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Novel Multifunctional Meta-Surface Plasmon Resonance
Chip Microplate for High-Throughput Molecular Screening

Youqian Chen, Huazhi Zhang, Rui Li, Hongli Fan, Junjie Huang, Rui Zhou,
Shaoping Yin,* Gang L. Liu,* and Liping Huang*

The utilization of surface plasmon resonance (SPR) sensors for real-time
label-free molecular interaction analysis is already being employed in the
fields of in vitro diagnostics and biomedicine. However, the widespread
application of SPR technology is hindered by its limited detection throughput
and high cost. To address this issue, this study introduces a novel
multifunctional MetaSPR high-throughput microplate biosensor featuring 3D
nanocups array structure, aiming to achieve high-throughput screening with a
reduced cost and enhanced speed. Different types of MetaSPR sensors and
analytical detection methods have been developed for accurate antibody
subtype identification, epitope binding, affinity determination, antibody
collocation, and quantitative detection, greatly promoting the screening and
analysis of early-stage antibody drugs. The MetaSPR platform combined with
nano-enhanced particles amplifies the detection signal and improves the
detection sensitivity, making it more convenient, sensitive, and efficient than
traditional ELISA. The findings demonstrate that the MetaSPR biosensor is a
new practical technology detection platform that can improve the efficiency of
biomolecular interaction studies with unlimited potential for new drug
development.

1. Introduction

The necessity of rapid and precise real-time, label-free molec-
ular interaction analysis cannot be overstated, particularly in
the context of drug screening[1] and early diagnostics.[2] Sig-
nificant advancements have been achieved in molecular in-
teraction measurement techniques in recent years, specifically
within the label-free domain. Prominent examples of such
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methodologies include mass spectrometry,
surface plasmon resonance (SPR), biolayer
interferometry (BLI), and backscattering in-
terferometry. These approaches facilitate
the detection and determination of molec-
ular interactions without altering the con-
stituents involved.[3]

Commonly used label-free molecular in-
teraction systems in the field encompass
BLI, SPR,[4] and local surface plasmon res-
onance (LSPR).[5] These methodologies are
utilized for the prompt, label-free, and ef-
ficient detection of molecular interactions.
However, high instrument and material
costs, large size of equipment, and high
technical requirements for operators hin-
der the widespread use of these methods in
scientific research institutions, small phar-
maceutical companies, and other research
environments with limited resources. BLI
devices based on these technologies, such
as ForteBio’s eight-channel instrument, are
unsuitable for general laboratories because
of their relatively low sensitivity, high price,
and expensive reagents. Traditional SPR

systems, exemplified by the commercially available Biacore sys-
tem, are widely regarded as the benchmark for molecular affin-
ity detection.[6] Nevertheless, the Biacore system necessitates the
utilization of a coupling prism device or alternative apparatus to
induce photon excitation and replicate SPR phenomena. The in-
tricate configuration of the Biacore system, coupled with the exor-
bitant expenses associated with procuring imported instrument
components,[7] restricts the extensive adoption of this system
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across various domains. Although LSPR systems are conve-
niently and economically designed, they exhibit low sensitivity,
poor stability, and low repeatability of results. Thus, highly spe-
cific, portable, and affordable technologies that can be widely
used in molecular interaction analysis are urgently required.

The nanocup microarray MetaSPR is based on the principle
that when the surface structure of a nano-metal is irradiated by
incident light, metal-free electron resonance is induced, which
causes the emission of secondary light and the formation of a
specific absorption spectrum. Changes in the molecules or so-
lutions on the chip surface alter the intensity of the transmitted
plasmon resonance light at specific wavelengths (595 and 575 nm
for the chips used in the experiment). The transmitted wave-
length before the shift is then subtracted from that after the shift,
resulting in a significant decrease in light intensity at 575 nm
and an increase at 595 nm. Therefore, the interactions between
biomolecules can be analyzed based on changes in the absorp-
tion intensity of the two wavelengths during the reaction. The
factors that primarily determine the wavelength are the nanos-
tructure size,[8] the deposited metal layer,[9] and the metal layer
thickness.[10] 3D nanocup microarray chips are a key factor in
improving detection performance.[11] The relationship between
the interface structure and enhanced detection performance has
been reported in our previous study. For Instance, Ameen et al.[12]

have reported a sensor design and sensing method based on
plasmonic–photonic interactions that occur when a nanocavity
array is embedded in a 3D tapered nanocup plasmonic substrate.
This device enables the highly sensitive detection of refractive in-
dex changes based on modifications to the transmission peak in-
tensity without a shift in the resonance wavelength. Unlike con-
ventional plasmonic sensors, there is a consistent and selective
change in the transmission intensity at the resonance peak wave-
length with no spectral shift. Zhang et al.,[13] optimized the Ti-
Au chip based on this chip structure, and a digital plasma im-
munosorbent assay, based on a nanopore biosensor, is presented.
This method is highly sensitive for detecting low protein concen-
trations. Meanwhile, Li et al. compared the size of the nanocup,
determined the optimal nanocup size, and proposed a vaporized
Ti-Ag-Au chip based on the optimal nanostructure.[8] This im-
proved chip has an RI of 759.50 nm/RIU and an FOM of 23.01.
These studies have greatly improved the detection performance
of nanocup microarray structured chips.

