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Abstract: Recently, silica nanoparticles (NPs) have attracted considerable attention as biocompatible
and stable templates for embedding noble metals. Noble-metal-embedded silica NPs utilize the
exceptional optical properties of novel metals while overcoming the limitations of individual novel
metal NPs. In addition, the structure of metal-embedded silica NPs decorated with small metal NPs
around the silica core results in strong signal enhancement in localized surface plasmon resonance
and surface-enhanced Raman scattering. This review summarizes recent studies on metal-embedded
silica NPs, focusing on their unique designs and applications. The characteristics of the metal-
embedded silica NPs depend on the type and structure of the embedded metals. Based on this
progress, metal-embedded silica NPs are currently utilized in various spectroscopic applications,
serving as nanozymes, detection and imaging probes, drug carriers, photothermal inducers, and
bioactivation molecule screening identifiers. Owing to their versatile roles, metal-embedded silica
NPs are expected to be applied in various fields, such as biology and medicine, in the future.

Keywords: surface-enhanced Raman spectroscopy (SERS); localized surface plasmon resonance
(LSPR); metal nanoparticle; silica nanoparticle; core-shell structure; bio-application

1. Introduction

Noble metal nanoparticles (NPs) have unique properties that differ from those of their
bulk counterparts and have attracted interest in various research fields and applications,
including biotechnology and biomedicine [1,2]. Noble metal NPs, such as gold and silver
NPs, exhibit a phenomenon known as localized surface plasmon resonance (LSPR). Tuning
and controlling LSPR is possible for sensitive detection through small changes in the size,
shape, composition, and interparticle spacing of the metal NPs. In addition, LSPR strongly
enhances surface-enhanced Raman scattering (SERS) [3-5]. SERS is a highly sensitive
analytical technique that detects analytes down to the single-molecule level [6-9]. However,
controlling the metal NPs is disadvantageous because of their low particle stability and
easy aggregation. The signal from individual metal NPs is sometimes unsatisfactory for
sensitively detecting the target analyte by utilizing electrostatic and steric stabilization using
ligands [10-13]. One solution to overcome these shortcomings is to embed them in silica
NPs. Silica NPs can be synthesized using the Stober method utilizing a polycondensation
reaction via hydrolysis with tetraethylorthosilicate (TEOS) and ammonium hydroxide,

Nanomaterials 2024, 14, 268. https:/ /doi.org/10.3390/nano14030268

https:/ /www.mdpi.com/journal /nanomaterials


https://doi.org/10.3390/nano14030268
https://doi.org/10.3390/nano14030268
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0003-0569-4155
https://orcid.org/0000-0001-6556-7946
https://doi.org/10.3390/nano14030268
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano14030268?type=check_update&version=1

Nanomaterials 2024, 14, 268

20f21

and their size can be controlled by adjusting the concentration or temperature of the
reducing agent NH4OH [14-17]. In addition, silica NPs can easily bind to various ligands
or antibodies by modifying the surface of SiO, NPs, which can be ideal templates for
embedding metals owing to the following advantages. (1) Stronger optical signal: metals
embedded in silica NPs enhance the SERS capability, making them useful for biosensing
applications. (2) Optical tunability: the optical properties of silica NPs can be tuned by
changing the type and concentration of the metal, making them useful in various optical
applications. (3) Engineered fabrication: metals embedded in silica NPs can be engineered
to have specific properties, making them useful in various applications. (4) Ease of handling:
silica NPs are easy to synthesize, handle, and recover, making them promising materials
for various applications [18,19]. Fe304@SiO,@metal has the advantage of a simple cleaning
process due to its magnetic properties [20-24].

This review discusses recent studies that take advantage of noble-metal-embedded
silica NPs. We first introduce the optical properties affected by the structure and composite
of SiO,@metal NPs, which are modulated by the selection of a monometal and bimetal (e.g.,
gold, silver, and platinum). Thereafter, we summarize recent studies utilizing SiO,@metal
NPs or their derivatives for various biological applications such as nanozymes, sensing,
imaging, drug delivery, and molecule screening. The topics for developing SiO,@metal
NPs and representative studies are summarized in Figure 1 and Table 1, respectively.

Method of synthesis

Seed-mediated I
Noble metal- reduction growth
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Figure 1. Summary of topics related to nanoparticle synthesis methods, types, characteristics, and

application areas such as detection, therapeutics, and imaging.

2. Optical Properties of Metal-Embedded Silica Nanoparticles
2.1. Monometal-Embedded Silica NPs
2.1.1. Au-Embedded Silica NPs

Au NPs are more stable and less toxic than other metals and exhibit photothermal
effects [25-28]. Au-embedded silica NPs (S5iO,@Au) were synthesized by introducing Au
NPs onto a silica template, which has many advantages [29,30]. For example, the high
scattering efficiency of SiO,@Au NPs was investigated with Fe;O0,@SiO,@Au NPs and
compared with single Au NPs of the same size (Figure 2A). In addition, the potential of
5i0,@Au as a near-infrared-absorbing plasmonic nanostructure was demonstrated via local
field enhancement at an 800 nm LSPR wavelength [31,32]. The silica template was treated
with (3-Aminopropyl)triethoxysilane (APTS) to modify its surface with amine groups. After
attaching the Au seed via charge interaction, gold was grown and synthesized using a seed-
mediated growth method [33]. For SiO,@Au@Au NPs, the size and shell thickness of the
Au NPs could be controlled by adjusting the concentration of the Au precursor, temperature
during synthesis, and the ratio of the ligand to the Au precursor. As the concentration of
the Au precursor increases, the Au shell thickness increases, the absorbance increases from
570 to 630 nm, and the wavelength band broadens [34]. When synthesizing SiO,@Au@Au



Nanomaterials 2024, 14, 268

3o0f21

NPs, the coverage increases with increasing temperature [35]. By adjusting the ratio of
citrate to the Au precursor, the smaller the concentration of citrate, the larger the size of the
Au shell, and the lower the coverage. Absorbance may change depending on the shell size
and coverage [36]. These properties allow its utilization in many applications, including
drug release, photothermal cancer treatment, diagnosis, and in vivo imaging [33,37-40].
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Figure 2. (A) Simulating scattering efficiency of various Au NPs using DDA calculation.
(a) Theoretical limit efficiency spectrum depending on distance between two mono AuNPs.
(b) Maximum value of theoretical scattering efficiency spectrum. (c) Schematic diagram of theo-
retical scattering efficiency of assembled Au NPs. (d) Theoretical scattering efficiency spectrum of
assembled Au NPs. (e) Scattering efficiency divided by number of AuNPs in Inax of assembled Au
NP structure, adapted from Lee et al., 2015 [31]. (B) FDTD simulation images of Ag nanoshells with
different diameters and shell thicknesses at 633 nm (a,c) and 785 nm (b,d) light sources, adapted
from Zhao et al. [41]. (C) (a) SERS intensity map of single SERS dot processed via 4-FBT in SEM
image. (b) Single SERS dot 23 SERS enhancement factors. The red line represents the average SERS
enhancement factor. adapted from Kim et al., 2016 [42].

2.1.2. Ag-Embedded Silica NPs

Ag NPs have the advantage of exhibiting strong LSPR and high SERS activity compared
to other metals. Ag NPs can also be introduced on silica templates to synthesize Ag-embedded
silica NPs (SiO,@Ag NPs). Although the external coating of Ag is sometimes difficult to control,
particularly in large-scale synthesis, the scaling up of stable and highly reproducible SiO,@Ag
NPs has been proven by SERS-based studies (Figure 2C). In addition, the plasmonic light
enhancement of the SiO,@Ag NPs between the gaps was investigated through simulation
to analyze both the size and gaps between the NPs (Figure 2B) [41,42]. The synthesis was
performed by treating the silica template with (3-Mercaptopropyl)trimethoxysilane (MPTS)
to modify the silica surface with thiols, followed by the addition of an Ag precursor and a
reducing agent. Reduced Ag is embedded in the silica NP surface due to its strong affinity with
thiols [43,44]. For SiO,@Ag NPs, the nanoparticle size and shell thickness can be controlled
by adjusting the concentration of the Ag precursor and the temperature during synthesis. In
both methods of surface modification of SiO, NPs with thiols or aldehydes to form Ag shells,
the shell thickness can be controlled by adjusting the concentration of Ag precursors [45]. The
higher the Ag precursor concentration, the thicker the shell. The thicker the shell, the wider the
wavelength range. The synthesis process, when conducted at elevated temperatures ranging
from 300 to 800 °C, results in an increase in the size of Ag NPs. This temperature-dependent
variation is evidenced by a broader wavelength profile, showing expansion in the size of Ag
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(b)

(a) Progress of Au/Ag alloyed hollow-shell formation

Ag NPs-assembled silica
nanosphere (Ag-NPA)

Au/Ag hollow-shell assembled NIR-sensitive SERS
silica nanosphere (Au/Ag HSA) nanoprobes (NIR SERS dot)

NPs [46]. With these characteristics, SIO,@Ag NPs can be utilized in various fields, such as in
detecting drugs and metabolites [47], tracking animal cells with near-IR SERS nanoprobes [43],
and detecting harmful substances [48,49].

2.2. Bimetal-Embedded Silica NPs

Bimetallic NPs, which comprise two different metals, exhibit blended properties controlled
by the type and proportion of metals used in the synthesis [50]. A well-known method for
synthesizing bimetallic NPs involves the following steps: (1) co-reduction to produce alloy
NPs by simultaneously reducing two metals with a reducing agent; (2) seed-mediated growth
to produce core-shell particles; (3) removal of core particles of a core-shell structure to create
hollow structures through anode melting; and (4) laser ablation which utilizes a laser to
convert bulk bimetallic particles into NPs [50]. Among these four methods, co-reduction
and seed-mediated growth are widely utilized to introduce bimetallic shells onto silica cores.
Sapkota et al. developed a method for synthesizing SiO,@Au-Ag nanocomposites via direct
reduction [51]. Pham et al. developed SiO,@Au-Ag NPs with Au-Ag bimetallic shells utilizing
a seed-mediated growth method, and the thickness of the shell was controlled by adjusting
the amount of the precursor AgNO;3 [52]. The simulation results indicate that the SERS
enhancement of Au@Ag NPs depends on the Ag shell thickness and is stronger than that of
the Au NPs (Figure 3B). This advantage of metal alloys also contributes to SERS enhancement
in SiO,@Au-Ag NPs. For SiO,@Au@Pt NPs, the ratio of the two metals can be adjusted by
increasing the ratio; for example, the ratio of Pt can be increased by increasing the concentration
of Pt ions. Due to these characteristics, active research is being conducted in the field of
catalysts, such as oxygen reduction reactions (ORRs) and nanozyme [53-55]. Ag nanoshells
(AgNSs) were prepared via the seedless and rapid growth of Ag shells on silica NPs. Au/Ag
hollow nanoshells (AuHNSs) were synthesized from AgNSs through a galvanic replacement
reaction. Figure 3 presents the synthesis scheme and TEM images of the Au/Ag-alloyed
hollow shells [56]. AuHNSs were modified with poly(ethylene glycol) derivatives to allow the
conjugation of the epidermal growth receptor (EGFR) antibody and increase biocompatibility.
Next, the EGFR antibody was conjugated through activation of the carboxyl groups on the
surface of the PEGylated AuHNSs, followed by doxorubicin (DOX) loading [57].
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Figure 3. (A) (a) Synthesis scheme of Au/Ag alloyed hollow-shell. TEM images of (b) AuNHs,
(c—e) hollow structure of AuNHS, and (f) AuNHS@SiO;. (g) Atomic profiling of AuHNS, adapted
from Kang H et al., 2013 [56]. (B) (a) Simulation model of interparticle distance between two Au@Ag
NPs, (b) 3 nm Au NP core dimer, (c-h) Ag shell thickness of Au@Ag NPs (c) 2.5 nm, (d) 5 nm,
(e) 7.5 nm, (f) 8 nm, (g) 8.5 nm, and (h) 9 nm. (i) Maximum E-field intensity between Au NPs and
Au@Ag NPs with Ag shell thickness from 2.5 nm to 10 nm, adapted from Pham et al., 2017 [52].



