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Introduction

Design of salt-responsive and regenerative
antibacterial polymer brushes with integrated
bacterial resistance, killing, and release
propertiest

Yang Wang,? Jiahui Wu,? Dong Zhang,® Feng Chen,? Ping Fan,® Minggiang Zhong,?
Shengwei Xiao,® Yung Chang, 2 ¢ Xiong Gong, {2 ¢ Jintao Yang*® and
Jie Zheng (0 *°

The development of smart materials and surfaces with multiple antibacterial actions is of great importance for
both fundamental research and practical applications, but this has proved to be extremely challenging. In this
work, we proposed to integrate salt-responsive polyDVBAPS (poly(3-(dimethyl(4-vinylbenzyl) ammonio)propyl
sulfonate)), antifouling polyHEAA (poly(N-hydroxyethyl acrylamide)), and bactericidal TCS (triclosan) into single
surfaces by polymerizing and grafting polyDVBAPS and polyHEAA onto the substrate in a different way to
form two types of polyDVBAPS/poly(HEAA-g-TCS) and poly(DVBAPS-b-HEAA-g-TCS) brushes with different
hierarchical structures, as confirmed by X-ray photoelectron spectroscopy (XPS), atom force microscopy
(AFM), and ellipsometry. Both types of polymer brushes demonstrated their tri-functional antibacterial activity
to resist bacterial attachment by polyHEAA, to release ~90% of dead bacteria from the surface by
polyDVBAPS, and to kill ~90% of bacteria on the surface by TCS. Comparative studies also showed that
removal of any component from polyDVBAPS/poly(HEAA-g-TCS) and poly(DVBAPS-b-HEAA-g-TCS)
compromised the overall antibacterial performance, further supporting a synergistic effect of the three
compatible components. More importantly, the presence of salt-responsive polyDVBAPS allowed both
brushes to regenerate with almost unaffected antibacterial capacity for reuse in multiple kill-and-release
cycles. The tri-functional antibacterial surfaces present a promising design strategy for further
developing next-generation antibacterial materials and coatings for antibacterial applications.

caused by Mycobacterium tuberculosis.>® More importantly, almost
all bacteria have developed a time-dependent resistance ability

Bacteria in nature have a long-term symbiotic relationship with
humans, and most of them are responsible for many lethal and
infectious diseases," ™ including diarrhea caused by Escherichia coli,
osteomyelitis caused by Staphylococcus aureus, and tuberculosis
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against any antibiotics due to natural evolution.” Continuously
growing bacterial resistance with a diminishing antibiotic pipeline
poses serious problems for many biomedical and industrial
applications.® Among different antibacterial applications, it is
estimated that ~80% of human infections occurs on bacteria-
contaminated surfaces, which usually involves initial bacterial
attachment, subsequent colonization, and final biofilm formation.
Once the biofilm is formed, it is too late or too difficult to remove
live/dead bacteria from the surfaces, which in turn enhances
bacterial antibiotic resistance and bacterial infections.”™* Thus,
the development of broad-spectrum antibacterial materials and
smart surfaces/coatings to prevent early bacterial attachment and
colonization is considered as an effective strategy for a variety of
practical applications.*™*”

Many different antibacterial surfaces with antifouling,
bactericidal,>"** and/or bacterial release®>>* have been developed
for resisting bacterial adhesion.**> These antibacterial surfaces
generally involve three main mechanisms to achieve their
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antibacterial activity: (i) using antifouling materials (e.g., hydro-
philic and zwitterionic polymers) to prevent the initial bacterial
attachment; (ii) using synthetic or natural biocides to kill the
attached bacteria; and (iii) using stimuli-responsive materials
to release the dead bacteria. Thus, a general design strategy for
an effective antibacterial surface is to integrate at least two
antibacterial mechanisms into a coating surface, which has
shown better antibacterial activity than a surface with a single
antibacterial mechanism. For instance, some surfaces that
integrate both antifouling and bactericidal properties are able
to resist bacterial attachment/growth and Kkill bacteria on the
surface simultaneously, demonstrating the “antifouling and
killing” mechanism. However, the attached dead bacteria still
contaminate the surfaces and form a conditioning layer for
subsequent bacterial attachment and biofilm development.
To overcome this limit, another type of antibacterial surface
was developed to combine both bacterial killing and release
functions (i.e. “killing and release” strategy) for achieving
surface regeneration and maintaining antibacterial efficiency
after dead bacteria are completely or largely released.’**
However, a challenge still remains. Most of the killing-and-
release antibacterial surfaces usually have relatively limited
surface regeneration capability and also require a longer time
(e.g., hours to days) and more complicated stimuli to realize
surface regeneration due to the lack of antifouling property. In
most cases, after several cycles of surface regeneration, the
surfaces will lose their antibacterial activity to a larger extent.
Despite their general effectiveness, dual-functional antibacterial
surfaces with either “killing-and-antifouling” or “killing-and-
release” mechanisms have inherent limits and are still not
sufficient to achieve the best antibacterial efficacy for practical
applications. Thus, it is highly desirable to design an ideal
antibacterial surface that integrates three complement properties
of antifouling background coating, bacterial killing, and bacterial
release into one surface, in which an antifouling coating prevents
bacterial attachment, the bactericidal component actively kills the
attached bacteria, and stimuli-responsive materials release dead
bacteria and debris from the surface. Such tri-functional anti-
bacterial surfaces are expected to be more effective for bacterial
resistance, antimicrobial action, and fouling release in a
reversible and controllable way for effective surface regeneration,*
which will greatly expand antibacterial applications for biomedical
materials and devices. To achieve this, here, we developed
tri-functional, reusable antibacterial surfaces with integrated
bacterial resistance, killing, and release properties. This anti-
bacterial surface consisted of (1) a salt-responsive polymer
of poly(3-(dimethyl(4-vinylbenzyl)ammonio)propyl sulfonate)
(polyDVBAPS) for releasing the attached bacteria in response
to salt solution,”” (2) a hydrophilic polymer of poly(N-hydroxyethyl
acrylamide) (polyHEAA) as a super-low fouling background for
preventing long-term bacterial colonization, and (3) a bactericidal
agent of triclosan (TCS) for actively killing attached bacteria. To
better understand the component-structure-property relationship
of such antibacterial surfaces, we fabricated two different types of
polymer brushes with hierarchical structures by (i) mixing poly-
DVBAPS and polyHEAA to form mixed polyDVBAPS/polyHEAA

