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a

Keying Xu,? Jing Li
and Xiaoquan Lu

Qingyi Han,? Dingding Zhang,? Libing Zhang,® Zhen Zhang © *?
b

The rapid and sensitive surface-enhanced Raman scattering (SERS) detection of molecular biomarkers from
real samples is still a challenge because the intrinsically trace analytes may have a low molecular affinity for
metal surfaces. Herein, we develop a smart signal conversion and amplification strategy based on silver—
gold-silica core-satellite structure nanoparticles (Ag@Au@SiO, NPs) to sensitively detect low adsorptive
vitamin E using SERS, which has been considered a biomarker of neuromuscular disorders when its abnor-
mal content is measured in the serum of patients. Through the reducibility of vitamin E, Ag™ ions are rapidly
reduced to Ag atoms, resulting in the epitaxial growth of Ag nanocrystals on gold nanoparticles forming sat-
ellite particle—particle gap-narrowed Ag@Au@SiO, NPs. The generated strong plasmonic field dramatically
enhances the Raman signal of the Raman reporter molecule 4-aminothiophenol (4-ATP) and the detected
vitamin E molecules at an estimated level of 58.19 nmol L™%. The sensitivity of this operational SERS strategy
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1. Introduction

The rapid and sensitive detection of molecular biomarkers
from body fluids, such as urine, saliva, phlegm, and blood, is
of great significance in understanding the physiological and
pathological states of an individual and provides an important
strategy for disease diagnosis and monitoring." Currently,
general analytical techniques, such as gas chromatography
(GC),>* gas chromatography-mass spectrometry (GC-MS),*”
colorimetry,® and fluorescence spectrometry, have been
employed to measure biomarkers.””® A challenge arises when it
comes to detecting low concentrations of biomarkers in body
fluids, wherein the biomarkers are generally submerged or
contained in diverse chemical compositions and even
biomacromolecules.”™"

To achieve the goal of ultra-sensitively detecting and moni-
toring biomarkers, a promising alternative detection approach
has been developed with the aim of amplifying the detectable
signal via adopting innovative and powerful signal generation
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provides tremendous prospects for the screening of neuromuscular disorders.

tags.">"> Recently, several sensing schemes, such as photo-

electron chemical (PEC) assays,'®'” resonance light scattering
(RLS) technology,'®>' and SERS, have been investigated to
obtain the target molecular information.*>** Among all of
them, with the surface plasmon phenomena of noble metal
nanostructures, SERS is considered the most ideal technique
that provides fingerprint vibrational information with ultra-
high sensitivity, specificity, and anti-interference capability.*®
For example, Wu et al. designed SERS probes with Au
nanostar@Raman reporter@silica sandwich nanoparticles to
ultrasensitively detect the neuron-specific enolase (NSE) bio-
marker in blood plasma via the Au nanostar, which generates
a strong plasmonic field to amplify the SERS signal of the
Raman reporter molecules.”® In our previous work, we com-
bined a bionic antenna structure with the pregrafted Raman-
active probe molecule 4-ATP for the SERS detection of gaseous
molecules, where gaseous aldehyde molecules flowing in the
dendritic surface could participate in a sufficient nucleophilic
addition reaction with 4-ATP.>” Notably, such sensitive detec-
tion of analytes commonly requires sensing schemes where
the target molecules are absorbed on a SERS substrate or by
chemical bonding. The process of absorption and chemical
bonding, therefore, is critical to the detection limit of the ana-
lytes. However, these may not exhibit impressive performance
in detecting low-concentration molecular markers because
many biomarkers are Raman weak and are hardly absorbed or
fixed on solid substrates. A classic example is vitamin E, which
is present in levels above 1.16 mmol L™" in serum, and has

This journal is © The Royal Society of Chemistry 2022
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been identified as a biomarker for neuromuscular disorders
(including spinal cerebellar syndrome with peripheral nerve
involvement and Alzheimer’s disease).’®**? Recently, GC,*
fluorescence detection (FLD),>* GC-MS,** and electrochemical
methods®® have been used to detect vitamin E. However, the
general analytical methods generally require complex analyti-
cal procedures or time-consuming processes and yield insensi-
tive detection. Therefore, it is highly desirable to design a con-
venient, highly sensitive, and selective analytical strategy for
determining vitamin E in complex biological systems.