Nanomaterials 2024, 14, 268 5o0f 21

Table 1. Representative studies utilizing metal-embedded silica NPs.

Composition Preparation Optical Properties
Metal-Embedded Silica NPs . Applications Reference
Slllc? Core Met.al NP Methods Functionalization Growth Solution Reducing Agent Capping Agent Absorbance SERS Enhancement
(Size) (Size) Factor
AuNPs direct APTS Turkevich Au NPs - - ~540 nm -
(14 nm) deposition
: Silica NPs AuNPs direct APTS trisodium citrate-HAuCl solution trisodium citrate trisodium citrate 538 nm (pH = 3.85-5.38) B method development 1291
Si0@Au (227 nm) reduction 4 pH = 28575, P
AuNPs scci;\;&i:tcd APTS Turkevich AuNPs trisodium citrate trisodium citrate ~551 nm -
Au NPs direct .
5i0,0Au Silica NPs (10 nm) deposition APTS AuNPs - - - - N o
(600 nm) AuNPs direct ~ . . N . . nitrogen adsorption .
(50 nm) reduction APTS K, CO3-HAuCly solution formaldehyde PVP [30]
y Silica NPs Au NPs direct amine-grafted Silica . sodiumcitrate 518-634 nm . o
SiOy@Au (100 nm) (1.5-40 nm) reduction NPs * K, CO3-HAuCly solution NaBH, dihydrate (pH = 3.09-10.60) - photothermal conversion [27]
. Silica NPs AuNPs seed-mediated . sodiumcitrate . .
SiOy@Au (132 nm) (5 nm) growth APTS K, CO3-HAuCly solution NaBH, dihydrate - - photothermal conversion [28]
Au-Embedded " Silica NPs AuNPs seed-mediated - 6 N
Silica NPs SiO, @Au@Au (150 nm) (3nm) growth APTS THPC Au NPs ascorbic acid PVP (Mw 40,000) 3.8 x 10 SERS imaging [33]
. Silica NPs AuNPs direct . -
SiOp @Au (160 nm) (1-15 nm) reduction APTS HAuCly solution ascorbic acid PVP (Mw 40,000) 543-632 nm - nanozyme [34]
direct APTS Turkevich Au NPs - - ~550 nm -
S0, @A Silica NPs AuNPs deposition
10@Au (670 nm) (16-20 nm) - method development
dlrev{l APTS HAuCly solution trisodium citrate trisodium citrate - - [35]
reduction
3 Silica NPs Au NPs direct o . . o . 5 -
SiOy@Au (120 nm) (21-39 nm) reduction APTS trisodium citrate-HAuCl solution NaBH, trisodium citrate 631-784 nm 2.0 x 10 SERS probe development [36]
. Silica NPs AuNPs direct s
Si0y @Au@GO (220 nm) (1=5 nm) deposition APTS THPC Au NPs - - ~562 nm - photothermal therapy [38]
3 Silica NPs Au NPs direct .
SiO, @Au (400 nm) (15 nm) deposition APTS Turkevich AuNPs - - ~523 nm - photothermal therapy [40]
Silica NPs A shell direct 5
Si0)@Ag thickness . MPTS AgNOg3 solution octylamine PVP (Mw 40,000) 560-1000 nm 6.4 x 10° NIR-SERS probe [43]
(150 nm) reduction E
(32-76 nm)
SiOy@AgRy - Silica NPs Ag NPs direct R . 7 detection of cancer
Ag (150 nm) (9-15 nm) reduction MPTS AgNO3 solution octylamine PVP (Mw 40,000) 400-800 nm 1.7 x 10 biomarker [44]
. Silica NPs seed-mediated . . . electrically conductive
SiO)@Ag (300 nm) Ag NPs growth APTS and GA AgNO3 solution triethanolamine - 410 nm - adhesives [45]
. Silica NPs Ag NPs powderization and . .
Ag-Embedded SiO)@Ag (670 nm) (10-61 nm) heat treatment - AgNO3- NH,OH solution - - 403-410 nm - method development [46]
Silica NPs
Silica NP Ag shell d-mediated detection of drug and
Si0,@Ag tica NS thickness seed-mecate - [Ag(NH3),]* solution - PVP (Mw 40,000) 436443 nm - etection of drug an [47]
(182 nm) growth metabolite
(215-363 nm)
. Silica NPs Ag NPs direct o _ heavy metal detection and
Si0y@Ag (155 nm) (9 nm) reduction - AgNO3 solution NaBHy rve 4l1nm catalytic activity 48]
. Silica NPs Ag NPs direct ~ + . ~ 6 detection of antibiotic .
Si0,@Ag (300 nm) (40 nm) reduction [Ag(NH3 )2] solution pve rve 1.63 > 10 residue 149]
. Silica NPs Au@Ag NPs seed-mediated . I
Si0) @AU@A; APTS AgNO3 solution ascorbic acid PVP (Mw 40,000) 400-800 nm 42 x 100 SERS probe development [52]
Bimetal-Embedded 2 & (150 nm) (11-63 nm) growth N3 P P
Silica NPs ) Silica NPs seed-mediated i ic aci o
Si0) @Au@Pt Au@Pt NPs APTS AgNOg3 solution ascorbic acid PVP (Mw 40,000) 300-800 nm - nanozyme [53]
(160 nm) growth 7

* Commercial NP products were utilized in these studies. Abbreviations: aminopropyltrimethoxysilane or aminopropyltriethoxysilane (APTS); glyoxalic acid (GA); graphene oxide (GO);
(3-Mercaptopropyl)trimethoxysilane (MPTS); polyvinylpyrrolidone (PVP); surface-enhanced Raman spectroscopy (SERS); and tetrakis(hydroxymethyl)phosphonium chloride (THPC).
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3. Biological Applications of Metal-Embedded Silica Nanoparticles
3.1. Nanozyme

Nanozymes have several advantages over natural enzymes, including high stability
in harsh environments, low production costs, and large specific surface areas [58].
Nanozymes are novel functional nanomaterials that, unlike natural enzymes made of
proteins, have the same catalytic activity by synthesizing inorganic substances and can
customize their catalytic activity according to size, shape, and composition. Nanozymes
are used in many fields such as biofuel cells, hydrogenation, air purification, anti-aging
therapy, and cancer treatment [59-62]. The types of nanozymes include both Type 1 and
Type 2 nanozymes. Nanozymes utilizing Type 2 nanomaterials are being researched
more actively than Type 1 nanozymes [63]. To realize the advantages of nanoparticles
as nanozymes for various applications, it is important to synthesize fine NPs precisely.
For the SiO,@Au@Pt NPs, the silica core was aminated with APTS, and Au seeds
were introduced onto the aminated surface. Subsequently, they were synthesized by
adding a Pt precursor. The particle size was controlled by varying the concentration of
Pt?*. Au@Pt NPs have extensive catalytic properties, as they can effectively scavenge
superoxide free radicals or formic acid [53,64]. Pham et al. developed SiO,@Au@Ag and
5i0,@Au@Au NPs to detect hydrogen peroxide (HyO;) (Figure 4A) [65]. The detection
of H,O, was evaluated between 40 and 100 mM, and the LOD was 33.3 mM. Later,
Pham et al. also developed SiO,@Au@Pt, which has more stability and better catalytic
performance [53]. The detection of HyO, was conducted between 1.0 and 100 mM, and
the LOD was 1.0 mM. Figure 4B demonstrates that TMB was oxidized to oxTMB, which
exhibits peroxidase activity [34]. In spite of its possibility, there is not much research
yet on metal-embedded silica NP-based nanozymes. We think that the enhancement of
the efficiency and functionality of nanozymes by introducing various metals into silica
NPs would be a fascinating issue to address in nanozyme research. Table 2 below is a
table summarizing information about nanozymes.

B

(a) ) + m0,

b b ) Niqg .
SiO@Au C
(b) (c)
TMB+ TMB+ H,0., ——I,\lll~l[;();
TMBHHLO;  gi0,@Au +m’£’~,’ 1 A ——TMB + $i0 @Au
3 —TMB+ 11,0, * Si0 @Au
= 1
' £
2z
m
— —

TMB oxTMB e

Wavelength (nm)

Figure 4. (A) Catalytic activity scheme of AuPt@DSN using dendritic silica nanosphere (DSN) as
the core, adapted from Zhou J et al., 2022 [64]. (B) (a) Scheme of peroxidase-like activity of SiO,@Au
NPs. (b) Optical images. (c) UV-Vis absorbance spectroscopy with TMB, with H,O, (A), and without
HyO, (Ap), adapted from Seong B et al., 2021 [34].
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Table 2. Summary of nanozyme.
Metal-Embedded Optimization of ..
Silica NP Catalyst Catalytic Performance Results Application Reference
1. TMB conc. 1. 0.8 mM
2. H,O, conc. 2. 200 mM
. . 3. pH solution 3.pH4
SiO,@Au@Au Peroxidase 4 NP amount 4.20,25mg - [34]
5. Reaction time 5. 25 min
6. Termination time 6. 5 min
1. NP amount 1.5ug
. . 2. TMB conc. 2. 0.5 mM
5i0,@Au@Pt Peroxidase 3. Incubation time 3. 15 min B 53]
4. pH solution 4. pH4
. 1. TMB conc. 1. 0.4 mM . .
AuPt@DSN Peroxidase 2. H,0, conc. 2 4 mM Hg* detection [64]
1. TMB conc. 1. 0.8 mM
. . 2. Incubation time 2. 15 min .
SiO,@Au@Ag Peroxidase 3. NP amount 3.20 ug H,0, detection [65]
4. pH solution 4.pH6

Abbreviations: Nanoparticle (NP); 3,3',5,5'-Tetramethylbenzidine (TMB) dendritic silica nanoparticle (DSN)

3.2. Sensing and Detection

Metal-embedded silica NPs exhibit unique plasmonic characteristics derived from
embedded metal NPs. In addition, the abundant hotspots make them promising SERS
probes with strong and uniform signals. Therefore, they have been utilized in various
studies to detect tiny amounts of targets of interest, such as disease-related molecules and
toxic substances. This subsection summarizes the representative applications of metal-
embedded silica NPs in sensing.

3.2.1. Hazardous Substance Detection

Histamine is an organic, nitrogenous substance involved in immune responses, physi-
ological functions, and neurotransmission. As seafood products with high histamine levels
cause allergic responses, the rapid detection of histamine is an important issue in food safety
and public health. Huynh et al. developed metal-embedded silica NPs (SiO,@Au@Ag
NPs) as SERS probes for histamine detection [66]. The authors first optimized the quantity
of NPs and found that the SERS signal decreased as the quantity of particles increased.
The bimetallic metal enhanced the signal, and the limit of detection (LOD) was 0.033 mM
(3.698 ppm) under optimized conditions. The LOD is considerably lower than the U.S.
Food and Drug Administration and the European Union regulations.

