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SERS hotspot engineering using external field assembly of
a plasmonic magnetic nanocomposite with high sensitivity
and uniformity

By systematically studying the correlations between

the SERS EF and the external-magnetic field strength,
hotspot density, and probe molecular density, sensitive
magnetic, SERS platforms based on Fe,0,@Si0,@Au
nanocomposites are established. The incorporation of highly
efficient external field nanocomposites enables the dynamic
control of “hotspots” - the nanoscale gaps between metal
nanoparticles - a crucial factor in enhancing SERS.
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Surface-enhanced Raman scattering (SERS) is a pivotal analytical technique in sensing, yet it grapples with
challenges such as reproducibility, substrate stability, and hotspot uniformity. The use of highly effective
external field nanocomposites facilitates the dynamic manipulation of "hotspots”—the nanoscale gaps
between metal nanoparticles—which is critical for SERS enhancement. The gap between 4-
mercaptopyridine-modified (4-MPY) Fez0,@SiO,@Au nanocomposites (FA) can be precisely reduced by
applying an external magnetic field, resulting in up to a 30-fold increase in SERS signal intensity and an
8-39 times increase in the enhancement factor (EF). This approach markedly enhances SERS signal
uniformity, demonstrated by the relative standard deviation of the EF dropping from 59.15-9.44% to
28.70-1.14%. By systematically studying the correlations between the SERS EF and the external-

magnetic-field strength, hotspot density, and probe molecular density, sensitive magnetic, SERS
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Accepted 12th June 2024 platforms are established. The optimal hotspots occur in the magnetic field of 80 to 120 mT among the

FA-4MPY nanocomposites, as validated by COMSOL finite-element analysis simulations. These findings

DOI: 10.1039/d4ta02854f offer a nuanced understanding of magnetic SERS hotspot tuning, paving the way for precise and
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Introduction

Surface-enhanced Raman scattering (SERS) has proven to be an
indispensable tool in molecular detection, offering exceptional
sensitivity and precision within the expansive fields of chem-
istry, materials science, and life sciences." This technique,
known for its exquisite sensitivity and specificity, allows for the
detection of analytes at ultra-trace levels. Central to the SERS
mechanism is the excitation of localized surface plasmons upon
the irradiation of noble-metal nanoparticles, including gold
(Au), silver (Ag), or copper (Cu) nanoparticles.” Recent advances
in nanofabrication and a deepened understanding of plas-
monic phenomena have spurred a drive toward fusing SERS-
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active noble-metal nanoparticles with multifunctional mate-
rials, particularly magnetic nanocomposites enhancing both
the practicality and functionality of SERS-based assays.?

Magnetic nanocomposites adeptly fuse the superb plas-
monic qualities of noble-metal nanoparticles with magnetic
capabilities, consequently facilitating not only straightforward
molecular separation but also amplified spectroscopic detec-
tion. The inherent magnetism of these materials refines the
process of isolating and concentrating targeted analytes from
complex matrices, significantly improving detection accuracy
and minimizing background interference. The ability to reuse
magnetic nanoparticles (MNPs) not only promotes economic
efficiency but also aligns with ecological sustainability by
reducing both costs and the environmental impact.**® Despite
its potential, the practical application of magnetic SERS in real-
world scenarios is hampered by a trio of formidable challenges:
the inconsistent reproducibility across different batches,
concerns over substrate stability, and the inherent nonunifor-
mity of hotspot distribution."”

To address these issues, recent advances have shifted focus
toward the integration of plasmonic magnetic nanocomposites
with external fields to manipulate hotspot formation and posi-
tioning.® Hotspots, nanoscale gaps with significantly intensified
electromagnetic fields, are crucial for SERS effectiveness. These
hotspots, positioned in proximity to metallic nanostructures,
facilitate the substantial amplification of Raman signals from
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nearby molecules. Owing to magnetic attraction, the configu-
ration of hotspots on magnetic SERS substrates can be precisely
controlled, either through orderly arrangement or targeted
aggregation, thereby enhancing both the uniformity and
strength of the substrate signal and, consequently, optimizing
the SERS output.>”*''$2! This modulation is heavily influ-
enced by the spacing between MNPs, underscoring its signifi-
cance.' Although various hypotheses have been proposed to
explain how external magnetic fields bolster signal amplifica-
tion in magnetic SERS substrates, a unified and exhaustive
understanding is yet to be achieved. This highlights an imper-
ative and pressing need for in-depth investigations to demystify
the complex dynamics between magnetic-field modulation and
hotspot  activities within these intricate = magnetic
nanoarchitectures.