Unlike prior methods, this article reports a smart signal
conversion and amplification concept to design a silver-gold-
silica core-satellite nanostructure, amplifying the Raman
signal of the Raman reporter molecules for the SERS detection
of vitamin E. Herein, the signal nano-transducer of gold-silica
core-satellite nanoparticles (Au@SiO, NPs) were synthesized by
the in situ growth of gold nanoparticles on silica dioxide nano-
particle cores. Due to the close match of lattice constants (f =
0.2%), the dispersed gold nanoparticles can readily act as
heterogeneous nucleation sites for the fast epitaxial growth of
silver nanocrystals.>* When vitamin E is present in the alkaline
solution, their phenolic groups convert to a quinone structure,
which rapidly reduces Ag" ions to Ag atoms, forming satellite
particle-particle gaps (i.e., hotspots) narrowed Ag@Au@SiO,
NPs. With the generated strong plasmonic field, the Raman
signal of 4-ATP, which was chosen as the Raman reporter
molecule, is dramatically amplified and realizes the signal con-
version and indirect detection of vitamin E molecules at a level
of nmol L™". This SERS detection based on the plasmon coup-
ling effect using the concept of signal conversion and amplifi-
cation has the characteristics of being fast, easy, and cost-
effective, which has obvious potential in biological appli-
cations for vitamin E-associated disease monitoring and clini-
cal diagnostics.

2. Experimental
2.1 Synthesis of NH,-functionalized SiO, NPs

The SiO, spheres were prepared following the improved Stober
method.* Firstly, 2.3 mL tetraethyl orthosilicate (TEOS) was
mixed with 60 mL ethanol, and 1 mL water and 3 mL
ammonia solution were then added. After stirring for 6 h at
25 °C, the products were centrifuged, washed with ethanol and
water, and then dried to obtain SiO, solid. Lastly, 100 pL
(3-aminopropyl) triethoxysilane (APTES) was added to the SiO,
dispersion (10 mL, 10 mg mL™"), and the reaction solution was
stirred for 12 h at 25 °C to obtain NH,-functionalized SiO, NPs
(NH,-SiO, NPs).

2.2 Synthesis of Au@SiO, NPs

Au@SiO, NPs were synthesized by the in situ growth method.*®
Briefly, NH,-SiO, powder (200 mg) was dispersed in 20 mL
water to form a uniform solution. Subsequently, gold (i) chlor-
ide trihydrate solution (HAuCl,) (2.0 mL, 20 mmol L") was
added slowly into the NH,-SiO, solution. After that, freshly pre-

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

pared sodium borohydride solution (NaBH,) (30 mL, 10 mmol
L") was added to the above mixed solution and reacted for
3 h at 25 °C. Finally, the resultant Au@SiO, NPs were washed
with ethanol and water three times and redispersed in 10 mL
ethanol for further use.

2.3 Synthesis of Ag@Au@SiO, NPs

Ag@Au@SiO, NPs were synthesized by reducing AgNO; with
vitamin E in the presence of polyvinyl pyrrolidone (PVP).
Briefly, the previously synthesized Au@SiO, NPs were dis-
persed in a 700 pL PVP solution. 100 pL silver nitrate solution
(AgNO;) and 10 pL sodium hydroxide (NaOH) were added to
the solution. The reaction solution was heated at 37 °C for
3 min, after which 100 pL vitamin E solution was added to the
solution and maintained for 1 h at 37 °C until a brown solu-
tion was formed. Finally, Ag@Au@SiO, NPs were obtained by
centrifugation and washed with ethanol to remove the excess
solvent in the system. The obtained Ag@Au@SiO, NPs were
redispersed in ethanol.