Likewise, antibiotics or their residue cause serious concerns in the environment.
For example, amoxicillin is a penicillin antibiotic that fights against bacterial infection.
However, its effluent diffused in the water destroys ecological balance. Guo et al.
prepared a silver-embedded silica NP (SiO,@Ag) as a SERS substrate to detect amoxicillin
sensitively and specifically [49]. The LOD was 2.7 x 107 M with the composites
themselves and 2.7 x 10~? M with the modification of receptors on the composites.

Another example is the toxic compound 4-aminophenol (4-AP). It is a major im-
purity of N-acetyl-p-aminophenol (APAP), one of the most common drug ingredients.
4-AP is produced during the synthesis and storage of APAP. However, it has toxicity
and is a cause of nephrotoxicity and hepatotoxicity. Pham et al. detected 4-AP in APAP
utilizing metal-embedded silica NPs (SiO,@Au@Ag) [67]. 4-AP can bind to the surface
of the metal, whereas APAP has no affinity. Consequently, a characteristic peak of 4-AP
at 1591 cm~! was confirmed after incubation (Figure 5B). Interestingly, the presence of
APAP significantly affected the SERS signal. Therefore, the authors could successfully
detect the production of impurities. The LOD was 3.5 ppm, much lower than the maxi-
mum allowable concentration suggested by the British Pharmacopoeia (approximately
1000 ppm).
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Figure 5. (A) (a) Schematic illustration of thiram detection in apple peel utilizing AgNS. (b) Raman
intensity by concentration of thiram. Adapted from Yang J et al., 2014 [68]. (B) (a) Schematic of
detection of 4-aminophenol (4-AP, ¥r) as impurity in acetaminophen (APAP; A) via surface-enhanced
Raman scattering on Au-Ag alloy embedded silica nanoparticles (SiO,@Au@Ag NPs). (b) Synthesis
of SiO,@Au@Ag NPs. Adapted from Pham et al., 2020 [67].

Thiram, a component of pesticides, is utilized to prevent fungal diseases in fruits,
vegetables, and ornamentals; however, it persists after harvesting and can be harmful
to human health. In recent study, thiram was successfully detected with a label-free
method utilizing a SiO,@Ag nanoshell (AgNS) as the SERS-active nanostructure by
Yang et al. [68]. The synthesis of AgNSs was optimized with 3.5 mM AgNOs3, 5 mM
octylamine, and 0.06 mg/mL of silica NPs. The detection of thiram with the optimized
AgNS was measured from thiram concentrations of 107! M-10~8 M. Following the
adsorption of various concentrations of thiram into the apple peel, SERS indicated a
tendency to increase as the concentration of thiram increased (Figure 5A). Detection of
thiram can be confirmed at a level of 38 ng/cm?, which is much lower than the maximum
allowable concentration of 2 pg/cm? in apple skin.

Heavy metals are also one of the major contaminants that are emerging as a serious
environmental problem. Kim et al [69]. performed the detection of aqueous mercuric
ion (Hg?*) by utilizing the amalgamation characteristics of Ag NP-embedded silica NPs
(SiO,@Ag) as SERS substrates. Following the amalgamation of SiO,@Ag by simply mixing
with aqueous Hg?*, the Ag NPs on the silica NP core coalesce each other and make
their electromagnetic hotspots deform. This morphological change is accompanied by
a significant decrease in the SERS signal of 4-fluorothiophenol adsorbed on SiO,@Ag,
enabling the simple and reproducible detection of Hg?" [69]. Khedkar et al. also reported
the synthesis of silver-embedded silica NP (5iO,@Ag) to detect mercury ions [48]. The
nanocomposites successfully prepared via a simple chemical route interact with Hg?* with
a detection limit of 0.9 uM (0.2 ppm). Interestingly, the authors further investigated the
catalytic activity of the nanocomposites for treating dye molecules.

3.2.2. Biomarker Detection

Glucose detection is one of the most important areas of biosensor research. Monitoring
glucose levels is important for managing and treating diabetes [70-72]. Pham et al. utilized
metal-embedded silica NPs (S5iO,@Au@Ag NPs) containing 4-mercaptophenyl boronic acid
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(4-MPBA) as the Raman labeling compound (RLC) in conventional glucose sensing based
on glucose oxidase (GOx). The H,O, produced by the action of GOx was measured by
converting 4-MPBA to 4-mercaptophenol (4-MPhOH) [71]. Because 4-MPBA was converted
into 4-MPhOH in the presence of H;O,, changes in the signal were measured using SERS.
Under the optimized condition, the limit of detection (LOD) was estimated to be 0.15 mM,
and the linear range ranged from 1.0 to 8.0 mM.

The advantages of utilizing metal-embedded silica NPs as sensing probes are also
useful for immunoassay-based applications. Immunoassays are simple, efficient, and
inexpensive. Hence, they are a representative form of lab-based testing [73-75]. The
most widely utilized immunoassays are radiolabeled immunoassay (RIA), enzyme-linked
immunosorbent assay (ELISA), lateral flow immunoassay (LFIA), and SERS-based im-
munoassay (SIA) [76-78]. When metal-embedded silica NPs are introduced into these
immunoassay systems, we can utilize a convenient immunoassay format with enhanced
sensing performance. Chang et al. reported the SIA-based detection of prostate-specific
antigen (PSA) using metal-embedded silica NPs (SiO,@Ag@SiO,) [79]. PSA is a widely
utilized biomarker for the early diagnosis of prostate cancer, a common cancer in men
worldwide. Prostate cancer ranks fifth in cancer-related mortality [80,81]. As demonstrated
in Figure 6A, 4-fluorobenzenethiol (4-FBT) was attached to the Ag surface, and the NPs were
covered with a silica shell (~30 nm). SIA was conducted using this antibody-conjugated
SERS dot, and the entire chip was analyzed with a full-area raster scanning method with
a micro-Raman system. Based on the sensitive and photostable SERS dots, the proposed
system demonstrated the ability to detect single-particle levels. The LOD was calculated to
be 0.11 pg/mL, and the dynamic range was five orders of magnitude.

Cancer biomarkers are the most important field in immunoassays. Kang et al. pre-
sented a silver-embedded silica NP (5i0,@Ag) to perform an SIA-based detection of PSA
and further evaluations of multiplex-capable SERS tags in bioimaging applications [44].
The authors utilized a non-small cell lung cancer cell line (H522) to evaluate the expression
of human epidermal growth factor-2 and epidermal growth factor receptor.

Pham et al. proposed another SIA-based detection method utilizing metal-embedded
silica NPs (Si0,@Au@Ag) and liposomes [82]. Liposomes are small lipid vesicles com-
prising amphiphilic molecules. They have many advantages, including biocompatibility,
large surface area, encapsulation ability, and easy surface functionalization [83,84]. Be-
cause of their large internal volumes, liposomes are considered ideal drug carriers in
drug-carrier systems. The authors prepared adenosine triphosphate (ATP)-encapsulated
liposome and metal-embedded silica NPs to detect the signal from ATP during liposome
lysis. The LOD of the liposome was calculated to be 1.3 x 10717 mol with a linear range
between 8 x 10° and 8 x 10" mol.

Pham et al. developed a sensitive colorimetric immunoassay utilizing metal-
embedded silica NPs (5i0,@Au@Ag) [85]. To amplify the sensitivity of ELISA analysis,
the authors conducted enzyme-catalyzed Ag growth on the Au surface. As demon-
strated in Figure 6B, alkaline phosphatase (AP) was conjugated to the detection antibody
to convert 2-phospho-L-ascorbic acid to ascorbic acid. This indicated that the reaction of
the detection antibody in the presence of the target molecules increased the concentra-
tion of ascorbic acid in the substrate. Therefore, Ag ions were reduced, and the growth
onto SiO,@Au proceeded. The absorbance varied depending on the Ag concentration,
enabling a highly sensitive colorimetric immunoassay.

LFIA is a paper-based platform for detecting and quantifying analytes in complex
mixtures, with results displayed within 30 min. Because of its simplicity, it is popu-
lar in various fields, including the biomedical, agricultural, food, and environmental
sciences [86-88]. Although it is a rapid and inexpensive platform that enables portable
detection, its sensitivity is often unsatisfactory for the sensitive and quantitative detec-
tion of the target analyte. Metal-embedded silica NPs can be a solution to overcome
these issues.
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Figure 6. Indirect detection for immunoassay methods. (A) Schematic illustration of a
chip-based immunoassay using SERS dots and area-scanning readout system, adapted from
Chang H et al., 2016 [79]. (B) Schematic illustration of enzyme-catalyzed Ag growth on Au NP-
assembled structures. In the presence of the target IgG, the immune complex Ab;-IgG-Ab;, which
contains alkaline phosphatase (AP), triggers the enzyme-catalyzed conversion of 2-phospho-L-
ascorbic acid to ascorbic acid, adapted from Pham et al., 2018 [85].

Kim et al. developed a semiquantitative LFIA for PSA detection using metal-embedded
silica NPs (SiO,@Au-Ag) [89]. The scattering effect of the proposed NPs containing bimetallic
components was superior to that of single metal-embedded silica NPs (SiO,@Au) and Au NPs.
PSA levels were measured by combining SiO,@Au-Ag and LFIA with a reporter. Owing to the
interaction between PSA, the anti-PSA antibody-conjugated SiO,@Au-Ag NP complex, and
the antibody, the test line turned dark brown within 15 min, and the signal intensity of the test
line increased with increasing PSA concentration (Figure 7).
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Figure 7. (A) Schematic illustration of PSA detection using LFIA platform with SiO,@Au-Ag NPs as a
signal reporter. (B) Color change depending on PSA concentration (*: Can be checked with the naked
eye). (C) Schematic of early diagnosis and prognosis detection for prostate cancer by measuring
signal intensity (i: no recurrence, ii: recurrence, iii: no cancer, iv: early-stage disease, v: late-stage
disease), adapted from Kim H-M et al., 2021 [89].
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The role of LFIA has been highlighted during the coronavirus disease 2019 (COVID-19)
pandemic [90]. Research on the rapid and accurate diagnosis of COVID-19 is being ac-
tively conducted. Hong et al. developed an LFIA-based method for detecting nucleocap-
sid proteins in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) utilizing
metal-embedded silica NPs (SiO,@Au) [74]. The authors designed NPs with core-satellite
structures for strong absorption and weak scattering. Under conditions optimized to
maximize specific binding and minimize nonspecific binding, the proposed system could
detect 1 pg/mL of nucleocapsid protein within 20 min. The combination of LFIA and
SiO,@metal NPs is expected to be a benchmark for improved diagnostic technologies.
Currently, the sensing and detection application of silica-based metal nanoparticles is the
most actively pursued. We think that more research will be conducted in the future because
it has advantages in signal improvement and stability compared to single nanoparticles.
Table 3 below is a table summarizing information about sensing and detection.

Table 3. Summary of sensing and detection.