In this study, we introduce a novel approach that harnesses
the synergy of an external magnetic field and plasmonic
magnetic nanocomposites, specifically 4-mercaptopyridine (4-
MPY) modified Fe;0,@Si0,@Au nanocomposites (FA), to fine-
tune the assembly of hotspots with unparalleled precision.
Stereoscopic microscopy and statistical computational analysis
were employed to evaluate substrate distribution and hotspot
density. A finite-element model in COMSOL software elucidated
the magnetic field's impact on the electromagnetic distribution
across the metal surface. We investigated the effect of the
external magnetic field on SERS signal intensity and hotspot
distribution to establish a quantitative model for magnetic
control over hotspots. Our study clarifies the mechanism of
enhancement of SERS signals in external magnetic fields and
guides the generation of high-quality signals from magnetic
substrates.

Experimental
Materials

All the reagents were of analytical grade and were used without
further purification. 4-MPY, standard HAuCl,-4H,0 (>47.8%),
ethylene glycol (EG), and FeCl;-6H,0 were purchased from
Sinopharm Chemical Reagent Co. Anhydrous sodium citrate
(NazCt), sodium acetate (NaAc), tetraethyl orthosilicate (TEOS),
and ethanol were supplied by Aladdin Biochemical Technology.
Poly(dimethyl diallyl ammonium chloride) (PDDA) was
purchased from Sigma-Aldrich. NaCl was obtained from
Macklin Inc.

SERS spectra were acquired without any pre-treatment of the
samples using an ACCUMAN SR-510 portable Raman spec-
trometer (Ocean Optics, Shanghai, China) and a portable
Raman spectrometer (PERS-RZ1702B, Xiamen, China), with
a laser excitation wavelength of 785 nm. Transmission electron
microscopy (TEM) images and energy-dispersive X-ray spec-
troscopy (EDS) maps were obtained using a JEM-2100F (JEOL
Ltd) electron microscope. Ultraviolet-visible (UV-vis) spectra
were recorded using a SHIMADZU UV-2550 spectrophotometer.
White-light images were obtained using a SZ680 stereomicro-
scope (Chongqing Optec Instrument Co., Ltd).
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Fabrication of Fe;0,@SiO,@Au@PDDA (FAP)

The FA substrate synthesis method used was an improved
version of a method reported in the literature.> The prepared
FA substrate was added to a PDDA solution (30 mL) in a conical
flask, and then the flask was shaken for 20 min. The resultant
solid material was washed with deionized water six times to
obtain FAP.

Surface-enhanced Raman spectroscopy (SERS) measurements

FAP (0.5 mL) was mixed with a 10 uM 4-MPY solution (25 mL)
for 20 min, and then the supernatant was removed via magnetic
enrichment and washed with deionized water three times, fol-
lowed by the addition of deionized water (0.25 mL). The resul-
tant samples were used to perform three types of SERS
acquisitions. (1) The magnetic material (4 pL) was dropped onto
a Si slide, and the SERS signal was acquired directly, without the
application of an external magnet. (2) The magnetic material (4
uL) was dropped onto a Si slide and then magnetically enriched
such that the center of the droplet contained a high proportion
of the substrate particles, using magnets of different sizes
directly below the magnetic material. (3) Magnets of different
sizes were fixed directly below the Si slide, and then 4 uL of the
magnetic material was dropped onto the Si slide for detection.
In each case, a 785 nm laser with an excitation power of 10> mW
and an acquisition time of 3 s were used. The complete
substrate preparation and detection process is demonstrated in
Fig. 1.

COMSOL multiphysics simulation

To gain a deeper understanding of the near-field enhancement
produced by an applied magnetic field on noble-metal nano-
particle substrates, a finite-element analysis was performed
using COMSOL Multiphysics to examine the electromagnetic-
field distribution near the surfaces of the AuNPs before and
after the application of the magnetic field. The physical
phenomena were simulated by solving partial differential
equations. A 2 x 2 array model of the AuNPs (with a diameter of
20 nm) was created, and applied magnetic fields of 0.65 and
1.00 T were generated. The fluctuating optics and AC/DC
modules were used to study the effect of the external
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Fig. 1 Flow chart of magnetic substrate detection under external
magnetic force.
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magnetic field on the electromagnetic field of the Au nanosur-
face during irradiation with a 785 nm laser.

Mantel test analysis

A Mantel test was performed using the ggcor package in R
version 4.3.0 to analyze the correlation between EF and vari-
ables such as magnetic-field strength, area, GAP, hotspot
density and 4-MPY density. Experiments with different
magnetic fields strengths were conducted, and EF was calcu-
lated from spectral peak intensities. White-light images were
used to determine the magnetic substrate area, from which
GAP, hotspot density, and 4-MPY density were derived using the
formulae in the ESIL. 1 This data matrix was then used for Mantel
test analysis.