In our previous study, we showed that a MetaSPR sensor with
a nanopore array could detect affinity by monitoring the corre-
lation process.[14] The metal periodic nanostructure sensors are
stimulated by light to induce collective oscillations of the electron
gas, resulting in a decrease in the intensity of reflected light with-
out the need for coupling devices. Given this detection principle,
MetaSPR presents itself as a highly suitable option for emerging
SPR laboratories.[15] Despite its numerous advantages, MetaSPR
technology is predominantly employed in the quantification of
the concentrations of various biomarkers. We earlier showed that
the MetaSPR chip biosensor has unique optical properties owing
to its uniform nanocup structure, thus indicating the feasibility of
generating an easy-to-use MetaSPR molecular interaction desk-
top instrument that meets the requirements of individuals and
laboratories.[16]

MetaSPR is fundamentally different from traditional SPR re-
garding technical principles. Traditional SPR, with sensors based

on glass, analyzes the strength of molecular interactions by
recording changes in the angle of the resonance peak offset, while
MetaSPR technology, whose sensors are based on PET, reacts to
intermolecular interactions through changes in the size of the
resonance peak displacement. Therefore, although the molecu-
lar interaction methodologies of the two technologies are simi-
lar, they use different technology platforms, and the operation of
their practical applications is distinct. Specifically, the chip sensor
types and the modification and manipulation methods are also
different. SPR facilitates a dynamic process of molecular bind-
ing and dissociation through the use of microfluidics. In con-
trast, MetaSPR achieves a similar dynamic process via high-speed
vibration and liquid exchange, a methodology akin to existing
BLI molecular interaction platforms. Molecular interactions in
the MetaSPR and systematic studies on subtype identification,
epitope binding, or antibody screening have not been analyzed
in detail since its development,[17] although there are reports on
quantitative detection[10,18] and affinity evaluation.[8,16] This study
provides a systematic research basis for MetaSPR technology and
lays a methodological foundation for drug screening through the
development of applications, which is innovative and ground-
breaking from a methodological point of view.

In this study, a wafer-scale 3D nanocups array chip was pro-
duced, biochemically modified to fabricate the MetaSPR chip
sensors, and integrated onto 3D-printed bottomless 96- and 384-
well plates to achieve high-throughput detection assays with 96-
throughput detection or 384-throughput detection. A portable
affinity analysis device was then assembled by combining the 96-
and 384-throughput biosensor with an optical signal-detection
device and powerful data-computing system, which expands
the application of MetaSPR for high-throughput drug screen-
ing (Figure 1a). The 96-well plate was used for 96-throughput
and the 384-well plate for 384-throughput. This reflects the
high-throughput attributes of the platform. Based on this high-
throughput screening platform, three molecular interactions are
proposed to launch a series of applications. The MetaSPR chip
sensor detects interactions between different molecules, such
as subtype identification, affinity evaluation, epitope binding,
antibody collocation, and quantitative detection, by monitoring
changes in light intensity at certain wavelengths, which can pro-
duce stable detection results within 15 min. In addition, the de-
tection sensitivity of the developed MetaSPR platform combined
with gold nanoparticles (AuNPs) was further improved by one to
two orders of magnitude (Figure 1b). We also established various
MetaSPR biosensors using different modification methods to val-
idate the interactions between different biomolecules. The devel-
oped MetaSPR platform has high-throughput, high-sensitivity,
and low-cost characteristics, making it promising for applications
in drug screening and drug discovery.

2. Results and Discussion

2.1. Establishment of a Detection Method Based on the MetaSPR
Sensor

In this study, we developed three analytical detection methods (di-
rect capture, sandwich, and competition) to immobilize antigens
or antibodies on the surface matrix of the MetaSPR 3D nanocups
array sensor chip via covalent binding, charge adsorption,
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Figure 1. Schematic diagram of the MetaSPR chip sensor platform for molecular interaction detection. a) A convenient high-throughput biosensor. b)
The principle of molecular interactions based on the MetaSPR sensing platform and the research of five applications.

hydrophilicity, hydrophobicity, gold sulfur bonding, and other
principles to analyze biomolecular interactions (Figure 2).

The direct capture method is utilized for conducting epi-
tope grouping, affinity determination, and subtype identification,
as well as for directly analyzing intermolecular interactions. The
specific principle underlying affinity determination is illustrated
in Figure 2a. In this approach, the ligands are immobilized on
the chip, and label-free analytes (or antibodies) are subsequently
detected. If the antigen binds to the antibody, the binding curve
exhibits an upward trajectory; conversely, if no binding occurs,
the binding curve remains unchanged (Figure 2b). Based on this
principle, the direct capture method can also be utilized for anti-
body subtype identification. This process involves fixing the sec-
ondary antibody on the chip surface, binding it with specific an-
tibodies, and distinguishing the antibody subtypes.

The sandwich method is applicable for various purposes
such as antibody collocation, epitope binding, protein quantifi-
cation, and other applications. Figure 2c provides an illustra-
tion of the principle underlying the sandwich method, wherein
the antibody is immobilized on the MetaSPR chip surface and
subsequently binds to the antigen. Subsequently, a secondary

antibody is introduced to form an antibody-antigen-antibody
complex. Furthermore, by employing signal amplification tech-
niques, gold-particle-labeled antibodies enable the quantitative
or qualitative detection of complex viral samples.[18b] The sand-
wich method commonly enhances the signal of the secondary
antibody through the utilization of horseradish peroxidase[10] or
gold particle labeling,[18e] thereby elevating the binding curve of
the secondary antibody. If the second antibody fails to bind, the
real-time curve will exhibit no upward trend (Figure 2d).

The competition method can be employed for epitope group-
ing, quantitative detection and specific antibody analysis, as well
as other assays. For example, the principle of the epitope bind-
ing is shown in Figure 2e, wherein, the antibody is immobilized
on the surface of the MetaSPR chip, and the antibodies awaiting
competition and antigen are premixed until antigen binding is
saturated. Then, complexes of competitive antibodies and anti-
gens are simultaneously added to the chip. If both antibodies
bind to the same epitope, the binding is blocked and the bind-
ing curve becomes flat. If the two antibodies bind to different
epitopes, then blocking will not occur, and the binding curve will
show an upward trend (Figure 2f).
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Figure 2. Schematic illustration of the principles underlying the three analytical detection methods. a) Direct capture detection. b) Addition sequence
and binding effect of the molecular interactions determined using direct capture detection. c) Principle of sandwich detection. d) Addition sequence
and binding effect of the molecular interactions determined using sandwich detection. e) Principle of competition detection. f) Addition sequence and
binding effect of the molecular interactions determined using direct capture detection.