Metal-Embedded

Silica NP Modification of NPS Detection Method Target Material LOD Reference
SiO,@Ag Anti-PSA antibody SIA PSA 2.0 pg/mL [44]
Si0,@Ag M"lecl;‘é‘i‘yrr;ne‘fsrinted SERS ofloxacin 27x10°M [49]
SiO,@Au@Ag - SERS Histamine 3.698 ppm [66]
SiO,@Au@Ag - SERS 4-AP 3.5 ppm [67]
Ag NS - SERS Thiram 38 ng/cm? [68]
SiO,@Agy-rT - SERS Hg* 0.819 uM [69]
SiO,@AU@Ag 4-MPBA SERS Glucose 1. 0.15 mM [71]

SARS-CoV-2
Si0,@Au CSNP nucleocapsid protein LFIA ISARS_C(;)V-Z . 0.24 pg/mL [74]
antibody nucleocapsid protein
SiO,@AgSiO, PSA capture antibody SIA PSA 0.11 pg/mL [79]
Liposome
SiO,@Au@Ag - decomposition 4-ATP 1.3 x 10717 mol [82]
SIA

Si0,@Au seed - liﬂlf;f::;; 1gG 0.021 ng/mL [85]
SiO,@Au@Ag Anti-PSA antibody LFIA PSA 0.2ng/mL [89]

Abbreviations: 4-mercaptophenyl boronic acid (4-MPBA), surface-enhanced Raman scattering (SERS), SERS-based
immunoassay (SIA), and lateral flow immunoassay (LFIA).

3.3. Bioimaging

Silica NPs possess several essential characteristics for imaging probes, including bio-
compatibility and stability. Regarding the problems associated with single metal-NP-based
imaging applications, such as low reproducibility, uncontrollable aggregation, and back-
ground signals, metal-embedded silica NPs represent one of the most promising solutions.
The simultaneous fluorescence Raman endoscopic system (FRES) detects and images molec-
ular changes in tissues in real time during endoscopy, as seen in Figure 8A [91-93]. FRES
comprises the following three components: a dual-axis laser scanning device capable of
accepting incident light and collecting data on the entire fiber bundle, a fluorescence and
SERS signal separation device for the simultaneous detection of both signals of target
F-SERS dots, and a photodiode for fluorescence imaging and SERS spectral measurements.
The optical beam guards of the fluorescence and Raman signals, having two detection units
comprising a spectrometer with a CCD camera, were completely separated and detected
independently. FRES can simultaneously detect fluorescence images and Raman spectra in
real time, utilizing a single laser. It employs F-SERS dots, comprising particles wherein a
fluorescent dye is bound to SiO,@Ag-RLC@SiO; NPs. This method utilizes the fluorescence
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signal emitted by the AF610 dye to trace the location of F-SERS dots in real time. Further
experiments utilizing FRES should investigate the long-term toxicity of F-SERS dots and
confirm the minimum dose [94].
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Figure 8. (A) (a) Dual-modal detection with fluorescence and Raman scattering. (b) Illustration
of in vivo multiplexed molecular imaging procedure, adapted from Jeong S et al.,, 2015 [94].
(B) (a) Photograph of SERS measurement with fiber-coupled portable Raman system at 1 h post-
intravenous injection. (b) SERS spectra of the skin, liver, and tumor sites of the mouse. (c) Ratio-
metric quantitative analysis of in vivo relative affinity screening of C2-SERRS dot[Cy7], C4-SERRS
dot[CyNAM], and C5-SERRS dot[Cy7.5] (* p < 0.05). (d) SPECT/CT images of human colon cancer
xenograft mice at 3 h post-injection of I-125-labeled antibody. (e) Quantitative analysis of in vivo
affinity screening for three I-125-labeled antibodies by SPECT/CT images at tumor sites of each
mouse (** p < 0.001), adapted from Kang H et al., 2018 [95].

The SERS dots can be detected at the single-particle level utilizing NIR, with a
signal strength 100 times stronger than single AuNPs (80 nm), as shown in Figure 8B. In
addition, it provides cost-effective multimodal measurements for developing antibody-
based drugs. To improve the sensitivity of SERS nanoprobes during in vivo applications,
the RLC electron resonance by near-infrared excitation, shape of NPs, LSPR of the
substrate, optical tuning, and shape modification of the LSPR have been investigated.
To validate the performance of NIR SERS dots, TSPAN2 antibodies against human
colorectal cancer were tested and revealed significant results [95].

Du et al. [96] fabricated Au NP-embedded silica NPs (5i0,@Au nanoshells) for laser
desorption/ionization mass spectrometry (LDI-MS) and mass spectrometry imaging
(MSI), as shown in Figure 9. LDI-MS irradiates a laser onto the surface of nanoparti-
cles, evaporates them, and turns them into an ionized state. LDI-MSI using SiO,@Au
nanoshells is promising for mapping the distribution of small molecules and lipids
with an excellent LOD. The authors overcame the background interference issue in
conventional LDI-MSI, which is derived from commonly utilized organic matrices,
by adapting SiO,@Au nanoshells. The nanoscale roughness of SiO,@Au nanoshells
enhanced plasmonic effects, while the crevice space acted as a trapping site for small
molecules or cations. Based on these synergistic effects, the authors detected small
molecules, including amino acids, carbohydrates, dyes, and drugs, with LOD ranging
from 1 pmol to 1 fmol. They also demonstrated tissue imaging with strawberry fruit,
zebrafish, honeybee, and mouse brain tissue with pixel sizes of 100, 55, 30, and 50 pm,
respectively. For example, the analysis of strawberry metabolites clearly visualizes the



Nanomaterials 2024, 14, 268

13 of 21

Sio

SiO,@Au-seed

@ Maetabolite

sio,

tissue-specific distribution of metabolites, such as sugars, amino acids, organic acids,
and anthocyanins. The mapping of zebrafish visualizes the distribution of a wide range
of lipid species, including phosphatidylcholine (PC), lyso-PC (LPC), diglycerides (DG),
and triglycerides (TG) throughout the body. The mapping of honeybees confirmed that
most TG species, such as TG (48:2), TG (51:2), and TG (54:3), are distributed in the brain
tissues of bees. Some TG species, including TG (53:4) and TG (51:3), were distributed
in the systemic tissues, whereas most PC species, including PC (36:1), PC (34:2), and
PC (34:1), were distributed in the muscle tissue. The lipid distribution analysis in
mouse brain tissue indicated a predominant presence of PC, particularly PE (42:7), PE
(37:1p), phosphatidyl glycerol (PG) (38:3), PG (38:4), and PG (38:5). The distribution was
confirmed specifically in the hippocampus, demonstrating the visualization capability
of lipid distribution in mouse brain tissue [96]. In bioimaging, the specific attachments
of imaging probes on the target cells or lesions are the most important functions. For
these reasons, research is being conducted using various ligands, such as antibodies
and peptide aptamers, which take advantage of the ease of surface modification of silica
NPs. Although metal-embedded silica NPs are known to be biocompatible, there are
some limitations, especially in terms of in vivo toxicity. We think that much research on
toxicity will be needed in the future for practical application. Table 4 below is a table
summarizing information about bioimaging.
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Figure 9. Schematic illustration of LDI-MS and MSI utilizing SiO,@Au nanoshells as an ef-
fective matrix for the analysis of small molecules. Small molecules trapped on the SiO,@Au

nanoshell surface easily form sodium/potassium adduct ions during laser irradiation, adapted
from Du M et al., 2022 [96].
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Table 4. Summary of bioimaging.
Metal-Embedded a. RLC . i .
Silica NP b. Fluorescence Dye Ligand Specific Target Imaging Method Reference
. a. 4-ATP, 4-MT . . . Fluorescence
SiO,@Ag b. FITC, AF647 Annexin V phosphatidylserine SERS [91]
MDA-MB-
. a. RITC, FITC Anti-HER2 Fluorescence )
SiO,@Ag b. AF610 Anti-EGFR 231/HER2 breast SERS [94]
cancer cell
a. Cy7LA
Au-Ag hollow shell a. CyNAMLA C2 antibody TSPANS NIR-SERRS [95]
a. Cy7.5LA
Strawberry
SiO,@Au - - zebrafish, honeybee, LDI-MS [96]

mouse brain tissues

Abbreviations: 4-aminothiolphenol (4-ATP), 4-mercaptotoluene (4-MT), fluorescein isothiocyanate (FITC), Alex-
afluoro 647 (AF647), rhodamine B isothiocyanate (RITC), Alexa Fluor 610-X (AF610), Human epidermal growth
factor receptor 2 (HER2), epidermal growth factor receptor (EGFR), tetraspanin-8 (TSPANS), near infrared-active
surface-enhanced resonance Raman scattering (NIR-SERRS), and laser desorption/ionization mass spectrometry
(LDI-MS).

3.4. Drug Carriers and Photothermal Therapy

Nanocarrier-based drug delivery offers excellent local accessibility and bioavail-
ability. One advantage of silica NPs is their large surface area and controllable porosity.
Therefore, they are promising support materials for drug carriers. Metal-embedded sil-
ica NPs possess multifunctional potential, notably in applications such as hyperthermia
using the photothermal effect. The photothermal effect of metal nanoparticles occurs
when light is irradiated on the plasmonic metal, resulting in LSPR. It has a photother-
mal effect due to thermal energy generated by hot electrons that occurs thereafter. The
converted heat increases local temperature, increasing treatment efficacy and reducing
normal tissue damage by injecting plasmonic nanoparticles into the affected area and
then irradiating the laser [57,97-101].

Noh et al. developed Au/Ag hollow nanoshells, designed to serve as versa-
tile drug carriers that can target cancer cells and release drugs via the photothermal
effect [57,97-100]. The authors investigated the loading and release properties of a
model drug (DOX) into AuHNS NPs under various conditions. They proved that
AuHNS-EGFR-DOX can kill specific cancer cells via effective drug delivery with spe-
cific targeting. The therapeutic efficacies of the PEGylated AuHNSs for lung cancer
were compared with two targeting methods: maximizing the ability to target cancer
cells, drug release, and thermotherapy via NIR irradiation (Figure 10).

The silica capping on the outside of metal-embedded silica NPs is an important
strategy to lower the toxicity of the particles in therapeutic applications. Park et al.
synthesized Au-embedded silica NPs (5i0,@Au@SiO;) to treat human mesenchymal
stem cells (hMSCs) [40]. The authors found that SiO,@Au@SiO, had no cytotoxicity
below a concentration of 20 ug/mL. In the further investigation of tumor-bearing mice,
5i0,@Au@SiO; showed a higher in vivo photothermal effect compared to the individual
AuNPs or gold-embedded silica NP (5iO,@Au).

Cyclodextrin (CD) is commonly used for drug delivery because of its hydrophobic
inner surface. Kang et al. synthesized (3-CD derivatives on metal-embedded silica NPs
(5i0,@Ag) [102]. With cysteine-3-CD and ethylenediamine-f3-CD (EDA-3-CD) binding
to SiO,@Ag, the proposed system works as a nanocarrier that can release the drug
in controllable ways. The authors verified the non-cytotoxic nature of 3-CD and its
proficiency in loading DOX. Subsequently, upon releasing the captured DOX into cancer
cells, the viability of cancer cells decreased in accordance with the release time of DOX.
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Figure 10. (A,B) Illustration to explain functions of DOX-loaded AuHNS complexes. (A) NIR light-
triggered doxorubicin release and heat generation and (B) specific cancer cell targeting. (C) (a) UV-Vis
spectra of AuHNS-EGFR-DOX, AuHNS, and free DOX indicating loading of DOX to AuHNS.
(b) Doxorubicin release profile of AuHNS-DOX at different pH. (c) Induced release of doxorubicin
from AuHNS-DOX by NIR irradiation (800 nm) at pH 7.4. (d) Quantitative cell viability results of
Ab549 cells treated with different AuHNS complexes for 48 h (*: p < 0.05, ***: p < 0.001), adapted from
Noh M.S. et al., 2015 [57].