This journal is © The Royal Society of Chemistry 2019

Journal of Materials Chemistry B

brushes and (ii) copolymerizing polyDVBAPS and polyHEAA to
form poly(DVBAPS-b-HEAA)-block copolymer brushes, respectively.
Furthermore, TCS was grafted onto polyHEAA of both poly-
DVBAPS/polyHEAA and poly(DVBAPS-b-HEAA) brushes to
impart bactericidal activity. The resultant antibacterial brushes
were characterized for their surface composition, surface
morphology, and chain conformation using X-ray photo-
electron spectroscopy (XPS), atom force microscopy (AFM), and
ellipsometry, followed by antibacterial tests using Escherichia coli
(E. coli, Gram-negative) and Staphylococcus aureus (S. aureus,
Gram-positive) in multiple kill-and-release cycles. Both brushes
demonstrate not only their long-term surface resistance to
bacteria, high bactericidal activity, and efficient bacterial
release capability, but also robust surface regeneration ability
for multiple bacterial killing-and-release cycles. Our design
strategy and polymer systems offer a promising way to fabricate
multifunctional and regenerable antibacterial surfaces for different
antibacterial applications.

Materials and methods
Materials

Dimethylamine solution (40 wt% in H,O), 1,3-propanesultone
(98%), and 2,2,2-trifluoroethanol were purchased from Aladdin
(Shanghai). N-(2-Hydroxyethyl) acrylamide (HEAA, stabilized
with MEHQ, 98%) was purchased from Sigma-Aldrich (Shanghai).
Tris[2-(dimethylamino)-ethylJamine (Me6TREN, 99%) was purchased
from Tokyo Chemical Inc (TCI). Sodium N,N-diethyldithiocarbamate
and [p-(chloromethyl)phenylJtrimethoxysilane were purchased from
J&K (Beijing). The ATRP initiator that can be covalently grafted on
silica wafer, 3-(2-bromoisobutyramido)propyl(trimethoxy)silane, was
purchased from Gelest, Inc. (Morrisville, PA). 4-Vinlybenzyl chloride
(90%) and oxalyl chloride (98%) were supplied by Energy Chemical
(Shanghai). Triclosan (TCS, 97%) and dichloromethane (DCM,
stabilized with amylene, 99.9%) were obtained from Shanghai
Macklin Chemistry Co., Ltd. All the reagents mentioned above were
used as received. Copper(i) bromide (CuBr, Shanghai Macklin
Chemistry Co., Ltd) was purified by stirring in acetic acid, washing
with ethanol, and then drying under vacuum. Methanol, toluene,
acetonitrile, triethylamine (TEA) and all other solvents were obtained
from Linfeng Chemical Reagent Co., Ltd (Shanghai) and purified
according to standard methods. Water used in these experiments
was purified using a Millipore water purification system with
a maximum resistivity of 18.0 MQ cm. The photoinitiator
(4-trimethoxysilylphenyl) methyl N,N-diethylcarbamodithioate
(SBDC) and the DVBAPS monomer were synthesized and purified
using a previously published method.?”*®

Immobilization of initiators on silicon wafers

Silicon wafers (20 mm x 15 mm) were ultrasonically cleaned in
ethanol and deionized water, then immersed into a freshly
prepared “piranha solution” (H,O,/concentrated H,SO,4, 40 : 120, v/v)
at 120 °C for ~0.5 h, rinsed with a copious amount of distilled
water, and dried by nitrogen flow. Afterwards, the substrates were
treated with plasma (CORONA Lab. CTP-2000, Nanjing, China)
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for 1.5 min. Then, the cleaned wafers were placed into a
dehydrated toluene solution containing either dual initiators
(1.0 mmol of the ATRP initiator and 1.0 mmol of the PIMP
initiator) for the preparation of the mixed brushes or a single
initiator (2.0 mmol of the ATRP initiator) for the preparation of
double-layer brushes overnight at room temperature, followed
by repeated toluene, ethanol and deionized water rinsing to
remove physically absorbed initiator molecules and then dried
with nitrogen flow to obtain two types of initiator-modified
surfaces.

Synthesis of mixed and double-layer polymer brushes

To fabricate the mixed polymer brushes, polyDVBAPS brushes
were first prepared using the SI-ATRP method. Specifically,
DVBAPS (0.56 g, 1.96 mmol) and Me6TREN (34.2 pL, 0.13 mmol)
were dissolved in a mixture solution of 2,2,2-trifluoroethanol
and deionized water (4.0 mL, v:v = 1:1), and degassed by
nitrogen flow. The mixture solution was syringed into the
sealed reaction tube containing CuBr (14.5 mg, 0.10 mmol)
and the initiator-immobilized silicon wafers under nitrogen
protection. Then, the reaction was conducted at different times
of 4 h and 9 h to fabricate polyDVBAPS brushes with ~15 nm
and ~ 30 nm thickness at room temperature, respectively, after
which the wafers were collected, and repeatedly washed ultra-
sonically with saturated NaCl solution and deionized water
to get polyDVBAPS brushes. Subsequently, the wafers with
polyDVBAPS brushes fabricated above were placed into a quartz
tube with the solution of HEAA (0.6 g, 5.21 mmol), methanol
and deionized water (4.0 mL, v:v = 1:1), and a surface photo-
initiated polymerization (SI-PIMP) of 40 min was conducted
using a photo-reactor system (400 W high-pressure mercury
lamp, ~380 nm) to fabricate the polyHEAA brush. The sub-
strates were collected, washed with methanol and deionized
water repeatedly to remove the absorbed free polymer, and
dried with N, flow at room temperature to get the wafers
modified with mixed polyDVBAPS/polyHEAA brushes.

