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SiO,@AuAg/PDA hybrid nanospheres with photo-
thermally enhanced synergistic antibacterial and
catalytic activityt
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Wastewater discharged from industrial, agricultural and livestock production contains a large number of

harmful bacteria and organic pollutants, which usually cause serious harm to human health. Therefore, it
is urgent to find a "one-stone-two-birds” strategy with good antimicrobial and pollutant degradation
activity for treating waste water. In this paper, SiO,@AuAg/Polydopamine (SiO,@AuAg/PDA) core/shell

nanospheres, which possessed synergistic "Ag*-release—photothermal” antibacterial and catalytic

behaviors, have been successfully prepared via a simple in situ redox polymerization method. The

SiO,@AUAg/PDA nanospheres showed good catalytic activity in

reducing 4-nitrophenol to 4-

aminophenol (0.576 min~* mg™). Since the AuAg nanoclusters contain both gold and silver elements,
they provided a high photothermal conversion efficiency (48.1%). Under NIR irradiation (808 nm, 2.5
W™2), the catalytic kinetics were improved by 2.2 times. Besides the intrinsic Ag™-release, the

photothermal behavior originating from the AuAg bimetallic nanoclusters and the PDA component of
SiO,@AUAg/PDA also critically improved the antibacterial performance. Both E. coli and S. aureus could
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be basically killed by SiO,@AuAg/PDA nanospheres at a concentration of 90 pg mL~! under NIR

irradiation. This “Ag*-release—photothermal” coupled sterilization offers a straightforward and effective
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1. Introduction

Over the past decade, the water pollution caused by the effects of
industrial, agricultural and livestock production and urban resi-
dential water use has become increasingly prominent, and the
accumulation of harmful bacteria and pollutants in wastewater
poses a serious threat to people’s lives."™ To treat the bacteria,
antibiotics are often overused; hence, the emergence and spread
of super-resistant bacteria have caused a series of therapeutic
problems.>” In recent years, nanoplatforms have been widely
investigated and demonstrated to be effective in the fields of
nanocatalysis and antimicrobials. Among them, noble-metal
nanocrystals (Pd, Au, Ag, Pt and Ce) have attracted more and
more attention due to their simple synthesis, excellent
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approach to antimicrobial therapy, and further exhibits high potential in nanomedicine for combating
bacterial contamination in environmental treatment and biological fields.

photothermal conversion capability, good catalytic activity, and
significant antimicrobial properties.*** Due to their large surface
area, noble-metal bimetallic nanocrystals have been widely used
in the degradation of organic pollutants.*™* Therefore, nano-
platforms integrated with noble-metal nanocrystals possess great
potential in both nanocatalysis and antimicrobials.

The organic pollutant 4-nitrophenol is carcinogenic, terato-
genic, and mutagenic, and its reduction product (4-amino-
phenol) is widely used in a variety of applications, such as
anticorrosive lubrication and corrosion inhibition, because of its
low toxicity. Therefore, it is necessary to convert 4-nitrophenol to
4-aminophenol. Noble-metal nanoparticles (Au, Ag, Cu, Pt and
Pd) have been commonly applied as nanocatalysts to address this
problem. Liao et al. investigated the reduction of 4-nitrophenol
by three efficient silver-based nanoparticle catalysts and found
that smaller silver-nanoparticle sizes and sharper edge and
corner contributed to an increase in the total surface area, which
improved the catalytic performance.'® Deshmukh et al. investi-
gated and compared the effect of gold nanoparticles (AuNPs) and
gold nanoflowers (AuNFs) on the reduction of 4-nitrophenol. The
results showed that the AuNFs’ catalytic activity was 1.57 times
higher than that of AuNPs."” Moreover, noble-metal nano-
particles exhibit significantly enhanced catalytic activity and
selectivity due to synergistic effects as well as in situ formation of
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reactive species.'®" It has been reported that a bimetallic struc-
ture facilitates the adsorption of reactants and the release of
products, thus improving the catalytic performance.” In addi-
tion, Ag ions are known to have broad-spectrum antimicrobial
activity and they can bind to the catabolic metabolite control
proteins of Staphylococcus aureus, inducing oligomerization as
well as inhibiting the ability to bind to DNA.** Therefore, Ag-
doped bimetallic nanocrystals have broad application pros-
pects in both antimicrobials and nanocatalysis.

Photothermal therapy (PTT) has received increasing attention as
an effective, novel, non-invasive therapeutic technique that shows
great potential in the treatment of drug-resistant bacteria and
bacterial biofilms.”?* It is well-known that Au-based nanocrystals
have excellent photothermal conversion effects.”®*” In addition,
noble-metal nanostructures have high photothermal conversion
efficiency due to their good near-infrared absorption properties in
the localized surface plasmon resonance region.”** As a result,
various noble-metal nanoparticles with synergistic photothermal
antimicrobial performance have been explored. Furthermore,
a previous report indicated that bimetallic nanocrystals had
stronger antimicrobial effects than monometallic ones.** Kim
found that Ag nanoparticles in cobalt-silver bimetallic nano-
composites exhibited strong photothermal conversion efficiency,
which synergized with Ag and Co ions to achieve a significant
antimicrobial effect.®! Although Ag" is effective in killing bacteria as
a broad-spectrum antimicrobial agent, the severe biotoxicity also
limits its application. Therefore, a bio-safe nanoplatform that not
only balances the biocompatibility and toxicity but also possesses
controllable photothermal antibacterial behavior is highly required.
Polydopamine (PDA) possesses extraordinary adhesive properties,
good biocompatibility, and excellent photothermal conversion
ability. During the past decades, PDA has been used to carry noble-
metal nanoparticles and this method not only solves the agglom-
eration problem of nanocrystals but also effectively promotes the
photothermal antimicrobial effect.>*