Results and discussion
Characterization of FA-4AMPY

The satellite-like FA substrate has Fe;O, as its magnetic core,
which is encapsulated within a silica shell to improve stability
and provide solid support for further growth and precious-
metal coating. AuNPs were used to modify the surface of the
magnetic microspheres through electrostatic interactions, and
the FA substrate was synthesized via layer-by-layer assembly.
The characterization of the FA substrate and its 4-MPY-probe-
molecule-modified surface is shown in Fig. 2. It is apparent
that the spherical AuNPs are uniformly modified on the surface
of the magnetic core, and the elemental mapping (Fig. 2e-h)
reveals that the Au and S are distributed in the areas around the
Fe, confirming the successful synthesis of the substrate mate-
rial with a satellite-like structure and successful 4-MPY
modification.

Effect of an applied magnetic field on the SERS signal

In our previous study, we found that applying external magnetic
fields to magnetic substrates amplified the SERS signals of the
probe molecules 2-3 fold.* Building on these findings, our
current investigation elucidates the mechanism of SERS hot-
spot engineering through external field assembly, which

Applied field (k)

250 nm 250 nm 250 nm 250 nm

Fig.2 (a—c) TEMimages of the FA substrate. (d) Magnetic hysteresis of
the FA substrate. (e) Scanning transmission electron microscopy
(STEM) map of the FA substrate. (f—h) Elemental maps of Fe and Au on
the substrate; the S distribution corresponds to the distribution of 4-
MPY.
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underlies the magnetic-field-induced enhancement of SERS
signals on these substrates. The experimental setup employed
a layer-assembled satellite-like plasmonic magnetic nano-
composite as the substrate, uniformly functionalized with 4-
MPY via gold-thiol bonds, as shown in Fig. 1. During the SERS
detection phase, magnets of varying magnetic strengths were
placed directly beneath the substrate material on the silicon
slide to fine-tune the magnetic-field distribution. This cali-
brated manipulation of the magnetic field is critical for preci-
sion engineering of SERS hotspots, enhancing the sensitivity
and accuracy of the detection process (Fig. 3).

By applying a 103 mT magnetic field using the control vari-
able method, we examined the effect of enrichment on the
detected signals (Fig. 4). Fig. 4d-f show the characteristic
Raman bands of 4-MPY molecules at 714, 1008, 1093, 1209, and
1570 cm ™', corresponding to ring breathing, C-S, C-H, and
C=C vibrations.>* The highest intensity band at 1093 cm ™' was
selected as the diagnostic band for quantifying the SERS signal.
Without a magnet, the intensity range for this band was 528-
819 a.u. After enrichment with a magnet, the detected signal
intensity range increased to 550-14530 a.u., and further
increased to 18 633-19 303 a.u. with the application of a 103 mT
magnetic field. Additionally, the relative standard deviation
(RSD) of the intensities at 1093 cm™ " decreased from 11.50% to
1.14%. The uniformity of SERS signals was approximately 10-
fold, and the signal intensity was approximately 27-fold higher
after modulating the substrate distribution with magnets,
consistent with previous reports."**** In the absence of
magnetic modulation, the widely separated nanoparticles
resulted in a scattered and inhomogeneous hotspot distribu-
tion. By contrast, the presence of an external magnetic field
decreased the spacing between the FA particles, leading to
plasma formation on the surface of the substrate and enhanced
electromagnetic fields between the AuNPs. Simultaneously, the
concentration of local probe molecules increased, amplifying
the presence of 4-MPY molecules within the nanogap. The
synergy of these two effects significantly enhances the SERS
signals.>*'1

32
929 Fe,0,@Si0,-Au

Hotspot

%= 4-MPY
LAY

Molecular

Magnetic field density

Fig. 3 Schematic showing the modulation of a magnetic SERS
substrate hotspot using an external magnetic field.
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Fig. 4 (a—c) Schematic of Raman signal generation, (d-f) acquired

Raman spectra, and (g—i) histograms of the intensities of the 1093
cm™ band (at 9-10 randomly detected spatial points for statistical
purposes), without an applied magnetic field (a, d, g), after enrichment
using magnets (b, e, h), and in the presence of a 103 mT magnetic field
(c, f.i).