Graphene oxide (GO), which has a high specific surface area, also helps to increase the
drug-loading capacity of NPs. Xiaolin et al. fabricated a drug carrier/photothermal inducer
utilizing metal-embedded silica NPs (5i0,@Au@GO) [38]. GO indicated a high loading
capacity for the aromatic drug via 7—m stacking in the multifunctional antitumor particle
with a core—shell structure. The authors confirmed the loading capacity and pH-dependent
release of the model drug docetaxel (Dtxl). When human prostate cancer DU145 was
cultured on SiO,@Au@GO-Dtxl and irradiated with 780 nm NIR, cell viability decreased
owing to the photothermal effect. In addition, when cultured at pH 7.4 and 5.5, it was
confirmed that the cell viability decreased to a more acidic pH of 5.5. Currently, research is
being conducted under various conditions, such as the type and shape of metal, and cancer
therapy using the EPR effect and photothermal advantages, which are characteristics of
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nanoparticles, is also being researched. In addition, research is being conducted to improve
drug loading capacity by modifying the surface of silica, selecting core material, and/or
using mesoporous silica. We believe that it will be one of the actively studied applications
in the future due to its potential. Table 5 below is a table summarizing information about
drug carriers and photothermal therapy.

Table 5. Summary of drug carriers and photothermal therapy.

Cancer Therapy

Metal-Embedded . - 1.
Silica NP Ligand Method Specific Target Cell Viability Reference
Photothermal
SiO,@Au@GO - effect DU145 cells 37% [38]
Docetaxel
sGs } Photothermal hMSC ) [40]
effect
Photothermal
AuHNs Anti-EGFR effect A549 cells 35% [57]
Doxorubicin
Si0,@Ag Cyégg?gjg‘gl) Doxorubicin MCE-7 cells 60% [102]
Abbreviations: human mesenchymal stem cells (hMSC), adenocarcinomic human alveolar basal epithelial cells
(A549) and ethylenediamine-3-CD (EDA-3-CD).
3.5. Molecule Screening
For high-throughput bioanalysis, a method for directly identifying peptides on beads
utilizing a surface-enhanced Raman spectroscopy barcode system was investigated. A
simple SERS barcode method utilizing highly sensitive SERS nanoidentifiers (SERS ID)
was investigated. The 44 types of SERS IDs could generate simple codes and possibly
more than one million types of codes by incorporating combinations of different SERS
IDs. The barcoding method exhibited high stability and reliability under the bioassay
conditions. The SERS ID encoding-based screening platform identified the peptide ligand
on the beads and quantified its binding affinity for specific proteins. Figure 11 shows a
schematic diagram of the peptide-encoding process with SERS ID [103].
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Figure 11. (A) Schematic of peptide-encoding process with SERS IDs and electron microscopic
images at each step. (a) Peptide-encoding process by attaching SERS IDs. (b) Field emission scanning
electron microscope (FE-SEM) images of microbeads without encoding. (¢) TEM image of SERS ID
comprised Ag NPs embedded in silica nanosphere. (d) FE-SEM images of microbeads with SERS
encoding. (B) Sixteen representative SERS spectra and their corresponding barcode presentations for
microbeads encoded with five SERS ID combinations, adapted from Kang H et al., 2015 [103].
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4. Conclusions

When noble metal NPs are introduced into a silica template, the resulting NPs exhibit
combined properties of noble metal NPs and silica cores. These metal-embedded silica
NPs make use of the excellent and unique properties of noble metal NPs while overcoming
limitations such as low particle stability and easy aggregation of individual metal NPs.
Owing to the inert and versatile properties of silica templates, metal-embedded silica NPs
are advantageous for controlling their size and surface properties. The LSPR signal of the
metal-embedded silica NPs was stronger than that of individual metal NPs. In addition,
metal NPs assembled on the silica core generated enhanced SERS signals. However, we
think that issues such as the toxicity and emission of nanoparticles in vivo and the impact
of nanoparticles when they enter the environment should be continuously improved, and
research into problem solving should continue.

Nevertheless, based on the above advantages, we anticipate that the scientific interest
in metal-embedded silica NPs will keep growing. As we described above, metal-embedded
silica NPs play various roles in spectroscopic applications, such as nanozymes, detection
probes, imaging probes, drug carriers, photothermal inducers, and screening identifiers
for bioactivation molecules. Although further investigation will be required to understand
their influences on toxicity in vivo, the field of application of these potentially valuable
NPs will keep expanding, especially in the biological and medical fields.

Author Contributions: Conceptualization, ].N. and B.-H.J.; investigation, H.-5.C., M.S.N., K.Y. and
M.-S.S.; writing—original draft preparation, H.-5.C.; writing—review and editing, H.-S.C., M.S.N.,
Y-HK, Y] K, HC., WYR. and B.-H],; visualization, H.-5.C., M.S.N., C.-H.Y. and S.-].Y.; supervision,
B.-H.J. All authors have read and agreed to the published version of the manuscript.

Funding: The research described in this study was funded by the Ministry of Science and ICT
(NRF-2022R1A2C2012883 and NRF-2021R1C1C1011739). The research was also supported by the Bio
& Medical Technology Development Program of the National Research Foundation (NRF) funded by
the Korean government (MSIT) (RS-2023-00222910). This work was also supported by the Ministry
of Trade, Industry & Energy (MOTIE) of the Republic of Korea (No. 20018608). This research was
also supported by the “Human Resources Program in Energy Technology” of the Korea Institute of
Energy Technology Evaluation and Planning (KETEP), which received financial resources from the
Ministry of Trade, Industry & Energy, Republic of Korea (No. 20204010600470).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. Graphical content was partially provided by Freepik.com (https://www.
freepik.com).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Yeh, Y.-C,; Creran, B.; Rotello, V.M. Gold nanoparticles: Preparation, properties, and applications in bionanotechnology. Nanoscale
2012, 4, 1871-1880. [CrossRef]

2. Zhang, X.-F,; Liu, Z.-G.; Shen, W.; Gurunathan, S. Silver nanoparticles: Synthesis, characterization, properties, applications, and
therapeutic approaches. Int. J. Mol. Sci. 2016, 17, 1534. [CrossRef]

3. Ringe, E.; Langille, M.R; Sohn, K.; Zhang, ].; Huang, J.; Mirkin, C.A.; Van Duyne, R.P.; Marks, L.D. Plasmon length: A universal
parameter to describe size effects in gold nanoparticles. J. Phys. Chem. Lett. 2012, 3, 1479-1483. [CrossRef]

4. Biggins, ].S.; Yazdi, S.; Ringe, E. Magnesium nanoparticle plasmonics. Nano Lett. 2018, 18, 3752-3758. [CrossRef]

5. Asselin, ].R.M.; Boukouvala, C.; Hopper, E.R.; Ramasse, Q.M.; Biggins, ].S.; Ringe, E. Tents, chairs, tacos, kites, and rods: Shapes
and plasmonic properties of singly twinned magnesium nanoparticles. ACS Nano 2020, 14, 5968-5980. [CrossRef]

6. Lee, W, Kang, B.-H.; Yang, H.; Park, M.; Kwak, ].H.; Chung, T.; Jeong, Y.; Kim, B.K,; Jeong, K.-H. Spread spectrum SERS allows
label-free detection of attomolar neurotransmitters. Nat. Commun. 2021, 12, 159. [CrossRef]

7. Zhang, H.; Yi, Y,; Zhou, C.; Ying, G.; Zhou, X,; Fu, C.; Zhu, Y.; Shen, Y. SERS detection of microRNA biomarkers for cancer
diagnosis using gold-coated paramagnetic nanoparticles to capture SERS-active gold nanoparticles. RSC Adv. 2017, 7, 52782-52793.
[CrossRef]

8. Shim, J.-E.; Kim, YJ.; Choe, ].-H.; Lee, T.G.; You, E.-A. Single-Nanoparticle-Based Digital SERS Sensing Platform for the Accurate

Quantitative Detection of SARS-CoV-2. ACS Appl. Mater. Interfaces 2022, 14, 38459-38470. [CrossRef] [PubMed]


https://www.freepik.com
https://www.freepik.com
https://doi.org/10.1039/C1NR11188D
https://doi.org/10.3390/ijms17091534
https://doi.org/10.1021/jz300426p
https://doi.org/10.1021/acs.nanolett.8b00955
https://doi.org/10.1021/acsnano.0c01427
https://doi.org/10.1038/s41467-020-20413-8
https://doi.org/10.1039/C7RA10918K
https://doi.org/10.1021/acsami.2c07497
https://www.ncbi.nlm.nih.gov/pubmed/35951983

Nanomaterials 2024, 14, 268 18 of 21

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Yadav, S.; Sadique, M.A; Ranjan, P.; Kumar, N.; Singhal, A.; Srivastava, A.K.; Khan, R. SERS based lateral flow immunoassay for
point-of-care detection of SARS-CoV-2 in clinical samples. ACS Appl. Bio Mater. 2021, 4, 2974-2995. [CrossRef] [PubMed]

Fritz, G.; Schadler, V.; Willenbacher, N.; Wagner, N.J. Electrosteric stabilization of colloidal dispersions. Langmuir 2002,
18, 6381-6390. [CrossRef]

Kong, H.J.; Bike, S.G.; Li, V.C. Electrosteric stabilization of concentrated cement suspensions imparted by a strong anionic
polyelectrolyte and a non-ionic polymer. Cem. Concr. Res. 2006, 36, 842-850. [CrossRef]

Napper, D.H. Steric stabilization. J. Colloid Interface Sci. 1977, 58, 390—407. [CrossRef]

Lourenco, C.; Teixeira, M.; Simoes, S.; Gaspar, R. Steric stabilization of nanoparticles: Size and surface properties. Int. J. Pharm.
1996, 138, 1-12. [CrossRef]

Selvarajan, V.; Obuobi, S.; Ee, PL.R. Silica nanoparticles—A versatile tool for the treatment of bacterial infections. Front. Chem.
2020, 8, 602. [CrossRef] [PubMed]

Greasley, S.L.; Page, S.J.; Sirovica, S.; Chen, S.; Martin, R.A_; Riveiro, A.; Hanna, J.V; Porter, A.E.; Jones, ].R. Controlling particle
size in the Stober process and incorporation of calcium. J. Colloid Interface Sci. 2016, 469, 213-223. [CrossRef] [PubMed]

Liang, X.; Lian, L.; Liu, Y.; Kong, Q.; Wang, L. Controlled synthesis of monodisperse silica particles. Micro Nano Lett. 2016,
11, 532-534. [CrossRef]

Meier, M.; Ungerer, J.; Klinge, M.; Nirschl, H. Synthesis of nanometric silica particles via a modified Stober synthesis route.
Colloids Surf. A Physicochem. Eng. Asp. 2018, 538, 559-564. [CrossRef]

Shahabi, S.; Treccani, L.; Dringen, R.; Rezwan, K. Modulation of silica nanoparticle uptake into human osteoblast cells by variation
of the ratio of amino and sulfonate surface groups: Effects of serum. ACS Appl. Mater. Interfaces 2015, 7, 13821-13833. [CrossRef]
Hasany, M.; Taebnia, N.; Yaghmaei, S.; Shahbazi, M.-A.; Mehrali, M.; Dolatshahi-Pirouz, A.; Arpanaei, A. Silica nanoparticle
surface chemistry: An important trait affecting cellular biocompatibility in two and three dimensional culture systems. Colloids
Surf. B Biointerfaces 2019, 182, 110353. [CrossRef]

