Polymer
Chemistry

emi

Accepted Manuscript

[

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Polymer
Chéemistry

vawrsc org/potymers

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

~

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/polymers


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 9P01ymer Chemistry Polymer Chemistry Dynamic Article Links »

o

=

o

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX ARTIC LE

Antifouling and antibacterial hydrogel coatings with self-healing
properties based on dynamic disulfide exchange reaction

Wen Jing Yang™, Xi Tao", Tingting Zhao, Lixing Weng’, En-Tang Kang‘ and Lianhui Wang™

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
DOI: 10.1039/b000000x

Multifunctional self-healing hydrogel coatings based on dynamic disulfide exchange reaction were
developed via surface-initiated thiol-ene photopolymerization. The functional monomers, (poly(ethylene
glycol)methyl ether methacrylate (PEGMA), N-hydroxyethyl acrylamide (HEAA) and 2-
(methacryloyloxy)ethyl trimethylammonium chloride (META)), and disulfide-containing crosslinker
bis(2-methacryloyl)oxyethyl disulfide (BMOD) were employed for the preparation of antifouling,
antibacterial and self-healing hydrogel coatings. The hydrogel coatings reduced protein adsorption, as
well as bacteria adhesion from Gram-negative Escherichia coli (E. coli). Moreover, the coatings exhibited
good self-healing ability at moderate temperatures due to the dynamic disulfide exchange reaction.
Introduction of self-healing ability provides a promising means for self-repairing of microcracks of
functional polymer coatings and improving their stability and durability in the long-term applications as
biomaterials.

preferable due to their greater bond strength. In the case of strong
Introduction covalent interactions, a re-mendable polymeric material was first
designed based on thermo-reversible Diels-Alder reaction.!”
so However, the healing process usually requires high temperatures
as external stimulus for Diels-Alder reaction. Therefore, the
reversible weak covalent interactions show greater potential for
application in self-healing systems. For reversible weak covalent
interaction, disulfide bonds impart the healing functionality
ss through dynamic exchange of disulfide reaction at low
temperature with relative strong bonds.*'** Furthermore, the
disulfide exchange reaction can be carried out under ambient
conditions without any external stimuli.*'** In addition, the thiol
radicals, generated by mechanical breakage of disulfide bonds,
can rapidly exchange with other disulfide bonds, preventing
catastrophic fractures of the materials.”’ Thus, the disulfide
exchange reaction can potentially be used for the construction of
self-healing polymer coatings.

In the present work, a simple and versatile strategy for the
preparation of multifunctional self-healing hydrogel coatings,
based on dynamic disulfide exchange reaction, was developed.
The functional hydrogel coatings were synthesized via the highly-
efficient thiol-ene photopolymerization on the stainless steel
surface in a “grafting-through” approach'> (Scheme 1). The
crosslinker bis(2-methacryloyl)oxyethyl disulfide (BMOD),
containing disulfide bond, was employed for introducing self-
healing properties based on the disulfide exchange reaction. In
this way, it is relatively easy to prepare self-healing coatings with
different functionalities by selection of different functional
s monomers, especially antifouling and antibacterial coatings for

biomaterials and biomedical devices. The functional monomers,

poly(ethylene glycol)methyl ether methacrylate (PEGMA), N-

Polymer coatings have been extensively employed in the surface
functionalization of biomaterials and biomedical devices,
especially in imparting their surface with antifouling and
antibacterial ~properties.'>  However, the occurrence of
microcracks is inevitable during long-term application of these
polymer coatings, and can lead to the devastation and failure of
the devices.*® Accordingly, healing of the microcracks is of great
importance in improving the stability and durability of functional
polymer coatings in long-term applications. Recently, self-healing
materials have attracted considerable interests due to their unique
feature of healing/repairing themselves, either spontaneously or
in response to environmental stimuli such as heat, light and/or pH
changes.”!" In comparison to conventional repairing approaches
at macroscopic level, such as welding and patching, self-healing
polymers can be more effective for microcracks healing in the
early stage of damage processes.*® Furthermore, the self-healing
coatings are advantageous for applications in the less accessible
areas. Thus, they are highly favorable for biomaterials and
biomedical devices.