2.4 SERS detection of vitamin E

The SERS spectra were collected using a Thermo Fisher
Raman spectrometer (DXR2xi, USA). The excitation wavelength
was 532 nm and the exposure time was 2 s. 4-ATP was selected
as a standard Raman reporter to detect vitamin E. The Raman
peaks of 4-ATP at 1079, 1136, 1436 and 1571 cm™' could be
observed by SERS. Briefly, 5 pL of Ag@Au@SiO, NPs were
dropped vertically onto a clean glass sheet, followed by the
addition of 5 pL 4-ATP (10 mmol L") after the sample was
completely dried to collect the SERS signal.

2.5 Finite-different time-domain (FDTD) simulation

The FDTD simulation calculations were performed by FDTD
solutions (version 8.15736, Lumerical Solutions, Inc., USA) to
simulate the electric-field energy density distribution of the
Ag@Au@SiO, NPs. The illumination source was a Bloch/peri-
odic plane-wave of wavelength 900 nm with z-axis injection
and an amplitude of 1. The mesh type was uniform. Periodic
boundary conditions were set for the x and y directions, and
perfectly matched layer boundary conditions were set for the
z-direction. A monitor was set behind the plane-wave source to
ensure the correct measurement of the reflected waves. Time
monitors were added to exhibit the light evolution inside the
models. A cross-sectional electric field monitor was placed at
the cross-section plane to analyze the electric field intensity
distribution inside the models. The nanoparticle sizes and
shapes in the FDTD simulations were obtained from trans-
mission electron microscopy (TEM) images.

3. Results and discussion
3.1 Design and synthesis of Ag@Au@SiO, NPs

SERS is a highly sensitive and specific sensing technique in
which Raman signals of analyte molecules are greatly
enhanced by several orders of magnitude when the analytes
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are adsorbed at or very close to nanostructured noble metal
surfaces such as Ag and Au. It is generally considered that the
Raman signal enhancement mainly depends on the amplifica-
tion of the local electromagnetic (EM) fields associated with
the plasmon excitation in the noble metal. According to classi-
cal electromagnetism, the corresponding SERS enhancement
can be well evaluated in the |E|*-approximation, where E is the
local electric field intensity.’” As the electric field strength
depends strongly on the gap distance, the EM field amplitude
has an approximate inverse gap dependence, resulting in the
extension of a typical SERS hotspot lying in the 2-10 nm
range.>®?° Therefore, specific and accurate manipulation of
the nano-sized hotspots via well-designed Ag or Au nano-
structures is crucial for achieving ultrahigh SERS intensity.
The synthesized nanostructures act as active substrates for
SERS detection, while the synthesis process also provides a
potential method for molecular detection. In particular, the
molecule involved in a synthesis process directly influences
the local electric field intensity by controlling noble metal
nanostructures. This unique characteristic of the molecule
results in electromagnetically enhanced signals via the “nano-
transducer”, enabling the sensitive SERS detection of the
corresponding molecule.

