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Dual-Responsive Supramolecular Antimicrobial Coating

Based on Host-Guest Recognition

Yiting Wang, Gangyang Wang, Yifeng Ni, Jiahui Zhou, Shuaibing Wang, Yucong Gu,

Dong Zhang, Si Yu Zheng,* Zi Liang Wu, Qiang Zheng, Jie Zheng,* and Jintao Yang*

The adhesion and proliferation of the bacteria on biomedical surfaces have
posed a great threat to patients. Developing a class of renewable bactericidal
surface with excellent bacteria release capability is crucial for elongating the
service life of the biomedical devices. However, releasing the bacteria fast and
frequently is usually a trade-off with releasing them thoroughly and com-
pletely regenerating the surface. Herein, a temperature/light dual-responsive
antimicrobial coating is developed. The cyclodextrin (CD)-contained anti-
fouling macromolecule and the thermal-responsive azobenzene-contained
macromolecule are assembled on the CDs-modified surface, combined with
additional silver nanopatrticles. The surface exhibits low bacteria attachments
0f 9.30 X 10° cells cm~2 (E. coli, 120 h), high bactericidal efficiency of ~96.3%.
Meanwhile, =86.9% of the attached bacteria can be released from the sur-
face rapidly in response to temperature, and the residues can be thoroughly
removed by irradiating UV irradiation (release ratio =91.0%). The functions
of the surface can be resumed by switching the host-guest network via light
regulation. The 3" regenerated surface still maintains low bacteria density of
12.4 x 10° cells cm™2, bacteria killing ratio of =95.0%, and bacteria release rate
of =95.7%. The work is supposed to provide a new insight into the design of
multifunctional antibacterial surface and broaden their applications.

the attack of immune system and drugs.?
To relieve or even eliminate the threats, a
series of antibacterial surfaces have been
developed.l’! The common design strategy
includes: antifouling designs to avoid
initial microbe adhesion™ and antibacte-
rial designs to kill the touched bacteria.!
However, the stubborn live bacteria and
dead bacteria are still present and influ-
ence the subsequent antibacterial perfor-
mance. To release the attached bacteria, a
series of stimulus-responsive chains are
combined.l®! Specifically, bacteria release
method is designed by utilizing the force
from the stimuli-triggered chain exten-
sion and hydration. For example, Yin et al.
have developed a hierarchical brush with
an outer layer of poly(methacrylic acid)
(PMMA) and an inner layer of antimi-
crobial peptides (AMP);"] the hydrophilic
PMAA could not only resist the initial
bacteria adhesion, but also collapse under
bacteria-triggered acidification to expose

1. Introduction

The microbial attachment and proliferation on biomedical sur-
face significantly threaten the health of the patients.[!) Especially,
the gathered microbes will form the impenetrable biofilm,
which acts as a physical barrier to protect the bacteria from

the inner bactericidal AMP or extend to

release the attached bacteria under an
increased pH. Zhao et al. have designed an antibacterial surface
composed of an antifouling polyzwitterionic bottom layer and
a thermal-responsive poly(N-isopropylacrylamide) (PNIPAM)-
based polymer upper layer buried with vancomycin (Van); the
bactericidal Van was buried/exposed along with the thermal-
triggered collapse/extension of the PNIPAM chains and the
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Figure 1. Preparation process of supramolecular antimicrobial coating with an illustration of the detailed chemical structure; The 'H-NMR spectrum

of P(NIPAM-co-AAAB) (CDCl3), PSBMA-A-CD (D,0).

extension of PNIPAM chains also supposed to release =72.5%
of the adhered bacteria.l®! Although these surfaces could release
the attached microbe via the stimuli-triggered chain conforma-
tion change, they are usually triggered by contacting stimuli
(pH, salts, temperature), which is still practically difficult or
somewhat invasive. Besides, the limited bacterial release force
might confine the release efficiency.