2.2. Surface Characterization of the MetaSPR Chip

Periodic nanocup array sensor chips were fabricated on polymer
substrates with nanocup microarray structures. Figure 3c depicts
a photograph of the chip, showcasing the multicolor light effect,
which serves as evidence of the chip sensor’s heightened sen-
sitivity. The nanocup array exhibited high uniformity as shown
by atomic force microscopy (AFM) (Figure 3a,b), indicating good
chip consistency. Most label-free methods that immobilize one
of the interacting molecules on a sensor surface (such as BLI
and SPR) rely on the refractive index (RI). The microarray nano
gold chip’s surface exhibited distinct colors due to the presence
of two distinct refractive indices, namely air (RI = 1.00027) and
water (RI = 1.3330), thereby indicating the chip’s exceptional de-
tection sensitivity (Figure 3d). To further substantiate this find-
ing, the absorption spectra of sucrose solutions with varying con-
centrations, corresponding to RI values ranging from 1.3330 to
1.4062, were measured using a conventional microplate reader.
The findings of this study demonstrated that as the concentra-
tion of sucrose increased and the RI increased, the peak wave-

lengths exhibited a gradual red-shift (Figure 3e). Additionally,
there was a decrease in light intensity at ≈575 nm and an increase
at ≈595 nm (Figure 3e). Because of the red-shift phenomenon,
when the absorption spectrum of sucrose is subtracted from
that of water to obtain the displacement difference spectrum
(Figure 3f), there are negative response units at 575 nm and pos-
itive response units at 595 nm. Moreover, as the RI increases,
the greater the change in RI, the more pronounced the trough
at 575 nm, and the peak at 595 nm become. The difference be-
tween the optical density at these two wavelengths (OD595–OD575)
exhibited a strong linear correlation with the RI value, suggest-
ing that the chip possessed the capability to detect a change in
RI of 0.0005 (Figure 3g). The linear regression analysis of eight
data points showed a high R2 value of 0.9946, signifying a strong
linear correlation (Figure 3h). These alterations in surface charac-
teristics were also corroborated by Fan et al.,[16] thus confirming
the high detection sensitivity of the MetaSPR chip.

When performing MetaSPR experiments using gold chips,
to ensure the accuracy and reproducibility of the signals, the
gold chip surface needs to be cleaned. The microarray chip was
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Figure 3. Surface characterization of the chip. a) 3D surface feature map
view of the scanning chip determined using AFM microscopy. b) The sur-
face of Meta SPR chips was characterized using AFM analysis. c) A photo-
graph depicting the MetaSPR chip is presented. d) The chip’s surface ex-
hibits a green color in the air and turns pink when submerged in water. e)
To determine absorption values, a gradient diluted sucrose concentration
ranging from 0% to 50% was employed, with a refractive index (RI) range
of 1.3330 to 1.4062. The absorption spectrum is subject to variations in
RI. f) Differential spectra of sucrose solutions with varying concentrations
were obtained after zeroing. g) A strong positive correlation coefficient of
0.9948 is observed between the differences in dual-wavelength optical den-
sity (OD) values. Data represent as mean ± SD (n = 3). h) The MetaSPR
chip exhibits varying dual-wavelength OD differences (OD595-OD575) in
response to sucrose solutions with different refractive indices. Data are
shown as mean ± SD (n = 3).

cleaned with NaOH solution, HCl solution, ethanol solution,[19]

and ddH2O sequentially before any chemical modification. Chip
cleaning can remove organic contaminants and impurities such
as dust on the gold chip surface. The dried clean chips were di-
rectly used as sensors for SPR detection or were chemically mod-
ified to create functional chip sensors. The chips were placed un-
der vacuum to avoid surface oxidation. The affinity and selectiv-

ity of the molecules on the gold chip surface increased following
chemical modification of the MetaSPR gold chip surface, such as
the addition of carboxyl and amino groups, which were beneficial
for altering and controlling the adsorption, orientation, and sta-
bility of biomolecules because of changes in the surface charge
and hydrophilicity.

2.3. Applications of MetaSPR Chip

2.3.1. Application 1: Subtype Identification

Identifying antibody subtypes is extremely important in biologi-
cal research and clinical medicine.[20] Antibody subtype identifi-
cation can help determine antibody function and antigen-binding
specificity.[21] In clinical settings, antibody subtype identification
facilitates the diagnosis and treatment of various diseases. For
example, in certain autoimmune diseases, the production of spe-
cific antibody subtypes is closely associated with disease initia-
tion and progression.[22] Antibodies of a certain subtype, which
bind to secondary antibodies with much higher specificity rela-
tive to other antibodies that have not been subtyped identified.
The five main immunoglobulin classes are IgG, IgM, IgA, IgD,
and IgE.[23]

To determine the mouse antibody subtypes, the binding of spe-
cific antibodies to mouse IgG1-, IgG2a-, and IgG2b was deter-
mined using a carboxylation MetaSPR sensor. Chemical mod-
ification can introduce chemical functional groups on the sur-
face of the gold chip, increasing the affinity and selectivity of
molecules. For example, functional groups such as carboxyl and
amine groups can be introduced onto the surface of gold chips to
further modify and control the adsorption, orientation, and stabil-
ity of biomolecules. In addition, chemical modification can regu-
late physicochemical properties such as charge and hydrophilic-
ity on the surface of gold chips, which can further improve the
adsorption and detection performance of biomolecules. Mercap-
toundecanoic acid (MUA) is the first choice for surface modifi-
cation because it contains sulfhydryl and carboxylic groups that
can attach to the gold surface and bind to the amino groups of
proteins. The conditions were optimized based on a published
MUA surface functionalization method to improve the detec-
tion sensitivity of the 3D nanocup microarray gold-chip sensor
platform.[15a] Chip performance was improved by a combination
of alcohol washing and chemical modification, which further en-
hanced the sensitivity, signal-to-noise ratio, repeatability, and sta-
bility of the SPR experiments. Specific proteins can also be at-
tached to 2D[24] or 3D[12] modified chips to form biosensors to
capture specific antibodies or proteins.