Two main strategies have been employed in designing self-
healing materials. The first one is based on an irreversible system
containing micro/nano-reservoirs, the cracking of which releases
the healing reagents.'>'* In this case, the materials can only heal
once. The other strategy is based on reversible bonding
systems.*'>'® They are able to heal repeatedly, arising from the
dynamic covalent or non-covalent interactions. Various covalent
and non-covalent bonds have been explored for construction of
reversible self-healing materials.**'”'* In contrast to the non-
covalent system, such as hydrogen bonding,”® covalent bonds are
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Scheme 1 Schematic illustration of the preparation of hydrogel-
functionalized ~ SS  surfaces  via  surface-initiated  thiol-ene
photopolymerization

hydroxyethyl acrylamide (HEAA) and 2-(methacryloyloxy)ethyl
trimethylammonium chloride (META), were employed for
preparation of antifouling and antibacterial hydrogel coatings.
The antifouling and antibacterial efficacy of hydrogel coatings
were evaluated by protein adsorption and bacterial adhesion,
while their self-healing properties were investigated by optical
microscopy and atomic force microscopy (AFM).

Materials and Methods

Materials

AISI type 304 stainless steel (SS) foils of 0.05 mm in thickness
were purchased from Goodfellow Ltd., Cambridge, UK. 3-
Mercaptopropyl trimethoxysilane (MTS, 95%), poly(ethylene
glycol)methyl ether methacrylate (PEGMA, n~9, average
molecular weight M;~500), N-hydroxyethyl acrylamide (HEAA,
97%), 2-(methacryloyloxy)ethyl trimethylammonium chloride
solution (META, 80 wt% in H,0), bis(2-methacryloyl)oxyethyl
disulfide (BMOD) and fluorescein isothiocynate-conjugated
bovine serum albumin (BSA-FITC) were purchased from Sigma-
Aldrich Co., St. Louis, MO. HEAA and PEGMA were passed
through an inhibitor-removal column (Sigma-Aldrich) and then
stored under an argon atmosphere at 4°C. Gram-negative
bacterial Escherichia coli (E. coli, DH5a) was obtained from the
American Type Culture Collection, Manassas, VA, USA.

Immobilization of MTS on SS surfaces

SS foils were cut into 1.6x1.6 cm® coupons and cleaned
ultrasonically for 5 min each with acetone, ethanol and deionized
water. The SS coupons were then rinsed thoroughly with
deionized water and activated by immersing in piranha solution
(H,SO4 (95-97%)/H,0, (30%) = 3:1, v:v) for 30 min. They were
rinsed thoroughly with deionized water and ethanol, and then
35 dried under a nitrogen stream. Silanization was performed by
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immersing the SS coupons in ethanol solution of MTS (2.5%
w/v) and oscillated at 150 rpm at room temperature for 2 h.
Afterwards, the silanized SS substrates (denoted as the SS-SH
surfaces) were thermally cured at 110°C for 2 h. The resulting
SS-SH substrates were then washed thoroughly with deionized
water and stored in a vacuum desiccator after drying under
reduced pressure.

Preparation of hydrogel-functionalized SS surfaces via
surface-initiated thiol-ene photopolymerization

The hydrogel-functionalized SS surfaces were prepared via
surface-initiated thiol-ene photopolymerization on the SS-SH
surfaces in a “grafting-through” approach. BMOD was utilized as
a crosslinker in the preparation of hydrogel coatings. For the
preparation of antifouling poly(PEGMA) hydrogel-functionalized
SS surface (SS-PPEGMA), the SS-SH substrate was introduced
into a pyrex glass tube containing 0.45 ml of PEGMA (0.97
mmol), 0.028 ml of BMOD (0.10 mmol) and 2.0 ml of ethanol
(crosslinker/monomers molar ratio: 10:100). Then the reaction
mixture was degassed for 30 min with nitrogen, followed by
exposure to UV irradiation for 1 h under a UV lamp (Spectroline
model EN-280L/FA-8W, Spectronics Corporation of New York,
USA). For the preparation of antifouling and antibacterial
poly(HEAA-co-META) hydrogel-functionalized SS surface (SS-
P(HEAA-co-META)), the SS-SH substrate, 0.17 ml of META
(0.71 mmol), 0.07 ml of HEAA (0.71 mmol), 0.036 ml of BMOD
(0.14 mmol) and 2.0 ml of ethanol were introduced into a Pyrex
glass tube (crosslinker/monomers molar ratio: 10:100). The
mixture was degassed and then exposed to UV irradiation for 1 h.
The final SS coupons were soaked in ethanol and deionized water
for 24 h. The solvent was changed every 3 h to remove the
unreacted chemicals. Meanwhile, the free hydrogels (PPEGMA
and P(HEAA-co-META)) were prepared via the same synthesis
approach for mechanical characterization purpose. In addition,
two kinds of hydrogel coatings on SS substrates were also
prepared by using different molar ratios between crosslinker and
monomers. The resulted surfaces were denoted as SS-PEGMA-
Cl and SS-P(HEAA-co-META)-C1 for crosslinker/monomers
molar ratio of 1:100, and SS-PEGMA-C100 and SS-P(HEAA-co-
META)-C100, for crosslinker/monomers molar ratio of 100:100,
respectively .