Different from the mentioned method, dissociation of a
superficial layer based on switchable Schiff base motif,” borate
ester bonds,'”) or host-guest interaction™ could release the
attached bacteria more thoroughly. For instance, Xu et al. have
constructed an antibacterial surface by integrating antifouling
polyethylene glycol (PEG) upper layer with bactericidal poly[2-
(dimethyl decyl ammonium)ethyl methacrylate] (PQDMAEMA)
lower layer;!1l the two layers were bonded by Schiff base struc-
ture, which could be dissociated under the stimuli of bac-
teria metabolism to release the adhered bacteria. Chen et al.
also developed a switchable Azobenzene (Azo)/f-cyclodextrin
(A-CD)-mannose (CD-M) conjugates platform, which could kill
bacteria and on-demand release captured bacteria by dissoci-
ating the Azo-modified molecules from the surface, with a bac-
terial release ratio of =95%.11% Besides, our group also developed
supramolecular comb-like polymer brushes via assembling the
antifouling/antibacterial Azo-polymer on the hydrophilic CDs-
polymer backbonel™; by dissociating the Azo-modified polymer
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branches under UV light, ~85.1% of the attached bacteria was
released.” However, the sacrificing releasing method also
has its shortcomings: 1) the dissociation of the bonds or spe-
cific structures usually needs more reaction time than chain
movements, ie., slower responsiveness; 2) reconstruction of
the functional layer is often complicated, usually required of
re-assembling the fresh molecules, i.e., not convenient for fre-
quent use. Therefore, it is highly desired to develop a type of
surface combined with both of fast release capability to ensure
short-term, frequent use and thorough self-cleaning periodically
to secure long-time antibacterial performance.

Herein, we developed a temperature/light dual-responsive
antimicrobial gel coating based on host-guest recognition.
Briefly, the CDs-modified surface was assembled in situ with
CDs-contained antifouling poly(sulfobetaine methacrylate-£-
cyclodextrin) (PSBMA-S-CD), Azo-contained thermal-respon-
sive PNIPAM-based copolymer [P(NIPAM-co-AAAB)]; after that,
bactericidal silver nanoparticles (AgNPs) was introduced into
the network. The obtained supramolecular coating possessed
a good antifouling performance with a low bacteria density of
~9.30 X 10° cells cm™2 (Escherichia coli, 120 h), a high steriliza-
tion rate of =96.9%. By regulating the incubation temperature,
~86.9% of the attached bacteria could be rapidly released via
chain extension of PNIPAM segments;l'® the releasing rate
could achieve =91.0% by further treating the surface with UV
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Figure 2. a) XPS spectra comparison for Cls, N1s, Ols, S2p, and Ag3d of SC, SCP, SCP@Ag surfaces. b) Representative AFM images of different
surfaces (Scale bar: 2 um). c) RMS Roughness and water contact angle values of different surfaces. The data was presented as the mean £ SD (n = 3).

light to dissociate the coatings along with stubbornly attached
bacteria. The surface after dissociation could be regenerated to
resume the original multiple functions. The strategy illustrated
here should provide a new insight into the design of smart
antibacterial surface and broaden their applications.

2. Results And Discussion

The design strategy of the temperature/light dual-respon-
sive antimicrobial surface as illustrated in Figure 1. First,
the CDs-modified surfaces (SC) were prepared by sequential
reacting with 3-Glycidoxypropyltrimethoxysilane (GPTMS)
and Ethylenediamine-f-Cyclodextrin (EDA-B-CD) (Figure S1,
Supporting Information). The host macromolecules PSBMA-
B-CD were synthesized by two-step method: firstly, copolym-
erizing of SBMA and glycidyl methacrylate (GMA), followed
by ring-opening reacting of the GMA units with EDA-S-CD.
The guest macromolecules poly(N-isopropylacrylamide-co-
acrylamide azobenzene) P(NIPAM-co-AAAB) were obtained
by directly copolymerizing the monomers of NIPAM and
AAAB (Figure S2). After that, the SC surface was assembled
with the aforementioned host/guest macromolecules to get a
supramolecular gel coating (SCP). To endow the surface with
bactericidal, AgNPs were loaded onto the coating through in
situ reduction of silver ions (Ag') and finally get the SCP@Ag
surface. The chemical structure of the host/guest macromol-
ecules and their immediate were verified by "H-NMR spectra
(Figures 1 and S3, Supporting Information). The resulting
supramolecular antimicrobial coating is supposed to display
multiple functions including 1) the antifouling property origi-
nated from the hydrophilic polySBMA segments to resist initial
bacterial attachment, 2) the bactericidal property provided by
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AgNPs to kill the touched bacteria, 3) the thermal-responsive-
ness originated from the PNIPAM chain segments to release
the attached bacteria, 4) the photo-responsiveness contributed
by the PAAAB segments to further release the stubborn bac-
teria, 5) the surface regeneration function realized by switch
the host-guest network.

