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Silica-coated silver nanoplates

ABSTRACT: We coated triangular-shaped silver nanoparticles, a type of anisotropic g

nanoplate (NPL), with silica (i.e., prepared Ag@SiO, NPLs). When we irradiated “® .' Pulsed laser *"

Ag@SiO, NPLs with nanosecond-pulsed laser light for 10 s, the triangular shape d ™

changed to spherical because of the photothermal effect. A high laser power exposed ‘0\'0 4
[

the silver core, and the particles exhibited strong antimicrobial activity. In contrast, at ‘: : :
a moderate laser power, the silica layer crystallized, and the particles’ antimicrobial ~ Weak antimicrobial
.. L 5 . Pulsegflaser Crystalization activity

activity decreased. Thus, a combination of Ag@SiO, NPLs and an appropriately 100 mJBuise @ of siica layer
tuned power of pulsed laser irradiation facilitated a decreased or an increased ® = ..0
antimicrobial activity. . .
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1. INTRODUCTION antibacterial activity to OFF. If we can change the core—

shell structure of the gold-coated silver NPLs, resulting in
release of silver ions, we can turn the antibacterial activity to
ON. Accordingly, when we subjected gold-coated silver NPLs
to pulsed laser irradiation that can heat the nanoparticles by
the photothermal effect, the laser irradiation changed the
nanoparticle shape from triangular to spherical. Concomitantly,
silver ions were released from the nanoparticles and exhibited
considerable antibacterial activity.14 Thus, we switched the
antibacterial activity from OFF to ON by laser irradiation. Zhu
et al. also prepared gold-coated silver NPLs and enhanced
silver ion release in response to laser irradiation. As a result,
they observed antimicrobial activity and accelerated wound
hearing in a mouse model."” Mei et al. prepared silver-coated
gold nanorods. After irradiating them with laser light, the
photothermal effect induced release of silver ions from the gold
nanorods, which resulted in antibacterial activity and promoted
would healing.16 Gold—silver nanocages coated with silica also
exhibit controlled release of silver ions and antibacterial activity
by laser irradiation.'” These on-demand activation systems of
antibacterial activity of silver-containing nanoparticles will be
an important basis of functional antimicrobial agents for
medical applications with reduced side effects.

Silver nanoparticles are a widely used antibacterial material,
e.g, in textiles, housewares, food containers, and paints.1 In
medicine, silver nanoparticles are a broad-spectrum antimicro-
bial agent against several types of microbials—such as fun§i,
bacteria (including multidrug-resistant strains), and viruses. 3
Recently, researchers confirmed the antiviral activity of silver
nanoparticles against severe acute respiratory syndrome
coronavirus 2.* Although the mechanism of the antimicrobial
activity remains to be fully elucidated, silver nanoparticles and
free silver ions from the nanoparticles affect cell membranes
and proteins. If silver nanoparticles and silver ions affect
proteins that are involved in modulating intracellular redox
activity, reactive oxygen species are induced, which kill the
bacteria or suppress bacterial growth."”

Despite the antimicrobial activity, use of silver nanoparticles
as antibacterial agents against infectious diseases is not
common because silver nanoparticles are unstable and tend
to form aggregates under physiological conditions in electro-
lytes, such as inorganic salts and proteins. Aggregation
decreases the release of silver ions from the nanoparticles
and reduces antibacterial activity at the site of infection. To
improve the dispersion stability of silver nanoparticles,
researchers have reported several surface modifications, e.g.,
polyethylene glycol (PEG),° poly-N-vinyl pyrrolidone,”’ Received: December 14, 2021
proteins,” alginates, chitosan,'’ and silica. Accepted:  February 10, 2022

We previously found that adding gold coatings onto silver Published: February 18, 2022
nanoplates (NPLs) increased their dispersion stability.'>"?

However, coating with multiple gold layers hindered the NPLs’
antibacterial activity. Thus, the gold coating turned the
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In this study, we coated a silica layer instead of gold onto
silver NPLs (i.e., Ag@SiO, NPLs), and we examined the effect
of pulsed laser irradiation on their antimicrobial activity. We
enhanced their antimicrobial activity by high-power pulse laser
irradiation. At a moderate laser power, the antimicrobial
activity decreased because of crystallization of the silica layer.
Thus, a combination of Ag@SiO, NPLs and an appropriately
tuned pulsed laser irradiation facilitated a decreased or an
increased antimicrobial activity.