A block of the subtyping assay chip sensor can directly dis-
tinguish the subtype of the tested antibody within 10 min us-
ing the direct capture method. The principle and detection pro-
cess for subtype screening using the MetaSPR chip sensor are
shown in Figure 4a. The secondary antibodies specific to mouse
IgG1, IgG2a, and IgG2b were immobilized on the carboxylation
MetaSPR sensor in columns one to three, followed by blocking
of the non-specific binding sites. The antibody to be tested was
added to the microplate wells, and if the antibody was bound to
a specific rabbit anti-mouse IgG1 antibody, the subtype of the
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Figure 4. Subtype identification analysis. a) Schematic diagram of the subtype identification and detection process and principle. b) Rabbit anti-mouse
IgG1, c) IgG2a, and d) IgG2b antibodies were fixed on the carboxylation MetaSPR sensor chip, and mouse IgG1, IgG2a, and IgG2 antibodies were
detected real-time. e) MetaSPR subtype identification. f) Relative response at 575 and 595 nm before and after subtype identification on the surface of
the sensor chip. Data represent as mean ± SD (n = 3). g) Results of subtype identification using ELISA. Data represent as mean ± SD (n = 3).

tested antibody was determined as IgG1. Using parity of reason-
ing, the light-chain subtype could also be measured. The relative
responses of IgG1, IgG2a, and IgG2b are shown in Figure 4b–d,
respectively. The strongest binding to rabbit anti-mouse IgG1,
rabbit anti-mouse IgG2a, and rabbit anti-mouse IgG2b antibod-
ies was observed in the IgG1, IgG2a, and IgG2b subtypes, re-
spectively (Figure 4e). Within a 10-min timeframe, a change in
the response unit proportional to the different IgG subtypes was
detected at 595 nm in the typical differential absorption spectrum
(Figures S1–S3, Supporting Information)[10] of the MetaSPR
sensor chip (Figure 4f). We then compared the MetaSPR chip
sensor screening result with traditional ELISA screening result
(Figure 4g, Table S1, Supporting Information) and found that the
results of subtype identification from the two methods were con-
sistent. This explains the accuracy of the identification results.
However, ELISA requires at least 1.5 h of incubation-washing-
color development-termination to obtain results, while the Meta
SPR platform assay requires only 10 min of association with the
addition of the antibody to be tested, and the result can be ob-
tained in one step. This greatly improves the efficiency of the as-
say. Furthermore, compared with traditional SPR’s single-needle
liquid-phase injection, MetaSPR uses a 96-well plate assay, which

can detect 96 wells at the same time, so the throughput is higher
than that of traditional SPR. Thus, the MetaSPR sensing platform
is able to quickly identify antibody subtypes in one step, being a
quick and high-throughput method.

2.3.2. Application 2: Affinity Evaluation

Affinity is a measure of the intensity of the interactions between
two molecules in a reversible reaction. Affinity-based protein in-
teraction evaluation has applications in diverse domains, includ-
ing early-stage drug investigation, screening and identification,
preclinical and clinical research, and downstream production
quality control. In preclinical studies, the evaluation of protein in-
teraction affinity has been extensively employed to investigate the
underlying mechanisms of signaling pathways. Ligand-binding
interactions play a crucial role in maintaining the native confor-
mation of proteins. Since protein G binds to the Fc region of an
antibody and can bind to IgG with high affinity,[25] it was immo-
bilized onto the chip surface to form a protein G sensor. This
sensor can be used for antibody concentration quantification and
biomolecular interaction evaluation.
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Figure 5. Affinity evaluation based on the MetaSPR sensor. a) Schematic diagram of the protein G-IgG affinity evaluation principle. b) Differential
spectra at 575 and 595 nm after IgG binding to protein G. c) Kinetic fitting curves derived from the association and dissociation data of protein G and
IgG, encompassing a range of analyte concentrations from 0 to 100 nm. d) Relative response difference between serial dilutions of IgG. Data represent
as mean ± SD (n = 3). e) Correlation of the relative response difference between serial dilutions of IgG, R2 = 0.996. Data represent as mean ± SD (n = 3).

This study established a protein G-IgG interaction plat-
form based on affinity evaluation using direct capture method
(Figure 5a), which can simultaneously detect and create the bind-
ing and dissociation curves in a high-throughput manner. Dur-
ing the detection process, the protein G chip wells were subjected
to the addition of diluted IgG at concentrations ranging from
0.63 to 100 nm. Following the association period of 10 min, the
sample was dissociated using a diluent, as depicted in Figure 5c.
This was done to create a convenient and rapid high-throughput
binding and dissociation kinetic assay. Figure 5b illustrates the
determination of the change in optical density (OD) at a spe-
cific wavelength after the addition of diluted IgG samples at vari-
ous concentrations to the chip. The real-time dynamic binding
curves of the IgG samples at 595 and 575 nm yielded a dual-
wavelength relative response difference of 600 s, as shown in
Figure 5d.

The standard curve depicting the dual-wavelength relative
response difference in relation to the IgG concentration (ranging
from 0.63 to 100 nm) is presented in Figure 5e. A four-parameter
logistic regression model was employed to generate the standard

curve, yielding an R2 value of 0.996, which shows a strong linear
correlation. To account for variability, each data point on the
graph is each data point in the graph represents the mean of
three separate experiments, ensuring a more accurate depiction
of potential fluctuations. Subsequently, the affinity between Pro-
tein G and IgG was assessed. Exponential functions of the form
y = a (1 − e−bx) were fitted to the plots shown in Figure 5c. The
values of the association rate constant (Ka) and the dissociation
rate constant (Kd) were determined as 9.66 × 106 m−1 s−1 and
6.14 × 10−5 s−1, respectively. According to the calculations from
the constants of intermolecular interactions, the affinity constant
(KD) between Protein G and IgG was 6.11× 10−10 m (611 pm) (the
dynamic processes of molecular interactions, and the methods to
determine the constants of intermolecular interactions as shown
in Table S2, Supporting Information). Notably, the obtained KD
value was found to be similar to previous reports.[25] Additionally,
the analysis of kinetic fitting curves derived from the association
and dissociation data of protein G and IgG further supports
its utility. Hence, the MetaSPR biosensor device exhibits con-
siderable potential as a high-throughput screening platform in
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Figure 6. Epitope binding determined using the MetaSPR sensor. a) Epitope identification: NTA chip sensor coupled with the SARS-CoV-2 nucleoprotein
antibody (7B9); the SARS-CoV-2 nucleoprotein protein was incubated with different SARS-CoV-2 nucleoprotein specific antibodies, which competed with
the SARS-CoV-2 nucleoprotein protein-specific antibody conjugated on the chip. b) Relative response curve of the nucleoprotein pre-saturated with the
second followed by binding with the antibody conjugated on the chip. c) Relative response of the nucleoprotein-specific antibodies binding to different
epitopes, as identified by the dual antibody sandwich method. d) Identification results of antibodies with different epitopes than antibody 7B9. The
epitopes bound by antibody 7B9 were different from those of R001 and 23F and were the same as those of CH14, M05, and 6F5. Data represent as mean
± SD (n = 3). e) Differential spectra at 575 and 595 nm after antibody 7B9 was conjugated onto the chip. f) Differential spectra at 575 and 595 nm after
different antibodies bound to the nucleoprotein and antibody 7B9 on the MetaSPR sensor. g) Histogram of the two-wavelength response unit showing
differences in antibodies with different epitopes relative to 7B9. Data represent as mean ± SD (n = 3). h) Results of ELISA-based epitope identification.
Data represent as mean ± SD (n = 3).