Surface characterization

Static water contact angles (CA) of the piranha solution treated
SS substrates, SS-SH surfaces and hydrogel-functionalized SS
surfaces were measured at room temperature with a DSA 20
contact angle analyzer (Kruss GmbH Co., Germany), using the
sessile drop method with a 3 pl water droplet. At least three
measurements were made on each sample to obtain the average
value. The chemical composition of functionalized SS substrates
was determined by X-ray photoelectron spectroscopy (XPS). XPS
measurements were carried out on a Kratos AXIS Ultra
spectrometer with a monochromatized Al Ka X-ray source
(1486.6 eV photons), at a constant dwelling time of 100 ms and
pass energy of 40 eV. The core-level signals were obtained at a
photoelectron take-off angle (o, with respect to the sample

o0 surface) of 90°. All binding energies (BEs) were referenced to the

neutral C 1s hydrocarbon peak at 284.6 eV. The topographies of
the thiol- and hydrogel-functionalized surfaces were studied on
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glass substrates by atomic force microscope (AFM, Dimension
icon, Bruker, Germany). The root mean square (RMS)
roughnesses (R,) were calculated from the roughness profile.

Hydrogel characterization

The gel fractions and equilibrium water swelling ratios were
measured gravimetrically.”>*® The as-prepared free hydrogels
were dried in a vacuum oven at 60°C to a constant weight (W),
and then subjected to ethanol and deionized water extraction for
48 h at room temperature. The extracted hydrogels were dried
again in a vacuum oven at 60°C to a constant weight (W,). The
gel fractions (GF) were calculated as follows: GF=WyW,, where
W, is the weight of the dried insoluble part of sample after
extraction with ethanol and water, while W; is the initial dry
hydrogel. The equilibrium water swelling ratios (ESR) were
calculated as follows: ESR=(W, — Wy)/W,, where Wy and W,
represent the weights of dry and equilibrium swollen hydrogels.

The mechanical measurements of the free hydrogels were
carried out using a universal testing machine (CMT5305, SUST
Electrical Equipment Co., LTD). All the hydrogel samples were
prepared in cylindrical shape with an 8 mm diameter and 15 mm
height. The stress-strain measurements were taken at a
compression rate of 2 mm min™'. Compressive modulus was then
determined as the slope at the 0-10% strain range from the stress-
strain curve®’.

Protein adsoprption assays

Adsorption of BSA-FITC on the hydrogel-functionalized SS
surfaces was examined with a fluorescence microscope. The
functionalized SS substrates were rinsed initially with a normal
saline (NS) solution and then placed in the BSA-FITC solution (1
mg ml”" NS solution) at room temperature for 1 h. The substrates
were gently rinsed with NS solution and the adsorption was
imaged under inverted fluorescence microscope (Nikon, eclipse
Ti-U, Japan). The fluorescence intensity, which was proportional
to the surface density of adsorbed BSA-FITC protein, was
quantified using the Imagel] software (National Institutes of
Health, Bethesda, MD, USA).

Antibacterial assays

Gram-negative bacterial Escherichia coli (E. coli, DH5a) was
used for the evaluation of the anti-bacterial adhesion
characteristics and bactericidal efficacy of the hydrogel-
functionalized surfaces. E. coli was cultured in the nutrient broth
at 37°C overnight. After incubation, the bacterial suspension was
centrifuged at 6000 rpm for 3 min. Upon removal of the
supernatant, the bacterial cells were washed with NS solution
twice and resuspended in NS solution at a concentration of 5x107
cells mlI'. Each substrate was immersed in the bacterial
suspension under static condition at 37°C for 4 h. After fixing
with 3% glutaraldehyde and dehydrating with serial ethanol, the
adhered bacterial cells were investigated under a scanning
electron microscope (SEM, Model S-4800, Hitachi Co., Tokyo,
Japan). Quantification of bacterial adhesion and viability on the
uncoated and hydrogel-functionalized SS was carried out by the
spread plate method.®® The result was expressed as a viable
adherent fraction, which is defined as the percentage of viable
adherent bacteria cells on the hydrogel-functionalized SS surface
relative to those on the uncoated SS surface.
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Self-healing assays

Studies of the self-healing behavior of the hydrogel coatings on
glass substrates were conducted using a step profiler (Dektak XT,
Bruker, Germany) and atomic force microscopy (AFM). Firstly,
scratches were created on the thick hydrogel coatings
(thickness>10 pm) by the probe of step profiler, followed by
observation using the optical microscope of step profiler in situ.
Secondly, the thin hydrogel coatings (about 390 nm) were
damaged using a razor blade. The topographic changes were
observed under an optical microscope and AFM.

