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ABSTRACT: Surface-enhanced Raman scattering (SERS) technology
has been widely recognized for its remarkable sensitivity in biochip
development. This study presents a novel sandwich immunoassay that

synergizes SERS with magnetoplasmonic nanoparticles (MPNs) to | =~ =t — ol .
improve sensitivity. By taking advantage of the unique magnetism of | @ gt |@ v .
these nanoparticles, we further enhance the detection sensitivity of SERS |_—__*
biochips through the applied magnetic field. Despite the high sensitivity,
practical applications of SERS biochips are often limited by the issues of
stability and reproducibility. In this study, we introduced a straightfor-
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ward statistical method known as “Gaussian binning”, which involves o
initially binning the two-dimensional Raman mapping data and | !~ sobons
subsequently applying Gaussian fitting. This approach enables a more 4%K§

consistent and reliable interpretation of data by reducing the variability
inherent in Raman signal measurements. Based on our method, the
biochip, targeting for C-reactive protein (CRP), achieves an impressive detection limit of 5.96 fg/mL, and with the application of a
3700 G magnetic field, it further enhances the detection limit by 5.7 times, reaching 1.05 fg/mL. Furthermore, this highly sensitive
and magnetically tunable SERS biochip is easily designed for versatile adaptability, enabling the detection of other proteins. We
believe that this innovation holds promise in enhancing the clinical applicability of SERS biochips.
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S urface-enhanced Raman scattering (SERS), which lever-
ages surface plasmon resonance, amplifies the Raman
signal by intensifying the electric field around the analyte. The
intensity of these signals can be magnified by several orders of
magnitude, from billions up to trillions of times."” SERS
enhancement manifests in two forms: Electromagnetic
enhancement, driven by localized surface plasmon resonance
(LSPR), is a result of light irradiation on a metal surface with
nanostructures. This process creates an effective electro-
magnetic field that can significantly amplify the Raman
scattering signal of the analyte with an amplification factor of
approximately 10" times.” ® Chemical enhancement, while
less effective, originates from direct interaction between the
analyte or Raman tags and the metal surface. This interaction
reinforces the Raman signal through charge transfer and
coupling, leading to an increase ranging around 10 to 103
times.™”

To enhance the SERS performance, researchers are
increasingly focusing on nanomaterials. Favored for their
stability and easy synthesis, gold nanoparticles (Au NPs)
effectively enhance SERS effectiveness and enable specific
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biomolecule detection.'””"* Magnetoplasmonic nanoparticles
(MPNs), which combine a magnetic core with a noble metal
shell, extend these benefits and offer additional advantages in
biomedical applications like magnetic drug delivery,"> mag-
netic resonance imaging,16 and even in SERS. MPNs can
facilitate separation and enrichment of the analyte through a
magnetic field, thereby improving the sensitivity. Besides,
under an external magnetic field, these MPNs can aggregate
and increase the density of the SERS hot spots, further
enhancing the detection limit (LOD)."”~"" Recent research
indicates that magnetic SERS could possess high sensitivity
and great potential in biosensing. For instance, Liu’s team
employed a lateral flow immunoassay with multichannel SERS
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and magnetic SERS tags for HIN1, SARS-CoV-2, and RSV
detection, achieving LODs of 85 copies/mL for HIN1 and 8
pg/mL for SARS-CoV-2 and RSV.” Yin et al. employed a
magnetic-responsive SERS biosensor utilizing Au NPs/rGO
and SPION/Au NPs substrates for the detection of SARS-
CoV-2’s N-cDNA, achieving a remarkable 10-fold improve-
ment in the detection limit, from 1 fM to 100 aM.”" Despite
advancements, SERS technology faces challenges like uneven
analyte distribution and poor reproducibility.””'****> The
objective of this work is to develop a novel methodological
framework and biochip architecture that utilizes the unique
properties of MPNs to enhance SERS-based detection,
enabling highly sensitive analysis of analytes.