The chemical/physical variation of the surface along with the
preparation process was then investigated in detail (Figure S4,
Supporting Information). As revealed by XPS spectra, the
presence of the two N1s peaks in SC spectra (=399.3 eV and
~402.4 eV) was attributed to the reacted secondary amine and
the unreacted primary amino of -CDs, indicating successfully
ring-opening reaction; the increment of signal (=402.2 eV) in
SCP was come from the additional quaternary ammonium
groups on polySBMA segments (Figure 2a). The assembling
of the PSBMA--CD was also confirmed by the S2p peaks at
=163.7 eV (S=0) and =1678 eV (S—O). After introducing AgNPs,
two obvious peaks appeared in the Ag3d spectra, indicating
the successful loading. Corresponding element content and
XPS spectra of as-prepared surface were presented in Table S1
and Figure S5, Supporting Information. Atomic force micros-
copy (AFM) was employed to observe the surface morphology
evolution of the surface. Compared to the as-prepared surface
(Figure S6, Supporting Information), the root-mean-square
(RMS) roughness of the SC surface increased to =2.18 nm with
the emergence of small dark holes, demonstrating the suc-
cessful graft of CDs (Figure 2b). The RMS roughness further
increased to =2.63 nm after supramolecular assembling. Also,
the surface become more hydrophilic after forming the antibac-
terial coating, with the minimum water contact angle (WCA)
of =48.2° at SCP stage; the WCA was increased significantly to
=86.0° after introducing hydrophobic AgNPs, consisting results
of RMS roughness (Figure 2c).
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Figure 3. a) Schematic diagram of temperature responsiveness of gel network. b) Graph of water contact angle change under 4 °C and 37 °C along with
the time. c) water contact angle changes after switching the temperature between 4 °C and 37 °C. The data was presented as the mean £ SD (n = 3).

The thermal-responsiveness of the surface was then inves-
tigated. Owing to the hydration/dehydration of the PNIPAM
segments beyond/below its transition temperature, the
wettability of the surface was highly tunable by regulating the
temperature (Figure 3a). As presented in Figure S7, Supporting
Information, the thermal transition region of the coating was
located within the temperature range of 15-35°C. Therefore,
an extreme low temperature of 4 °C and a human body tem-
perature of 37 °C was adopted as the tested temperature in
our work. As illustrated in Figure 3b, the WCA of the surface
was gradually decreased from =83.3° to =64.2° as the environ-
mental temperature reduced to 4 °C, and increased back to
its original level as the temperature returned to 37 °C. Such a
switch of hydrated states could be repeated at least three times
(Figure 3c). Corresponding photos of water contact angle were
presented in Figure S8, Supporting Information.

The antibacterial performance of the obtained smart surface
was systematically investigated via bacteria assay (Figure 4a-b).
As shown in Figure 4c, the Gram-negative bacteria E. coli
gathered on the surface during the elongation of incubated
time. Specifically, the SCP surface showed excellent anti-
fouling capability with the lowest bacteria density of 2.27 x 10°
cells cm™ after culturing for 120 h; introducing the AgNPs
would compromise the antifouling behavior to some extent
(9.30 x 10° cells cm™), yet improve the bactericidal perfor-
mance significantly. As revealed in Figure 4d, the SC and SCP
surfaces almost had negligible bactericidal properties with an
antibacterial ratio of =6.8% and =8.0%, while that of the SCP@
Ag achieved =96.3%. Furthermore, the collapsed PNIPAM
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segments in SCP and SCP@Ag coatings could be hydrated
and extended at a low temperature of 4 °C, resulting in kicking
off a great amount of the adhered bacteria. Compared to the
negligible release ability of nonresponsive SC surface, =~80.0%
and =87.5% of the attached bacteria could be released from the
SCP and SCP@Ag surfaces, respectively, by reducing the tem-
perature to 4 °C. Corresponding antibacterial performance of
the as-prepared surface was presented in Figure S9, Supporting
Information. Similarly, the surface also showed great antibac-
terial behavior to the Gram-positive bacteria S. aureus. Specifi-
cally, the SCP@Ag surface exhibited low bacteria density of
9.95 x 10° cells cm™ (culturing for 72 h) and could kill =96.9%
of the attached bacteria, along with a high bacteria release ratio
of =89.7% (Figure 4e-f).