Sadeghi, M.; Moghimifar, Z.; Javadian, H. Fe30,4@ SiO, nanocomposite immobilized with cellulase enzyme: Stability determina-
tion and biological activity. Chem. Phys. Lett. 2023, 811, 140161. [CrossRef]

Drbohlavova, J.; Hrdy, R.; Adam, V.; Kizek, R.; Schneeweiss, O.; Hubalek, J. Preparation and properties of various magnetic
nanoparticles. Sensors 2009, 9, 2352-2362. [CrossRef]

Gubin, S.P; Koksharov, Y.A.; Khomutov, G.B.; Yurkov, G.Y. Magnetic nanoparticles: Preparation, structure and properties. Russ.
Chem. Rev. 2005, 74, 489. [CrossRef]

Liu, C; Wang, H.; Xu, S.; Li, H.; Lu, Y.; Zhu, C. Recyclable Multifunctional Magnetic Fe30,@ SiO,@ Au Core/Shell Nanoparticles
for SERS Detection of Hg (II). Chemosensors 2023, 11, 347. [CrossRef]

Zhu, ].; Wang, B.; Yang, P.; Li, ].; Xiao, G.; Yao, J.; Gong, X.; Yan, J.; Zhang, H. The Functional Fe304@ SiO,@ AuNPs SERS
Nanomaterials for Rapid Enrichment and Detection of Mercury Ions in Licorice. Chemosensors 2022, 10, 403. [CrossRef]
Balasubramanian, S.K; Yang, L.; Yung, L.-Y.L.; Ong, C.-N.; Ong, W.-Y,; Liya, E.Y. Characterization, purification, and stability of
gold nanoparticles. Biomaterials 2010, 31, 9023-9030. [CrossRef] [PubMed]

Li, T.; Albee, B.; Alemayehu, M.; Diaz, R.; Ingham, L.; Kamal, S.; Rodriguez, M.; Whaley Bishnoi, S. Comparative toxicity study of
Ag, Au, and Ag-Au bimetallic nanoparticles on Daphnia magna. Anal. Bioanal. Chem. 2010, 398, 689-700. [CrossRef]

Yang, L.; Yan, Z,; Yang, L.; Yang, J.; Jin, M; Xing, X.; Zhou, G.; Shui, L. Photothermal conversion of SiO 2@ Au nanoparticles
mediated by surface morphology of gold cluster layer. RSC Adv. 2020, 10, 33119-33128. [CrossRef] [PubMed]
Ruvalcaba-Ontiveros, R.I.; Murillo-Ramirez, ].G.; Medina-Vazquez, J.A.; Carrasco-Hernandez, A.R.; Duarte-Moller, ].A.; Esparza-
Ponce, H.E. Synthesis of gold decorated silica nanoparticles and their photothermal properties. Micron 2023, 166, 103415.
[CrossRef] [PubMed]

Zhang, L.; Feng, Y.-G.; Wang, L.-Y.; Zhang, ].-Y.; Chen, M,; Qian, D.-J. Comparative studies between synthetic routes of SiO2@ Au
composite nanoparticles. Mater. Res. Bull. 2007, 42, 1457-1467. [CrossRef]

Choma, J.; Dziura, A.; Jamiota, D.; Nyga, P,; Jaroniec, M. Preparation and properties of silica-gold core—shell particles. Colloids
Surf. A Physicochem. Eng. Asp. 2011, 373, 167-171. [CrossRef]

Lee, M.; Kang, Y.-L.; Rho, W.-Y,; Kyeong, S.; Jeong, S.; Jeong, C.; Chung, W.-].; Kim, H.-M.; Kang, H.; Lee, Y.-S. Preparation of
plasmonic magnetic nanoparticles and their light scattering properties. RSC Adv. 2015, 5, 21050-21053. [CrossRef]

Liu, K.; Xue, X.; Furlani, E.P. Theoretical comparison of optical properties of near-infrared colloidal plasmonic nanoparticles. Sci.
Rep. 2016, 6, 34189. [CrossRef] [PubMed]

Bock, S.; Choi, Y.-S.; Kim, M,; Yun, Y.; Pham, X.-H.; Kim, J.; Seong, B.; Kim, W.; Jo, A.; Ham, K.-M. Highly sensitive near-infrared
SERS nanoprobes for in vivo imaging using gold-assembled silica nanoparticles with controllable nanogaps. J. Nanobiotechnol.
2022, 20, 130. [CrossRef] [PubMed]

Seong, B.; Kim, J.; Kim, W,; Lee, S.H.; Pham, X.-H.; Jun, B.-H. Synthesis of Finely Controllable Sizes of Au Nanoparticles on a
Silica Template and Their Nanozyme Properties. Int. . Mol. Sci. 2021, 22, 10382. [CrossRef]

Dobrowolska, P.; Krajewska, A.; Gajda-Raczka, M.; Bartosewicz, B.; Nyga, P.; Jankiewicz, B.J. Application of Turkevich method
for gold nanoparticles synthesis to fabrication of SiO,@ Au and TiO2@ Au core-shell nanostructures. Materials 2015, 8, 2849-2862.
[CrossRef]

Wang, R.; Ji, X,; Huang, Z.; Xue, Y.; Wang, D.; Yang, W. Citrate-regulated surface morphology of SiO2@ Au particles to control the
surface plasmonic properties. J. Phys. Chem. C 2016, 120, 377-385. [CrossRef]


https://doi.org/10.1021/acsabm.1c00102
https://www.ncbi.nlm.nih.gov/pubmed/35014387
https://doi.org/10.1021/la015734j
https://doi.org/10.1016/j.cemconres.2006.02.012
https://doi.org/10.1016/0021-9797(77)90150-3
https://doi.org/10.1016/0378-5173(96)04486-9
https://doi.org/10.3389/fchem.2020.00602
https://www.ncbi.nlm.nih.gov/pubmed/32760699
https://doi.org/10.1016/j.jcis.2016.01.065
https://www.ncbi.nlm.nih.gov/pubmed/26890387
https://doi.org/10.1049/mnl.2016.0189
https://doi.org/10.1016/j.colsurfa.2017.11.047
https://doi.org/10.1021/acsami.5b01900
https://doi.org/10.1016/j.colsurfb.2019.110353
https://doi.org/10.1016/j.cplett.2022.140161
https://doi.org/10.3390/s90402352
https://doi.org/10.1070/RC2005v074n06ABEH000897
https://doi.org/10.3390/chemosensors11060347
https://doi.org/10.3390/chemosensors10100403
https://doi.org/10.1016/j.biomaterials.2010.08.012
https://www.ncbi.nlm.nih.gov/pubmed/20801502
https://doi.org/10.1007/s00216-010-3915-1
https://doi.org/10.1039/D0RA06278B
https://www.ncbi.nlm.nih.gov/pubmed/35515076
https://doi.org/10.1016/j.micron.2023.103415
https://www.ncbi.nlm.nih.gov/pubmed/36657307
https://doi.org/10.1016/j.materresbull.2006.11.019
https://doi.org/10.1016/j.colsurfa.2010.10.046
https://doi.org/10.1039/C5RA00513B
https://doi.org/10.1038/srep34189
https://www.ncbi.nlm.nih.gov/pubmed/27665922
https://doi.org/10.1186/s12951-022-01327-7
https://www.ncbi.nlm.nih.gov/pubmed/35279134
https://doi.org/10.3390/ijms221910382
https://doi.org/10.3390/ma8062849
https://doi.org/10.1021/acs.jpcc.5b10454

Nanomaterials 2024, 14, 268 19 of 21

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Jiang, X.; Qiao, L.; Yang, H.; Li, B.Q.; Ding, S. NIR-triggered Synergetic Photothermal and Chemotherapy Cancer Treatment Based
on Si0,@ Au@ SiO,@ QDs-DOX Composite Structural Particles. ChemNanoMat 2023, 9, €202200532. [CrossRef]

Li, X,; Yang, Z.; Hu, N.; Zhang, L.; Zhang, Y.; Yin, L. Docetaxel-loaded SiO,@ Au@ GO core-shell nanoparticles for chemo-
photothermal therapy of cancer cells. RSC Adv. 2016, 6, 48379-48386. [CrossRef]

Lim, Z.-Z.].; Li, J-E.J.; Ng, C.-T.; Yung, L.-Y.L.; Bay, B.-H. Gold nanoparticles in cancer therapy. Acta Pharmacol. Sin. 2011,
32,983-990. [CrossRef]

Park, J.H.; Choe, H.-S.; Kim, S.-W.; Im, G.-B.; Um, S.H.; Kim, J.-H.; Bhang, S.H. Silica-capped and gold-decorated silica
nanoparticles for enhancing effect of gold nanoparticle-based photothermal therapy. Tissue Eng. Regen. Med. 2022, 19, 1161-1168.
[CrossRef]

Zhao, Z.; Liu, W,; Zhao, ].; Dong, X; Li, C.; Zhu, P,; Yu, X,; Dai, H. Size Effects of Closed Encounter Ag Nanoshell Pairs for SERS
Application. J. Nanomater. 2021, 2021, 6657153. [CrossRef]

Kim, H.-M,; Jeong, S.; Hahm, E.; Kim, ].; Cha, M.G.; Kim, K.-M.; Kang, H.; Kyeong, S.; Pham, X.-H.; Lee, Y.-S. Large scale synthesis
of surface-enhanced Raman scattering nanoprobes with high reproducibility and long-term stability. J. Ind. Eng. Chem. 2016,
33, 22-27. [CrossRef]

Kang, H.; Yang, ].-K.; Noh, M.S,; Jo, A.; Jeong, S.; Lee, M.; Lee, S.; Chang, H.; Lee, H.; Jeon, S.-J. One-step synthesis of silver
nanoshells with bumps for highly sensitive near-IR SERS nanoprobes. J. Mater. Chem. B 2014, 2, 4415-4421. [CrossRef]

Kang, H.; Jeong, S.; Yang, J.-K; Jo, A.; Lee, H.; Heo, E.H.; Jeong, D.H.; Jun, B.-H.; Chang, H.; Lee, Y.-S. Template-assisted plasmonic
nanogap shells for highly enhanced detection of cancer biomarkers. Int. J. Mol. Sci. 2021, 22, 1752. [CrossRef]

Xu, C; Li, W.-J.; Wei, Y.-M,; Cui, X.-Y. Characterization of Si02/Ag composite particles synthesized by in situ reduction and its
application in electrically conductive adhesives. Mater. Des. 2015, 83, 745-752. [CrossRef]

Granbohm, H.; Larismaa, J.; Ali, S.; Johansson, L.-S.; Hannula, S.-P. Control of the size of silver nanoparticles and release of silver
in heat treated SiO2-Ag composite powders. Materials 2018, 11, 80. [CrossRef]

Huang, L.; Wan, J.; Wei, X,; Liu, Y.; Huang, J.; Sun, X.; Zhang, R.; Gurav, D.D.; Vedarethinam, V.; Li, Y. Plasmonic silver nanoshells
for drug and metabolite detection. Nat. Commun. 2017, 8, 220. [CrossRef]