Another strategy to the prevent agglomeration of noble-metal
nanoparticles is to immobilize them on a carrier. It is worth
noting that SiO, nanospheres have the advantages of high dis-
persibility, good chemical stability, easy modification, and high
temperature resistance, which make them a non-toxic and non-
polluting green material. Due to its optical transparency and
biocompatibility, SiO, has a wide range of applications in the
chemical industry, biomedicine and optoelectronic devices.
SiO,@Au and Au@SiO, nanoparticles have been reported to
enhance the fluorescence of rhodamine B dye in the presence of
AuNPs.*® Zhang et al. reported that SiO, loaded with Pd-Cu
bimetallic nanoparticles exhibited good activity and selectivity
under mild conditions.?” Similarly, metal-organic frameworks
(MOFs) are a class of porous crystalline hybrid materials, and
these ordered crystal structures have highly desirable physico-
chemical properties, such as tunable pore size, high surface area,
open metal sites and large void space.*®* As far as applications
are concerned, MOFs have a wide range of prospects in
numerous fields, such as drug delivery and catalysis. To this end,
the construction of bimetallic nanoplatforms based on SiO, or
MOF carriers and investigation of their relative catalytic and
antibacterial performances have become attractive.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this study, we report a simple synthesis method for
a SiO,@AuAg/PDA nanocomposite in which the gold and silver
bimetallic nanoparticles are sandwiched between SiO, and
PDA. The content of gold and silver, as well as the thickness of
the shell layer, can be controlled by changing the experimental
conditions. Such noble-metal nanoparticles have catalytic and
antimicrobial properties. Taking 4-nitrophenol as an example,
we performed kinetic analysis experiments on the nanospheres
by catalyzing its conversion to 4-aminophenol and found that
the reduction effect was more significant under near-infrared
irradiation. In addition, the SiO,@AuAg/PDA composite was
effective in the sterilization of Gram-negative (Escherichia coli, E.
coli) and Gram-positive (Staphylococcus aureus, S. aureus)
bacteria under NIR irradiation, and showed a typical “photo-
thermal-Ag'-release” coupled antibacterial effect. This study
provides a multifunctional composite material with both
bactericidal and catalytic properties, which has promising
applications in environmental treatment and biology.

2. Materials and methods
2.1 Materials

2-Methylimidazole (C,H¢N,) was purchased from Hebei Bailing
Wei Ultrafine Materials Co. 3-Aminopropyltriethoxysilane
(APTES) and trisodium citrate dihydrate (CsH;NaszO-2H,0)
supplied by China Aladdin Chemical Co. Cetyl-
trimethylammonium bromide (CTAB), zinc acetate dihydrate
(C4Hg04Zn - 2H,0), sodium borohydride (NaBH,), 4-nitrophenol
(C¢HsNO3), ammonia (NH;-H,0), tetraethyl orthosilicate
(TEOS), gold(m) chloride (HAuCly), and silver nitrate (AgNOj3)
were purchased from China National Pharmaceutical Chemical
Reagent Co. No experimental reagents were further purified and
ultrapure water was used for the experiments.

were

2.2 Synthesis of SiO,@AuAg/PDA core/shell nanospheres

Synthesis of SiO, nanospheres. Silica nanospheres were
prepared via a modified Stober method.* First, a round-bottom
flask was filled with 50 mL ethanol, 4.9 mL distilled water and
9.3 mL ammonia, and the contents stirred at 30 °C for 30 min.
Then, 5 mL TEOS was added and the reaction was carried out.
12 h later, the product was separated from the suspension, and
washed with water and ethanol alternately three times to obtain
SiO, nanospheres. Finally, SiO, nanosphere powder was ob-
tained via vacuum drying.

Synthesis of SiO,@AuAg/PDA core/shell nanospheres.
Firstly, SiO, nanospheres (8.5 mg) were ultrasonically dispersed
in 50 mL ethanol to obtain a homogeneous solution and a drop
of APTES was added. Then, freshly prepared AgNO; solution
(0.02 g mL ™", 136 uL), HAuCl, (0.1 g mL™*, 40 pL) and sodium
citrate (15 mg) were added to form solution (1). Secondly, DA-
HCI (30 mg) was added to 30 mL Tris (pH = 8.5) to form solu-
tion (2). Solution (2) was then mixed with solution (1) and the
reaction was conducted under ultra-sonication. After 3 h, the
product was washed with ethanol and purified water alternately
three times, followed by vacuum drying at 45 °C for 12 h to
obtain SiO,@AuAg/PDA nanospheres.

RSC Adv, 2024, 14, 4518-4532 | 4519
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Synthesis of ZIF-8@AuAg/PDA nanospheres. First, 14.4 g of
Zn(CH3COO0),-2H,0 and 0.0384 g CTAB were dissolved in
240 mL of water, sealed and sonicated. Next, 140 mL of aqueous
2-methylimidazole (0.38 ¢ mL™') was added. The solution
turned into a milky white liquid under heating conditions in
a water bath at 25 °C for 2 hours, then it was centrifuged
(9000 rpm, 5 min). Finally, the solution was washed with
anhydrous ethanol more than 3 times and dried in a vacuum
oven for 12 h to obtain ZIF-8 nanocubes. For the preparation of
ZIF-8@AuAg/PDA, ZIF-8 (10 mg) was sonicated in 40 mL ethanol
for 2 h. Then, 40 uL chloroauric acid, trisodium citrate and 136
uL of a ready-made Ag ion solution were added and sonicated.
Then, 30 mL Tris buffer (pH = 8.5) mixed with 30 mg of DA was
added and the reaction was carried out for 3 h. Finally, ZIF-
8@AuAg/PDA could be obtained by centrifugation, washing
with ethanol and vacuum drying at 45 °C for 12 h.