It was worth noting that besides the temperature-responsive-
ness, The SCP@Ag surface also responded to the light due to
the photo-switchable host-guest recognition. The photo-respon-
siveness of the host-guest interactions were widely studied
to realize the sol-gel transition and self-healing, which was
adopted for designing the injectable wound dressing.Md¢l Ag
revealed in Figure 5a-b, the characteristic peak of the azoben-
zene (at =350 nm) decreased from 0.64 to 0.25 as elongating
the UV-irradiate time, indicating the transition of azoben-
zene from trans- to cis-form. Inversely, the absorbance of the
peak could return to =0.63 by irradiating the 450 nm light.
The photoisomerization of the azobenzene could be repeated
for at least three cycles (Figure S10). As the result, the poly-
meric network was supposed to dissemble under the 365 nm
light and reassemble in presence of fresh host-guest polymers
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Figure 4. a-b) Representative fluorescence microscopy images of E. coli (a) and S. aureus (b) accumulation on SC, SCP, and SCP@Ag with different
incubation times (Scale bar: 20 um). c) Statistical dynamics and d) live-/dead-bacterial statistics of adhered E. coli. e) Statistical dynamics and f) live-/
dead-bacterial statistics of adhered S. aureus. The data was presented as the mean £ SD (n = 3), and asterisks represent statistically significant differ-
ences (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 5. a-b) UV-vis spectra of the PSBMA--CD/P(NIPAM-co-AAAB) mixture under the irradiation of 365 nm- (a) and 450 nm-light (b). c-d) Schematic
illustration of the network structure change (c) and surface change (d) under the switch of the different light. ) Graph of water contact angle change
under 365 nm- and 450 nm-light along with the time. f) water contact angle changes after switching the light between 365 nm- and 450 nm-light. The
data was presented as the mean = SD (n =3).
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Figure 6. a) Representative fluorescence microscopy images of E. coli under cyclic response treatment and corresponding b) statistical live/dead cell
analysis, c) release and killing efficiency of SCP@Ag surface; (Scale bar: 20 um). d) Representative fluorescence microscopy images of S. aureus under
cyclic response treatment and corresponding e) statistical live/dead cell analysis, f) release and killing efficiency of SCP@Ag surface; (Scale bar: 20 um).
The data was presented as the mean = SD (n = 3), and asterisks represent statistically significant differences (*p < 0.05, **p < 0.01, ***p < 0.001).

and 450 nm light based on the dissociation/association of the
host-guest interactions (Figure 5c-d). The switch of the net-
work structure was characterized by water contact tests. As
shown in Figure 5e, the WCA of SCP@Ag surface (=80.5°) was
gradually decreased to =60.7° accordingly after irradiating with
the 365 nm UV-light, which could resume by irradiation the
450 nm visible-light in soaking solutions. It was worth noting
that the reconstruction time was kept at =30 min during the
three successive surface regeneration (Figure S11, Supporting
Information) and such dissociation-association process could
be repeated without obvious diminish for at least five cycles
(Figure 5f).