To fabricate the double-layer polymer brushes, the bottom
polyDVBAPS layer with a thickness of ~35 nm was first
fabricated by SI-ATRP. A second layer of polyHEAA was then
fabricated using another SI-ATRP. Briefly, HEAA (0.6 g, 5.21 mmol)
and Me6TREN (34.2 pL, 0.13 mmol) were dissolved in a mixture
solution of methanol and deionized water (4.0 mL, v:v=1:1), and
degassed by nitrogen flow. The mixture solution was syringed into
a sealed reaction tube containing CuBr (14.5 mg, 0.10 mmol) and
polyDVBAPS-grafted wafer under nitrogen protection. Then, the
reaction was conducted at room temperature for 24 h, after which
the substrates were collected, repeatedly washed with methanol
and deionized water, and dried with N, flow at room temperature
to get poly(DVBAPS-h-HEAA) brushes.

Immobilization of TCS onto mixed and double-layer polymer
brushes

The immobilization of TCS on the polyHEAA brush was achieved
following the previously published literature.*® Briefly, TCS (4.35 g,
15 mmol) was dissolved in a mixture solution containing dry
dichloromethane (15 mL) and TEA (3.14 mL, 7.5 mmol), and the
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mixture was added dropwise into an anhydrous dichloromethane
(7.5 mL) solution containing oxalyl chloride (1.92 mL, 22.5 mmol)
and stirred under the protection of N, in an ice-bath for 2 h. Then,
the reaction was maintained at room temperature for another 2 h.
Subsequently, the solvent and the unreacted oxalyl chloride were
removed by vacuum rotary evaporation to obtain the product. The
as prepared HEAA-modified brushes were added to the solution
of the product in anhydrous dichloromethane and stirred under
the protection of N, at room temperature overnight. After the
reaction, the TCS-grafted brushes were taken out from solution,
ultrasonically cleaned with dichloromethane, ethanol, and
deionized water successively, and dried with N, flow for further
characterization.

Thickness of polymer brushes by ellipsometry

The thicknesses of polyHEAA, polyDVBAPS,;/polyHEAA, poly-
DVBAPS,/polyHEAA and poly(DVBAPS-b-HEAA) brushes were
measured via ellipsometry performed on an o-SE ellipsometer
(J. A. Woollam Co., Lincoln, NE) with a He-Ne laser (4 = 632.8 nm)
and an incident angle (70°).

Surface composition obtained via XPS

The surface composition of the samples was determined via
X-ray photoelectron spectroscopy (XPS; PHI5000C ESCA) using a Mg
Ko anode mono-X-ray source at a power of 250 W (140 kV) under a
vacuum of 1.0 x 10~ ® Torr with a takeoff angle of 45°. The spectra
were scanned over a range of 0-1000 eV, and the atomic concentra-
tions of the elements were calculated by using the peak-area ratios.

Surface morphology and roughness obtained via AFM

Atomic force microscopy AFM (Bruker Daltonics Inc., USA)
measurements were used to investigate the surface morphology
of the polymer brushes in tapping mode. All images were
acquired at a typical scan rate of 0.6 Hz with a scan range of
4.0 pm. The root-mean-square (RMS) roughness was determined
using the NanoScope Analysis software.

Contact angle measurement

The static contact angles (CAs) of the brushes were determined
by Drop shape analysis (Eastern-Dataphy Instruments Co., Ltd,
Beijing) using a sessile dropping method at ambient temperature.
A 2 pL droplet of water and saturated NaCl solution was dropped
on the surfaces for WCA recording. Four independent positions
were determined on each sample to get averaged CA data.

Antibacterial assay

E. coli (Gram-negative) and S. aureus (Gram-positive) were used
to test the antifouling, bactericidal and regeneration properties
of the surfaces. The two types of bacteria were first incubated
on Luria-Bertani (LB) agar medium at 37 °C overnight, then the
bacterial colonies on the plates were inoculated into 40 mL of
LB medium and shaken at 37 °C for 10 h. The bacterial
solutions were then diluted with pure LB to OD values of
0.1 for E. coli and 0.05 for S. aureus, respectively. For antibacterial
assay, the wafers were sterilized by 75% ethanol solution and
rinsed with PBS before being placed into a 12-well sterile plate.

This journal is © The Royal Society of Chemistry 2019
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Subsequently, 3 mL of bacterial suspension solution was added
into the well and cultured at 37 °C for a prespecified time
(24 h for E. coli and 12 h for S. aureus, respectively) under
100 rpm shaking. After culturing, the samples were divided into
two parts. The samples for testing the release property were placed
into 1 M NaCl solution and gently shaken for 10 min, after which
all the samples were washed with sterile PBS 3 times and stained
by using the LIVE/DEAD BacLight Viability Kit (Thermo Fisher
Scientific Inc., NY) for 15 min in the dark, rinsed with sterile PBS,
and then observed using an Axio Observer A1 fluorescence micro-
scope (Carl Zeiss Inc., Germany).

To examine long-term nonfouling, bactericidal and regeneration
reliability of the surfaces, repeated “antifouling-killing-release”
processes were conducted. The culture time of E. coli (OD value:
0.1) and S. aureus (OD value: 0.05) was 120 h and 72 h for one cycle,
respectively. After that, the samples were regenerated and stained
followed by the procedure above. For each antibacterial assay, at least
three pieces of wafer were used and four different sites were used for
fluorescent images for each sample. Therefore, at least twelve images
were used for bacterial density analysis. Herein, three cycles were
carried out, and both killing effectiveness and release ratio were
calculated to evaluate the antimicrobial property of each cycle.