The fabrication of the smart plasmonic nano-transducers
and their SERS sensing mechanism is schematically illustrated
in Scheme 1. Au@SiO, NPs were synthesized by the in situ
growth of gold nanoparticles on SiO, nanoparticle (SiO, NP)
cores. In the alkaline ethanol solution, since the phenolic
groups of vitamin E can be easily oxidized into quinone struc-
tures, vitamin E shows strong reducibility, which can transfer
electrons to Ag" ions for the formation of Ag atoms. As the
lattice mismatch factor between Au and Ag is 0.2%, the
obtained Ag atoms in the solution prefer to epitaxially grow on
the surface of the Au “seed”. The growth of core-satellite struc-
tures can be achieved by tuning the synthesis parameters such
as AgNO; concentration, NaOH concentration, and reaction
time. After the injection of AgNO; solution, a characteristic
absorption peak appearing around 423 nm in the ultraviolet-
visible absorption (UV-vis) spectrum suggests that the uniform
growth of the Ag shell on top of the gold satellite/nanoparticles
(Au NPs) effectively modulates the plasmonic properties of the
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Scheme 1 Schematic illustration of the detection process.
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Ag@Au@SiO, NPs. With the increase of AgNO; concentration,
the peak at 423 nm of the optical response reaches the
maximum value at 10 mmol L™", matching well with the gener-
ated core-satellite structures where the NPs are uniformly dis-
tributed on the Au NPs (Fig. 1a), while further increasing the
Ag precursor causes a decline of the peak at 423 nm. This
result is due to the Ag atoms growing into large Ag NPs and
the satellite particles growing big and irregular crystals on the
Si0, NPs (Fig. S11).% It is also found that NaOH concentration
and reaction time would affect the formation of core-satellite
structures. An investigation into the synthesis of Au@Ag@SiO,
NPs at different NaOH concentrations and reaction times was
conducted. As shown in Fig. 1b and c, when the NaOH concen-
tration is 40 mmol L™" and the reaction time is 60 min, the
characteristic absorbance near 423 nm in the UV-vis absorp-
tion spectra reached the maximum (Fig. S2 and S37), indicat-
ing the fabrication of uniform and well-defined Ag@Au@SiO,
NPs.

3.2 Characterization of Ag@Au@SiO, NPs

The morphology and synthesis intermediates of the
Ag@Au@SiO, NPs are shown in Fig. 1d and Fig. S5, S6.1 The
outer surface of the SiO, NPs was firstly modified with amino
groups by introducing APTES, following by the in situ growth
of Au NPs to produce well-defined Au@SiO, NPs. The Fourier
transform infrared (FT-IR) spectra shows that the presence of
-NH, groups on the surface of SiO, NPs provides a large
number of Au NP anchoring sites (Fig. S4t). The diameter of
the SiO, core is 85 nm (Fig. S51) and the diameter of the Au
NPs is about 6 nm (Fig. S6T). Then, Ag NPs epitaxially grow on
the outer surface of the Au NPs to produce Ag@Au@SiO, NPs.
The fabricated Ag@Au@SiO, NPs consist of large numbers of
satellite nanoparticles with a mean diameter of 10.5 nm
(Fig. S7t), as shown in the HRTEM of Fig. 1d. During the reac-
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Fig. 1 (a) UV-vis spectra of the Ag@Au@SiO, NPs at different AQNO
concentrations ranging from 0 mmol L™ to 14 mmol L™, (b) Histogram
of the Ag@Au@SiO, NPs with increasing NaOH concentration. (c) Line
chart of the Ag@Au@SiO, NPs at different times. (d) High-resolution
transmission electron microscopy (HRTEM) image of the Ag@Au@SiO,
NPs. (e and f) Elemental mapping images of Si, O, Au and Ag in the
Ag@Au@SiO, NPs. Scale bars in (f) are 10 nm.
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tion, Ag atoms aggregate to grow along the Au NP surface,
which is proved by the UV-vis spectrum. As shown in Fig. S8,}
the characteristic absorption peaks of Au NPs (523 nm) and Ag
NPs (423 nm) appear simultaneously in the UV-vis spectra of
the Ag@Au@SiO, NPs. The HRTEM image collected from the
satellite structure (Fig. S97) clearly displays lattice spacings of
0.236 nm and 0.206 nm, which are consistent with the (111)
planes and (001) planes of the face-centered cubic (fcc) struc-
ture. They could be considered as a metal alloy of Ag and Au
atoms.*** The images of elemental mapping (Fig. 1e and f)
show strong Au and Ag signals within uniform regions on the
SiO, surface, which further confirms the successful fabrication
of the Ag@Au@SiO, NPs. The XPS spectra of the Ag@Au@SiO,
NPs in Fig. S10 and S117 reveal that both Au and Ag existed in
the metallic state, which is consistent with previous reports in
the literature.*>**