Thanks to such photo-switchable host-guest interactions, the
residual bacteria after thermal-stimuli could be further released
by dissociating the superficial layer; by soaking the fresh host-
and guest-polymer chains with irradiation of 450 nm light,
the antibacterial surface could be regenerated. As presented
in Figure 6a, the 365 nm UV light could further improve the
bacteria release ratio and the regenerated surface resumed the
original capability pretty well for at least three cycles. As for the
E. coli, the SCP@Ag could maintain the low bacteria density of
12.4 x 10° cells cm™2, bacteria-killing ratio of =95.0%, thermal-
triggered release rate of =878%, and photo-triggered release
rate of =95.7% after 3" regeneration (Figure 6b-c). The surface
exhibited similar antibacterial performance to S. aureus after
3" regeneration (Figure 6d), including the low bacteria den-
sity of 9.9 x 10° cells cm™, bacteria-killing ratio of =97.0%, the
thermal-triggered release rate of =89.7%, and photo-triggered
release rate of =97.2% (Figure 6e-f). It was worth noting that the

Adv. Mater. Interfaces 2022, 9, 2201209 2201209 (6 of 8)

bacterial releasing rate of the coatings in this work outperforms
most existing works (Figure S12, Supporting Information).
These results confirmed that the introduction of a host-guest
was helpful to improve the bacteria release efficiency and cyclic
surface regeneration.

3. Conclusions

In summary, we have prepared an antimicrobial coating com-
posed of antifouling host polymers, thermal-responsive guest
polymers, and bactericidal AgNPs based on photo-switchable
host-guest recognition. The bactericidal rate of surface to
E. coli/S. aureus reached =96.9%/=97.5% and the surface
resisted to the initial bacteria adhesion with a low bacterial
density of =9.30 x 10°/=9.95 x 10° cells cm™2. The surface
could release =87.5%/~89.7% of the E. coli/S. aureus in a cold
environment. The residual bacteria could be further released
with a dissociation of the host-guest interactions under UV light
(bacteria release rate of =95.7%/=97.2% for E. coli/S. aureus).
Thanks to the switchable nature of the network, the surface
could be regenerated to resume the functions with the assis-
tance of soaking fresh host-/guest- polymers and irradiation of
450 nm light. The surface maintained low bacteria density of
12.4 x 10° cells cm™2, bacteria-killing ratio of =95.0%, a thermal-
triggered release rate of =87.8%, and a photo-triggered release
rate of =95.7% even after 3" regeneration. The strategy illus-
trated here would provide a new insight into the design of
smart antibacterial surface and broaden their applications.
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4. Experimental Section

Materials: ~ -Cyclodextrin ~ (3-CD), p-tolunenesulfonyl  chloride
(TsCl), ethylenediamine  (EDA), glycidyl methacrylate (GMA),
sulfobetaine methacrylate (SBMA), 2,2’-azobis(2-methylpropionitrile)
(AIBN), hydroquinone, acryloyl chloride were obtained from Aladdin.
N-isopropylacrylamide (NIPAM) was purchased from Sigma-Aldrich.
3-Glycidoxypropyltrimethoxysilane (GPTMS), p-aminoazobenzene (Azo-
NH,) were obtained from Macklin. Acetonitrile, ethanol, methanol,
toluene, benzene, tetrahydrofuran (THF), triethylamine (TEA), N,
N-dimethylformamide (DMF), tetrahydrofuran (THF), sodium hydroxide
(NaOH) were purchased from Linfeng Chemical Reagent Co., Ltd.
Deionized water used in this project was obtained from a Millipore
water purification system.

Synthesis  of  Copolymer  P(SBMA-co-GMA):  P(SBMA-co-GMA)
copolymer was synthesized as reported in previous work.”l The
monomers of SBMA (2.79 g, 10 mmol) and GMA (66.2 puL, 0.5 mmol)
were dissolved in a 50 mL round-bottom flask with 20 mL methanol/
water (V/V = 1:1) solution under continuously stirring. After adding 1% eq
of initiator AIBN (0.029 g), the homogeneous solution was degassed with
N, airflow for 15 min and then reacted for 6 h at 60 °C. The reaction was
terminated by cooling in an ice-water bath for 3 h and white precipitates
were collected. Subsequently, the white precipitate was redissolved in
water and precipitated in methanol for three times. Finally, the purified
product P(SBMA-co-GMA) was obtained by freeze-drying for 24 h.

Synthesis of Host Molecule PSBMA-S-CD: PSBMA-B-CD was
synthesized via a ring-opening reaction with EDA-B-CD. Briefly,
copolymer of P(SBMA-co-GMA) (0.8 g) and EDA-B-CD (0.5 g) were
added into a 25 mL round-bottom flask with 10 mL deionized water. The
ring-opening reaction was performed at 60 °C for 12 h. The product was
obtained after dialysis the solution for 2-3 days (3500 Da, water) and
then freeze-drying for 24 h.