Cell cytotoxicity assay

1929 fibroblasts were incubated in Roswell Park Memorial
Institute (RPMI) 1640 medium, supplemented with 1.0%

Journal of Materials Chemistry B

antibiotics (penicillin-streptomycin) and 10% fetal bovine
serum by using a 5.0% CO, incubator at 37 °C. Then, 0.25%
trypsin-EDTA solution was added to detach the adherent cells,
re-dispersing the cell density at ~5 x 10* cells per mL before
incubating into a sterile culture medium. Subsequently, all
samples (blank parallel replicates as controls included) were
put into the cell suspension in a 24-well culture plate and
incubated for 96 h. After that, the L929 cell solution was
replaced by 1 mL of culture solution and 100 pL of MTT
solution (5 mg mL ™" in PBS) for another 4 h incubation. Finally,
the mixtures were replaced by 1 mL of dimethyl sulfoxide
(DMSO) to get the formazan solution by shaking for 10 min.
The formazan solution was tested using a microplate reader
(DG5033B, Huadong Electron Technology Co., Ltd, China) at a
wavelength of 450 nm. The cell morphology of the L929
fibroblasts was observed on an Axio Observer A1l fluorescence
microscope (Carl Zeiss Inc., Germany). All the samples were
stained with 10 uL of FDA (Sigma) (5.0 ug mL™~" in PBS) for
15 min in the dark, and then rinsed with sterile PBS solution
before observing.

Results and discussion

Our previous works have demonstrated that polyDVBAPS
possesses an excellent salt-responsive property to release
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double-layer poly(DVBAPS-b-HEAA) brush, both of which are covalently bonded to TCS.
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attached bacteria from surfaces,””***>*® polyHEAA is a super-
low fouling material to effectively resist the unwanted adsorption
of proteins/cells/bacteria,’*** and TCS is a well-known strong
bactericide.**** However, we have not realized the integration of
these three components/materials together into a single surface
for an antibacterial purpose. In this work, we presented two
different surface-grafting strategies to prepare antibacterial
polymer brushes with different hierarchical structures by
polymerizing polyDVBAPS and polyHEAA in a different way.
The first preparation strategy, as shown in Scheme 1a, is to
sequentially graft polyDVBAPS using surface-initiated atom
transfer radical polymerization (SI-ATRP) and polyHEAA using
SI-PIM onto a silicon substrate, forming a mixed polyDVBAPS/
polyHEAA brush. By optimizing the molar ratio of ATRP initiator :
PIMP initiator at 1:1 and the thickness of the polyDVBPAS brush
at ~15 nm/~30 nm and the polyHEAA brush at ~35 nm, two

N1 polyDVBAPS1/polyHEAA
s

polyDVBAPS:2/polyHEAA

Paper

mixed polyDVBAPS/polyHEAA brushes were prepared for
comparison. Due to the superlow fouling property of the polyHEAA
brush, all polyDVBAPS/polyHEAA brushes were designed to have a
relatively higher thickness of the polyHEAA brush than the poly-
DVBAPS brush in order to maintain the high antifouling
property. Alternatively, we also applied a two-step ATRP to first
graft a polyDVBAPS brush of ~35 nm on the silicon substrate
as a supporting layer, followed by the copolymerization of
polyHEAA onto the polyDVBAPS brush to form an additional
thin layer of ~10 nm, resulting in a double-layer brush (Scheme 1b).
Upon the synthesis of both types of polyDVBAPS/polyHEAA and
poly(DVBAPS-b-HEAA) brushes, TCS was then incorporated into
polyHEAA chains via the condensation between acid chloride
and hydroxyl groups.*®

Upon the grafting of the polymer brush onto the silicon
substrate, XPS was used to characterize the composition of

polyDVBAPS2/poly(HEAA-g-TCS)
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Fig. 1 XPS spectra obtained from N 1s and Cl 2p high-resolution survey scanning of polyDVBAPS;/polyHEAA, polyDVBAPS,/polyHEAA, polyDVBAPS,/
poly(HEAA-g-TCS), polyHEAA, poly(DVBAPS-b-HEAA), and poly(DVBAPS-b-HEAA-g-TCS) brushes.
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brush-grafted surfaces and to confirm the successful polymer-
brush coating. Both N 1s and Cl 2p high-resolution scans, as
shown in Fig. 1, showed that both polyDVBAPS/polyHEAA and
polyDVBAPS/poly(HEAA-g-TCS) brushes displayed a characteristic
peak of polyHEAA at ~399.5 eV assigned to N(CH3) and another
distinct characteristic peak of pristine polyDVBAPS at ~402.2 eV
assigned to N'(CH,);, indicating the coexistence of polyHEAA and
polyDVBAPS. However, different polymer brushes also exhibited
different peak intensity ratios (the peak at ~402.2 eV vs. the peak at
~399.5 eV), reflecting the relative thickness difference between
both polyHEAA and polyDVBAPS brushes. For example, for poly-
DVBAPS/polyHEAA brushes, the increase of polyDVBAPS thickness
led to a higher peak ratio. Differently, poly(DVBAPS-b-HEAA) brushes
showed a higher peak at ~402.2 eV than that at ~399.5 eV due to a
very thin polyHEAA layer. Further, upon grafting TCS on both
polymer brushes, a new peak of Cl at ~198.2 eV was observed,
corresponding to Cl 2p from TCS and indicating the successful
introduction of the antibacterial agent. Based on the element
percentage of Cl and N characterized from quantitative XPS mea-
surements, the percentage of grafted TCS onto the brushes was
calculated as 20 mol% for polyDVBAPS,/poly(HEAA-g-TCS) and
6.4 mol% for poly(DVBAPS-b-HEAA), respectively (Table 1).