Our study employs a sandwich immunoassay method that
combines MPNs with a SERS biochip. This approach involves
coupling Raman tags to MPNs, which are then bound to the
target proteins on the biochip. The biochip’s enhancement is
reliant on hot spot behavior, intricately linked to LSPR. Upon
exposure to incident light that matches the resonant frequency
of a plasma, metallic nanoparticles undergo a collective
electron oscillation. This oscillation subsequently results in
the radiation of a dipole field that interacts with the original
electric field induced by the incident light. This interaction
leads to a transformation and redistribution of the local electric
field around the nanoparticles. Consequently, there is a
significant amplification of the electric field at specific positions
near the nanoparticles, termed hot spots. Molecules that are
located or adsorbed near these hot spots are subjected to an
intensified electric field, thereby leading to a substantial
enhancement of their Raman signal.'”**

The MPNs used in our study exhibit both magnetic and
plasmonic properties. The external magnetic field can induce
the magnetic response of the MPNs, causing them to aggregate
and decreasing the distance between the particles. This
reduction in the interparticle distance significantly amplified
the electric field between them.” This intensified electric field
can further enhance the Raman signal. The diagram of the
magnetic SERS biochip is visualized in Figure 1.
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Figure 1. Schematic diagram of the magnetically enhanced SERS
biochip. Different particle representations are provided at the top of
the figure. In GA and APTMS, the atoms colored red, blue, gray, light
orange, and white correspond to oxygen, nitrogen, carbon, silicon, and
hydrogen molecules, respectively. The glowing areas between NPs
indicate hot spots, and the gray lines with arrows depict the magnetic
field lines.
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Significant signal variations have also been observed in our
SERS measurements. In our approach to overcome reprodu-
cibility challenge in SERS, we perform statistical analysis of the
Raman intensity at different locations on the biochip. Contrary
to artificially engineering orderly arranged surfaces,”*™*’ our
approach allows the natural distribution of biomolecules. This
approach leads to a distribution that typically follows a
Gaussian pattern. We thus propose that the Gaussian
distribution aptly describes the intensity distribution across
the biochip, and consequently, the intensities around the
Gaussian central peak should be indicative of the biochip’s
representative intensity. This approach can better interpret the
data and obtain consistent results across different biochips.

Expanding on this foundation, this study specifically focuses
on C-reactive protein (CRP), a biomarker of substantial
clinical importance. CRP, produced by the liver, elevates in
response to inflammation, infection, or injury, serving as a vital
indicator for assessing the body’s inflammatory response.” In
addition to cardiovascular disease, researchers have recently
explored the application of CRP in assessing other diseases,
including neurodegenerative diseases and cancer.’””> Our
previous work developed a sensitive immunoassay platform
using the magneto-optical Faraday effect and biofunctionalized
magnetic nanoparticles, achieving an LOD of 0.53 ng/mL for
the CRP assay.” Extending from our previous work, we have
developed a magnetic SERS technique via MPNs, achieving an
enhanced LOD of 1.05 fg/mL under an applied magnetic field.

B EXPERIMENTAL SECTION

This study utilized a sandwich immunoassay approach. The y-Fe,O;@
Au core/shell MPNs, functionalized with 4-mercaptobenzoic acid
(4MBA) were used as the primary reagent, also referred to as SERS
nanotags in the following. In SERS measurements, 4MBA serves as
the target molecule. The SERS immunochip comprises a 1 cm X 1 cm
(100) silicon chip with island-like gold nanostructures on its surface.
Gold nanostructures were fabricated by using DC sputtering, followed
by an annealing process. The annealed gold films would form
nanoislands, which were distributed across the substrate surface.®**°
These gold nanostructures are designed to facilitate uniform surface
modification, avoiding the aggregation and uneven clustering of
functional molecules. Additionally, they have the potential to form hot
spots with the MPNs above, thereby increasing the hot spot density.
3-Aminopropyltriethoxysilane (APTMS) is employed to introduce
primary amine functionalities onto the silica surface. Following this,
glutaraldehyde (GA) serves as a cross-linking agent, facilitating
covalent attachment between these surface-bound amines and specific
proteins. Bovine serum albumin (BSA) is used as a blocking agent to
reduce nonspecific adsorption by occupying potential nonspecific
binding sites on the biochip. Further details on the preparation of the
MPNs, SERS nanotags, and SERS immunochip, along with
information on materials and chemicals, are available in the
Supporting Information.