Results and Discussions
Multifunctional hydrogel-functionalized SS surfaces

The procedures for preparation of multifunctional hydrogel
coatings on stainless steel (SS) surfaces are shown in Scheme 1.
3-Mercaptopropyl trimethoxysilane (MTS) was first coated on
the SS surface to introduce the thiol groups for subsequent
surface-initiated thiol-ene photopolymerization. Due to its high
polymerization rate and conversion efficiency, the thiol-ene
photopolymerization has been considered as "click chemistry"
and widely used in the production of surface-grafted polymer
films.?**  Bis(2-methacryloyl)oxyethyl ~ disulfidle ~(BMOD)
containing disulfide bond was utilized as a crosslinker and for the
introduction of self-healing properties based on dynamic disulfide
exchange reaction. Three functional monomers, poly(ethylene
glycol)methyl ether methacrylate (PEGMA), N-hydroxyethyl
acrylamide (HEAA) and 2-(methacryloyloxy)ethyl
trimethylammonium chloride (META), were employed for
imparting antifouling and antibacterial properties. Two hydrogel-
functionalized SS surfaces were synthesized, including
bifunctional (antifouling and self-healing) poly(PEGMA)-
functionalized surface (SS-PPEGMA) and multifunctional
(antifouling, antibacterial and self-healing) poly(HEAA-co-
META)-functionalized surface (SS-P(HEAA-co-META)). The
disulfide bonds, introduced by the crosslinker, can undergo
reversible disulfide exchange reaction once the cracks occur, as
shown in Scheme 2. Through the dynamic disulfide exchange
reaction process, the hydrogel coatings are expected to self-heal
under room temperature, even without any catalysts.

Table 1 shows the static water contact angles of the
functionalized SS surfaces. The static water contact angle of the
thiol-functionalized SS surface (SS-SH) is 73£3°, much higher
than that of piranha solution treated SS surface (denoted as
uncoated SS surface: 27+3°). For the hydrogel coatings, the water
contact angles decreased greatly, with respective water contact
angels of 46+2° and 31+3° for the poly(PEGMA) and
poly(HEAA-co-META) hydrogel coatings. The decrease in the
water contact angles is consistent with the hydrophilic nature of
hydrogel coatings on the SS surfaces. Apart from the
measurement of water contact angles, the chemical composition
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Scheme 2 Schematic illustration of the self-healing process of
hydrogel coatings based on disulfide exchange reaction
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Table 1 Static water contact angles and surface composition of the
hydrogel-functionalized stainless steel (SS) surfaces

Static water contact

angle (mean + SD“, Surface composition”

Surfaces Degrees) (molar ratio)
Uncoated SS* 2743 -
SS-SH 7343 [CISi]:[S]=32.5:4.1:1
SS-PPEGMA 4642 [CL:[O]:[S]=58.2:23.5:1
SS-P(HEAA-co-META) 31£3 [C]:INJ:[CI]:[S]=103:6.5:4.2:1

“SD: Standard deviation; b Determined from XPS analysis; ° Uncoated SS: SS
treated with piranha solution

of uncoated and functionalized SS surfaces was analyzed by X-
ray photoelectron spectroscopy (XPS). For the uncoated SS
surface, only C 1s and O 1s signals, with binding energies (BEs)
about 285 eV and 532 eV, respectively, can be observed in the
wide scan spectrum (Fig. 1a), indicating the presence of residual
organic contaminants on the uncoated SS surface.’' After
silanation with MTS, several additional signals appear in the wide
scan spectrum of SS-SH surface (Fig. 1b), including S (2s: 228
eV, 2p: 164 eV) and Si (2s: 151 eV, 2p: 99 eV) XPS peaks.**
The appearance of these signals indicates the successful
introduction of thiol groups on the SS surfaces for the subsequent
surface-initiated thiol-ene photopolymerization.