Synthesis  of Acrylamide  Azobenzene (AAAB): The synthetic
procedures of AAAB were similar as the previous report.'¥l Briefly,
p-aminoazobenzene (11.25 mmol) and triethylamine (11.30 mmol) were
dissolved in 30 mL of benzene. Then acryloyl chloride (13.90 mmol) and
hydroquinone (0.64 mmol) were slowly added into the flask over 20 min
and refluxed at 60 °C for 3 h. Afterward, the obtained solution was
quenched in ice bath and removed the solvent using a rotary evaporator.
The yellow powder AAAB was recrystallized in ethanol for three times
and dried in a vacuum oven at 50 °C.

Synthesis  of P(NIPAM-co-AAAB): The polymerization of the
copolymer P(NIPAM-co-AAAB) followed a synthesis route as previously
described."® In brief, NIPAM (15.0 mmol), AAAB (0.15 mmol) and
initiator AIBN (0.06 mmol) were sequentially added into a 50 mL round-
bottom flask. THF (20 mL) was chosen as a solvent and the mixed
solution was purged with a high-purity N, atmosphere for 15 min. After
that, the sealed flask was immersed into an oil bath (60 °C) for 24 h and
then used the ice bath to quench the reaction. Finally, the yellow product
was precipitated three times with ether and dried for 24 h.

Preparation of Epoxy Substrate (SG): Silicon wafer hydrophilic
treatment: the 10 mm X 10 mm pure silicon waters were ultrasonic
washed in enthanol and DI water for twice. Whereafter, the substrates
were immersed into the fresh “piranha solution” (H,SO4/H,0; 3:1 V/V)
at 120 °C for =60 min to obtain hydrophilic groups, washed with DI water
and dried in nitrogen atmosphere for standby application. Then the pre-
treated hydrophilic substrates were placed in the reactor containing 10%
(V/V) GPTMS in anhydrous toluene and reacted at 80 °C for 12 h under
a nitrogen atmosphere. The epoxy group modified SG surfaces were
obtained after repeatedly rinsed with toluene, ethanol, and DI water, and
dried with N, flow.

Preparation of SW-GPTMS/EDA-3-CD Surface (SC): The synthetic
procedures for the preparation of B-CD-OTs and EDA-B-CD were
referring to our previous work.'"®! The SG substrates were immersed in
EDA-f-CD solution (20 mL DMF with 0.2 g EDA-S-CD) for 24 h (60 °C).
After reaction, the CD-modified substrates (SC) were ultrasonic washed
with DMF, ethanol, and DI water for twice, and dried under N, flow for
standby use.["’]
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Preparation  of  SC/P(NIPAM-co-AAAB) /PSBMA-B-CD  Surface
via Host-Guest Interaction (SCP): SC substrates were immersed
into a functionalized host-guest mixed solution (0.2 g P(NIPAM-
co-AAAB)/0.2 g PSBMA-S-CD, 20 mL DI water as solvent at room
temperature), irradiated at 450 nm light for =30 min to complete the
photoisomerization of azobenzene molecules, and further incubated
overnight to achieve the adsorption of SC/P(NIPAM-co-AAAB)/PSBMA-
B-CD (SCP) surfaces. Finally, the modified substrates were ultrasonic
washed with DI water for twice and dried with a N, flow.

Embedding Silver Nanoparticles into the SCP Surface (SCP@Ag):
Generally, the SCP surfaces were soaked in a 0.01M freshly prepared AgNO,
solution, and stirred in the dark for 1 h. Afterward, the surfaces were put
into NaBH, solution (0.01M) and stirred in the dark for 15 min. The SCP@
Ag samples were washed with water and dried with an N, flow.?0l