SERS-Based Sandwich Immunoassay Process. Figure 2
presents a flowchart that illustrates both the reagent and biochip
preparation processes, as well as the operational principles of the
SERS-based immunoassay method. The assay process commences by
adding 50 pL of the sample to the prepared biochip, followed by
incubation at 37 °C for 30 min. After incubation, the biochip
undergoes a washing step with pH 7.4 phosphate buffered saline
(PBS) and DI water. Next, 40 uL of the prepared nanotags is applied
to the chip, which is then incubated at 4 °C for 2 h. In the final step,
the biochip is washed again with pH 7.4 PBS buffer and DI water to
prepare it for the SERS measurement. Details about the incubation
and washing procedures are comprehensively listed in the Supporting
Information. If CRP is present in the testing sample, then the CRP
antibodies affixed to the chip will bind and immobilize the CRP on

https://doi.org/10.1021/acssensors.3c02007
ACS Sens. 2024, 9, 305-314


https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02007/suppl_file/se3c02007_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02007/suppl_file/se3c02007_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02007/suppl_file/se3c02007_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02007?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02007?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02007?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02007?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c02007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

Biochip Preparation SERS-based assay i rﬁ:;f:tizg :,::;g:gg

CRP added on the

Gold thin film

1

Annealing

S,
A0
AN

y-Fe.0;@Au

o
l

4MBA

l

Iy, (@)

biochip

Nanotag added
.{o‘l’o}.

L1

l anti-CRP sdlaley ™
5
ATPMS+GA & s % Intensity
anti-CRP
ATAYA
Yrse o }
‘{ ﬂN m ’ Gaussian fitting
‘m{\{ 0 ‘ - ‘Gaussian fitting
}
l Raman ©
BSA blocking measurement
— SERS signal Bin center intensity

Raman shift (em™ )

SERS grid scanning

Binning

Binning

Counts

l

Nearest Data
Averaging

Figure 2. Schematic illustration of our SERS-based immunoassay (created with BioRender.com).
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Figure 3. (a) Optical imaging of the biochip in SERS measurement and 130 measurement points on the chip (Random color points). (b) SERS
signals measured from locations & and . The CRP concentration used in this test is 1 ng/mL. (c) Data of 130 points were classified into 20
predetermined groups for further statistics. (d) Gaussian function fitting of the distribution of 20 groups data.
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Figure 4. (a) SERS signal before and after immunological analysis. (b) SERS signals of the biochip at different CRP concentrations.

the chip surface. Following this, the addition of the reagent, consisting
of y-Fe,O;@Au nanoparticles functionalized with anti-CRP, enables a
reaction with CRP, leading to their subsequent immobilization on the
chip surface. Clearly, an increase in the concentration of CRP leads to
a corresponding increase in the number of y-Fe,O;@Au nanoparticles
adhering to the chip surface. Additionally, 4MBA serves as a Raman
tag to quantify y-Fe,O;@Au nanoparticles by measuring the Raman
signal intensity. This method facilitates the quantitative determination
of the CRP concentration based on the Raman signal of 4MBA on the
7-Fe,O;@Au nanoparticles.

Raman Signal Measurement. SERS signal measurements were
conducted using a 633 nm excitation laser and recorded with a Raman
spectrometer (NS220 single laser micro-Raman spectrometer, Nano-
scope Systems, Inc.,, Daejeon, Korea). A laser output power of 0.2
mW was used, along with an acquisition time of 1 s and 2
accumulations. Higher laser energies were avoided to prevent
potential damage to the proteins. Baseline correction was applied
for the final spectra via the background subtracted. Additionally, a 2D
mapping function defined an area of 480 ym X 360 um, with 40 ym
point spacing, to collect data from 130 points for subsequent analysis.
The measurement points are visually represented by random color
points in Figure 3a.