Surface morphology of the polymer brush is of particular impor-
tance for its interactions with biomolecules. Generally speaking,

Table 1 Elemental percentage of C, N, and Cl in TCS-grafted brushes

Elemental mole percent (atom%)

Samples C(1s) N(1s) Cl(2p) HEAA/DVBAPS
PolyDVBAPS,/poly(HEAA-g-TCS) 85.22 12.22 2.56  1.49
Poly(DVBAPS-b-HEAA-g-TCS) 89.98 9.41 0.61 0.45

a)
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-3.8 nm

-11.6 nm

Fig. 2
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a smooth surface not only reduces the possibility to kinetically
trap bacteria, but also possesses a lower surface energy for
surface resistance to bacteria. As shown in the tapping-mode
AFM images (Fig. 2), all of the prepared brushes had very
smooth surfaces with a low roughness of <1.7 nm. For
comparison, the surface smoothness of polymer brushes exhibited
a decreased order of pristine polyHEAA (RMS = 0.7 nm) <
poly(DVBAPS-b-HEAA) (RMS = 1.2 nm) < polyDVBAPS/polyHEAA
(RMS = 1.5 nm). These results also indicate that the SI-PIMP
method appears to generate a higher surface roughness than the
SI-ATRP method, probably due to the faster polymerization rate of
polymer chains, consistent with our previous study.”” Further-
more, by the grafting of antibacterial agents of TCS onto both
poly(DVBAPS-b-HEAA) and polyDVBAPS/polyHEAA brushes, the
surface roughness of poly(DVBAPS-b-HEAA-g-TCS) and poly-
DVBAPS/poly(HEAA-g-TCS) was slightly increased by 0.22 nm
and 0.04 nm, respectively, thus this did not affect the smooth
topology of grafting polymer brushes for antibacterial tests.
Since surface resistance and release of bacteria are somehow
related to surface wettability and the salt-responsive property
of polymer brushes, Fig. 2c compares the contact angles of
six different polymer brushes in water and salt solutions. As a
control, a pristine polyHEAA brush showed a very low contact
angle of ~18.1° in water and a much larger angle of ~30.2° in
salt solution, indicating that the polyHEAA brush tends to
change its surface wettability from very hydrophilic in water
to more hydrophobic in salt solution. When the more hydro-
phobic DVBAPS was introduced to co-mix or co-polymerize with
polyHEAA, both poly(DVBAPS-b-HEAA)- and polyDVBAPS/polyHEAA-
based brushes not only slightly increased their contact angles,
but also possessed salt-responsive surface wettability that
exhibited a lower contact angle in salt solution than that in water.
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(a) Representative AFM images (scan range = 4 pm), (b) RMS roughness, and (c) water contact angle for polyHEAA, polyDVBAPS,/polyHEAA,

polyDVBAPS,/polyHEAA, polyDVBAPS,/poly(HEAA-g-TCS), poly(DVBAPS-b-HEAA), and poly(DVBAPS-b-HEAA-g-TCS) brushes.
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Fig. 3  Film thickness of polyHEAA, polyDVBAPS,/polyHEAA, polyDVBAPS,/
polyHEAA, and poly(DVBAPS-b-HEAA) in a dry state, water solution, and 1 M
NaCl solution.

Evidently, the poly(DABAPS-h-HEAA) brush decreased its contact
angle from ~26.5° in water to ~21.3° in saturated salt solution,
while the polyDVBAPS,/polyHEAA brush decreased its contact
angle from ~30.5° in water to ~25.7° in saturated salt solution.
The grafting of TCS to both types of polymer brushes significantly
increased the contact angles in both water and salt solutions due
to the high hydrophobicity of TCS, but the salt-responsive surface
wettability still remained to show the lower contact angle in salt
solution.

Apart from salt-induced surface wettability, we further
examined the salt-induced structural transformation of poly-
mer brushes in different solvents, as measured by the change of
film thickness in situ. Fig. 3 shows a side-by-side comparison of
film thickness of the four polymer brushes in the dry, water
solution, and salt solution states. As a control, the pure poly-
HEAA brush exhibited a smaller thickness of ~37.6 nm in a dry
state, but almost doubled its film thickness to ~76.9 nm in
both water and salt solutions, indicating that the polyHEAA
brush stretches its polymer chains due to strong hydrophilicity.
Such chain stretching is independent of the solutions, consistent
with the contact angle results. In the case of the polyDVBAPS/
polyHEAA brush, when the short polyDVBPAPS brush (~15 nm)
was co-mixed with the polyHEAA brush, the trend of film thickness
change from dry state (~40.4 nm) to water solution ~81.3 nm
and to salt solution (~84.3 nm) was similar to that of the pure
polyHEAA brush. This is because of the fact that the polyDVBAPS
brush in this case was very short and hidden in the polyHEAA
brush, even though polyDVBAPS stretched its chains in water
and salt solution. Consistently, for polyDVBAPS,/polyHEAA
with ~30 nm of polyDVBAPS and ~35 nm of polyHEAA, the
salt solution led to a much higher thickness (~102.3 nm) than
water (~64.1 nm), indicating that the highly stretched poly-
DVBAPS chains in salt solution (~3 times longer than dry
brush thickness) could easily protrude from the polyHEAA
layer. As expected, the poly(DVBAPS-b-HEAA) copolymer brush
also exhibited excellent salt-responsive structural transformation,
as evidenced by an increase of film thickness from ~46.5 nm in
the dry state to ~75.1 nm in water solution and to ~134.3 nm in
salt solution.