The antifouling and self-healing SS-PPEGMA surface was
synthesized by photopolymerization of PEGMA and BMOD

Uncoated SS  |(b")S 2p

(b) Wide scan
SS-SH

(a) Wide scan
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20 Fig. 1 (a) XPS wide scan spectrum of the uncoated SS surface, (b and b')

XPS wide scan and S 2p core-level spectra (inset) of the SS-SH surface,
(c and d) XPS wide scan and C 1s core-level spectra of the SS-PPEGMA
surface, (e-h) XPS wide scan, C 1s, N 1s and S 2p core-level spectra of
the SS-P(HEAA-co-META) surface
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crosslinker. The Si 2s and 2p core-level signals, with respective
BEs of 151 eV and 99 eV, have disappeared completely in the
wide scan spectrum of SS-PPEGMA surface (Fig. 1c), suggesting
a dense layer of PPEGMA coating has been synthesized on the
surface. The XPS C 1s core-level spectrum of SS-PPEGMA
surface (Fig. 1d) consists of three peak components with BEs at
284.6 eV, 286.2 eV and 288.5 eV, attributable to the C-H, C-O
and O-C=0 species, respectively.’*** The high content of C-O
species is consistent with the successful photopolymerization of
PEGMA from the surface.

For the multifunctional (antifouling, antibacterial and self-
healing) SS-P(HEAA-co-META) surface, the appearance of the
nitrogen and chlorine signals (N 1s: 399 eV, Cl 2s: 271 eV, ClI 2p:
199 eV) in the wide scan spectrum (Fig. le), are consistent with
the presence of poly(HEAA-co-META) hydrogel coating after
photopolymerization. The corresponding C 1s core-level
spectrum (Fig. 1f) can be curve-fitted into five peak components
with BEs at 284.6 eV, 285.6 eV, 286.3 eV, 287.2 eV and 288.7
eV, attributable to C-H, C-N, C-O/C-S, HN-C=0 and O-C=0
species, respectively.*> The N 1s core-level spectrum (Fig. 1g)
comprises of two peak components with BEs at of 399.7 eV and
402.7 eV, corresponding to the amine (C-N) and quaternary
ammonium cationic (-N(CHs);") species, respectively.’>* The
XPS S 2p core-level spectrum (Fig. 1h) consists of a spin-orbit
split doublet, with the BEs of S 2ps/, and S 2p;,, peak components
at 163.1 and 164.3 eV, respectively, attributable to the covalently
bonded sulfur (C-S) species.*?

Surface morphologies of the functionalized SS surfaces

The morphologies of hydrogel-functionalized SS surfaces were
investigated by atomic force microscope (AFM), as shown in Fig.

(a) SS-SH Rg=1.4 nm

19 “um

(c) SS-P(HEAA-co-META)

1000m 200 nm

-10. !nm \
A\

2.0

a7

£0ym

Fig. 2 Atomic force microscopy (AFM) images of the (a) SS-SH, (b) SS-
PPEGMA, (c¢) SS-P(HEAA-co-META) surfaces. Rs= Root-mean-square
roughness

4 | Polym. Chem., [2015], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 9



Page 5 0of 9 Polymer Chemistry

2. All the functionalized SS surfaces exhibit a homogeneous and
uniform topography, with surface root-mean-square (RMS)

100 %

I N\ET [N

measured. The gel fractions of the PPEGMA and P(HEAA-co- RGO

META) hydrogels are 42.5% and 66.3%, respectively, indicating
1sa higher degree of crosslinking in the P(HEAA-co-META)
hydrogel. Furthermore, the water swelling ratios are 10.6 and
18.9, respectively, for the PPEGMA and P(HEAA-co-META)
hydrogels. The mechanical strength of the hydrogels is of great
importance for their biomedical applications. Representative
compression stress-strain curves of the free hydrogels were
shown in Fig. 3. Both the PPEGMA and P(HEAA-co-META)
hydrogels showed linear stress-strain curves at the initial period,
indicative of elastic responses. In comparison to the PPGEMA
hydrogel with compressive modulus of 38.6 kPa, the P(HEAA- s
co-META) exhibited a lower modulus of 23.7 kPa.

roughness (Ry) of 0.9~2.4 nm over an area of 5x5 um?. The SS-
SH surface shows a RMS roughness with 1.4 nm (Fig. 2a). As for
s the SS-PPEGMA and SS-P(HEAA-co-META) surfaces, dense 80+
and uniform hydrogel coatings were grafted from the SS-SH >
surfaces, with respective RMS roughness of 0.9 and 2.4 nm (Fig. % 60+
2b and c). ..E’
ot C 404
Hydrogel characterizations -
10 Apart from characterization of the hydrogel coatings on SS 20 -
substrates, the physical parameters, such as gel fraction and
equilibrium water swelling ratio, of the free hydrogels were also 0 i
_PPE