A significant challenge in SERS measurements is reproducibil-
ity, "% as evidenced by the variation in signal intensity at different
measurement points. Figure 3b shows the SERS signals from locations
a and f, indicated by the red and blue circles, respectively, in Figure
3a. Besides, the Raman intensity distribution of the 2D mapping
exhibits a relative standard deviation (RSD) of 22.6% (Figure S1). It
can be clearly observed that the uneven distribution of particles on the
chip’s surface results in varying intensities of measured SERS signals
in different regions. Therefore, in this experiment, a Gaussian binning
method is proposed to address this issue by gathering and statistically
analyzing data from various locations.

Data from 130 points, focusing on the 1076.5 cm™" peak of 4MBA,
were grouped for statistical analysis. Then, the data of the 1076.5
cm™" peak from 130 locations were organized into 20 predetermined
groups by signal intensity as shown in Figure 3c. After statistical
analysis, the data showed a normal distribution with the intensity
values tending to cluster around a specific average. This could
conform to the central limit theorem, suggesting that regardless of the
population’s distribution, the sampling distribution of the mean tends
to approximate a normal distribution with a large sample size. Hence,
the application of a Gaussian distribution is a suitable approach for
statistical analysis.

Gaussian curve fitting was applied to the binned data, as shown in
Figure 3d, to determine the central SERS intensity of the 1076.5 cm™
peak, denoted as I, Next, we selected the data of 15 points, of
which the SERS intensity is closest to I, and calculated the average
intensity of these 15 points, which served as the characteristic SERS
intensity for this chip, denoted as I,. It is worth mentioning that the
smaller the sigma value in the fitted Gaussian curve, the sharper the
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peak of the Gaussian curve, indicating that the signal distribution on
this chip is more uniform. Therefore, the fitted Gaussian curve can
serve as a quality indicator for the biochip. The flowchart of our
Gaussian binning integrated with the two-dimensional mapping
method is also illustrated in Figure 2.

B RESULTS AND DISCUSSION

Characterization of the SERS Nanotags and SERS
Immunochips. The nanotags’ preparation at each step was
verified using UV—vis spectrophotometry (Figure S2). In the
TEM images, the y-Fe,O;@Au nanoparticles, used for
fabricating the SERS nanotags, exhibit a diameter of
approximately 25 nm. The external layer, believed to be
gold, had a crystal lattice constant of 0.235 nm, while the inner
layer, believed to be y-Fe,O;, had a lattice constant of 0.295
nm (Figure S3). The average hydrodynamic diameter of y-
Fe,O;@Au in water is 61.0 nm, with a polydispersity index
(PI) of 0.214 and zeta potential of —49.9 mV (Figure S4).
Regarding the SERS immunochip verification, SEM imaging
revealed gold nanostructures on the silicon substrate,
approximately 10 nm in size. After the immunoassay, the
element distribution of the SERS immunochip was analyzed
using energy-dispersive X-ray spectroscopy (EDS) mapping
(Figure SS). EDS results, when observed at a larger scale,
indicated a uniform distribution of materials across the chip’s
surface, consistent with the anticipated results of the
fabrication process. Nonetheless, a detailed analysis at a finer
scale reveals the presence of localized areas still exhibiting
nonuniformity. These irregularities in material distribution
contribute to variations in signal intensity, which in turn
impacts the reproducibility of SERS chips. Details regarding
the characterization of the SERS nanotags and SERS
immunochip can be found in the Supporting Information.

Measurement and Analysis of Biochips. The 4MBA
molecules linked on the gold surfaces contribute to two
distinct SERS peaks at 1076.5 and 1587.5 cm™'. The 1076.5
cm™! peak originates from the benzene ring’s breathing mode
coupled with £(C—S), and the 1587.5 cm™" peak arises from
the v(C—C) vibration mode of the benzene ring.*”** 4MBA
was exclusively present on the nanotags during the experiment.
In essence, the successful binding of nanotags on the chip via
the target is necessary to observe the two distinct SERS peaks
of 4MBA at 1076.5 and 1587.5 cm™". Figure 4a displays the
SERS spectra of the biochip before and after the immunoassay
process. It is evident that the untreated biochip does not
exhibit the SERS signal of 4MBA. However, the chip used in
the immunoassay demonstrates two distinct SERS peaks of
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Figure 5. Relationship between the calculated SERS intensity I, and the logarithm of CRP concentrations under the applied magnetic fields of
(a) normal conditions, (b) 50 G and (c) 3700 G. The red line is the linear fitting curve of the data, and the dashed line represents the minimum
detectable signal X,,. The green points are two testing CRP concentrations (0.5 ng/mL and 2 X 107™* ng/mL) in PBS and the magenta points
indicate tests in human serum. The data were obtained from triplicate experiments and are shown as mean =+ standard deviation. (d) Specificity test