3.3 Electromagnetic field enhancement

To better explore the geometric structure of nanogaps and the
SERS enhancement mechanism, the FDTD method was
employed to study the electric field distribution for the
Au@SiO, NPs and Ag@Au@SiO, NPs using the software for
FDTD solutions. Characterized by many nanometer-sized
intra-satellite gaps on the surface of the SiO, core, the
Ag@Au@SiO, NPs exhibit dramatically increased local electro-
magnetic fields. The simulations were constructed according
to the TEM and HRTEM images under optimal conditions. As
depicted from the x-y view of the electric field distribution,
hot spots are densely distributed in the two simulation models
(Fig. 2a and b).

The localized electromagnetic field intensity at the
Ag@Au@SiO, NPs (E; ~ 126) is much stronger than at the
Au@SiO, NPs (E, ~ 30). Obviously, the local electromagnetic
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Fig. 2 FDTD simulations of the EM field distribution of (a) Au@SiO, NPs
and (b) Ag@Au@SiO, NPs. (c) Schematic diagram of the detection
process of 4-ATP as a Raman reporter molecule. (d) SERS spectra of
blank, Au@SiO, and Ag@Au@SiO, NPs used as the nano-transducer
when 4-ATP was used as a Raman reporter. (e) Corresponding to the
SERS intensity distribution at 1079 cm™™. (f) SERS spectra of 10 mmol L™
4-ATP measured at 15 different points on the Ag@Au@SiO, NPs nano-
transducer randomly selected.
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field shows a strong plasmon resonance effect benefiting from
the hot spot effect near/within the nanogaps between adjacent
satellite NPs on the Ag@Au@SiO, NPs (Fig. 2c). The simulated
enhancement factor (EF) for the Ag@Au@SiO, NPs under exci-
tation is estimated to be 1.59 x 10" using the EF « |E|* approxi-
mation, which is much higher than that of the Au@SiO, NPs,
demonstrating the critical role of the narrowed nanogap dis-
tance with the strong electromagnetic field. This reductant
molecule-induced signal/electromagnetic field amplification
strategy can be used for the detection of the corresponding
reductant molecules.

3.4 SERS detection of vitamin E

The SERS performance and stability of Ag@Au@SiO, NPs as a
substrate were evaluated. The signal intensity of the Raman
spectrum of these Ag@Au@SiO, samples enhances signifi-
cantly, implying the large Raman enhancement of the
Ag@Au@SiO, core-satellite structure. Typically, with 100 pmol
L™ of 4-ATP, the characteristic Raman peak intensity at
1079 em ™" is enhanced about 600 times and 200 times com-
pared to that of the blank SERS base and Au@sSiO, NPs,
respectively (Fig. 2d). The calculated EF is as high as 1.6 x 10°
(details are shown in the ESIT). It is lower than the simulated
enhancement factor of a single Ag@Au@SiO, NP (at 633 nm),
which might be attributed to the charge transfer between
4-ATP and the substrate surface.”” The Raman peak intensity
on the Ag@Au@SiO, NPs exhibits good signal reproducibility.
The corresponding relative standard deviation (RSD) value of
the 4-ATP peak intensity at 1079 c¢cm™' is about 5.26%,
obtained by comparing 15 independent SERS spectra collected
from different spots at the AG@Au@SiO, NPs (Fig. 2e and f).
To investigate the feasibility of the signal conversion and
electromagnetic field amplification concept for the SERS
detection of vitamin E, the Raman-active probe molecule
4-ATP was selected and recorded (Fig. 3), wherein the Raman
characteristic peak intensity is controlled by the topology of
the core-satellite structure. To quantitatively evaluate the exist-
ence of vitamin E, the SERS spectra of 4-ATP (10 mmol L)
were collected as a function of vitamin E concentration from
0.1 to 180 pmol L™". As shown in Fig. 3a, the main character-
istic Raman bands that are located at 1079, 1136, 1436, and
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Fig. 3 (a) SERS spectra of 4-ATP in the presence of vitamin E with
different concentrations (from 0.1 pmol L™ to 180 umol L™). (b) The
calibration curve between the Raman intensity response obtained at
1079 cm™ and different concentrations of 4-ATP (from 0.1 umol L™* to
100 pmol L™Y).
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Table 1 Determination of vitamin E concentration in human serum
samples