Regulatory mechanism

Building upon the fundamental principles outlined by
Professor Kneipp from the Technische Universitit Berlin in
1999,* our research ventures into the nuances of SERS signal
enhancement and its modulation by various factors. Kneipp's
pivotal formula: P°*%5(vg) = Notys|A(vL)|*A(vs)|?|(vL) sheds light
on the multifaceted influences on SERS effectiveness. This
formula incorporates the intensity of the excitation light, I(v),
and the cross-sectional area of molecular adsorption,
o5, which can be increased by chemical enhancement. N is the
number of molecules involved in the SERS process. The EFs for
the laser and Raman scattering fields are denoted as A(vs) and
A(vy), respectively. Acknowledged by the scientific community,
this comprehensive equation underscores the SERS effect as
a collective impact of various parameters, including the elec-
tromagnetic attributes of the substrate and the quantity and
type of adsorbed molecules.”””® Our study examines these
integral components—hotspot density, probe molecular
density, and near-field enhancement—to gain a deeper under-
standing of their concerted influence on SERS intensity.

To investigate how the hotspot density and probe molecular
density affect the SERS signal, the distribution of the magnetic
substrate was observed before and after the application of a 103
mT magnetic field using a stereomicroscope. The results
showed that in the absence of the magnetic field the nano-
particles naturally dispersed, forming a region with a natural
drying area of 8.66 mm? (Fig. 5a and b). When subjected to the
magnetic field, the nanoparticles tended to coalesce as
a consequence of the numerous multidirectional forces, leading
to a diminution in the droplet's surface area to 1.34 mm?
(Fig. 5¢ and d). The satellite-like structure of the substrate
facilitates coupling between nanoparticles, thereby generating
multiple SERS hotspots. Quantitative analysis, presented in the
ESI,7 revealed a significant increase in particle densities
following magnetic-field exposure: FA particle density increased

17154 | J. Mater. Chem. A, 2024, 12, 17151-17157
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o5 4-MPY

Fig. 5 (a, c) White-light images of FA substrates with adsorbed 4-MPY
molecules before (a) and after (c) enrichment using a 103 mT magnetic
field. (b, d) Schematics of FA substrate distributions before (b) and after
(d) magnetic-field enrichment.

from 1.0 x 107 to 6.6 x 10’ mm >, SERS hotspot density from
2.1 x 107 to 1.3 x 10° mm 2, and probe molecule density from
6.9 x 10" to 4.5 x 10> mm > The escalation in hotspot and
probe molecule densities by two and one orders of magnitude,
respectively, emphasizes the magnetic field's role in nano-
particle assembly and subsequent SERS signal enhancement.
Exploration into the underlying mechanisms revealed that the
induction of particle centralization by the external magnetic
field decreased the inter-particle distances and increased the
hotspot density among the AuNPs. This condition is anticipated
to enhance the intensity of Raman signals, consistent with the
experimental findings and hypotheses in previous
studies.>”**"" The particle centralization coincided with an
increased concentration of probe molecules on the substrate
surface, thereby enhancing the presence of probes within the
interstitial spaces of the substrate and subsequently amplifying
the signal.® The empirical and analytical evidence collectively
showed a direct correlation between the enhanced densities of
hotspots and probe molecules with intensified SERS signals. A
white-light image of the substrate distribution is shown in
Fig. S2.1 As the magnetic-field strength increased from 0 to 103
mT, the substrate particle distribution area decreased from 8.66
mm? (Fig. S2at) to 1.34 mm? (Fig. S2gt). However, the area and
gap do not change monotonously with the magnetic field. This
can be attributed to the use of cylindrical magnets of different
diameters and heights, affecting the magnetic field distribu-
tion. We have standardized our procedures to minimize errors,
with specific data provided in supplementary Table S1.}

To investigate how the magnetic-field enhancement affects
the SERS signal, COMSOL simulation was conducted to model
the Au nanoarrays coupled with magnets. Fig. 6a—c show the
simulation results for the Au nanoarray in the absence of
a magnet and with magnetic fields of 0.65 and 1.00 T, respec-
tively. The field distributions corresponding to Fig. 6b and c are
shown in Fig. 6d and e, respectively; the field in Fig. 6e is
evidently stronger. With 785 nm laser irradiation, coupling with
the 0.65 T magnetic field increased the intensity of the electric-
field mode on the surface of the AuNPs by 49%, and coupling
with the 1.00 T magnetic field resulted in a 22-fold intensity.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Electric-field distributions (a) without a magnet field and (b, c)
with magnetic fields of 0.65 and 1 mT, respectively; (d, e) distributions
of the magnetic fields around the magnets (corresponding to panels
(b) and (c), respectively). ((f) Histogram of the c, respectively). (f)
Histogram of the calculated EFs in panels (a)—-(c).