of our biochips.

4MBA at 1076.5 and 1587.5 cm™. This observation indicates
the successful binding of nanotags on the chip via CRP during
the immunoassay process. As explained in the chip design
section, the number of nanotags on the chip is directly
correlated to the biotarget concentration. The peak at 1076.5
cm™! corresponds to the breathing mode coupled with the C—
S bond, which is a moiety in thiolate compounds adhering to
gold surfaces. Therefore, the 1076.5 cm™" SERS peak of 4MBA
was utilized in later experiments to quantify the CRP
concentration.

Figure 4b illustrates the variation in the strength of the SERS
peak at 1076.5 cm™' as a function of the different CRP
concentrations. The observed variation in the SERS signal with
CRP concentration confirms the realization of the biochip’s
design concept. With an increased concentration of CRP in the
sample, a larger number of nanotags bind to the chip surface,
resulting in a stronger SERS signal from the 4MBA molecules.
For different CRP concentrations, three different biochips were
used to conduct three replicate experiments, and each biochip
was subjected to 2D scanning measurements of 130 points.
After data analysis of triplicate experiments, Figure Sa shows
the correlation between the SERS intensity I, and the CRP
concentration. It is shown that the SERS intensity Ly, linearly
changes with the logarithm of the CRP concentration over a
considerable concentration range (1—107° ng/mL). To
estimate the LOD, the guidelines defined by the International
Union of Pure and Applied Chemistry (IUPAC) were
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followed.” X,, represents the minimum detectable signal
strength of the system and is determined by the following
equation

X, =X, + 35, (1)
Here, X, represents the blank signal and S, denotes the
standard deviation of the blank signal. Utilizing the linear
fitting curve in Figure Sa and the value of X, the estimated
LOD for our method is 5.96 fg/mL. In addition, it is
noteworthy that the biochips we used in the triplicate
experiments were prepared on three different days.

Raman Measurement with the External Magnetic
Field. Building on our reagent design, which includes MPNs
with both LSPR and magnetic properties, we investigated the
impact of a magnetic field on our biochip’s performance. For
SERS measurements, a magnetic coil or a magnet was
positioned beneath the biochip, applying a magnetic field
perpendicular to its surface. A neodymium magnet generating a
3700 G field and a magnetic coil producing a 50 G field were
utilized, both corresponding in size to the biochip. The
magnetic field was maintained during the SERS measurement.
The measurement area, located at the center of the biochip,
occupies approximately 0.2% of the total chip size.
Consequently, the magnetic field distribution across each
measurement location on the biochip can be regarded as nearly
uniform. To elucidate the effects of the magnetic field, we also
prepared chips coated with biomaterial (CRP & anti-CRP) but
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without nanotags to examine the SERS signals under the
influence of the magnetic field. The experimental results clearly
demonstrated that, in the absence of nanotags, the SERS
signals from the silicon substrate and biomaterials are almost
unaffected by the magnetic field. Hence, it is evident that the
previously observed SERS signals affected by the magnetic field
originate from the magnetic nanotags (Figure S6). Figure Sb,c
shows the relationship between the calculated SERS intensity
Iy, and the logarithm of CRP concentrations under the
applied magnetic fields of 50 and 3700 G, respectively. The
data distribution patterns remain substantially consistent under
the influence of the magnetic field. However, the SERS signal
strength is enhanced by the magnetic field, with more
pronounced effects observed under the stronger 3700 G
field. The calculated LOD for the magnetic field of 50 G is
approximately 5.74 fg/mL. On the other hand, the calculated
LOD for the magnetic field of 3700 G is significantly improved
to 1.05 fg/mL due to the stronger SERS enhancement.