2.3 Photothermal effect of SiO,@AuAg/PDA

SiO,@AuAg/PDA nanospheres were dispersed in deionized
water at a concentration of 1 mg mL™" and diluted into
a gradient of five concentrations (20, 40, 60, 80 and 100 pg
mL ). The respective absorbances of the diluted suspensions
were then measured at 808 nm. Then, 1 mL SiO,@AuAg/PDA at
different concentrations was taken in a centrifuge tube (1.5 mL)
and continuously irradiated with a near-infrared laser (808 nm,
2.5 W em?) for 6 min, and the temperature at different time
points was recorded with an infrared camera. In order to eval-
uate the light absorption capacity of the nanocatalysts at
808 nm, the extinction coefficient ¢(4) was determined accord-
ing to the Lambert-Beer law:

AQ) = eLC (1)

where A is the absorbance at 4 (808 nm), L is the optical length (1
cm), and C is the concentration of the aqueous SiO,@AuAg/PDA
solution (ug mL~'). The extinction coefficient ¢ was calculated
by plotting the slope (L g ' cm™ ') of each linear fit versus
wavelength. In addition, the photothermal conversion efficiency
was calculated as follows:*!

hS(Tmax - Tsurr) - QDis
I(l - IO*ASOS)

(2)

’)’):

The value of 4S is obtained using the formula m-C}, = hS- s,
where m is the volume of the solution, Cj, is the specific heat of
water and tg refers to a time constant of sample system. Tyax
and Ty, are the maximum and room temperatures, respec-
tively, while Qp;s the heat dissipation of the light absorption of
the sample itself. I is the laser power and Agog is the absorbance
value of the sample at 808 nm.

2.4 Catalytic activity of SiO,@AuAg/PDA nanospheres for the
reduction of 4-nitrophenol

First, 50 mL of aqueous 4-nitrophenol (10~* M) and 50 mg
NaBH, were added to a beaker (100 mL), and then SiO,@AuAg/
PDA nanospheres were added to the mixture. To monitor the
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reaction, 2 mL of the reaction solution was quickly removed
with a syringe at regular intervals and the nanocatalysts were
separated from the reaction solution by injecting them into
a centrifuge tube through a pressurized syringe filter to stop the
reaction. The conversion of 4-nitrophenol was then detected by
UV spectrophotometry and the characteristic absorption at
400 nm was monitored. After the reaction, the nanocatalyst was
separated from the reaction system by suction filtration and
reused in subsequent catalytic reactions. We studied the reac-
tion kinetics of the catalytic 4-nitrophenol degradation reaction.
Typically, catalytic degradation reactions follow the Langmuir-
Hinshelwood model and exhibit distinct first-order reaction
kinetics (kapp). The apparent rate is determined using the
following equation:*»*

In(Co/C)) = kapyp (3)

Co and C; are the initial concentration of the solution and the
concentration at reaction time ¢, respectively.

2.5 Antibacterial activity testing for SiO,@AuAg/PDA

The antibacterial activity of SiO,@AuAg/PDA nanospheres
against E. coli (Gram-negative bacteria) and S. aureus (Gram-
positive bacteria) was conducted. First, an appropriate
amount (50 pL) of E. coli or S. aureus preserved in glycerol was
taken out and added to 50 mL of Lauria-Bertani culture broth,
placed in a conical flask and oscillated for 12 h at 37 °C and
100 rpm. The cultured bacteria were then diluted to 1 x 10° CFU
mL ™" with broth and different concentrations of samples were
added. After mixing, the bacterial suspensions were treated with
a NIR laser (808 nm, 2.5 W cm ™ ?) and without a NIR laser,
labeled as L' and L~, respectively. The treatment time was
6 min, except for the control group. Each group was incubated
in a constant-temperature incubator at 37 °C for 4 h. The
diluted co-culture solution (100 pL) was inoculated on plates
containing Luria-Bertani agar medium and incubated at 37 °C
for 24 h. The total number of surviving bacteria was determined
using the dilution method and planar colony counting.

2.6 Characterization

The morphology and nanostructure of the nanocomposites
were analyzed via field emission transmission electron
microscopy (FE-TEM) using a JEM-2100F and scanning electron
microscopy (SEM) using a JEOL JSM-6700F. Energy-dispersive X-
ray spectroscopy (EDS) was carried out using a JEM-2100F field
emission transmission electron microscope. X-ray diffractome-
ters (Bruker D8 Advance) were used to study the samples’ X-ray
powder diffraction (XRD). The infrared spectra of the samples
were obtained using an infrared spectrometer (TENSOR model
27) in the range of 4000 to 500 cm ™' wave numbers. The X-ray
photoelectron spectroscopy (XPS) of all the samples was
carried out using a photoelectron spectrometer (ESCALAB 250).
Thermogravimetric analysis was carried out on a thermogravi-
metric apparatus (DTG-60H) under air conditions at a heating
rate of 10 °C min~' from room temperature to 700 °C.
Temperature variations during the sample photothermal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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testing experiments were studied and recorded using an
infrared camera (ImageIR 8325). Finally, the metal content in
the composites was determined via inductively coupled plasma
mass spectrometry (ICP-MS, PlasmaQuad 3).

3. Results and discussion

3.1 Synthesis and characterization of SiO,@AuAg/PDA core/
shell nanospheres

In this paper, SiO,@AuAg/PDA nanospheres were successfully
prepared via a simple in situ reduction-oxidation polymeriza-
tion reaction.** Scheme 1 shows the synthesis process of the
SiO,@AuAg/PDA nanospheres. Firstly, SiO, nanospheres were
obtained via the well-known sol-gel method. Then, an appro-
priate amount of APTES was added into the system for surface
functionalization modification and the subsequent amino-
modified SiO, nanospheres provided many anchor sites for
the noble-metal nanoparticles, enhancing the interaction
between the noble-metal nanoparticles and SiO,. Finally,
through a one-step in situ redox polymerization reaction
between chloroauric acid, silver nitrate solution and dopamine
hydrochloride, the AuAg/PDA hybrid layer was successfully
formed and it uniformly covered the surface of the SiO, nano-
spheres, resulting in the formation of the SiO,@AuAg/PDA
hybrid nanostructure.