Khedkar, C.V.; Daware, K.D.; Badgujar, P.S.; Kolekar, Y.D.; Gosavi, S.W.; Patil, S.I. Ag-SiO2 nanocomposite for the optical detection
of Hg (II) ions and catalytic reduction of methylene blue. Opt. Mater. 2021, 120, 111426. [CrossRef]

Guo, H.; Ren, X,; Song, X.; Li, X. Preparation of SiO,@ Ag@ molecular imprinted polymers hybrid for sensitive and selective
detection of amoxicillin using surface-enhanced Raman scattering. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2023,
291, 122365. [CrossRef]

Loza, K.; Heggen, M.; Epple, M. Synthesis, structure, properties, and applications of bimetallic nanoparticles of noble metals. Adv.
Funct. Mater. 2020, 30, 1909260. [CrossRef]

Sapkota, K.; Chaudhary, P.; Han, S.S. Environmentally sustainable route to SiO 2@ Au-Ag nanocomposites for biomedical and
catalytic applications. RSC Adv. 2018, 8, 31311-31321. [CrossRef]

Pham, X.-H.; Lee, M.; Shim, S; Jeong, S.; Kim, H.-M.; Hahm, E.; Lee, S.H.; Lee, Y.-S.; Jeong, D.H.; Jun, B.-H. Highly sensitive and
reliable SERS probes based on nanogap control of a Au-Ag alloy on silica nanoparticles. RSC Adv. 2017, 7, 7015-7021. [CrossRef]
Pham, X.-H.; Tran, V.-K.; Hahm, E.; Kim, Y.-H.; Kim, J.; Kim, W,; Jun, B.-H. Synthesis of Gold-Platinum Core-Shell Nanoparticles
Assembled on a Silica Template and Their Peroxidase Nanozyme Properties. Int. J. Mol. Sci. 2022, 23, 6424. [CrossRef] [PubMed]
Guo, K.; Ding, Y.; Luo, J.; Gu, M.; Yu, Z. NiCu bimetallic nanoparticles on silica support for catalytic hydrolysis of ammonia
borane: Composition-dependent activity and support size effect. ACS Appl. Energy Mater. 2019, 2, 5851-5861. [CrossRef]

Chen, H.Q.; Ze, H.; Yue, M.E,; Wei, D.Y.; Wu, Y.E; Dong, ].C.; Zhang, YJ.; Zhang, H.; Tian, Z.Q.; Li, ].FE. Unmasking the critical role
of the ordering degree of bimetallic nanocatalysts on oxygen reduction reaction by in situ Raman spectroscopy. Angew. Chem.
2022, 134, €202117834. [CrossRef]

Kang, H.; Jeong, S.; Park, Y.; Yim, J.; Jun, B.H.; Kyeong, S.; Yang, ] K.; Kim, G.; Hong, S.; Lee, L.P. Near-Infrared SERS Nanoprobes
with Plasmonic Au/Ag Hollow-Shell Assemblies for In Vivo Multiplex Detection. Adv. Funct. Mater. 2013, 23, 3719-3727.
[CrossRef]

Noh, M.S.; Lee, S.; Kang, H.; Yang, ].-K.; Lee, H.; Hwang, D.; Lee, ] W.; Jeong, S.; Jang, Y.; Jun, B.-H. Target-specific near-IR induced
drug release and photothermal therapy with accumulated Au/Ag hollow nanoshells on pulmonary cancer cell membranes.
Biomaterials 2015, 45, 81-92. [CrossRef]

Jiang, D.; Ni, D.; Rosenkrans, Z.T.; Huang, P; Yan, X.; Cai, W. Nanozyme: New horizons for responsive biomedical applications.
Chem. Soc. Rev. 2019, 48, 3683-3704. [CrossRef]

Gu, C,; Kong, X.; Yan, S.; Gai, P; Li, F. Glucose dehydrogenase-like nanozyme based on black phosphorus nanosheets for
high-performance biofuel cells. ACS Sustain. Chem. Eng. 2020, 8, 16549-16554. [CrossRef]

Mikolajczak, D.J.; Koksch, B. Peptide-Gold Nanoparticle Conjugates as Sequential Cascade Catalysts. ChemCatChem 2018,
10, 4324-4328. [CrossRef]

Kim, J.; Takahashi, M.; Shimizu, T.; Shirasawa, T.; Kajita, M.; Kanayama, A.; Miyamoto, Y. Effects of a potent antioxidant, platinum
nanoparticle, on the lifespan of Caenorhabditis elegans. Mech. Ageing Dev. 2008, 129, 322-331. [CrossRef]

Wang, Z.; Xu, Z.; Xu, X;; Xi, J.; Han, J.; Fan, L.; Guo, R. Construction of core-in-shell Au@ N-HCNs nanozymes for tumor therapy.
Colloids Surf. B Biointerfaces 2022, 217, 112671. [CrossRef]

Zandieh, M,; Liu, ]. Nanozymes: Definition, activity, and mechanisms. Adv. Mater. 2023, 2211041. [CrossRef]


https://doi.org/10.1002/cnma.202200532
https://doi.org/10.1039/C6RA03886G
https://doi.org/10.1038/aps.2011.82
https://doi.org/10.1007/s13770-022-00468-y
https://doi.org/10.1155/2021/6657153
https://doi.org/10.1016/j.jiec.2015.09.035
https://doi.org/10.1039/C4TB00442F
https://doi.org/10.3390/ijms22041752
https://doi.org/10.1016/j.matdes.2015.06.036
https://doi.org/10.3390/ma11010080
https://doi.org/10.1038/s41467-017-00220-4
https://doi.org/10.1016/j.optmat.2021.111426
https://doi.org/10.1016/j.saa.2023.122365
https://doi.org/10.1002/adfm.201909260
https://doi.org/10.1039/C8RA04502J
https://doi.org/10.1039/C6RA26213A
https://doi.org/10.3390/ijms23126424
https://www.ncbi.nlm.nih.gov/pubmed/35742866
https://doi.org/10.1021/acsaem.9b00997
https://doi.org/10.1002/ange.202117834
https://doi.org/10.1002/adfm.201203726
https://doi.org/10.1016/j.biomaterials.2014.12.036
https://doi.org/10.1039/C8CS00718G
https://doi.org/10.1021/acssuschemeng.0c05743
https://doi.org/10.1002/cctc.201800961
https://doi.org/10.1016/j.mad.2008.02.011
https://doi.org/10.1016/j.colsurfb.2022.112671
https://doi.org/10.1002/adma.202211041

Nanomaterials 2024, 14, 268 20 of 21

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.
85.

86.

87.

88.

Zhou, J.; Zhu, W.; Lv, X,; Du, X.; He, J.; Cai, J. Dendritic Silica Nanospheres with Au-Pt Nanoparticles as Nanozymes for
Label-Free Colorimetric Hg2+ Detection. ACS Appl. Nano Mater. 2022, 5, 18885-18893. [CrossRef]

Pham, X.-H.; Seong, B.; Bock, S.; Hahm, E.; Huynh, K.-H.; Kim, Y.-H.; Kim, W,; Kim, J.; Kim, D.-E.; Jun, B.-H. Nonenzymatic
hydrogen peroxide detection using surface-enhanced Raman scattering of gold-silver core-shell-assembled silica nanostructures.
Nanomaterials 2021, 11, 2748. [CrossRef]

Huynh, K.-H.; Pham, X.-H.; Hahm, E; An, ].; Kim, H.-M.; Jo, A.; Seong, B.; Kim, Y.-H.; Son, B.S.; Kim, J. Facile histamine detection
by surface-enhanced Raman scattering using SiO2@ Au@ Ag alloy nanoparticles. Int. J. Mol. Sci. 2020, 21, 4048. [CrossRef]
Pham, X.-H.; Hahm, E.; Huynh, K.-H.; Kim, H.-M.; Son, B.S.; Jeong, D.H.; Jun, B.-H. Sensitive and selective detection of
4-aminophenol in the presence of acetaminophen using gold-silver core—shell nanoparticles embedded in silica nanostructures.
J. Ind. Eng. Chem. 2020, 83, 208-213. [CrossRef]

Yang, J.-K.; Kang, H.; Lee, H.; Jo, A.; Jeong, S.; Jeon, S.-J.; Kim, H.-I,; Lee, H.-Y.; Jeong, D.H.; Kim, J.-H. Single-step and rapid
growth of silver nanoshells as SERS-active nanostructures for label-free detection of pesticides. ACS Appl. Mater. Interfaces 2014,
6,12541-12549. [CrossRef] [PubMed]

Kim, Y.-H.; Hahm, E.; Pham, X.-H.; Kang, H.; Jeong, D.-H.; Chang, H.; Jun, B.-H. Mercury Ion-Responsive Coalescence of Silver
Nanoparticles on a Silica Nanoparticle Core for Surface-Enhanced Raman Scattering Sensing. ACS Appl. Nano Mater. 2023,
6,23469-23476. [CrossRef]

Reach, G.; Wilson, G.S. Can continuous glucose monitoring be used for the treatment of diabetes. Anal. Chem. 1992,
64, 381A-386A.

Pham, X.-H.; Seong, B.; Hahm, E.; Huynh, K.-H.; Kim, Y.-H,; Kim, J.; Lee, S.H.; Jun, B.-H. Glucose detection of 4-
mercaptophenylboronic acid-immobilized gold-silver core-shell assembled silica nanostructure by surface enhanced Raman
scattering. Nanomaterials 2021, 11, 948. [CrossRef] [PubMed]

Meyer, M.; Wohlfahrt, G.; Knéblein, J.; Schomburg, D. Aspects of the mechanism of catalysis of glucose oxidase: A docking,
molecular mechanics and quantum chemical study. J. Comput. Aided Mol. Des. 1998, 12, 425-440. [CrossRef]

Wang, Z.; Yang, H.; Wang, M.; Petti, L.; Jiang, T.; Jia, Z.; Xie, S.; Zhou, ]J. SERS-based multiplex immunoassay of tumor markers
using double SiO,@ Ag immune probes and gold-film hemisphere array immune substrate. Colloids Surf. A Physicochem. Eng.
Asp. 2018, 546, 48-58. [CrossRef]

Hong, D.; Jo, E.-].; Jung, C.; Kim, M.-G. Absorption-Modulated SiO,@ Au Core-Satellite Nanoparticles for Highly Sensitive
Detection of SARS-CoV-2 Nucleocapsid Protein in Lateral Flow Immunosensors. ACS Appl. Mater. Interfaces 2022, 14, 45189-45200.
[CrossRef]

Jia, X.; Wang, K.; Li, X,; Liu, Z.; Liu, Y; Xiao, R.; Wang, S. Highly sensitive detection of three protein toxins via SERS-lateral flow
immunoassay based on SiO,@ Au nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2022, 41, 102522. [CrossRef]

Wu, L,; Li, G,; Xu, X,; Zhu, L.; Huang, R.; Chen, X. Application of nano-ELISA in food analysis: Recent advances and challenges.
TrAC Trends Anal. Chem. 2019, 113, 140-156. [CrossRef]

Ebeid, N.; El-Shershaby, H.M.; Shafik, H.; Moustafa, K. Establishment of liquid phase double antibody radioimmunoassay system
for in-vitro determination of erythropoietin hormone in human serum. J. Radioanal. Nucl. Chem. 2023, 332, 3103-3112. [CrossRef]
Tomas, A.L.; de Almeida, M.P; Cardoso, E; Pinto, M.; Pereira, E.; Franco, R.; Matos, O. Development of a gold nanoparticle-based
lateral-flow immunoassay for pneumocystis pneumonia serological diagnosis at point-of-care. Front. Microbiol. 2019, 10, 2917.
[CrossRef]