Serum Add Found Recovery RSD
sample® (pmol L) (pmol L™Y) (%) (%) N=3
1 10 9.51 95.10 3.29
9.47 94.70
10.04 100.40
2 20 20.96 104.80 4.33
19.49 97.45
19.44 97.20

“The real serum samples were obtained from the First Teaching
Hospital of Tianjin University of Traditional Chinese Medicine,
Tianjin.

1571 cm™" are consistent with previously reported experimental
and theoretical results. The strength of the Raman signal col-
lected from the Ag@Au@SiO, NPs weakens gradually with the
decrease of vitamin E concentration, but the Raman signal is
still clearly recognized even at a concentration of 0.1 pmol L™".
The Raman peak intensity shows a linear rise with an increasing
concentration of vitamin E until 100 pmol L™, Typically, the
Raman intensity of 1079 em™" (I1970) has a linear relationship
(R* = 0.997) with the concentration of vitamin E (Fig. 3b). The
detection limit (36/k) for vitamin E is 58.19 nmol L™, much
lower than the normal vitamin E level in the human body.
Additionally, the detection method exhibits a high degree of
anti-interference, largely due to the specific alkaline ethanol
reaction system. The selectivity of this platform was evaluated by
examining other potential interfering factors, including
common proteins and amino acids in serum, like lysine (Lys),
histidine (His), phenylalanine (Phe), r-cysteine (Cys), and valine
(val). As shown in Fig. S12,} except for vitamin E, the character-
istic Raman peak intensity at 1079 cm™" for other analytes dis-
played no apparent enhancement.

3.5 Detection of vitamin E in the serum samples

To assess the applicability of this newly developed strategy for
real samples, different concentrations of vitamin E (10 pmol L™
and 20 pmol L7') were added to diluted serum samples as
models for the detection of real samples. The SERS spectra and
statistical analysis of the peak intensity at 1079 cm™ can be
obtained in Table 1. The measured vitamin E concentration is
close to the actual concentration. The average recovery of vitamin
E and the RSD were calculated to quantitatively evaluate the per-
formance of the method. As shown in Table 1, the measured con-
centration of vitamin E is close to the standard concentration,
and the recovery is from 94.70% to 104.80%. These results indi-
cate that the proposed detection system possesses good reliability
for the detection of vitamin E in clinical applications.

4. Conclusions

In summary, this work demonstrates an innovative Raman
signal conversion and amplification strategy for the ultra-
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sensitive and selective detection of molecular markers by
synthesizing a Ag@Au@SiO, NP nano-transducer. Benefitting
from the epitaxial growth of Ag nanocrystals on gold nano-
particles via the reduction reactions between vitamin E and
Ag" ions, the strong plasmonic field generated by the narrow-
ing of the satellite particle-particle gap is significantly
enhanced, and the vitamin E signal converted to the intense
Raman signal of the Raman reporter molecule 4-ATP, overcom-
ing the long-standing limitation wherein the analyte molecule
should absorb or fix on a surface for SERS detection. Through
the strong surface plasmon resonance generated from the
Ag@Au@SiO, NPs, the Raman signal of 4-ATP exhibits a
remarkable change to afford the detection limit of vitamin E at
the nmol L™" level. With the capability of selective and sensi-
tive SERS detection of vitamin E from serum, this strategy has
an observable potential in the diagnosis of preclinical neuro-
muscular disorders and reliable point-of-care tests. Our study
details also provide a deeper understanding and insight into
the signal conversion and amplification concept, which will
direct the design of other analyte molecule detection methods.
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