Upon demonstrating the salt-induced surface property changes
of two types of polymer brushes, we further investigated the overall
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antibacterial performance of these brushes (including bacterial
resistance, killing, and release) using Escherichia coli (E. coli, Gram-
negative) and Staphylococcus aureus (S. aureus, Gram-positive).
First, we examined the antibacterial performance of poly-
DVBAPS/polyHEAA-based brushes using E. coli, and Fig. 4a
and b show the fluorescence microscopy images and the
corresponding statistical results of E. coli accumulation on
different polyDVBAPS/polyHEAA-based brushes for 120 h. Both
visual inspection and data analysis showed that with the
increase of culture time, the number of adherent E. coli on all
polymer brushes increased linearly. Upon 5 day incubation of
E. coli with the four polymer brushes, the adhered bacterial
amount on polymer brushes exhibited an increasing order of
~20.0 x 10* cells per cm® on the pure polyHEAA brush
< ~35.3 x 10* cells per cm? on the polyDVABAPS,/polyHEAA
brush < ~54.9 x 10* cells per cm® on the polyDVBAPS,/
polyHEAA brush. Among them, the pure polyHEAA brush
exhibited the highest surface resistance to E. coli, while the
mixed polyDVBAPS/polyHEAA brushes showed decreased anti-
fouling property to some extent presumably due to the more
hydrophobic nature of the polyDVBAPS brush.*>*® As compared to
the unmodified surface that absorbed a large amount of bacteria
quickly (~84.3 x 10" cells per cm® for 24 h), as shown in Fig. S1
(ESIt), all these polymer brushes are considered as effective
antifouling surfaces based on an antibacterial density criterion
of < ~10° cells per cm®.

Next, we continued to test the bacterial release capacity of
the four bacteria-attached polymer brushes by immersing the
brushes into 1 M salt solution for 15 min and rinsing with PBS
solution. Fig. 4c shows the comparison of the resultant
attached bacterial density before and after salt treatment.
It can be seen that while the polyHEAA brush showed the best
antifouling property to resist bacterial attachment, salt-treatment
only released ~31.8% of the attached bacteria, indicating a poor
bacterial release capacity of the polyHEAA brush. For the mixed
polyDVBAPS/polyHEAA brushes, the presence of polyDVBAPS is
expected to endow the brushes with bacterial release capability.
So, upon salt-solution treatment, the polyDVBAPS,/polyHEAA brush
with a thin polyDVBAPS; brush (~15 nm) released ~52.8% of the
attached bacteria, showing a moderate bacterial release capability. A
further increase of polyDVBAPS brush thickness to ~30 nm signifi-
cantly improved bacterial release capacity, leading to ~87.5% of the
attached bacteria being released. This indicates a strong thickness
dependence of the polyDVBAPS brush on the bacterial release
capacity of polyDVBAPS/polyHEAA brushes, i.e., upon salt treatment,
salt-responsive polyDVBAPAS chains will stretch out from a
polyHEAA brush to realize high bacterial release capability.

To further demonstrate the bacterial killing property,
we grafted a bactericidal agent of TCS onto polyHEAA chains
to form a polyDVBAPS,/poly(HEAA-g-TCS) brush. Visual inspection
of Fig. 4a again showed that the presence of TCS in the poly-
DVBAPS,/poly(HEAA-g-TCS) brush killed almost all attached
bacteria, as evidenced by the red-colored dead bacteria in the
fluorescent images. In addition, the polyDVBAPS,/poly(HEAA-g-TCS)
brush further reduced the attached bacterial density to ~23.0 x 10*
cells per cm?, as compared to ~54.9 x 10* cells per ecm® on the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Overall antibacterial performance contributed by bacterial resistance, killing, and release of polyDVBAPS/polyHEAA-based brushes using E. coli.
(a) Representative fluorescence microscopy images (scale bar is 20 pm) and (b) the corresponding statistical results of E. coli accumulation on polyHEAA,
polyDVBAPS;/polyHEAA, polyDVBAPS,/polyHEAA, and polyDVBAPS,/poly(HEAA-g-TCS) brushes at different incubation times. (c) Comparison of
bacterial density before and after the treatment of 1.0 M NaCl solution to determine the bacterial release ratio. Similar antibacterial performance of
polyDVBAPS/polyHEAA-based brushes using S. aureus is shown in Fig. S2 (ESI).

polyDVBAPS,/polyHEAA brush without TCS. Such a decrease
of bacterial density on the brush is likely attributed to the
contact killing capacity of the brush.*® More importantly, the
bacterial release property was still well retained, and upon
salt-solution treatment, the attached bacterial density was
further significantly reduced to ~1.6 x 10 cells per cm?,
releasing ~93.0% attached bacteria. In parallel, we also used
the S. aureus bacterial assay to confirm the general antibacterial
property of polyDVBAPS/polyHEAA-based brushes. As expected,
polyDVBAPS,/poly(HEAA-g-TCS) brushes showed excellent
bacterial resistance, bactericidal activity, and bacterial release
properties, as indicated by a low attached bacterial density
of ~31.8 x 10" cells per em?, a high bacterial killing efficiency

This journal is © The Royal Society of Chemistry 2019

of ~97.4%, and a large salt-induced bacterial release of
~94.3% (Fig. S2, ESIY).

Next, we tested the surface regeneration capacity of poly-
DVBAPS,/polyHEAA and polyDVBAPS,/poly(HEAA-TCS) brushes
with and without TCS to determine whether the brushes could
still retain their antifouling, bactericidal, and bacterial release
properties using three cycles of two different bacterial assays,
where each cycle includes 15 day incubation with E. coli and
9 day incubation with S. aureus. We used different incubation
times for different bacteria, simply because of the different
proliferation rates of the bacteria to achieve a cut-off value of
10° bacteria per cm”. Since S. aureus achieved this value faster
than E. coli due to the higher proliferation rate and attachment
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tendency, a shorter incubation time of 9 days was used for
S. aureus. In Fig. 5a and b, after each “antifouling-killing-
release’ cycle, the polyDVBAPS,/polyHEAA brush did not show
obvious changes in both E coli and S. aureus attachment
(~0.25 x 10° cells per cm® and ~0.3 x 10° cells per cm?,
respectively), indicating that the salt-induced surface regenera-
tion is able to retain its bacterial resistance, killing, and release
functions, and thus achieves almost the same antibacterial
performance as that in the first cycle. Specifically, during the
three cycles, the attached bacterial density remained almost
unchanged, as indicated by values of ~23.0 x 10* cells per cm?,

E. coli

a) .