To demonstrate the efficacy of the Gaussian binning method
that we employed in improving the reproducibility issues in
SERS chip measurements, we also utilized data from single-
point measurements in the triplicate experiments for analysis
(Figure S7). The analysis results revealed that the distribution
of data from single-point measurements is less linear and more
dispersed, with a larger standard error. The data from single-
point measurements faithfully represented the persistent
challenge of poor reproducibility among different SERS
chips, highlighting noticeable differences in SERS signals
even under identical experimental conditions. However, the
application of the Gaussian binning method produced more
consistent results across various biochips and exhibited good
performance in the recovery percentage of CRP assays. This
method could provide a better interpretation of the data and
improve the reproducibility across different biochips.

Percentage of Recovery and Specificity Tests. To
evaluate the clinical applicability of our method, tests were
conducted, focusing on the percentage of recovery and
specificity. Two CRP samples, one with a concentration of
0.5 ng/mL and the other with 2 X 107* ng/mL, were analyzed
using our biochip under magnetic fields. We also conducted
tests for CRP detection in processed human serum. The test
results in PBS, depicted as the green dots in Figure Sa—c,
correspond to the experiments conducted under normal
conditions, 50 G, and 3700 G magnetic fields, respectively.
The inset in Figure Sa presents a magnified view. It is evident
that the test results closely align with the calibration curve
under every experimental condition. The percentage of
recovery is defined as the ratio of I, to I, where I
represents the measured SERS intensity of the test sample
and I denotes the calculated SERS intensity of the test
sample obtained from the calibration curve. The results of the
percentage of recovery are shown in Table 1. In the higher
CRP concentration sample (0.5 ng/mL), the lowest observed

Table 1. Percentage of Recovery of the CRP Assay Using
Our Biochip under Normal Conditions and with Applied

Magnetic Fields

2 X 107* ng/mL (in PBS)

CRP concentration 0.5 ng/mL (in PBS)

H=0G 97.1 = 5.9% 85.5 + 10.9%
H=50G 98.5 + 9.2% 99.2 + 1.4%
H =3700 G 95.0 + 2.9% 90.1 £+ 1.4%

310

percentage of recovery on our biochip still exceeded 95.0%.
However, for the sample with an ultralow CRP concentration
(2 X 107* ng/mL), the worst assay percentage of recovery
slightly declines to 85.5%. This decrease in the percentage of
recovery could be attributed to the lower signal-to-noise ratio
(SNR) of the SERS signal due to the weaker SERS intensity of
our biochip triggered by the ultralow CRP concentration.
Notably, the highest percentage of recovery for both
concentrations was observed at a 50 G magnetic field. The
magnetic field induces particle agglomeration, thereby
enhancing hot spots and improving sensitivity. However, this
agglomeration could also lead to uneven hot spot distribution,
consequently affecting the percentage of recovery of the test. It
is reasonable to infer that there might be an optimal range of
magnetic field strength where the percentage of recovery of the
measurement is maximized. Nonetheless, it is noteworthy that
the results of the recovery test at a higher magnetic field still
maintain above 90%.

The results of CRP in the processed human serum are
denoted by magenta stars in Figure Sa. For the higher
concentration of 0.5 ng/mL, there is a deviation of 4.5% from
the PBS results, while the lower concentration of 2 X 107 ng/
mL shows a deviation of 5.2%. These discrepancies may arise
from the matrix effects of serum, potentially influencing
outcomes differently than PBS. While this deviation indicates
room for optimization, considering the inherent complexities
and potential interferences associated with serum relative to
PBS, the results remain promising. The performance in
percentage of recovery of the CRP assay showcases the
robustness of the biochip.