laboratory settings, enabling convenient, label-free, and efficient
quantification of antibody concentrations and affinity assays.

2.3.3. Application 3: Epitope Binding

Multiple antibody-binding epitopes facilitate the screening of an-
tibodies from paired antibodies and natural samples, which di-
rectly improves the success rate of the pairing.[26] The epitope di-
rectly determines antibody specificity. If the target epitope of an
antibody is relatively concentrated and steric hindrance is large,
then the success rate of pairing will be affected.[27] The identi-
fication of epitopes, which are the specific regions on an anti-
gen that interact with antibodies, plays a crucial role in the de-
velopment of antibody-based drugs.[28] Epitope binding, a widely
utilized technique involving the analysis of polyclonal antibod-
ies in immunized animals’ sera, is instrumental in the discov-
ery of antigenic components of pathogens. This process yields
invaluable insights that aid in the development of vaccines and
therapies.[29] However, it is important to note that epitopes capa-
ble of binding to multiple antibodies may exhibit cross-reactivity
with various antibodies and non-target molecules. Consequently,

the precise identification of specific epitopes assumes paramount
significance.

In this study, a nitrilotriacetic acid (NTA)-based MetaSPR sen-
sor was selected for epitope identification using the competition
method. Nickel binds to the His-tag, thereby facilitating the anal-
ysis of His-tagged proteins and interacting molecules. The de-
tection process is shown in Figure 6a. The chip was conjugated
with SARS-CoV-2 N antibody (7B9). Next, SARS-CoV-2 N pro-
tein (RM1033; 10 μg mL−1) was premixed with eight SARS-CoV-
2 N antibodies from different manufacturers and added into the
chip well to screen antibodies binding to different epitopes of
the N antibody 7B9. When the N antibody 7B9 was conjugated
onto the chip, differential spectra were noted at 575 and 595 nm
(Figure 6e), which showed that the MetaSPR chip had extremely
high consistency. The epitopes of the SARS-CoV-2 N proteins that
bound with the N antibodies from different manufacturers and
the N antibody 7B9 conjugated on the chip differed (Figure 6d).
Moreover, the epitopes of each of the tested antibodies differed as
shown by the differential spectra at 575 and 595 nm (Figure 6f).

In the amalgamation of the two segments, antibody R001 ex-
hibited a greater affinity, suggesting that antibodies R001 and
7B9 possessed distinct epitopes (Figure 6c). The combination of
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Table 1. Comparison of epitope identification using MetaSPR and ELISA.
From top to bottom, the sequences ranged from epitopes different from
those for 7B9 to the same epitope as for 7B9.

Ranking MetaSPR ranking ELISA ranking

Different epitope
↓

Same epitope

R001 R001

23F 23F

CH15 CH15

M08 M08

6F5 6F5

CH14 CH14

M05 M05

7B9 7B9

the initial and subsequent segments demonstrated the most pro-
nounced relative response, followed by 23F. Remarkably, CH14,
7B9, M05, and 6F5 displayed minimal binding with 7B9, indicat-
ing the congruity of their epitopes (Figure 6d). The disparity in
epitopes is manifested through the discrepancy in the dual wave-
lengths (Figure 6g). The findings of this study demonstrate that
7B9 exhibits distinct binding epitopes with R001, displaying par-
tial similarity to CH15, 23F, and M08, while displaying nearly
identical binding epitopes with CH14, 6F5, and M05 (Figure 6g).
Furthermore, the conventional ELISA results (Figure 6h) cor-
roborate the dissimilarity in epitopes between R001 and 7B9,
aligning with the outcomes of the MetaSPR epitope screening
(Table 1).

2.3.4. Application 4: Antibody Collocation

In the realm of drug development, the necessity for antibodies
that exhibit binding to a wide range of epitopes is frequently ob-
served, as it enhances the likelihood of discovering potential can-
didates possessing distinct pharmacological characteristics.[30] To
effectively apply these approaches in a clinical context, it is imper-
ative to conduct a comprehensive examination of the underlying
mechanisms governing the interaction between affinity ligands
and their target molecule, along with an assessment of the func-
tional ramifications resulting from this interaction.[31] The pro-
cess of epitope identification plays a crucial role in determining
whether various antibodies exhibit binding to identical epitopes.
In addition, an optimal antibody pair can be screened using the
MetaSPR label-free system to verify antibody pairs binding to dif-
ferent epitopes.

Our findings indicate that M08, R001, 7B9, CH15, and 23F ex-
hibit binding to distinct epitopes. Figure 7a illustrates the under-
lying principle and procedure of detecting SARS-CoV-2 through
antibody-pairing using the sandwich method. Each of these an-
tibodies was individually immobilized on the MetaSPR sensor
surface coated with growing gold seeds, followed by incubation
with the nucleocapsid protein. Subsequently, the binding of the
remaining four antibodies was assessed. A negative control was
established using buffer. Through this analysis, we identified
the antibody pair that displayed the highest level of responsive-
ness as the optimal choice. The results of the collocation analysis
demonstrated that M08, when conjugated on the MetaSPR sen-
sor surface, exhibited binding affinity toward the nucleocapsid

protein, as evidenced by a response value of 62RU. Furthermore,
among the four remaining antibodies tested in the subsequent
step, 23F displayed the highest relative response, suggesting that
M08 and 23F could potentially serve as a compatible antibody
pair (Figure 7b). Similarly, 7B9 was found to be the most suit-
able candidate for pairing with R001 (Figure 7c). The capture an-
tibody 23F was utilized, and the detection antibody 7B9 exhibited
the highest level of responsiveness (Figure 7d). Conversely, when
the capture antibodies 7B9 and CH15 were employed, the detec-
tion antibody 23F displayed the greatest degree of responsiveness
(Figure 7e,f), thereby indicating their compatibility as paired an-
tibodies.