Composition and Surface Characterization: The chemical structure
of P(SBMA-co-GMA), PSBMA-3-CD, AAAB, and P(NIPAM-co-AAAB)
were characterized by 400 MHz Ill NMR spectrometer ('H-NMR,
AVANCE) using D,O and CDCl; as solvent. The surface chemical
compositions of SG, SC, SCP, and SCP@Ag surfaces were analyzed
by X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD) using an
Al Ko X-ray source, emitting 300 x 700 um? at 15 kV and 3 mA with
an incident Angle of 45°. The absorbance change of photo-responsive
P(NIPAM-co-AAAB) /PSBMA--CD mixed solution was characterized
via UV-vis spectra (Lambd A750 USA) from 250 nm to 600 nm,
and 450 nm/365 nm were selected as typical wavelengths to test
photoisomerization of azobenzene. The surface morphology and RMS
roughness were observed by scanning atomic force microscopy (AFM,
Bruker Dimension) at the frequency of 170-180 kHz. The surface
hydrophilicity was characterized via water contact angle measurement
(CA, Dataphysics OCA30) with a droplet of 2 uL of deionized water at
ambient temperature and the average value was obtained by measuring
the substrates at five different positions.

In Vitro Bacterial Assay: Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) were used to examine the antibacterial performance
of the surfaces. The surfaces were co-cultured with bacteria on Luria-
Bertani (LB, OXOID) at 37 °C overnight. A single colony of each
bacterium was used to inoculate 40 mL of LB separately under shaking
at 37 °C overnight and then the cultures were diluted to the suitable
optical densities of =0.1 (E. coli) and =0.05 (S. aureus) at 600 nm (the
corresponding bacteria densities represented as 2.53 x 10’ CFU M|~ and
1.14 X 107 CFU mL™ for E. coli and S. aureus, respectively).Zl All samples
were sterilized with 75% ethanol solution and rinsed in PBS solution
for ten minutes before put into a 12-well sterile plate. Subsequently,
adding 3 mL of bacterial solution in every well and cultured at 37 °C
(120 rpm) for a pre-specified time with different cycles. After culturing,
the samples were divided into two parts i) the control group and ii) the
experimental groups, the samples for testing the temperature and light
release property were placed into 4 °C PBS solution (shaken for 15 min)
and for further evaluation of light-triggered bacteria release under
365 nm UV light for 1 h. All samples were taken out, rinsed with PBS
and dye the LIVE/DEAD BackLight Viability Kit (Thermo Fisher Scientific
Inc., NY) for 15 min in the dark for imaging, and then observed using an
Axio Observer Al fluorescence micro-scope (Carl Zeiss Inc., Germany)
with a 40x lens. To examine long-term antifouling, bactericidal,
and surface regeneration reliability, repeated “antifouling-killing-
releasing”’ processes were conducted for three cycles. Three samples
were randomly selected for imaging and bacteria density analysis was
performed using the software Image). Compared with live/dead bacteria
before/after the treatment of 4 °C PBS solution/365 nm UV light, the
corresponding killing and releasing efficiency could be calculated via the
following equations:

s . _ Npg o
Killing efﬁC|ency——NLo+ND0 x100% M)
) ' _(1_Nu+Np o
Releasing efficiency = (1 Niy +Nog x100% @)

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

ASULIIT suowwo)) aAnear) sjqeorjdde ayy Aq pau1aro3 a1e s3]d1IR YO (asn JO SA[NI 10 AIRIQIT dUIUQ) AS[IAN UO (SUONIPUOD-PUB-SULIY) /W00 A3[1m " AIRIqI[auI[uo//:sdny) SUonIpuo)) pue swLa |, 3y 23S ‘[zz0z/11/57] uo Areiqry autjuQ A[IA ‘60210720 TWPLR/Z001 0 1/10p/wod Ka[im Kreiqiauljuo//:sdny woly papeojumo(] ‘€€ ‘7z0T ‘0SELI61T



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

where Ny and Npo represented as the initial amount of the live and
dead bacteria under the specific culture time, respectively, while N|; and
Np; were denoted as the amount of the live and dead bacteria after the
bacteria release.

Statistical Analysis: Statistical analysis of data presented in this work
had a sample size n = 3 and was presented as mean + SD. Student t-test
or One-way ANOVA was used to analyze statistical differences between
multiple groups. *P < 0.05, **P < 0.01, ***P < 0.001 were considered to
be statistically significant.
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