2. RESULTS AND DISCUSSION

2.1. Laser Irradiation of Silica-Coated Silver NPLs.
Ag@SiO, NPLs displayed a major surface plasmon resonance
peak at a wavelength of 660 nm, and their aqueous dispersed
solution was blue (Figure 1). After pulsed laser irradiation of
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Figure 1. Change in color (A) and extinction spectra (B) of silica-
coated silver nanoplates by pulsed laser irradiation.

Ag@SiO, NPLs, the color gradually changed from blue to
yellow in accordance with increasing laser power. Concom-
itantly, the peak of the extinction spectrum shifted from a value
of 660 nm to a value of 400 nm.

TEM observations confirmed the triangular shape of the
Ag@SiO, NPLs before the laser irradiation, with an
approximate diameter of 60 nm (Figure 2). After we irradiated
the Ag@SiO, NPLs at 12.5 mJ/pulse for 10 s, we observed
spherical particles. The rod-shaped particles might be vertically
standing Ag@SiO, NPLs on the carbon membrane used for
TEM observation. Regarding 25 and 50 mJ/pulse, most of the
particles changed to a spherical form with a distinct silica layer.
This shape change is similar to that observed in the gold-
coated silver NPLs that we previously reported.'* Thus, Ag@
SiO, NPLs melted and changed to a spherical form because of
the photothermal effect induced by pulsed laser irradiation.
Since spherical silver nanoparticles generally show absorption
at about 400 nm,'*'* the color change to yellow shown in
Figure 1 is consistent with the shape change to the spherical
form by the laser irradiation. When we increased the laser
power to 100 mJ/pulse, we observed small fragments of silver
nanoparticles; the silica layer separated from the silver
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Figure 2. Shape changes of silica-coated silver nanoplates, indicated
by transmission electron microscopy images acquired before and after
pulsed laser irradiation: (A) before irradiation; (B)—(E), after
irradiation at 12.5, 25, 50, and 100 mJ/pulse, respectively. Bars
indicate 100 nm.

nanoparticles and tended to fuse with the silica layer of the
adjoining particles. Production of the small fragments was
attributable to laser ablation, which can be used for
nanoparticle production from bulk metal.'®

2.2. Change in Antibacterial Activity by Laser
Irradiation. Next, we examined the antimicrobial activities
of Ag@SiO, NPLs at 0.25 ppm before and after pulsed laser
irradiation, tested using S. Typhimurium as a model microbe.
Suppression of bacterial growth was 20% without pulsed laser
irradiation, indicating that the Ag@SiO, NPLs exhibited
moderate antibacterial activity (Figure 3). In our previous
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Figure 3. Antibacterial activity of Ag@SiO, nanoplates before and
after pulsed laser irradiation at several laser powers. Data represent the
mean value for n = 3, and bars are standard deviations of the means.

research, the silver NPLs without surface coating showed little
antimicrobial activity because they form aggregates in bacterial
culture.'> The silica coating would improve the dispersion
stability of the silver NPLs. When we irradiated Ag@SiO,
NPLs at 12.5, 25, and 50 m]J/pulse, bacterial viability increased
to 30, 40, and 50%, respectively. Thus, the antibacterial activity
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of the Ag@SiO, NPLs decreased. Regarding 100 m]J/pulse,
bacterial viability was 0% (we discuss these viability results in
more detail in Section 2.3). The intense laser irradiation
enhanced the antibacterial activity of Ag@SiO, NPLs. Thus, by
increasing the power of the pulsed laser, the antibacterial
activity of Ag@SiO, NPLs initially decreased and then
increased, in accordance with increasing power.

Generally, the antibacterial activity of silver nanoparticles
correlates with release of silver ions.'”~'* We next examined
silver ion release from Ag@SiO, NPLs before and after pulsed
laser irradiation. At 0.25 ppm of Ag@SiO, NPLs, the number
of silver ions that were released from the Ag@SiO, NPLs
before and after irradiation (12.5—100 mJ/pulse) was lower
than the detection limit of inductively coupled plasma—optical
emission spectroscopy. In the case of 40 ppm of Ag@SiO,
NPLs, the concentration of released silver ions was ~1 ppm
(data not shown), indicating that ~6 ppb of silver ions would
be released from 0.25 ppm of Ag@SiO, NPLs. The release was
insufficient to exhibit antimicrobial activity against S.
Typhimurium.'> Therefore, direct interaction of Ag@SiO,
NPLs was the cause of bacterial death. When we observed a
mixture of the irradiated Ag@SiO, NPLs and S. Typhimurium
with a TEM, many of the original (i.e., before light irradiation)
and irradiated Ag@SiO, NPLs were bound to the bacteria
(Figure 4).