Chang, H.; Kang, H.; Ko, E.; Jun, B.-H.; Lee, H.-Y.; Lee, Y.-S.; Jeong, D.H. PSA detection with femtomolar sensitivity and a broad
dynamic range using SERS nanoprobes and an area-scanning method. Acs Sens. 2016, 1, 645-649. [CrossRef]

Rawla, P. Epidemiology of prostate cancer. World J. Oncol. 2019, 10, 63. [CrossRef] [PubMed]

Ohori, M.; Wheeler, TM.; Dunn, ].K.; Stamey, T.A.; Scardino, P.T. The pathological features and prognosis of prostate cancer
detectable with current diagnostic tests. J. Urol. 1994, 152, 1714-1720. [CrossRef]

Pham, X.-H.; Hahm, E.; Kim, T.H.; Kim, H.-M.; Lee, S.H.; Lee, Y.-S.; Jeong, D.H.; Jun, B.-H. Adenosine triphosphate-encapsulated
liposomes with plasmonic nanoparticles for surface enhanced Raman scattering-based immunoassays. Sensors 2017, 17, 1480.
[CrossRef]

Wicki, A.; Witzigmann, D.; Balasubramanian, V.; Huwyler, ]. Nanomedicine in cancer therapy: Challenges, opportunities, and
clinical applications. J. Control. Release 2015, 200, 138-157. [CrossRef] [PubMed]

Bozzuto, G.; Molinari, A. Liposomes as nanomedical devices. Int. |. Nanomed. 2015, 10, 975-999. [CrossRef]

Pham, X.-H.; Hahm, E.; Kim, TH.; Kim, H.-M.; Lee, S.H.; Lee, Y.-S.; Jeong, D.H.; Jun, B.-H. Enzyme-catalyzed Ag growth on Au
nanoparticle-assembled structure for highly sensitive colorimetric immunoassay. Sci. Rep. 2018, 8, 6290. [CrossRef]

Chen, K.; Ma, B.; Li, J.; Chen, E; Xu, Y,; Yu, X;; Sun, C.; Zhang, M. A rapid and sensitive europium nanoparticle-based lateral flow
immunoassay combined with recombinase polymerase amplification for simultaneous detection of three food-borne pathogens.
Int. J. Environ. Res. Public Health 2021, 18, 4574. [CrossRef]

Singh, J.; Sharma, S.; Nara, S. Evaluation of gold nanoparticle based lateral flow assays for diagnosis of enterobacteriaceae
members in food and water. Food Chem. 2015, 170, 470-483. [CrossRef]

Liu, H,; Cao, J.; Ding, S.-N. Simultaneous detection of two ovarian cancer biomarkers in human serums with biotin-enriched
dendritic mesoporous silica nanoparticles-labeled multiplex lateral flow immunoassay. Sens. Actuators B Chem. 2022, 371, 132597.
[CrossRef]


https://doi.org/10.1021/acsanm.2c04662
https://doi.org/10.3390/nano11102748
https://doi.org/10.3390/ijms21114048
https://doi.org/10.1016/j.jiec.2019.11.030
https://doi.org/10.1021/am502435x
https://www.ncbi.nlm.nih.gov/pubmed/24988366
https://doi.org/10.1021/acsanm.3c04843
https://doi.org/10.3390/nano11040948
https://www.ncbi.nlm.nih.gov/pubmed/33917868
https://doi.org/10.1023/A:1008020124326
https://doi.org/10.1016/j.colsurfa.2018.02.069
https://doi.org/10.1021/acsami.2c13303
https://doi.org/10.1016/j.nano.2022.102522
https://doi.org/10.1016/j.trac.2019.02.002
https://doi.org/10.1007/s10967-023-09011-2
https://doi.org/10.3389/fmicb.2019.02917
https://doi.org/10.1021/acssensors.6b00053
https://doi.org/10.14740/wjon1191
https://www.ncbi.nlm.nih.gov/pubmed/31068988
https://doi.org/10.1016/S0022-5347(17)32369-8
https://doi.org/10.3390/s17071480
https://doi.org/10.1016/j.jconrel.2014.12.030
https://www.ncbi.nlm.nih.gov/pubmed/25545217
https://doi.org/10.2147/IJN.S68861
https://doi.org/10.1038/s41598-018-24664-w
https://doi.org/10.3390/ijerph18094574
https://doi.org/10.1016/j.foodchem.2014.08.092
https://doi.org/10.1016/j.snb.2022.132597

Nanomaterials 2024, 14, 268 21 of 21

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Kim, H.-M.,; Kim, J.; An, J.; Bock, S.; Pham, X.-H.; Huynh, K.-H.; Choi, Y.; Hahm, E.; Song, H.; Kim, J.-W. Au-Ag assembled on
silica nanoprobes for visual semiquantitative detection of prostate-specific antigen. J. Nanobiotechnol. 2021, 19, 73. [CrossRef]
He, ].; Zhu, S.; Zhou, J.; Jiang, W.; Yin, L.; Su, L.; Zhang, X.; Chen, Q.; Li, X. Rapid detection of SARS-CoV-2: The gradual boom of
lateral flow immunoassay. Front. Bioeng. Biotechnol. 2023, 10, 1090281. [CrossRef]

Yu, K.N.; Lee, S.-M.; Han, ].Y.; Park, H.; Woo, M.-A.; Noh, M.S.; Hwang, S.-K.; Kwon, J.-T.; Jin, H.; Kim, Y.-K. Multiplex targeting,
tracking, and imaging of apoptosis by fluorescent surface enhanced Raman spectroscopic dots. Bioconj. Chem. 2007, 18, 1155-1162.
[CrossRef]

Lee, S.; Chon, H.; Yoon, S.-Y,; Lee, EK.; Chang, S.-I.; Lim, D.W.; Choo, J. Fabrication of SERS-fluorescence dual modal nanoprobes
and application to multiplex cancer cell imaging. Nanoscale 2012, 4, 124-129. [CrossRef]

Zavaleta, C.L.; Garai, E.; Liu, ].T,; Sensarn, S.; Mandella, M.].; Van de Sompel, D.; Friedland, S.; Van Dam, J.; Contag, C.H.;
Gambhir, S.5. A Raman-based endoscopic strategy for multiplexed molecular imaging. Proc. Natl. Acad. Sci. USA 2013,
110, E2288-E2297. [CrossRef]

Jeong, S.; Kim, Y.-i.; Kang, H.; Kim, G.; Cha, M.G.; Chang, H.; Jung, K.O.; Kim, Y.-H.; Jun, B.-H.; Hwang, D.W. Fluorescence-Raman
dual modal endoscopic system for multiplexed molecular diagnostics. Sci. Rep. 2015, 5, 9455. [CrossRef]

Kang, H.; Jeong, S.; Jo, A.; Chang, H.; Yang, ] K; Jeong, C.; Kyeong, S.; Lee, YW.; Samanta, A.; Maiti, K.K. Ultrasensitive
NIR-SERRS Probes with Multiplexed Ratiometric Quantification for In Vivo Antibody Leads Validation. Adv. Healthc. Mater. 2018,
7,1700870. [CrossRef]

Du, M.; Chen, D.; Chen, Y.; Huang, Y;; Ma, L.; Xie, Q.; Xu, Y.; Zhu, X,; Chen, Z,; Yin, Z. Plasmonic gold nanoshell-assisted
laser desorption/ionization mass spectrometry for small-biomolecule analysis and tissue imaging. ACS Appl. Nano Mater. 2022,
5,9633-9645. [CrossRef]

Zhou, S.; Wu, D,; Yin, X;; Jin, X.; Zhang, X.; Zheng, S.; Wang, C.; Liu, Y. Intracellular pH-responsive and rituximab-conjugated
mesoporous silica nanoparticles for targeted drug delivery to lymphoma B cells. J. Exp. Clin. Cancer Res. 2017, 36, 24. [CrossRef]
Fortuni, B.; Inose, T.; Ricci, M.,; Fujita, Y.; Van Zundert, I.; Masuhara, A.; Fron, E.; Mizuno, H.; Latterini, L.; Rocha, S. Polymeric
engineering of nanoparticles for highly efficient multifunctional drug delivery systems. Sci. Rep. 2019, 9, 2666. [CrossRef]

He, M,; Qin, Z,; Liang, X.; He, X.; Zhu, B.; Lu, Z.; Wei, Q.; Zheng, L. A pH-responsive mesoporous silica nanoparticles-based drug
delivery system with controlled release of andrographolide for OA treatment. Regen. Biomater. 2021, 8, rbab020. [CrossRef]

Cui, M.; Liu, S.; Song, B.; Guo, D.; Wang, J.; Hu, G.; Su, Y.; He, Y. Fluorescent silicon nanorods-based nanotheranostic agents for
multimodal imaging-guided photothermal therapy. Nano-Micro Lett. 2019, 11, 73. [CrossRef]

Tang, H.; Chen, C.-].; Huang, Z.; Bright, ].; Meng, G.; Liu, R.-S.; Wu, N. Plasmonic hot electrons for sensing, photodetection, and
solar energy applications: A perspective. J. Chem. Phys. 2020, 152, 220901. [CrossRef]

Kang, E.J.; Baek, YM.; Hahm, E.; Lee, S.H.; Pham, X.-H.; Noh, M.S.; Kim, D.-E.; Jun, B.-H. Functionalized 3-cyclodextrin
immobilized on Ag-embedded silica nanoparticles as a drug carrier. Int. J. Mol. Sci. 2019, 20, 315. [CrossRef]

Kang, H.; Jeong, S.; Koh, Y.; Geun Cha, M.; Yang, J.-K.; Kyeong, S.; Kim, J.; Kwak, 5.-Y.; Chang, H.-J.; Lee, H. Direct identification
of on-bead peptides using surface-enhanced Raman spectroscopic barcoding system for high-throughput bioanalysis. Sci. Rep.
2015, 5, 10144. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s12951-021-00817-4
https://doi.org/10.3389/fbioe.2022.1090281
https://doi.org/10.1021/bc070011i
https://doi.org/10.1039/C1NR11243K
https://doi.org/10.1073/pnas.1211309110
https://doi.org/10.1038/srep09455
https://doi.org/10.1002/adhm.201700870
https://doi.org/10.1021/acsanm.2c01850
https://doi.org/10.1186/s13046-017-0492-6
https://doi.org/10.1038/s41598-019-39107-3
https://doi.org/10.1093/rb/rbab020
https://doi.org/10.1007/s40820-019-0306-9
https://doi.org/10.1063/5.0005334
https://doi.org/10.3390/ijms20020315
https://doi.org/10.1038/srep10144

	Introduction 
	Optical Properties of Metal-Embedded Silica Nanoparticles 
	Monometal-Embedded Silica NPs 
	Au-Embedded Silica NPs 
	Ag-Embedded Silica NPs 

	Bimetal-Embedded Silica NPs 

	Biological Applications of Metal-Embedded Silica Nanoparticles 
	Nanozyme 
	Sensing and Detection 
	Hazardous Substance Detection 
	Biomarker Detection 

	Bioimaging 
	Drug Carriers and Photothermal Therapy 
	Molecule Screening 

	Conclusions 
	References

