization. The observed positive correlation between the
antibacterial activity and the density of the positive charges
indicated the importance of the effect of electrostatic absorp-
tion on the antibacterial activity.

This journal is © The Royal Society of Chemistry 2017
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surface.

The thermal stability of the antimicrobial films was studied
by thermal gravimetric analysis (TGA) under a nitrogen atmo-
sphere at a heating rate of 10 °C min ' (Fig. 3). All the films
showed good thermostability at <200 °C without any obvious
decomposition. The thermostability was further enhanced by
the increased charge density. For example, the thermostability
of film-CDG4 reached 300 °C. The good thermal performance of
these films may be applicable in harsh environments.

This journal is © The Royal Society of Chemistry 2017

Relationship between antibacterial activity of polymer films
and hydrophobicity

Having confirmed the effect of the positive charge on steriliza-
tion, we investigated the effect of hydrophobicity on antibacte-
rial activity. Four films with different amounts of alkyl chains
(i.e. variable hydrophobicity) were prepared. The ADIm content
was increased systematically to obtain polymers with different

RSC Adv., 2017, 7, 6006-6012 | 6009
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hydrophobicity. The amounts of TAC and DIm were adjusted to
maintain a constant value for the total cations. The composi-
tions of examined polymers (film-VH) are given in Table 2.
The hydrophobic groups (e.g. methyl and methylene) were
monitored using ATR-FTIR (Fig. 4). The peaks at 2960, 2850,
1460 and 1380 cm ™' represent the absorption of methyl and
methylene from ADIm. As the content of the antimicrobial
monomer increased, the intensity of these peaks became
stronger (from d to a in Fig. 4). There was no absorption peak at
2547 em™ ", indicating that most of the thiol groups had reacted.
Therefore the desired films had been successfully prepared.
The antibacterial activity of the film-VHs was evaluated using
E. coli and S. aureus (Fig. 5). As there was an identical amount of
cations in these four samples, the influence of the hydrophobic
groups on sterilization could be compared. All the films showed
very good antibacterial results; however, the film without long
chain alkyl groups (film-VH1) needed a longer time (40 min) to
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Fig. 4 ATR-FTIR spectra of the film-VH (a) contained 50% ADIm, (b)
contained 25% ADIm, (c) contained 10% ADIm, and (d) contained 0%
ADIm.

give a good antimicrobial effect than the other films. When the
amount of ADIm increased from 0 to 50%, the colony-forming
units (CFUs) for E. coli decreased from 30 to 10% after
20 min, which confirmed the role of hydrophobicity. By further
extending the contact time to 40 min, E. coli was completely
killed by film-VH1-4. These four films showed excellent anti-
microbial activity against S. aureus within 20 min (film-VH2-4),
whereas film-VH1 required more time to reach the same level of
antimicrobial activity, reflecting the importance of hydropho-
bicity. The effect of the alkyl chain length on the antibacterial
activity of the cationic antimicrobial films was complicated and
was different against Gram-positive and Gram-negative
bacteria. This may be because the change in the antimicrobial
agent (with long alkyl chains) changes both the hydrophobicity
and other factors,” thus influencing the antibacterial activity.
Fig. 6 shows that the thermostability of the film-VHs was
similar to that of the film-CDGs. They decomposed up to 300 °C,
which is in accordance with previously reported thiol-ene

This journal is © The Royal Society of Chemistry 2017
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photopolymerizable systems.”>** The introduction of more
ADIm with long alkyl chains slightly reduced the thermosta-
bility (film-VH2-4) as the result of a reduced degree of cross-
linking.

The glass transition temperature (T,) was studied by DSC at
a heating rate of 10 °C min~ ' under a nitrogen atmosphere. The
Ty values decreased with increasing amounts of DIm. This effect
was more pronounced when the rigid monomer TAC was used
as the alkene component; using the flexible monomer DIm as
the alkene component decreased T, for all thiol formulations.
The highest T, values were observed in the thiol-ene networks
with the highest cross-linking density (T:D = 1:0), as ex-
pected. Replacing the trifunctional ene (TAC) with a difunc-
tional ene (DIm) reduced 7, in concert with the average cross-
linking density. T, spanned a narrow range of temperatures.
This was expected and was attributable to the monomers
chosen in this investigation. Most T, values were sub-zero or
relatively low, which is typical of thiol-ene networks*"* because
of the flexible thioether linkages throughout the network.
Therefore the T, values of these polymers are affected by these
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Fig. 6 TGA curve of films with variable content of alkyl chain. (A)
Content of ADIm is O, (B) content of ADIm is 10%, (C) content of ADIm
is 25%, and (D) content of ADIm is 50%.
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two opposite key factors: the flexibility of the network backbone
and the cross-linking density.

Conclusions

By varying the ratio of hydrophobicity and the charge density
group, a series of polymeric films was successfully prepared via
thiol-ene photopolymerization. This outcome of this conve-
nient and concise assay was in good agreement with the XPS
and ATR-FTIR analyses. The resulting films with abundant
cations displayed a remarkable antimicrobial activity against
both S. aureus and E. coli, which correlated with the electrostatic
properties. The antimicrobial activity of the polymer films was
positively correlated with the charge density and nature of the
long alkyl chain. The polymeric antibacterial films had excellent
stability under physiological conditions. The thermal stability
was enhanced as the charge density increased. This method of
synthesizing antibacterial polymeric films with a tunable charge
density or hydrophobicity by introducing a cationic cross-
linking agent is important in studies of the mechanisms
involved in cationic antibacterial polymers and clarifies the
effects of charge density and hydrophobicity.
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