Figure 4. Transmission electron microscopy images of mixtures of
bacteria (S. Typhimurium) and Ag@SiO, nanoplates: (A) before and
(B) after irradiation at 100 mJ/pulse.

The TEM image of Ag@SiO, NPLs after laser irradiation at
100 mJ/pulse (Figure 2E) indicates that the silica layer
separated from the fragmented silver nanoparticles. Next, we
performed X-ray photoelectron spectroscopy (XPS) analysis to
clarify the exposure of silver atoms from the core of the Ag@
SiO, NPLs. The original Ag@SiO, NPLs (ie., before laser
irradiation) exhibited only the signal of Ols (533 eV), Si2s
(185 eV), and Si2g (104 eV) (Figure SA). Signals from Ag
[Ag3p (604 and 573 €V), Ag3d® (374 eV), and Ag3d® (368
eV)] were faint, indicating that the silica layers were fully
coated on the silver NPLs. When we irradiated the Ag@SiO,
NPLs, the signal from the Ag linearly increased with increasing
laser power. We could not explain the reduced antimicrobial
activity at 50 mJ/pulse from this result; however, the strong
antimicrobial activity after irradiation at 100 mJ/pulse may be
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Figure S. XPS survey spectrum of silica-coated silver nanoplates
before and after pulsed laser irradiation.

because of exposure of the silver by laser irradiation: by
combining the fragmentation of the silver nanoparticles with
direct interaction of the silver with the bacteria.

2.3. Crystallization of Silica Layers. The silica layer
fabricated by the Stober process on the silver NPLs is in the
amorphous state.'"” Generally, amorphous silica can be
converted to the crystalline state (quartz) by heating above
800 °C.* In the previous section, we mentioned that the silver
NPLs changed their shape to spherical because of the
photothermal effect by laser irradiation that melted the
nanoparticles. The melting temperature of silver is 962 °C,
indicating that we heated the silica layers on the silver
nanoparticles beyond the melting temperature. Therefore, we
hypothesize that the temperature increase that is attributable to
the photothermal effect may have induced crystallization of the
amorphous silica to quartz; as a result, the antimicrobial
activity decreased at moderate laser power (12.5—50 m]/
pulse). To confirm crystallization of amorphous silica, we
acquired FTIR spectra of Ag@SiO, NPLs before and after
laser irradiation (Figure 6). The original Ag@SiO, NPLs (i.e.,
before laser irradiation) exhibited a broad absorption band at
~3500 cm ™}, which we assigned to the stretching vibration of
the hydroxy group in amorphous silica. After laser irradiation,
the absorption band decreased. Thus, laser irradiation
converted the Si—OH in amorphous silica to Si—O-—Si,
which is the unit of crystalline quartz. Thus, we confirmed
the crystallization of the silica layer that corresponds to the
antimicrobial activity of the silver nanoparticles.

From these results, we conclude that laser irradiation at
moderate power suppressed the antimicrobial activity of Ag@
SiO, NPLs; however, antimicrobial activity can be activated by
a stronger power of laser irradiation. Thus, we can tune the
laser power in a manner that modulates the antimicrobial
activity of the silver NPLs (i.e.,, a decrease or an increase). In
our previous study, we succeeded in OFF-to-ON control of the
antimicrobial activity of gold-coated silver NPLs by using a
gold coating.'* Here, the silica layer exhibited unique structural
changes by the photothermal effect of Ag@SiO, NPLs—from
amorphous to crystalline—and separation from the silver
particles. This unique property of the silica layer provides
researchers with an additional means of modulating the
antibacterial activity of silver nanoparticles.

Pulsed lasers emit an extremely high energy in an extremely
short time. When we irradiated the Ag@SiO, NPLs with a
pulsed laser, they were heated by the photothermal effect, then
melted, deformed to a spherical shape, and fragmented. This is
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Figure 6. (A) FTIR spectra of Ag@SiO, nanoplates before and after
pulsed laser irradiation. (B) Enlarged spectra from 4000 to 2800
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a unique characteristic of anisotropic metallic nanopar-
ticles."#*"** In this process, the local temperature increased
to ~1000 °C, exceeding the melting point of silver nano-
particles, and corresponding to the conversion of amorphous
silica to crystalline quartz. After the shape change to a spherical
form, there was no more absorption at 532 nm (Figure 1B).
Thus, the heating stopped after the shape change, and the
ambient temperature of the aqueous solution did not increase
(data not shown). This is the first report (to the best of our
knowledge) of conversion of amorphous silica to crystalline
quartz in aqueous solution. It will be a fundamental technique
for preparing nanosized quartz, a novel nanostructure that can
be used for medical and industrial use.