4SS
Unco?® ss® (EN

Fig. 4 Fluorescence microscope images of the uncoated SS, SS-PPEGMA
and SS-P(HEAA-co-META) surfaces after exposure to BSA-FITC
solution. (Scale bar: 100 um)

93
3

the repulsive hydrodynamic forces arising from strong solvation
of the hydrophilic poly(PEGMA) surface.”®* As for the SS-
P(HEAA-co-META) surface, the fluorescence intensity was
reduced to 59% of that on the uncoated SS surface, indicating its
good resistance to protein adsorption. The SS-P(HEAA-co-
META) surface exhibits lower resistance to BSA adsorption than
the SS-PPEGMA surface. The phenomenon probably has resulted
from the electrostatic interaction of the negatively charged BSA
protein with the positive terminal groups in the poly(META)
Protein adsorption and fouling are closely related to surface components.‘“’ As for the SS-PEGMA-C1 and SS-PEGMA-C100
composition.’>*’” Bovine serum albumin (BSA) was selected as  « surfaces, the resistances to protein adsorption were comparable
the model protein due to its well-known strong adsorption on both surfaces, about 55% of the uncoated SS surface, as
30 characteristics on many types of materials. The adsorption of shown in Fig. S1. The other two surfaces, SS-P(HEAA-co-
fluorescein isothiocynate-conjugated bovine serum albumin META)-C1 and P(HEAA-co-META)-C100, also reduced protein
(BSA-FITC) on the functionalized SS surfaces was investigated adsorption (Fig. S1).
under fluorescence microscope. Fig. 4 shows the fluorescence
microscope images and average fluorescence intensities of the
hydrogel-functionalized SS surfaces after exposure to 1.0 mg ml™!

2
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Protein adsorption on the hydrogel-functionalized SS surfaces

¢s Bacterial-fouling assays of the hydrogel-functionalized SS

surfaces
3

s

=3

of BSA-FITC solution for 1 h. As expected, the uncoated SS
surface was covered with a large concentration of BSA, as
evidenced by the high fluorescence intensity. The result indicates
the vulnerability of the uncoated SS surface to protein fouling. In
comparison to the uncoated SS surface, the fluorescence intensity
of adsorbed BSA on the SS-PPEGMA surface was significantly
reduced. The intensity was only about 6% of that of the uncoated
SS surface. The resistance to protein adsorption is attributed to

140} — PPEGMA
— P(HEAA-co-META)
120}
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(=}
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401
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O 1 I I I I I
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45 Fig. 3 The compressive stress-strain curves of the free hydrogels
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The antimicrobial activities of the hydrogel-functionalized SS
surfaces were evaluated by Gram-negative Escherichia coli (E.
coli). Fig. 5 shows the scanning electron microscope (SEM)
images of uncoated SS and hydrogel-functionalized SS surfaces
after bacterial fouling. The uncoated SS surface is highly
susceptible to adhesion and colonization of bacteria, as evidenced
by the large amount of bacterial cells on the SS surface, either
individually or in small clusters (Fig. Sa). For the SS-PPEGMA

ss surface, a significant reduction in bacterial adhesion was

observed. Only a few bacteria cells were found to be distributed
sparsely on the SS-PPEGMA surface (Fig. 5b). A few bacteria
cells were also observed on the SS-P(HEAA-co-META) surface
(Fig. 5c¢). However, the morphologies of bacterial cells are quite

so different from that of the bacterial cells on the uncoated SS

surface. Apart from distorted and wrinkled membranes, lesions
and holes were also observed in bacterial cells on the SS-
P(HEAA-co-META) surface. Similar phenomenon was also
observed on other polycationic hydrogel surfaces, as they were

ss like an "anion sponge" leading to microbial membrane disruption

and then microbe death.*'** The hydrogel coatings prepared by
different molar ratio of crosslinker and monomers were also

This journal is © The Royal Society of Chemistry [year]
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30
Fig. 7 Self-healing behavior of the hydrogel coatings under optical
microscope of step profiler. The scratch/cut was performed by the tip of
step profiler. Scale bar: 220 pum. (Upper: SS-PPEGMA, Lower: SS-
P(HEAA-co-META))