Figure 7g shows the comparison of the response values of dif-
ferent antibodies binding the same concentration of N protein
after the chip was immobilized with different antibodies. The ex-
amination of the binding efficacy of the five antibodies as cap-
ture antibodies demonstrated that R001 exhibited the most ro-
bust binding, with a relative response of 78RU (Figure 7g). That
is, R001 is most suitable to be immobilized on the chip surface
as a capture antibody. Furthermore, among the detected antibod-
ies, 7B9, M08, and CH15 exhibited favorable binding capabil-
ities with the nucleocapsid protein (Figure 7h,i) shows the re-
sults of different antibodies used as capture antibodies to detect
different detection antibodies, and the examination of the rela-
tive response of antibody pairs targeting the nucleocapsid protein
demonstrated that the combination of R001 as the captured anti-
body and 7B9 as the detected antibody yielded the highest overall
relative response (143RU). Consequently, when employing the
label-free sandwich technique for antibody collocation, the most
effective antibody pair for the detection of nucleocapsid proteins
was found to be R001 and 7B9.

By choosing a 96- or 384-well plate for application research,
we can immobilize proteins on 96 or 384 wells, respectively, at
the same time, and then carry out the detection of 96 or 384
samples, respectively. By adding samples only once, the molec-
ular interactions between 96 or 384 samples, respectively, and
immobilized proteins can be detected, therefore, the MetaSPR
molecular interactions platform has the advantage of providing
a high-throughput method (96- or 384-throughtput), especially
compared with the traditional SPR single needle injection or 8-
channel assay, we have the advantage of high-throughput (96- or
384-throughput).

2.3.5. Application 5: Quantitative Detection

The potential for reinfection by SARS-CoV-2 variants of vacci-
nated individuals is contingent upon the sustained efficacy of vac-
cines and the extent of neutralizing antibodies produced against
these variants.[32] Consequently, the quantitative assessment of
neutralizing antibodies is crucial for evaluating SARS-CoV-2 vac-
cine efficacy and determining the necessity for a booster shot. In
this study, we have devised an innovative nanostructure-coupled
nano-plasmonic sensor platform that enables the swift and effi-
cient quantification of the SARS-CoV-2 nucleocapsid protein in a
single step. Compared with the method reported in our previous
work,[18c] here we immobilized the coated antibody and vacuum-
dried AuNPs labeled with the detection antibody on the surface
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Figure 7. Label-free detection antibody collocation and applications based on the MetaSPR platform. a) Principle and process of antibody collocation
are illustrated. b–f) M08, R001, 23F, 7B9, and CH15 were used as the capture antibodies, incubated with nucleocapsid protein and used to detect the
relative response results of different nucleocapsid protein specific antibodies. g) Comparison of the binding ability among five capture antibodies and
nucleocapsid proteins. Data represent as mean ± SD (n = 3). h) Results of the five antibody pairings to detect nucleocapsid protein. i) Comparison of
the binding ability between the five antibodies and nucleocapsid proteins.

of the chip. This detection method was named meta-surface plas-
monic immunosorbent assay (MetaPISA).

The detection antibody, which was labeled with colloidal gold
particles, was subjected to vacuum drying on the chip surface that
had been previously treated with the capture antibody. Following
the addition of the antigen, the nucleocapsid proteins present in
the samples were rapidly quantified using a one-step method.
The detection process is visually represented in Figure 8a. The an-
tibody pair R001 and 7B9, specifically selected through antibody

collocation, was employed. The R001 antibody was immobilized
onto the gold chip, while the SARS-CoV-2 N antibody (7B9)
labeled with AuNPs was subjected to vacuum drying on the chip
surface. The double-antibody sandwich system was employed
by introducing the SARS-CoV-2 nucleocapsid protein, and the
quantitative detection of the nucleocapsid protein in the sample
was achieved using the one-step method. The MetaPLSA system
enabled the quantification of low concentrations of the SARS-
CoV-2 N protein (0–10 ng mL−1) in the samples. The absorption

Adv. Healthcare Mater. 2024, 2401097 © 2024 Wiley-VCH GmbH2401097 (10 of 14)

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 8. Nano-enhanced quantitative detection methods and applications based on the MetaSPR platform. a) Nano-enhanced MetaPLSA detection.
b) Detection of dual-wavelength differences in nucleocapsid proteins by nano-enhanced MetaPLSA detection. c) MetaPLSA system used to verify the
sensitivity of the antibody pairs for quantitative detection. Data represent as mean ± SD (n = 3). d) Detection of dual-wavelength differences in the
throat swab samples of simulated SARS-CoV-2 infections using MetaPLSA. e) Selectivity of the MetaPLSA detection assay for six samples from three
not-infected and three simulated-positive infected individuals. Data represent as mean ± SD (n = 3). f) Verification of SARS-CoV-2 nucleocapsid protein
antibody sensitivity using the colloidal gold method. i) Sensitivity of the colloidal gold strip bound to the antibody pair screened with the MetaPLSA
method. ii) Sensitivity of the colloidal gold strip bound to an antibody pair not screened using MetaSPR.

spectra of the wells containing varying concentrations of
the SARS-CoV-2 N protein exhibited a noticeable gradient
(Figure 8b). The AuNP-coupled MetaPISA demonstrated a limit
of detection below 250 pg mL−1 for the SARS-CoV-2 N protein
(Figure 8c).