120h NaCl

Cycle-2 Cycle-1

240h

Paper

~26.9 x 10" cells per cm”, and ~31.0 x 10" cells per cm” for
E. coli, and ~32.0 x 10 cells per cm?, ~30.2 x 10* cells per
cm?, and ~38.1 x 10" cells per cm? for S. aureus, respectively
(Fig. 5a and b). Meanwhile, polyDVBAPS,/poly(HEAA-g-TCS)
also showed high bactericidal activity to kill ~93.0%,
~94.8%, and ~93.1% E. coli and ~97.4%, ~95.4%, and
~94.3% S. aureus, respectively (Fig. 5c¢). Upon salt-solution
treatment, the polyDVBAPS,/poly(HEAA-g-TCS) brush showed
a consistent bacterial release of ~90.2%, ~91.5%, and ~ 89.0%
for E. coli and ~94.3%, ~89.7%, and ~ 92.4% for S. aureus during
the three cycles. Thus, the polyDVBAPS,/poly(HEAA-g-TCS) brush
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Fig. 5 Overall antibacterial performance contributed by antifouling, bactericidal, and bacterial release properties and the salt-induced surface
regeneration of the polyDVBAPS,/poly(HEAA-g-TCS) brush in multiple and reversible cycles, as evidenced by fluorescence microscopy images (scale
bar = 20 um) and the corresponding live/dead cell analysis for (a) E. coli and (b) S. aureus. (c) Cyclic bacterial killing and release of polyDVBAPS,/
poly(HEAA-g-TCS) brushes against E. coli and S. aureus upon the treatment of 1.0 M NaCl solution.
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is able to achieve and maintain the long-term, tri-functional
antibacterial property via surface regeneration for up to 15 days
for E. coli and 9 days for S. aureus. For comparison, in the case of
the polyDVBAPS,/polyHEAA brush without TCS, Fig. S3 (ESIY)
shows that for each “antifouling-release” cycle, while the poly-
DVBAPS,/polyHEAA brush did not show obvious changes in both
E. coli and S. aureus attachment (~0.58 x 10° cells per cm” and
~0.61 x 10° cells per cm? respectively), the attached bacterial
density was much higher than that on the polyDVBAPS,/
poly(HEAA-g-TCS) brush. Upon salt-solution treatment, the bacter-
ial release efficiency the of three cycles was ~ 87.5%, ~ 85.0%, and

<]
-’

E. coli

Journal of Materials Chemistry B

~80.0% for E. coli, and ~88.4%, ~85.6%, and ~ 82.3% for
S. aureus, respectively. The slight decrease of bacterial release
capability with cycles could be due to the irreversible absorption
of small debris. Clearly, the lack of TCS to kill bacterial capacity
renders a lower antibacterial efficiency of polyDVBAPS,/polyHEAA
brushes. Even worse, polyHEAA brushes, due to the lack of both
bacterial killing-and-release capacity, eventually lost their initial
antifouling property to induce a large adsorption number of bacteria
up to 9 day incubation (~1.0 x 10° cells per cm?, Fig. S4, ESI}).
As compared to the poly(DVBAPS) brush without TCS, the
poly(DVBAPS) brush with TCS can significantly reduce the number
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Fig. 6 Overall antibacterial performance contributed by antifouling, bactericidal, and bacterial release properties and the salt-induced surface
regeneration of the poly(DVBAPS-b-HEAA-g-TCS) brush in multiple and reversible cycles, as evidenced by fluorescence microscopy images

(scale bar = 20 pm) and the corresponding live/dead cell analysis for (a)

E. coli and (b) S. aureus. (c) Cyclic bacterial killing and release of the

poly(DVBAPS-b-HEAA-g-TCS) brush against E. coli and S. aureus upon the treatment of 1.0 M NaCl solution.
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of attached bacteria, particularly live bacteria. Therefore, both effects
will largely maintain the bacterial release capability of the
poly(DVBAPS) brush with TCS, because dead bacteria and less
bacteria are more easily released than live bacteria and more
bacteria. Thus, comparison of polyDVBAPS,/poly(HEAA-g-TCS),
polyDVBAPS,/polyHEAA, and polyHEAA demonstrates our design
strategy to integrate bacterial resistance, killing, and release proper-
ties into single materials for improving the overall antibacterial
performance. Of note, we carefully characterized the surface using
AFM and ellipsometry by testing the morphology and thickness at
different positions, and no obvious uncoated area was found,
presumably because the SI-ATRP method is a well-known and
mature coating technology for surface engineering that can readily
and completely cover the whole underlying surface with polymer
brushes, except for only one condition that the covered polymer
brush is very thin, which has been eliminated in our study by using
the optimal and thick polymer brushes.