v8.21x10° viox10®

Magnetic field (T

Compared to the background field magnetic field under
a 785 nm laser, the Au nanoarrays have an EF of 4.2 x 10*
without the influence of an applied magnetic field, which is
boosted to 3.4 x 10° by the addition of a 0.65 T magnetic field
and jumps to 1.1 x 10° by the addition of a 1.00 T magnetic
field (Fig. 6f). This enhancement is attributed to changes in the
external magnetic field, particularly the magnetic flux, which
induces an electromagnetic effect and results in an stronger
electromagnetic field on the surface of AuNPs. These results are
consistent with a previous study in that the near-field

View Article Online

Journal of Materials Chemistry A

enhancement due to the applied magnetic field plays an
important role in enhancing the SERS signal strength.*

To investigate the variation in SERS signal strength with the
applied magnetic field, we used various magnets with different
specifications to produce a range of magnetic-field strengths
between 0 and 187 mT. The results, shown in Fig. 7a, revealed
that the applied magnetic fields significantly influenced the
SERS signal strength, with a notable increase in EF values for
the characteristic band at 1093 cm ™" observed at field strengths
greater than 80 mT. The presence of the magnetic field elevated
the EF values 8-39 fold compared with those in the absence of
a magnetic field. Fig. 7b shows that the RSD for the EF was
maintained below 15% for the bulk of observations. Under the
influence of a magnetic field, the RSD of EF decreased from
59.15-9.44% to 28.70-1.14%. These findings demonstrate the
stability of the signal under each magnetic condition.

To analyze the factors influencing the EF, a Mantel test was
conducted to comprehensively assess the correlation between
EF and various determinants. Specific data supporting these
correlations are provided in the ESI.f The statistical results
(Fig. 7c) showed a significant correlation between EF and
several determinants, including magnetic-field strength,
magnet diameter, and hotspot density with a correlation coef-
ficient r = 0.4, p < 0.01. The weak correlation with magnet
thickness (r < 0.2), suggesting its limited role in EF modulation.
Among the various mechanisms reported in the literature, the
interaction of external magnetic fields with magnetic substrates
manifests primarily through three mechanisms: amplification
of electromagnetic near-fields,*® induction of magnetic material
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Fig. 7 Scatter plots of the (a) EF and (b) EF RSD with different magnetic-field strengths. Colors represent no magnet (black) and magnet
diameters of 1 mm (red), 2 mm (orange), 3 mm (blue), and 4 mm (green). (c) Mantel test analyses correlating the EF with the magnetic-field
strength, magnet dimensions, area, gap, hotspot density, and 4-MPY density. Lighter blue squares signify stronger positive correlations, while
darker blue squares denote stronger negative correlations. Mantel's r values and p-values determine the strength and significance, with thicker
lines indicating stronger correlations (Mantel's r = 0.4) and different colors representing significance levels (red for p < 0.01, light blue for 0.01<p

< 0.05).
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aggregation,'® and concentration of adsorbed analyte mole-
cules, which cumulatively enhance the SERS signal."* These
mechanisms elucidate the roles of increased local field
strengths, densified electromagnetic hotspots, and the conse-
quent intensification of the Raman scattering effect. Our work
extends these foundational observations by providing empirical
and simulation-based evidence on how hotspot density, probe
molecular density, and near-field enhancements—orchestrated
by precisely controlled external magnetic fields—serve as
pivotal factors in refining SERS signal outputs from magnetic
substrates.

Our findings reveal the indispensable need for meticulous
control over nanoparticle aggregation to fortify these interac-
tions for optimized amplification of SERS signals. This ensures
both cost-effectiveness and improved performance, marking
a significant step forward in the field. Our future research will
focus on exploring the extent to which magnetic-field optimi-
zations can further elevate SERS signal efficacy, with a particular
emphasis on enhancing the efficiency of magnetic nano-
structures. Such advancements are poised to redefine the
landscape of SERS applications, particularly in scenarios
demanding ultra-sensitive detection capabilities.

Conclusions

This work presents a comprehensive study on the mechanisms
that propel amplification and standardization of SERS signals
in the presence of external magnetic fields to advance magnetic
nanoarchitectures. We advance the idea of creating innovative,
versatile magnetic microsphere SERS substrates, which are
anticipated to not only enhance the signal intensity linearly in
relation to the strength of the magnetic field but also guarantee
signal uniformity and dependability. Our results indicate that
hotspot density, probe molecular density, and near-field
enhancement—orchestrated by the external magnetic field—
are the principal determinants in modulating the signals from
magnetic SERS substrates. This study emphasizes the necessity
of fine-tuning particle aggregation to ensure that the interplay
between hotspot density, probe molecular density, and near-
field enhancement leads to optimal SERS signal enhancement.
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