To evaluate the specificity of our biochip, we conducted
tests using CRP and several other common proteins, including
angiotensin-converting enzyme 2 (ACE2), spike protein of
SARS-CoV-2, a-synuclein, biotin, prostate-specific antigen
(PSA), bovine serum albumin (BSA), and tau protein. Each
protein was prepared at a concentration of 107> ng/mL for
sample preparation, and the measurement results are depicted
in Figure 5d. The results revealed that only CRP triggered a
notable chip reaction, leading to a stronger SERS signal, while
the SERS signals for the other proteins remained comparable
to the blank signal. These findings demonstrate the excellent
specificity of our chip design, effectively mitigating the
influence of nontargeted proteins. Furthermore, the results
obtained from the percentage of recovery and specificity tests
strongly indicate the promising potential of our SERS biochip
for clinical applications.

Analysis of the Enhancement of Magnetic SERS
Biochips. To elucidate the enhancement mechanism, we
applied the following formula®™ to assess the enhancement
factor (EF) of our biochip under magnetic fields

_ (a/Cy)

EF =
(I/Co)

)

In this formula, I, is the SERS intensity with the biochip
under a magnetic field, while C denotes the corresponding
target concentration, which is CRP in our analysis, attributed
to its positive correlation with 4MBA. I, and C, denote the
SERS intensity and target concentration of the biochip without
a magnetic field, respectively. For the EF calculation relative to
the CRP concentration, we supposed that C, and C; are equal
because the CRP concentration should not be influenced by
the applied magnetic field.
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As shown in Figure 6, SERS enhancement of the biochip due
to magnetic fields varies with the CRP concentrations. At
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Figure 6. EF value of the biochip at different CRP concentrations
under magnetic fields of 50 and 3700 G.

higher CRP concentrations, the EF tends toward 1, reflecting
small enhancements. At lower concentrations, there is a
notable increase in the EF value, particularly under stronger
magnetic fields. This behavior occurs because of the high
density of MPNS at higher CRP concentrations; the distance
between each bound MPN is already minimal. Therefore, even
in the presence of an external magnetic field, they cannot
converge any closer to amplify the hot spot. In contrast, at
lower concentrations, where there are fewer bonded MPNS
and larger interparticle spacing, magnetic fields can effectively
gather MPNS, shortening their spacing and consequently
amplifying the SERS signal. The trends observed in the slopes
of CRP calibration curves when subjected to different magnetic
fields are also similar to the behavior of EF. At lower CRP
concentrations, there is a noticeable increase in SERS signal
intensity, but this increment is not noticeable at higher CRP
concentrations. This effect produces a flatter calibration curve
and consequently results in a lower LOD. By capitalizing on
the unique properties of MPNs and manipulating their
interparticle distance through an external magnetic field, our
approach enhances the SERS signal of low CRP concentrations
and improves the LOD of our biochip.

Besides, we also measured the blocking temperature with
respect to magnetic field T(H) to estimate the aggregation of
MPNs on the biochip induced by the magnetic field.*"** The
experimental data of Ty(H) showed that the aggregation
behavior of the MPNs on the biochip satisfies the interparticle
interaction model (Figure S8). Based on the interparticle
interaction model, we can obtain a correlation length within
which the magnetization fluctuations are correlated. For the
biochip accomplished the assay of 2 X 107* ng/mL CRP, the
derived correlation length Ly; of MPNSs is approximately 35 nm
at a field of 50 G and 26 nm at 3700 G. The decrease in Ly
proved that the applied magnetic field indeed induces
aggregation of MPNs on the biochips.

Comparison of Others Works. Currently, the detection
limit of CRP in conventional enzyme-linked immunosorbent
assay (ELISA) can reach the level of 0.1 ng/ mL.** There are
several innovative methods developed for the detection of CRP
with varying degrees of sensitivity.**** The plasmonic ELISA
utilizes etched Ag-coated Au nanobipyramids for multi-
colorimetric detection and achieves an LOD of 0.09 ng/