The aforementioned detection system was employed to assess
simulated samples in order to validate the precision of label-free
antibody collocation and the sensitivity of the nano-enhanced de-
tection method. Throughout the experiment, the diluent was des-
ignated as the negative reference, while the nucleocapsid protein
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served as the positive reference. To ascertain the reliability of the
antibody pairs, throat swabs collected from three healthy indi-
viduals, as well as throat swab samples containing nucleocapsid
protein concentrations of 1, 2.5, and 5 ng mL−1, were used. The
findings of this study indicate that the positive reference and sim-
ulated positive samples exhibited alterations in dual-wavelength
measurements at 575 and 595 nm, while the negative reference
and negative samples did not demonstrate any changes in dual
wavelength measurements (Figure 8d). The spectral difference
results showed that by using 10% of the positive control as the
cutoff value, the negative and positive samples were detected as
true negative and true positive, respectively (Figure 8e). The“n”
value for each data set corresponds to the number of samples
analyzed, with “n = 3” for both the negative and positive sam-
ple groups, indicating that each sample was tested in triplicate to
ensure the reproducibility of the results.

Subsequently, we proceeded to fabricate colloidal gold cards
using carefully selected antibody pairs and juxtapose them
against commercially procurable colloidal gold cards (fabricated
using antibody pairs devoid of screening via our technical plat-
form) for the purpose of detecting varying concentrations of nu-
cleocapsid protein. By means of a sensitivity comparison, we
aimed to illustrate the consequentiality of screening predicated
on Meta SPR sensors. The results indicated that the sensitivity
of the colloidal gold strip, which was bound with an antibody
pair screened through the MetaPLSA method, was measured at
0.25 ng mL−1. Conversely, the colloidal gold strip bound with an
antibody pair that did not undergo screening using this method
exhibited a sensitivity of 1 ng mL−1 (Figure 8f). This finding offers
compelling evidence that the MetaPLSA method exhibits signif-
icant promise in the identification of optimal antibody pairs and
possesses boundless potential for colloidal gold strip-based detec-
tion. Consequently, it is anticipated that this method will make
valuable contributions to the advancement of in vitro diagnostics
(IVD) technology in the foreseeable future. The utilization of col-
loidal AuNPs as signal amplifiers for the SPR signal generated
by the MetaSPR chip sensor substantially enhances the detec-
tion sensitivity. Notably, the MetaSPR sensor can be regenerated
approximately ten times using PBS, thereby establishing it as a
reproducible and cost-effective detection platform for molecular
interactions.

3. Conclusion

This study aims to address the constraints associated with the de-
tection throughput and cost of current SPR sensors. To overcome
these limitations, we have developed a novel MetaSPR chip with
multiple metal layers and incorporated distinctive surface nanos-
tructures to fabricate novel MetaSPR high-throughput biosen-
sors with 96- and 384-well. Through biochemical modifications,
we have successfully manufactured a range of functional sen-
sors. Additionally, we have proposed diverse molecular interac-
tion analysis techniques, such as direct capture, sandwich, and
competition, to enhance the capture efficiency and detection sen-
sitivity of the biosensor. Consequently, our approach offers a cost-
effective and rapid high-throughput screening solution. Based
on the integration of these methodologies, we have successfully
devised a range of applications encompassing antibody subtype
identification, affinity evaluation, epitope binding, antibody collo-

cation, and quantitative detection. These applications have been
employed to assess the feasibility of the MetaSPR platform. Our
research is deemed noteworthy within the scientific community
as it introduces a groundbreaking technology, MetaSPR, which
holds substantial implications for the advancement of biomolec-
ular interaction studies and pharmaceutical development.

Moreover, we have devised a novel MetaPLSA approach by
leveraging optimal antibody pairs identified through the utiliza-
tion of the MetaSPR chip in conjunction with a detection system
that exploits colloidal gold particles to enhance the signal and ele-
vate the detection threshold to the picogram range. Consequently,
we have successfully validated the MetaSPR platform’s efficacy,
precision, and sensitivity. As technological advancements con-
tinue to unfold, we anticipate enhancing this platform into a
high-throughput drug screening system, thereby maximizing its
worth and versatility.

4. Experimental Section
Materials: Recombinant protein G was purchased from Biodragon

Inc. SARS-CoV-2 nucleoprotein/NP antibodies (N antibodies) R001, M08,
and M05 were purchased from Sino Biological Inc; CH15 and CH14 were
purchased from Solarbio Inc; 23F and 6F5 were purchased from Easy
Biotech Inc.; and 7B9 was purchased from OriGene Inc. SARS-CoV-2 nu-
cleoprotein/NP antigen (N protein) (cat.: RM1033) was purchased from
ChunLei JieChuang Bio Inc. The WeSPR200 versatile molecular detec-
tor assay system was provided by Liangzhun (Wuhan) Inc. Polyethylene
terephthalate (PET) films were purchased from Yixing Yangguang Plas-
tic Co. Ltd. (Yixing, China). A subtype identification kit (ELISA method,
used as a control) was purchased from Biodragon Inc. A SARS-CoV-2 Ag
rapid detection box (colloidal gold card for comparison) was purchased
from Beijing Jeyle Biotech Co., Ltd. Tetrachloroaurate hydrogen trihy-
drate (HAuCl4.3H2O, 99.9%), 11 mercaptoundecanoic acid (MUA), 1-(3-
dimethylaminopropyl)−3-ethylcarbodiimide hydrochloride (EDC), NTA, l-
cysteine (l-Cys), bovine serum albumin (BSA), and ethanolamine were
purchased from Sigma Aldrich. NiCl2 and N-hydroxy succinimide (NHS)
were purchased from Macklin Inc. Ethanol, HCl, and NaOH were pur-
chased from Nanjing Chemical Reagent Co., Ltd. PEG 20 000 (PEG, MW,
20 000) was purchased from Sinopharm Chemical Reagent Co., Ltd. All
chemicals were used without further purification.