Fig. 1a shows the SEM image of the SiO,@AuAg/PDA nano-
spheres. The final sample has a rough surface, which indicates
that the AuAg nanoparticles are uniformly coated on the SiO,
nanospheres. As shown in the TEM images, the SiO,@AuAg/
PDA nanospheres are relatively uniform in size and show
a typical sandwich structure (Fig. 1b). In addition, the large
magnification TEM image in Fig. 1c also demonstrates that the
AuAg nanocrystals are located between the SiO, nanosphere
and PDA shell. The synthesized samples exhibit a spherical
morphology and the average particle size of the final SiO,@-
AuAg/PDA is about 330 nm with a shell thickness of about

APTES
Si0,
NH,
@ so, () PpA {E}
HO OH
(%] Au
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25 nm. The high magnification TEM image (Fig. 1c) shows that
there is a large amount of black particles between the SiO,
nanospheres and the PDA shell layer. As a comparison, the SiO,/
PDA nanospheres also could be obtained in the absence of
AgNO; and HAuCl, (Fig. 1d-f). Different from the SiO,@AuAg/
PDA, the surface of the nanosphere is smooth. However, an
obvious thin shell with a bumpy appearance is found on the
surface of the solid core, which indicates that the PDA layer has
been well-coated on the SiO, nanospheres. Fig. 1g-i are the TEM
and SEM images of the pristine SiO, nanospheres. It is found
that SiO, nanospheres are uniformly distributed and possess
a spherical structure. Based on the above analysis, it can be
concluded that hybrid nanoparticles with AuAg nanoparticles
sandwiched between the SiO, nanosphere and PDA shell are
effectively obtained.

To further analyze the internal structure of the AuAg bime-
tallic nanocrystals in the sandwich-structured SiO,@AuAg/PDA
nanospheres, high-angle annular dark-field scanning electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spec-
troscopy (EDX) elemental mapping studies were carried out.
The average size of SiO,@AuAg/PDA is increased by about
50 nm compared to pristine SiO,, which originates from the
AuAg/PDA coating (Fig. 2a). It is clear that the core/shell nano-
structures are mainly composed of C, N, O, Si, Au and Ag
(Fig. 2b). Fig. 2c-e show the dispersion of the N, O, and Si
elemental composition, respectively. It is noteworthy that the
Au and Ag elements are distributed in a hollow-appearing
spherical shape, the sizes of which are both larger than the Si
sphere (Fig. 2f and g), which indicates that the periphery of the
SiO, nanosphere is well-encapsulated by the AuAg bimetallic
nanocrystals. Moreover, the diameters of Au/Ag element
spheres are smaller than that of N, suggesting that the AuAg
nanocrystals are sandwiched between the SiO, core and the PDA
layer, which is in accordance with the TEM analysis. In this
work, it is found that the Au and Ag elements show the similar
distribution; thus, they are defined as AuAg bimetallic

HAuCl,

AgNO;
DA-HCI

Polymerization

7 “NH
AN
Tns-HCl pH=8.5 b

Scheme 1 Schematic illustration for the preparation of SiO,@AUAg/PDA core/shell nanospheres.
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Fig.1 SEM (a)and TEM (b and c) images of SiO,@AuAg/PDA, SEM (d) and TEM (e and f) images of SiO,/PDA, and SEM (g) and TEM (h and i) images

of SiO,; the scale bar of the TEM inset in (a) is 20 nm.

nanocrystals. These bimetallic nanocrystals are not uniformly
distributed on the surface of SiO, core and most of them are
assembled together to form cluster-like nanostructures. This
result must be owing to the in situ reduction to form AuAg
bimetallic nanocrystals, which will be further discussed in the
following discussion. Furthermore, the EDX spectrum also
matches the above analysis, which also evidences the successful
preparation of SiO,@AuAg/PDA nanospheres (Fig. 2h).

In this work, the AuAg/PDA layers are simultaneously formed
on the SiO,@AuAg/PDA nanospheres. The AuAg nanostructure
and composition of SiO,@AuAg/PDA can be easily tuned by
controlling the concentrations of the precursors. Fig. S11 shows
the TEM images of SiO,@AuAg/PDA prepared using different
contents of HAuCl,: 0 mM (a and b), 5.94 x 10> mM (c and d),
8.82 x 10> mM (e and f) and 1.17 x 10 > mM (g and h). Shown
in Fig. S1a and bt are the products obtained without the addi-
tion of HAuCl,. Clearly, most of the SiO, nanospheres have tiny
Ag nanoparticles attached to them and some of them are naked.
Our experiments indicate that the Ag nanocrystals were difficult
to immobilize onto the SiO, nanospheres under the present
conditions. When the HAuCl, content was increased from 0 mM
to 5.94 x 10~ ° mM, the Au/PDA layer was wrapped around the
SiO, periphery and some AuAg nanoclusters appeared (Fig. S1c
and df). When the HAuCl, content was 8.82 x 10~° mM, the
density of the Au nanocrystals increased and many mono-
disperse Au nanocrystals were presented in addition to the AuAg
nanoclusters (Fig. Sle and ff). On continuing to increase the
HAuCl, content to 1.17 x 10~2 mM, the coverage of the SiO,
surface was further improved and the Au nanocrystals became
well-distributed (Fig. S1g and ht). The high magnification TEM
images (Fig. Sib, d, f and hf) also indicate that the

4522 | RSC Adv, 2024, 14, 4518-4532

agglomeration of the AuAg nanocrystals gradually weakened
with the increase in the HAuCl, content, which must be due to
the quick reaction kinetics at high concentration and the good
association between the AuAg nanocrystals and PDA polymer.