35 functionalized SS surfaces exhibited above 86% reduction of
bacterial adhesion. The multifunctional SS-P(HEAA-co-META)
surface exhibited higher antibacterial efficiency than the
bifunctional SS-PPEGMA surface, with adherent viable fractions
of 5% and 14%, respectively. The poly(PEGMA) hydrogel

40 coating resists bacterial adhesion via the strong hydration of PEG
units in the side chains of the hydrogel. In comparison to the
poly(PEGMA) coating, the poly(HEAA-co-META) hydrogel

Fig. 5 Scanning electron microscopy (SEM) images of the (a) uncoated coating not only resists bacterial adhesion, but also exhibits

SS, (b) SS-PPEGMA, (c) SS-P(HEAA-co-META) surfaces after exposure bactericidal ~ effect. More specifically, the poly(META)
to E. coli (5x10 cells mI™") for 4 h 4s components in the hydrogel coating could disrupt cell membranes

through the actions of quaternary ammonium cations, while the
poly(HEAA) components could become highly hydrated to resist
bacterial adhesion due to two hydrogen-bond donors from the
hydroxyl (-OH) and amide (-NH-) groups in the side chain. The

so high antifouling and antimicrobial efficacies of the hydrogel-
functionalized SS surfaces are thus ascertained by the SEM
images as well as the bacterial fouling assays.

s tested in the bacterial fouling assays (Fig. S2). As shown in Fig.
S2b and d, the morphology of the underlying SS substrates can be
observed for SS-PPEGMA-C1 and SS-P(HEAA-co-META)-C1
surfaces, indicating very thin hydrogel coatings were obtained
using less crosslinker. For the SS-PPEGMA-C100 and SS-

10 P(HEAA-co-META)-C100 surfaces (Fig. S2¢ and e), rough and
dense coatings were observed, probably caused by the
inhomogeneity generated in the hydrogel preparation using high
crosslinker content.*® All the SS-PPEGMA and SS-P(HEAA-co-
META) surfaces, prepared by using crosslinker/monomers ratio

15 of 1:100 and 100:100 (Fig. S2b'-¢'), exhibited lower antibacterial
efficiency in comparison to those of 10:100 (Fig. 5b and c).

A more quantitative antibacterial assay was carried out using
the spread plate method. Fig. 6 shows the viable adherent
fractions of E. coli on the uncoated and hydrogel-functionalized

20 SS surfaces after 4 h of exposure to the bacterial suspension. In
comparison to the uncoated SS surface, both the hydrogel-

(a) (b)

Self-healing behavior of the hydrogel coatings

The self-healing behavior of the hydrogel-functionalized SS
ss surfaces was monitored by the optical microscope and AFM. Fig.
7 shows the self-healing behavior of the two hydrogel coatings
(above 10 pum in thickness) in 30-60 min. After damages on
coatings were induced by the probe of step profiler, the
topographical changes were monitored by optical microscope of
o step profiler in situ. For the poly(PEGMA) hydrogel coating, a
small damaged area was induced by the probe. The initial scratch
disappeared in 30 min, returning the surface with uniform
coating. Subsequently, a cut of about 50 pm in width was made
on the poly(HEAA-co-META) hydrogel coating. After 30 min,
s the extent of damage decreased substantially, and the damaged
area healed almost fully after 1 h. The healing process occurred
spontaneously at room temperature without any external stimulus.
This quick healing-response can be attributed to the large
thickness of the hydrogel coatings. It has been observed that the
thicker films can heal from wider cuts, as the droop caused by
higher surface tension can provide contact between the damaged
surfaces and then triggers the healing process.”!

o
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Fig. 6 (a) Viable adherent fractions of E. coli on the uncoated, SS-
PPEGMA and SS-P(HEAA-co-META) surfaces after exposure to same
25 bacterial solution of E. coli (5x107 cells mlI™) for 4 h. (b) Images of E. coli
colonies of the viable adherent bacterial cells on the uncoated (upper), SS-
PPEGMA (middle) and SS-P(HEAA-co-META) (lower) surfaces after
spread on agar plate. The decrease colony counts from left to right were
due to 10-fold diluted bacterial solutions that were spread on agar plates.