3. CONCLUSIONS

We coated silver NPLs with a silica layer and irradiated them
with nanosecond-pulsed laser light for 10 s. The color of the
silver nanoparticles changed from blue to yellow, and their
triangular shape changed to spherical. At the high laser power
(100 mJ/pulse), some of the silver nanoparticles fragmented,
the silica layer tended to fuse with that of the adjoining
particles, and the silver core was exposed to the particle
surface. As a result, the antimicrobial activity was enhanced. In
contrast, at moderate laser power (12.5—50 m]/pulse), the
antimicrobial activity was reduced. The laser irradiation heated
the silica layer by the photothermal effect of the silver NPLs
and crystallized the silica layer. Crystallization of the silica layer
without exposure of the silver core suppressed the antimicro-
bial activity. Thus, a combination of Ag@SiO, NPLs and
pulsed laser irradiation enabled us to decrease or increase the
antimicrobial activity by modulating the laser power. As
applications of this system, it will be a functional antibacterial
agent for intractable infectious diseases, e.g, tuberculosis
caused by Mpycobacterium tuberculosis, intracellular parasite,
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where the antimicrobial agent has to show activity only in
infected cells without showing any cytotoxicity against healthy
cells. It will also be applied to prepare a bacterial pattern that
can be drawn by laser irradiation to examine bacterial cell—cell
communications. In addition, we have presented a fundamen-
tal technique to prepare nanosized quartz as a novel
nanostructure.

4. EXPERIMENTAL METHODS

4.1. Chemicals. Trisodium citrate, sodium borohydride,
L(+)-ascorbic acid, tryptone, dried yeast extract, sodium
chloride, and agar powder were purchased from Nakarai
Tesque (Kyoto, Japan). Poly(p-styrenesulfonic acid) solution,
silver nitrate, ammonia aqueous solution (28 wt %), and
ethanol (99.5 wt %) were purchased from FUJIFILM Wako
Pure Chemical Industries (Osaka, Japan). Thiol-terminated
PEG (PEG—SH; 5000 Da) was purchased from NOF Co., Ltd.
(Tokyo, Japan). Tetraethyl orthosilicate (TEOS) was
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan).

4.2. Preparation of Silver NPLs and Silica Coating.
Silver NPLs were prepared in two steps.”””" Briefly, a seed
solution of silver nanoparticles was first prepared. Then, 20 mL
of 2.5 mM sodium citrate, 1 mL of 0.5 g/L polystyrene
sulfonate, and 1.2 mL of 10 mM NaBH, were mixed in a
conical flask with continuous stirring. Next, S0 mL of 0.5 mM
AgNO; was added at a rate of 20 mL/min. With continuous
stirring, the solution was allowed to stand for 60 min at 30 °C.

For preparing silver NPLs, 1 mL of the prepared seed
solution of silver nanoparticles was mixed with 200 mL of
distilled water and 4.5 mL of 10 mM ascorbic acid. Then, with
continued stirring, 120 mL of 0.5 mM AgNO; was added at a
rate of 30 mL/min, and stirring continued for 4 min. Next, 20
mL of 25 mM sodium citrate was added. The prepared
solution was allowed to stand at 30 °C for 100 h.

Ag@SiO, NPLs were then prepared.”’ Briefly, the Ag NPL
solution was centrifuged at 13,420X g for 15 min, decanted,
and resuspended in Milli-Q water. To a total of 10 mL of a
solution of 0.223 mM Ag NPLs (concentration based on silver
atoms), 1 mL of 0.5 mM PEG—SH was added. After stirring
for 3 h, an additional 0.5 mL of 0.5 mM PEG—SH was added
and the mixture was stirred at room temperature for 21 h. The
PEG-modified Ag NPLs were coated with a silica layer by a
modified Stober process based on hydrolysis of TEOS in an
ethanol/water mixture in the presence of Ag NPLs. A solution
of the prepared PEG-modified Ag NPLs was concentrated by
centrifugation at 13,420X g for 15 min. A total of 1 mL of a
solution of 0.223 mM PEG-modified Ag NPLs (based on silver
atoms) was diluted with 7.7 mL of ethanol. The mixture was
added to 200 uL of 5 wt % ammonia, and 1.1 mL of 45 mM
TEOS was then added. The mixture was stirred for 48 h and
then centrifuged at 13,420X g for 15 min, decanted, and
resuspended in an ethanol/water solution (9/1 v/v) to remove
excess ammonia and TEOS.