The above method can also be applied for coating of other
nanocarriers due to its versatility. Here, ZIF-8@AuAg/PDA was
successfully obtained by using ZIF-8 nanocubes as the template.
Without using ZIF-8, only AuAg/PDA nanoaggregates were
found in the product (Fig. 3a), in which the AuAg nanocrystals
were encapsulated within a PDA shell. When the ZIF-8 was
introduced into the reaction system composed of HAuCly,
AgNO;, and dopamine, ZIF-8@AuAg/PDA was fabricated via in
situ oxidative polymerization. Fig. 3b shows the TEM image of
ZIF-8, which indicates that all the products exhibit cube-like
nanostructures with dimensions of around 70-130 nm.
During the PDA coating, HAuCl, and AgNO; were simulta-
neously introduced into the ethanol suspension of ZIF-8.
Ultrasonication was used to ensure that the HAuCl, and
AgNO; on the ZIF-8 nanocubes were uniformly dispersed
around the cubes. In addition, freshly prepared dopamine
hydrochloride solution was added in Tris buffer (pH = 8.5) to
start the coating process. After 3 h of sonication, ZIF-8@AuAg/
PDA was successfully produced (Fig. 3c). As shown in Fig. 3d,
all the ZIF-8 cubes underwent different degrees of self-etching,
and there were uniform black particles between the cubes and
the pale-white shells, which were obviously AuAg bimetallic
nanocrystals. As a result, a ZIF-8@AuAg/PDA nanocomposite
with a typical core/shell nanostructure was fabricated.

Fig. 4a shows the XRD patterns of SiO,, SiO,/PDA, SiO,@Au/
PDA, SiO,@Ag/PDA and SiO,@AuAg/PDA nanospheres. The
results show that the initial SiO, has only one diffraction peak at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 HAADF-STEM images and EDX elemental mapping of C, N, O, Si, Au and Ag (a—g), and EDX spectrum of SiO,@AuAg/PDA (h); scale bars are
200 nm.

Fig. 3 TEM images of AuAg/PDA (a), ZIF-8 (b), and ZIF-8@AuAg/PDA (c and d).

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 4518-4532 | 4523
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20 = 22°, which is characteristic of the amorphous structure of
Si0,.** After the SiO, nanospheres have been coated with an
AuAg/PDA shell layer, diffraction peaks appeared at 38.2°,
44.22°, 64.52°, and 77.54°, which can be classified as the (111),
(200), (220), and (311) Au lattice planes (JCPDS card no. 04-
0784). Due to the Au and Ag having a similar structure, they
cannot be distinguished. Here, the diffraction peaks must
originate from both Au and Ag, and thus the nanocrystals in the
product are defined as AuAg bimetallic nanoparticles. More-
over, the SiO,@AuAg/PDA, SiO,@Au/PDA and SiO,@Ag/PDA
exhibit similar XRD patterns, which also agrees with the
above analysis.

Thermogravimetric analysis (TGA) was further used to study
the composition of the SiO,@AuAg/PDA nanospheres (Fig. 4b).
The weight losses of SiO,, SiO,/PDA, SiO,@Au/PDA, SiO,@Ag/
PDA and SiO,@AuAg/PDA are 3.03 wt%, 6.64 wt%, 8.95 wt%,
6.53 wt% and 9.33 wt%, respectively. PDA will decompose at
high temperatures, so the weight loss of SiO,/PDA is larger than
that of SiO,. On the other hand, the weight loss of SiO,/PDA is
small, indicating that the PDA shell is thin, which agrees with
the above TEM analysis. The weight loss of SiO,@AuAg/PDA is
the largest, which may be related to the fact that AuAg bimetallic
nanocrystals promote the polymerization of PDA.

Fig. 4c shows the FTIR patterns of SiO,, SiO,/PDA, SiO,@Au/
PDA, SiO,@Ag/PDA, and SiO,@AuAg/PDA. For SiO,, a strong
absorption peak at 1119 cm ™" appears, which can be assigned
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as the stretching vibration of Si—-O-Si. For SiO,@AuAg/PDA, the
absorption peaks at 3440 cm™ ", 1623 cm ™' and 1403 cm™ " are
attributed to the stretching vibrations of -OH/-NH,, -O-H and -
C-0 in PDA. The Au and Ag do not show characteristic peaks in
the FTIR; thus, SiO,@Au/PDA, SiO,@Ag/PDA, and SiO,@AuAg/
PDA have the same absorption spectra.

Fig. 4d shows the UV-vis absorption profiles of the different
samples. As shown in the figure, the SiO, and SiO,/PDA
suspensions do not exhibit obvious characteristic peaks in the
range of 250-1100 nm. In contrast, the characteristic peaks of
SiO,@Au/PDA and SiO,@Ag/PDA are located at 650 nm and
450 nm, respectively, which indicates that the Au/PDA and Ag/
PDA shell layers have been successfully immobilized on the
SiO,. In addition, SiO,@AuAg/PDA has a full coverage of
absorption peaks with higher absorbance than the other
samples. The characteristic peak absorption is located at about
550 nm, indicating successful loading of AuAg bimetallic nano-
crystals. Moreover, the absorption area is critically broadened to
the near-infrared region, which demonstrates that the final
product probably exhibits good photothermal behavior.