G

The self-healing processes from microscopic cuts (about 10 um
in width) on thinner hydrogel coating (about 390 nm for the SS-
P(HEAA-co-META) surfaces), were monitored by the optical
microscope of AFM for 72 hours. In Fig. 8, the lumps at the edge
of the cut were the polymer debris that was generated during the
scratch.* The scratch was healed initially from the narrower parts

6 | Polym. Chem., [2015], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]
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microscope of AFM. The scratch was performed by a blade. (Scale bar:
50 pm)

to the scratch. After 12 hours, the scratched area had healed
partially. A more complete healing was achieved in 48 hours. As
a common principle for the self-healing process, the generation of
"mobile phase" is indispensible.*” The subsequent repairing
process includes the directed mass transport and subsequent local
10 mending reaction based on physical interactions or chemical
bonds. In order to improve the generation of the "mobile phase",
a drop of water was sprayed on the small unhealed area of the cut
and the coating was set still at room temperature for another 24
hours. As a result, the hydrogel coating had recovered almost
1s completely and exhibited a uniform surface, indicating the
importance of the phase mobility. In this case, the healing action
was trigged by the disulfide exchange reaction after the "mobile
phase" was generated. More specifically, the disulfide bonds in
the "mobile phase" at the cut interface can exchange with other
disulfide bonds to accomplish the rebonding. On the other hand,
the thiyl radicals, produced from the mechanical breakage of
disulfide bonds, are also expected to be exchanged rapidly with
other disulfide bonds.?' In comparison to the hydrogel coatings
prepared using crosslinker/monomers molar ratio of 10:100, the
»s other hydrogel coatings, prepared by the ratio of 1:100 and
100:100, cannot self-heal from scratches under the same external
conditions (Fig. S3).
Furthermore, the self-healing process of a cut with width less
than 10 um in the multifunctional hydrogel coating (poly(HEAA-
30 co-META)) was observed by AFM, as shown in Fig. 9a. A
scratch with width of around 7.8 um was created by a blade on
the dry hydrogel coating surface (Fig. 9a(1)). Similarly, a trace
amount of water was dripped to create the "mobile phase". After
12 hours, the cut size decreased from 7.8 um to 4.2 um in width
(Fig. 9a(2)). After repeating the process, a completely healed
coating with smooth surface was observed (Fig. 9a(3)).
Therefore, the self-healing properties of the multifunctional
hydrogel coating have been ascertained.
In addition, the antibacterial performances of the cracked
40 hydrogel coating were also explored. Fig. 9b shows SEM images
of scratched hydrogel coating before and after bacterial fouling
for 4 h. A few bacterial cells were present on the partially healed
hydrogel coating, as comparable with that of the undamaged ones
(Fig. 5¢). It indicates that the multifunctional hydrogel coating is
45 effective in resisting bacterial fouling even with scratches initially.

[
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Fig. 9 (a) Self-healing behavior of the hydrogel coating under the atomic
force microscopy (AFM). 1. The scratched hydrogel coating (cut width:
7.8 um); 2. partially healed hydrogel coating after sprinkle of a trace

so amount of water at 37°C for 12 h (cut width: 4.2 pm); 3. healed hydrogel
coating by repeating the process (sprinkle a trace amount of water at 37°C
for 12 h). (b) SEM images of the scratched hydrogel coating before and
after exposure to E. coli (5x107 cells ml™) suspension for 4 h

Conclusions

ss The multifunctional hydrogel coatings were prepared via the
highly-efficient thiol-ene photopolymerization of the functional
monomers (poly(ethylene glycol)methyl ether methacrylate
(PEGMA), N-hydroxyethyl acrylamide (HEAA) and 2-
(methacryloyloxy)ethyl trimethylammonium chloride (META))
0 and disulfide-containing crosslinker bis(2-methacryloyl)oxyethyl
disulfide (BMOD). By employing the reversible disulfide
exchange reactions, self-healing properties were introduced into
the antifouling and antibacterial hydrogel coatings. Both of the
self-healing hydrogel coatings (poly(PEGMA) and poly(HEAA-
6s co-META)) reduced bovine serum albumin adsorption
significantly. As for the adhesion of Gram-negative bacterial E.
coli, the bacterial adhesion was reduced by above 86% on both
hydrogel coatings. In addition, the hydrogel coatings exhibit good
self-healing ability at moderate temperatures due to the reversible
disulfide exchange reaction. The surface-initiated thiol-ene
photopolymerization, employing the disulfide-containing
crosslinker, provides a facile and versatile method for preparation
of multifunctional self-healing polymer coatings. The as-prepared
multifunctional self-healing hydrogels have great potential as an
75 effective and durable coating in long-term applications for
biomaterials.
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developed via simple surface-initiated thiol-ene photopolymerization.