4.3. Characterizations. The shape and size of the Ag@
SiO, NPLs were observed with a transmission electron
microscope (TEM; JEM-1400plus; JEOL, Japan). The
absorption spectra were characterized with a UV—vis—near-
IR spectrophotometer (V-670; Jasco, Tokyo, Japan). Silver
ions released from the silver nanoparticles were evaluated by
inductively coupled plasma—optical emission spectroscopy
(Thermo iCAP 7000 Series ICP; Thermo Fisher Scientific,
Waltham, MA, USA). Elemental analysis of the nanoparticles
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was performed by XPS (Theta Probe; Thermo Fisher
Scientific, Waltham, MA, USA) with monochromatic Al Ka
irradiation. The crystallization of the silica layer was evaluated
with an FTIR spectrophotometer (FT/IR-4200; Jasco, Tokyo,
Japan).

4.4. Laser Irradiation. After preparing the Ag@SiO,
NPLs, they were subjected to pulsed laser irradiation and
their characteristics were examined, ie., absorbance spectra
and TEM observations, antimicrobial activity, and silver ion
release. A pulsed laser can produce a high peak power
compared with a continuous-wave laser. One hundred fifty
microliters of Ag@SiO, NPLs were aliquoted into a 96-well
glass bottom plate. Six-nanosecond (full width at half
maximum) laser pulses emitted from the pulsed laser were
reflected by plane mirrors to irradiate the sample from the top
side. The beam diameter of the laser pulse was 6 mm.
Irradiation was carried out with the second harmonics (532
nm) of a Q-switched Nd:YAG laser at a repetition rate of 10
Hz. The irradiation time was 10 s with laser energies of 12.5,
25, 50, and 100 mJ/pulse. The laser energy transferable to the
NPL was determined by the incident laser energy and the
absorbance. Therefore, although the absorbance at 532 nm was
only approximately half that at 660 nm, the laser was sufficient
to obtain an appropriate laser energy; the sufficiency of this
laser energy was also confirmed by our experiments indicating
the change in shape to a spherical form. The irradiated
nanoparticles were used in measurements of antimicrobial
activity, TEM observation, and other analyses.

4.5. Antimicrobial Activity. The antibacterial properties
of Ag@SiO, NPLs before and after pulsed laser irradiation
were examined by turbidity. To prepare Ag@SiO, NPL
samples for testing, Ag@SiO, NPLs were centrifuged at
13,420% g for 15 min at 25 °C. The supernatant was removed,
and the pellet was redispersed in ultrapure water to remove
silver ions spontaneously released from the Ag@SiO, NPLs.
Salmonella enterica serovar Typhimurium (S. Typhimurium;
LT-2 strain) that had been stocked in glycerol at —80 °C was
spread onto lysogeny broth (LB) agar plates, and incubated at
37 °C overnight to produce colonies. A single colony of S.
Typhimurium was inoculated into the liquid LB medium and
cultured at 37 °C overnight. The medium was further diluted
100-fold with a fresh liquid LB medium and cultured for 4 h.
This medium was diluted 10,000X and used as a medium for
antibacterial activity tests. Next, 200 yL of S. Typhimurium
culture solution and 50 uL of silica-coated silver NPL aqueous
dispersion were mixed in 96-well microplate wells at 0.25 ppm
and incubated at 37 °C for 9 h. Then, the antibacterial activity
was evaluated by measuring the absorbance at 620 nm with a
microplate reader (Infinite FS0; TECAN, Switzerland). The
experiment was performed in triplicate, and the data were
expressed as mean + standard deviation (n = 3).

4.6. TEM Observation of Ag@SiO, NPL Binding on S.
Typhimurium. Ag@SiO, NPLs (50 pLof S0 ug/mL) were
added to 200 uL of S. Typhimurium and cultured for 30 min.
Then, the suspension was dropped onto a TEM grid and
allowed to stand for 2 min. After removing the excess
suspension, fixation with 4% paraformaldehyde for S min was
followed by dehydration in gradient ethanol solutions (25, 50,
75, 90, and 100%) for 3 min. The grid was observed under
TEM at 80 kV.
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