X-ray photoelectron spectroscopy (XPS) was used to analyze
the surface chemical compositions and binding states of the
SiO,@AuAg/PDA nanospheres. As shown in Fig. 5a, C 1s (284.8
eV), O 1s (532.3 eV), and Si 2p (99.8 eV) peaks were clearly
observed for SiO,. The O 1s and Si 2p peaks were derived from
Si0,, while the C 1s was derived from the residue ethanol or
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organic groups of TEOS in the product. After coating with PDA,
a clear N 1s peak (399.9 eV) appeared, indicating the presence of
PDA. With the AuAg/PDA shell coated on the SiO,, the Si 2p peak
is significantly decreased because the detection depth of XPS is
only 10 nm, which demonstrates that the SiO, was well-wrapped
by the AuAg/PDA shell layer. In the C 1s spectrum, the charac-
teristic C-N peak at 286.5 €V occupies a considerable proportion
(Fig. 5b). In addition, Ag 3d (367.8 eV) and Au 4f (83.7 eV) peaks
were detected, which further proves that the Au and Ag bimetallic
nanocrystals were encapsulated within the PDA shell (Fig. 5¢ and
d). Moreover, the XPS of the SiO,@Au/PDA nanospheres and
SiO,@Ag/PDA nanospheres also indicated the successful immo-
bilization of Au or Ag nanocrystals in the product, respectively.
In this work, the surface modification is important for the
preparation of the core/shell nanostructure. Here, SiO,@Au/PDA
nanospheres synthesized with and without 3-amino-
propyltriethoxysilane (APTES) modification were taken as an
example. After the addition of dopamine hydrochloride buffer
solution, under alkaline conditions, the HAuCl, reacted rapidly
with DA and the solution showed a brick-red color, indicating the
formation of Au nanocrystals. As shown in Fig. S2a and c,T Au/
PDA nanoclusters attached to SiO, nanospheres were obtained,
in which the Au nanocrystals formed clusters and were encap-
sulated within the PDA shell. The high magnification TEM image
of an individual SiO,@Au/PDA nanosphere is shown in Fig. S2e.t
Clearly, cluster-like Au/PDA core/shell nanoparticles were

© 2024 The Author(s). Published by the Royal Society of Chemistry

randomly immobilized around the surface of SiO, and the
average size of the cluster-like Au/PDA nanoparticles was 56-
100 nm. In this case, APTES was used as a surface modifier for
the SiO, nanospheres, and the amino group was grafted onto the
surface of the nanospheres via chemical grafting to obtain SiO,-
NH,. After the APTES modification, the Au/PDA shell layer could
be effectively wrapped around the surface of SiO, to give the
SiO,@Au/PDA nanosphere. As shown in Fig. S2b and d,t the Au/
PDA shell layer was uniformly coated on the SiO, and the shell
thickness was about 20 nm. Fig. S2ff shows the high magnifi-
cation TEM image of a SiO,@Au/PDA nanosphere. Both the Au
nanocrystals and SiO, nanosphere were well-encapsulated by the
PDA, which indicated that the surface modification is important
for the preparation.

3.2 Photothermal performance of the SiO,@AuAg/PDA
nanospheres

Fig. 6a shows the UV-vis-NIR absorption spectra of the
SiO,@AuAg/PDA nanospheres. With increasing concentra-
tion, the NIR absorption is relatively increased, which indi-
cates the product possesses a potential photothermal
behavior. Under NIR laser irradiation (808 nm, 2.5 W cm ™ ?),
the temperature of the SiO,@AuAg/PDA suspensions
increased rapidly with increasing concentration and irradia-
tion time. Fig. 6b shows the temperature changes of water,

RSC Adv, 2024, 14, 4518-4532 | 4525
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(a) UV-Vis-NIR absorption spectra of SiO,@AuAg/PDA nanospheres; (b) temperature elevation curves for DI water, SiO,, SiO,/PDA,

SiO,@Ag/PDA, SiO,@Au/PDA and SiO,@AUAg/PDA (average concentration 60 pg mL™), under NIR laser irradiation (808 nm, 2.5 W cm~2); (c)
temperature elevation curves for SiO,@AuUAg/PDA core—shell suspensions with various concentrations under NIR laser irradiation (808 nm, 2.5 W
cm™2); (d) heating and cooling profiles of SiO,@AuAg/PDA nanosphere solution (60 pg mL™); (e) a plot fitting of cooling time versus —In(6), where
0 refers to a dimensionless driving force temperature; (f) temperature elevation curve of SiO,@AUAg/PDA core/shell structure solution (60 pg
mL™) with NIR laser on/off cycles; (g) infrared thermography of the SiO,@AuAg/PDA suspension under NIR laser irradiation.

Si0,, SiO,/PDA, SiO,@Ag/PDA, SiO,@Au/PDA, and SiO,@-
AuAg/PDA after irradiation with a NIR laser (808 nm, 2.5 W
cm ?) for 6 min to evaluate the photothermal conversion
capability. The temperature changes of deionized water and
the SiO, suspension were small and negligible, and SiO,/PDA
had a weak warming trend, which indicated that PDA had
a low photothermal conversion effect. In contrast, the
temperature changes of SiO,@Ag/PDA, SiO,@Au/PDA and
Si0,@AuAg/PDA after 6 min of 808 nm laser irradiation were
very large, among which SiO,@AuAg/PDA had the best pho-
tothermal effect of 65.1 °C. The photothermal effects of
Si0,@Au/PDA and SiO,@Ag/PDA were almost the same and
the temperatures were 47.1 °C and 40.8 °C, respectively. These
results indicated that Au and Ag nanocrystals were the key
factors for photothermal conversion. With increasing
concentration, the temperature of SiO,@AuAg/PDA increased
and it could reach as high as 73.4°C. As shown in Fig. 6c,
when the concentration of the SiO,@AuAg/PDA nanosphere
solution was increased from 20 pg mL ™" to 100 pg mL ™", the
temperature of the sample solution increased from 49.8 °C to
73.4 °C after irradiation with NIR light for 6 min. To further

4526 | RSC Adv, 2024, 14, 4518-4532

evaluate the photothermal conversion performance of the
SiO,@AuAg/PDA nanospheres, the test process profiles of
heating and cooling were recorded (Fig. 6d). The photo-
thermal conversion efficiency of SiO,@AuAg/PDA was calcu-
lated to be 48.1% (Fig. 6¢), indicating a strong photothermal
conversion capability. Fig. 6f shows the photothermal
stability of the sample solution, evaluated by controlling the
NIR irradiation (808 nm, 2.5 W cm™?) between on/off at room
temperature. The temperature distributions of the sample
solutions were similar over the 6 cycling cycles, and the
results indicated that SiO,@AuAg/PDA possessed good pho-
tothermal stability. In addition, the photothermal conversion
performance of the SiO,@AuAg/PDA nanospheres can be
further directly visualized via IR thermography (Fig. 6g).