Following the same experimental protocols and tests, we
continuously examined the long-term bacterial resistance,
killing, and release properties of poly(DVBAPS-b-HEAA-g-TCS)
brushes in multiple surface regenerative cycles using both
E. coli and S. aureus, in comparison with the poly(DVBAPS-b-
HEAA) brush without TCS. Due to the good regenerative properties,
poly(DVBAPS-b-HEAA) showed excellent antifouling and bacterial
release properties in three cycles, albeit a slight decrease in both
killing and release properties was observed with the increase of
cycles. After three cycles, the antifouling properties were well
retained at ultralow fouling levels of ~56.7 x 10 cells per cm®
and ~73.2 x 10* cells per cm?, and bacteria release capabilities
were also retained at high levels of ~89.3% and ~ 88.6% for E. coli
and S. aureus, respectively (Fig. S5, ESIt). But without TCS, the
poly(DVBAPS-h-HEAA) brush showed very slight bactericidal
activity. For poly(DVBAPS-b-HEAA-g-TCS) brushes, as shown in
Fig. 6, during the three “antifouling, killing, and release”
cycles, the density of bacteria attached on the poly(DVBAPS-b-
HEAA-g-TCS) brush between any two cycles remained almost
unchanged for E. coli (~41.9 x 10" cells per cm?) and S. aureus
(~42.1 x 10* cells per cm?), respectively, both of which were
significantly lower than the attached density of E. coli (~56.7 x
10* cells per cm?) and 8. aureus (~73.2 x 10* cells per cm?) on
the poly(DVBAPS-b-HEAA) brush without TCS (Fig. S5, ESIt).
Moreover, the poly(DVBAPS-b-HEAA-g-TCS) brush was able to
kill ~92.4% (cycle 1), ~91.2% (cycle 2), ~90.2% (cycle 3)
E. coli, and ~92.2% (cycle 1), ~93.5% (cycle 2), ~92.5% (cycle 3)
S. aureus (Fig. 6¢). Finally, the salt-induced surface regeneration
enabled the release of ~92.6% (cycle 1), ~91.2% (cycle 2), and
~89.3% (cycle 3) E. coli, and ~91.6% (cycle 1), ~89.8% (cycle 2),
and 88.6% (cycle 3) S. aureus, respectively. Poly(DVBAPS-b-HEAA)
block brushes exhibited a higher antifouling capability than poly-
DVBAPS/polyHEAA brushes, due to a higher surface coverage by
polyHEAA. Taken together, the copolymerized poly(DVBAPS-b-
HEAA-g-TCS) brush displayed similar antibacterial performance
to the mixed polyDVBAPS,/poly(HEAA-g-TCS) brush, demonstrating
a general working strategy to improve antibacterial performance
by integrating three bacterial resistance, killing, and release
properties into a single material.
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Fig. 7 (a) Cell viability assay and (b) representative fluorescent microscopy
images of L929 fibroblasts cultured with polyHEAA, polyDVBAPS,/polyHEAA,
polyDVBAPS,/polyHEAA, polyDVBAPS,/poly(HEAA-g-TCS), poly(DVBAPS-b-
HEAA) and poly(DVBAPS-b-HEAA-g-TCS) brushes for 96 h. Scale bar = 50 pm.

Cytocompatibility including cytotoxicity and the adhesion
and growth of normal cells on surfaces is another important
factor for the design of effective antibacterial surfaces. Here, we
examined the cytocompatibility of the six brushes of polyHEAA,
polyDVBAPS, /polyHEAA, polyDVBAPS,/polyHEAA, polyDVBAPS,/
poly(HEAA-g-TCS), poly(DVBAPS-b-HEAA) and poly(DVBAPS-b-
HEAA-g-TCS) using MTT assay with a L929 fibroblast cell line.
The morphology and viability of L929 cells on polystyrene
surfaces after 96 h incubation were used as controls. Fig. 7a
shows that after 96 h incubation with cells, all the polymer
brushes exhibited an excellent cell viability of 85-93%. As
compared to polymer brushes without TCS, TCS-incorporated
polymer brushes only reduced cell viability by ~5%. While
visual inspection also confirmed that the cell density on all
polymer brushes increased with time, cells attached on polymer
brushes with and without TCS displayed different morphologies
(Fig. 7b), i.e., the cells on pure polyHEAA, polyDVBAPS, /polyHEAA,
polyDVBAPS,/polyHEAA, and poly(DVBAPS-b-HEAA) brushes
showed an unfurled lamellar shape, indicating a healthy growth
and proliferation state. Differently, some cells on TCS-incorporated
polymer brushes adapted their morphologies to round-like shapes,
thus reducing cell viability to a small extent, consistent with MTT
results. Overall, polyDVBAPS,/polyHEAA and poly(DVBAPS-b-HEAA)
brushes demonstrated their good cytocompatibility to promote cell
adhesion and proliferation.

Conclusions

In this work, we proposed a new design strategy to fabricate
tri-functional and regenerable antibacterial surfaces by polymerizing

This journal is © The Royal Society of Chemistry 2019
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and grafting saltresponsive polyDVBAPS, antifouling polyHEAA,
and bactericidal TCS on a substrate to form mixed polyDVBAPS/
poly(HEAA-g-TCS) and double-layer poly(DVBAPS-b-HEAA-g-TCS)
brushes. Both polymer brushes of different topological structures
were characterized and confirmed for their surface composition,
surface morphology, and chain conformation by XPS, AFM, and
ellipsometry. The resultant polymer brushes were further tested
using Escherichia coli (E. coli, Gram-negative) and Staphylococcus
aureus (S. aureus, Gram-positive) to demonstrate their tri-
antibacterial activities of long-term surface resistance to
bacteria at an ultralow fouling level (~10° cells per cm?) for
5 days, strong bactericidal activity to kill more than ~90%
attached bacteria, and high salt-responsive surface regeneration
capacity for releasing ~90% attached bacteria. More importantly,
both mixed and double-layer polymer brushes can be easily
regenerated for reuse by treatment with NaCl solution, so that
the overall antibacterial performance was well retained after
several ‘“antifouling-killing-release” cycles, where each cycle
includes a 15 day incubation with E. coli and 9 day incubation
with S. aureus. Practically, no antifouling surface or coating can
permanently sustain its antifouling property for a long-term
period, ie., as time proceeds, there are always some foulants that
adsorb or accumulate onto the surfaces. Even 5 ng cm™ > protein
adsorption will eventually trigger biofilm formation. From a design
viewpoint, antifouling surfaces have been designed to possess
multiple functions, starting from pure surface resistance property,
to a combination of surface resistance and contact killing
properties, to the probably most promising combination of
surface resistance, contact killing, and bacterial release properties.
Thus, our design strategy and polymer systems offer a promising
way to fabricate multifunctional and regenerable antibacterial
surfaces for different antibacterial applications.
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