311

mL.*® The fluorescent fullerene nanoparticle-based LFIA can
detect CRP concentrations between 0.1 and 10 ng/mL in
serum in just 15 min."” SERS-based lateral flow immunoassay
strips, using functionalized Fe;O,@Au magnetic nanoparticles,
simultaneously detect dual infection biomarkers, with remark-
able LODs of 0.1 ng/mL for serum amyloid A and 0.01 ng/mL
for CRP.* For another SERS-based assay that does not
employ magnetoplasmonic particles, a biosensor was con-
structed comprising DNA three-way junction-conjugated
porous Au NPs and an Au—Te nanoworm structure, achieving
an LOD of 0.51 ng/mL for CRP in PBS.* The ultrasensitive
THz metasensor, based on quasi-bound states in the
continuum (quasi-BICs), exhibits exceptional sensitivity,
detecting biomarkers like CRP and serum amyloid A down
to 1 pM (0.12 ng/mL).SO On the other hand, the electro-
chemical immunosensor, using indole as an electrochemical
probe, demonstrates an LOD of 0.03 ng/mL.>" The real-time
nanoplasmonic immunoturbidimetry assay (NanoPITA) quan-
tifies hypersensitive CRP with a reduced LOD of 0.54 ng/
mL.>” Lastly, a novel smartphone-based device merges
magnetoelastic immunosensing and smartphone technolo%y
for self-detection of CRP, with an LOD of 0.2349 ng/mL.‘3
The summarized comparisons of the biosensors are outlined in
Table 2 below.

Table 2. Summary of Methods, Targets, and Their
Corresponding LOD Values for CRP Detection

method target LOD

conventional ELISA*>** CRP 0.1 ng/mL
plasmonic ELISA* CRP  0.09 ng/mL
fluorescent fullerene nanoparticle-based LFIA*”  CRP  0.1-10 ng/mL
SERS-based lateral flow immunoassay™® CRP  0.01 ng/mL
SERS-based DNA junction-conjugated Au NPs ~ CRP  0.51 ng/mL

and nanoworms analytical method*’
THz metasensor’ CRP 0.12 ng/mL
electrochemical immunosensor®' CRP  0.03 ng/mL
nanoplasmonic immunoturbidimetry assay”~ CRP  0.54 ng/mL
smartphone-based magnetoelastic CRP  0.2349 ng/mL

immunosensing device®?
magneto-optical Faraday based immunoassay”’ CRP  0.53 ng/mL
this work CRP 1.05 fg/mL

B CONCLUSIONS

We conducted this experiment by building upon the
techniques of functionalizing biochips and synthesizing
MPNs previously developed in our laboratory. The main
objective was to develop a biomedical detection technology
based on SERS measurements with a particular focus on CRP
detection. We achieved a highly sensitive LOD for CRP, which
was quantified at 5.96 fg/mL.

In response to reproducibility challenges with SERS
biochips, we developed a Gaussian binning method integrated
with 2D mapping method which can statistically summarize
the multiple-location SERS measurement across the sample
surface.

Through percentage recovery testing, we confirmed the
precision of the experimental results and found that the
presence of an external magnetic field had a minimal impact on
the percentage of recovery. However, leveraging the excep-
tional characteristics of MPNs, we explored the possibility of
further improving the LOD of our method by employing
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magnetic fields. As a result, we achieved improved LOD values
of 5.74 and 1.0S fg/mL under magnetic fields of 50 and 3700
G, respectively. The current LOD achieved for the CRP assay
using our method surpasses the LOD of most detection
methods available in the field. Given the extensive range of
potential CRP levels in various clinical scenarios, it is
important for assays to have high sensitivity, enabling the
detection of even the smallest fluctuations in CRP concen-
tration.>** Furthermore, there is increasing focus on the role
of CRP in a variety of diseases. The ability to detect ultralow
concentrations of CRP could be highly useful in the future.’”>

Although in this work, we validated the feasibility and
sensitivity of our method by detecting CRP, based on the
principles of our chip design, it can be easily modified to detect
other types of biomolecules. This research breakthrough not
only provides a deeper understanding of SERS biochips but
also opens new opportunities for ultrasensitive detection and
analysis in various scientific and biomedical applications. By
harnessing the potential of MPNs and optimizing the detection
parameters, we anticipate even greater advancements in
sensitivity and specificity, paving the way for enhanced clinical
diagnostics and biomarker detection.
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