3.3 Photothermally enhanced catalytic activity of
SiO,@AuAg/PDA nanospheres for reducing 4-nitrophenol

Due to the presence of AuAg bimetallic nanocrystals, the
SiO,@AuAg/PDA nanospheres have good catalytic properties. 4-
Nitrophenol is characterized by difficult degradation and high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stability, and it is an important pollutant in industrial waste- As shown in Fig. 7a, 4-nitrophenol has a characteristic
water. Therefore, the catalytic activity of SiO,@AuAg/PDA was absorption peak at 317 nm, and the solution was light yellow in
evaluated by using 4-nitrophenol as a model. color. After the addition of NaBH,, 4-nitrophenol generates 4-
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Fig. 7 UV-Vis absorption spectra of 4-nitrophenol, 4-aminophenol and 4-nitrophenol ions (a); UV-Vis spectra of the reaction of 4-nitrophenol
catalyzed by 2 mg SiO,@AuAg/PDA nanospheres (b) and UV-Vis spectra of the reaction of 4-nitrophenol catalyzed under NIR laser (808 nm,
2.5 W cm™2) irradiation (c). Linear relationships between In(C,/Co) and reaction time for the SiO,@AuAg/PDA nano-catalyst at different weights
(d). Linear relationship between In(C/Cy) and time for SiO,, SiO,/PDA, SiO,@Au/PDA, SiO,@Ag/PDA and SiO, @AuAg/PDA (average weight 2 mg)
nanocatalysts (e). Catalyst recovery study (f).
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Table 1 SiO,@AuAg/PDA-catalyzed reduction of pollutants

compared to reported catalysts

Substrate Catalyst Time (min) Ref.

4-NP Ag/MgO 6.7 50
KCC-1/Au 12 51
Au-GO 30 52
Ag/TiO,-Cu 25 53
Au/graphene 12 54
hydrogel
SiO,@AuAg/PDA + 1.75 This work
NIR

nitrophenol ion and the absorption peak was shifted right to
400 nm. When the catalyst was further added, 4-aminophenol
was obtained and the solution showed a transparent color with
an increased absorption peak at 300 nm. The formation of the
target product could be further confirmed by the infrared
spectroscopic data from Kate et al.*® In our experiment, 2 mg
SiO,@AuAg/PDA nanospheres were added in the reaction and
the absorption peak at 400 nm gradually diminished, while at
the same time the new absorption peak at 300 nm appeared,
which corresponded to the conversion of 4-nitrophenol ions to
4-aminophenol. Eventually, the characteristic peak at 400 nm
disappeared completely, while the absorption peak at 300 nm
no longer increased, indicating the end of the reaction. The
time required for the whole reaction process was 3.5 min,
indicating quick reaction kinetics (Fig. 7b).

Interestingly, the catalytic reaction can be made faster by
applying NIR (808 nm) irradiation. As shown in Fig. 7c, the
reaction time was drastically shortened (57%), which indicates
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that the NIR treatment significantly improves the catalytic
kinetics. Fig. 7d shows the linear relationship between In(C,/C,)
and reaction time ¢ for different catalyst qualities under
different reaction conditions, where C, represents the concen-
tration of 4-nitrophenol at moment ¢ and C, represents the
initial concentration of 4-nitrophenol. The reaction rate
constants for the reduction of 4-nitrophenol to 4-aminophenol
with different masses (1 mg, 2 mg and 3 mg) of SiO,@AuAg/PDA
nanocatalyst as well as for the NIR (808 nm, 2.5 W cm ?)
treatment group (with 2 mg catalyst) were 0.862 min
1.152 min ', 2.448 min~' and 2.559 min ', respectively. In
addition, the reaction rate constants with the weight ratios of
the nanosphere catalyst were calculated to be 0.862 min "
mg~', 0.576 min~' mg~' and 0.816 min~' mg . After NIR
(2 mg + 808 nm) treatment, the value of the reaction rate
constant k reaches 1.279 min~ ' mg ™, which indicates that the
photothermal effect greatly enhances the catalytic process.
Similarly, as shown in Fig. 7e, the reaction rate constants for
different samples (SiO,, SiO,/PDA, SiO,@Au/PDA, SiO,@Ag/
PDA and SiO,@AuAg/PDA) at the same weight (2 mg) were
also tested and the values were 1.15 x 10> min%, 1.71 X
10™% min~', 0.074 min~', 0.972 min~' and 1.217 min,
respectively. The ratios of reaction rate constant to weight are
0.475 x 10 min~' mg™ %, 0.575 x 10~° min "' mg ', 3.7 x
10 > min ' mg ™, 0.486 min ' mg " and 0.608 min~ " mg . It
can be found that the presence of SiO,@AuAg/PDA nanospheres
in the catalytic reaction is the key factor and the AuAg bimetallic
nanocrystals show the best synergistic effect. Fig. 7f shows the
cyclic catalytic activity of the SiO,@AuAg/PDA nanospheres.
After 7 cycles of catalytic reaction, the catalyst still maintains
a high catalytic activity (more than 86%). This is similar to
previously reported results.*” The PDA shell layer attached to the
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Images of bacteria colonies formed by E. coli and S. aureus treated with SiO,, SiO,/PDA, SiO,@Au/PDA, SiO,@Ag/PDA and SiO,@AuAg/

PDA (60 pg mL™Y with or without NIR irradiation for 6 min (808 nm, 2.5 W cm2).
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surface of the AuAg nanoparticles slows down the oxidation
process and improves the stability of the metal nanoparticles,
which is conducive to the separation and possible recycling of
catalysts. The small reduction at the 7th cycle must result from
leakage of the AuAg nanoparticles during separation.*®* The
results show that the catalyst surface remains active during
successive cycles.*” A comparison of this catalyst with other re-
ported catalysts is provided in Table 1.

To further detect the catalytic performance, the infrared
profiles of 4-nitrophenol and its reduction product 4-amino-
phenol were characterized (Fig. S31). For 4-nitrophenol, two
absorption peaks appear at 1342 cm™ ' and 1498 cm ™, corre-
sponding to N=0 and N-O stretching vibrations, respectively.
For 4-aminophenol, two absorption peaks appeared at 864 cm ™"
and 1636 cm ', attributed to N-H stretching vibrations.

3.4 “Photothermal-Ag*” coupled antimicrobial properties of
SiO,@AuAg/PDA nanospheres

The antimicrobial properties of different samples (SiO,, SiO,/
PDA, SiO,@Au/PDA, SiO,@Ag/PDA and SiO,@AuAg/PDA) were
further measured. Fig. 8 shows the optical images of each group
of samples incubated with E. coli and S. aureus. The results
show that the SiO,@AuAg/PDA group (60 ug mL ") displayed
a clear inactivation of S. aureus without NIR light treatment,
which may be related to the release of Ag" under high-
concentration conditions. After treatment with near-infrared
light (808 nm, 2.5 W cm?), the antimicrobial effect of the
SiO,/PDA group was weaker, which must be due to the low
photothermal effect induced by PDA. In addition, both the
SiO,@Au/PDA and SiO,@Ag/PDA groups showed unique anti-
bacterial effects; the former originates from the good

E.coli

S.aureus

View Article Online
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photothermal effect of the metal ions, and the latter might be
due to the promotion of Ag" release by NIR treatment.

Most importantly, the antibacterial effect of the SiO,@AuAg/
PDA group was the best, and an ultra-low dose of Ag" ions
could effectively disrupt the bacterial membranes, which led to an
increase in the permeability and a decrease in the heat-resistance
of the cell membrane. On the other hand, thermotherapy can
trigger the release of more Ag’, which further improves the
bactericidal efficiency of chemothermal therapy.”> As the
concentration of SiO,@AuAg/PDA nanospheres increased, the
antibacterial effect became more and more significant. As shown
in Fig. 9, when the concentration was 60 pug mL ", almost all of the
S. aureus was inactivated, while when the concentration was 90 ug
mL ™", all of the bacteria were inactivated. The different degrees of
bactericidal effect on the two kinds of bacteria might be related to
the difference in the structure of the bacterial cell wall.

Fig. 10 shows a schematic illustration of the photothermal
antimicrobial process of the SiO,@AuAg/PDA nanospheres.
Under weak alkaline conditions, the dopamine molecules
undergo self-polymerization, which leads to the easy deposition
of polydopamine (PDA) on the surface of the template SiO,,
improving the stability and biocompatibility of the composite
without any significant effect on bacteria. Under NIR treatment,
the SiO,@Au/PDA nanospheres convert the light energy into
heat energy due to their good photothermal properties, thereby
destroying the protein structure of the bacteria and ultimately
killing them (Fig. 10a). However, to better kill bacteria via
photothermal therapy, a higher temperature is usually required,
thus limiting its practical application. Ag" is known to have
broad-spectrum antibacterial activity, but this is weak in the
absence of NIR treatment. Once NIR irradiation is introduced,

Concentration (ug/mL)

Fig.9 Images of bacteria colonies formed by E. coli and S. aureus treated with SiO,@AuAg/PDA (0, 30, 60, 90 and 120 png mL™?) with or without

NIR irradiation for 6 min (808 nm, 2.5 W cm™2).
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Illustration of the interaction between particles and bacteria in the antibacterial process. Schematic diagram of antimicrobial activity

under (a) Au nanocrystal photothermal, (b) Ag*-release—photothermal, and (c) bimetallic Ag*-release—photothermal coupled conditions.

Ag' release is also promoted during the photothermal process,
making it more helpful to kill bacteria (Fig. 10b). As a result, an
“Ag” release-photothermal” synergistic antibacterial effect was
carried out and the coupled behavior showed exciting bacteri-
cidal effects. Finally, the SiO,@AuAg/PDA nanospheres have
good photothermal properties and they are more destructive to
bacteria. According to the related literature,*® the synergistic
effect of two elements, bimetallic gold and silver, outperforms
monometallic nanoclusters. Moreover, the AuAg bimetallic
nanoclusters possess higher antibacterial efficiency compared
to the monometallic nanoclusters. In conclusion, the “Ag'-
release-photothermal” coupled sterilization method has great
potential in nanomedicine.

4. Conclusion

In this work, we report a simple method for the preparation of
SiO,@AuAg/PDA core/shell hybrid nanospheres via in situ redox
polymerization. The AuAg bimetallic nanoparticles were well-
encapsulated by the PDA layer, which could effectively prevent
their leaching during the catalytic reaction. Due to the syner-
gistic effect of the AuAg bimetallic nanoparticles, the SiO,@-
AuAg/PDA nanospheres exhibited good catalytic activity, with
the catalytic kinetics being improved by 2.2 times under near-
infrared irradiation. In addition to the inherent bactericidal
effect of released Ag', the SiO,@AuAg/PDA nanospheres showed
good photothermal antimicrobial activity against Gram-
negative bacteria (E. coli) and Gram-positive bacteria (S.
aureus). Importantly, all the bacteria could be inactivated at
a concentration of 90 ug mL ', As a result, due to the non-
traditional “Ag'-release-photothermal” synergistic antibacte-
rial function and NIR-improved catalytic activity, this material
is expected to be widely used in industrial, agricultural, envi-
ronmental and medical applications.
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