Preparation and Surface Characterization of the MetaSPR Chip: The
biosensor fabrication process employed the replica-molding technique,
as outlined in the previous reports.[18c,f] The MetaSPR chip, comprising
a conical nanocup array measuring 400 nm in period, 500 nm in height,
and 200 nm in upper diameter, was fabricated through nanoindentation
and vacuum electroless plating. The formation of conical nanocup arrays
on the mold to obtain the initial mold involved laser interference lithog-
raphy and ion etching. The hydrophobic molds were subjected to a 12-h
drying period prior to the reprinting process. Following this, a uniform
application of UV light-curing glue was spread onto the mold, and PET
sheets were subsequently positioned on the mold. Upon exposure to UV
irradiation, a PET film featuring a 3D nanostructure was produced. Subse-
quently, a sequential deposition of 15 nm Ti, 70 nm Ag, and 20 nm Au[33]

was achieved through vacuum electroless plating onto the surface of the
nanocup microarray (Figure S4, Supporting Information). The sheet was
then cut into 13 cm × 8.5 cm sections and glued to a generated open-
bottom 96- or 384-well plate (Figure S5, Supporting Information).

Preparation of the Carboxylation Chip Sensor: The MetaSPR chip was
cleaned with a 50 mm NaOH solution, 50 mm HCl solution, 50% ethanol
solution, and ddH2O sequentially before any chemical modification. Or-
ganic pollutants and impurities, such as dust from the gold chip sur-
face, were washed away with alcohol. The sensor chip was then immersed
in 1 mm MUA solution overnight to form a self-assembled monolayer
(SAM). The SAM-functionalized chip was rinsed with the SAM solvent
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(ethanol+ acetic acid), ethanol, and pure water and stored at 4 °C for later
use.

Preparation of the Protein G and NTA Biosensor Chip Sensor: The spe-
cific preparation method was as follows: i) after the chip was cleaned, pro-
tein G was diluted with CBS buffer to 20 μg mL−1; ii) the sample (2 μL
well−1) was placed on the surface of the microplate chip, which was main-
tained at 4 °C for 16 h; iii) protein G was coated onto the surface of the
gold chip by physical adsorption; iv) 1% BSA solution was used to block
the chip surface at 37 °C for 30 min to avoid non-specific binding; v) the
remaining blocking solution was shaken off and a PBS solution contain-
ing 5% sucrose was added as a protective agent to prevent degradation
of protein G on the chip surface. To avoid the oxidation of the metal chip
surface, the chips were stored under vacuum at 4 °C for later use. An NTA
MetaSPR sensor was used to capture His-tag molecules. The specific op-
eration process was as follows: the chip was cleaned, and then, 2 μL of
NTA (at 20 μg mL−1) was added to the chip well and maintained at 4 °C
for 16 h. Then, the chips were dried and stored. The NTA chips must be
chelated with Ni ions before use. The chip surface was washed with water,
and then, the chip was used to couple His-tagged proteins after 15 min of
incubation with 5 mm NiCl2.

Preparation of Chip Sensors with Growing Gold Seeds: The seed gold
growth method for chip surface modification was selected based on the
modified Turkevich/Frens reaction system.[34] Solutions of l-cysteine and
chloroauric acid (0.1–1.0 mm) were diluted with deionized water and com-
bined at a 1:1 ratio for gold seed growth. Specifically, 32 μL of l-cysteine
and 40 μL of chloroauric acid, both at the same concentration, were suc-
cessively injected into each chip well. The chips were then incubated at
25 °C for 30 min. The chips underwent a double wash with deionized water,
were subsequently dried using nitrogen gas, vacuum-formed, and stored
at a temperature of 4 °C. Following this, the chip was brought back to
room temperature and coated with a concentration of 20 μg mL−1 of the
capture antibody, which was appropriately diluted in carbonate buffer. The
chip was then incubated at a temperature of 4 °C for a duration of 16 h.
Subsequently, the chip underwent a double wash with deionized water and
was subsequently blocked using a 100 μL solution of 1% BSA for a period
of 1 h at a temperature of 37 °C. Following the blocking process, the chips
were stored at a temperature of 4 °C for future utilization.[18c]

Subtype Identification: Carboxylation MetaSPR sensors were used for
subtype identification. The chip was washed twice with deionized water;
then, the carboxy groups were activated by adding NHS and EDC to the
chip wells, followed by incubation at 37 °C for 15 min. Then, rabbit anti-
mouse IgG1, IgG2a, and IgG2b antibodies were diluted with MES (pH,
4.5) to a concentration of 25 μg mL−1; 2 μL of the samples were added
to the middle of the chip and covalently attached to the chip surface.
Ethanolamine solution was used to inactivate the carboxyl groups, and the
remaining sites were blocked with 0.05% fish gelatin and 1% BSA, which
reduced non-specific binding to the chip and residual NHS. After blocking,
the subtyping identification chip sensor was completed. When identifying
the subtypes, the IgG1, IgG2a, and IgG2b subtype antibodies were diluted
to a concentration of 20 μg mL−1 with HEPES buffered saline (HBS-ET)
diluent. Meanwhile, a diluent without antibodies was used as a control;
50 μL of this control solution was added for real-time online detection.
The reaction time was set to 10 min, and the response value reading time
was set to every 15 s, with each vibration lasting 3 s at a vibration rate of
700 rpm.

Affinity Evaluation: Prior to performing the affinity assay, IgG solu-
tions were introduced into wells on a conventional microplate. Subse-
quently, 50 μL of IgG analytes (ranging from 0.63 to 100 nm) in HBS-
ET buffer were simultaneously introduced into the protein-G-modified
MetaSPR chip wells using a multichannel pipette. The association dura-
tion was assessed for a period of 10 min using the WeSPR200 instrument.
Following the completion of the association process, 150 μL of HBS-ET
buffer was added to the chip wells, and the dissociation dynamic curves
were promptly monitored. HBS-ET buffer was employed as a control to
ascertain the absence of non-specific binding. Subsequently, a 1:1 bind-
ing analysis was conducted utilizing XLement Data Analysis software (We-
SPR200 1.0.2) to estimate the dissociation constant (KD) of IgG in its in-
teraction with protein G.[16]

Epitope Binding: NTA MetaSPR sensors were used for epitope identi-
fication. After processing with NiCl2, SARS-Cov-2 N antibody diluted with
CBS (7B9, 15 μg mL−1) was added to the NTA chip sensor and incubated
for 10 min. The remaining binding sites were blocked with 1% BSA, which
reduced non-specific binding to the chip. For epitope identification, SARS-
Cov-2 N protein (RM1033) was diluted to 10 μg mL−1 with PBS, bound
with various N antibodies (20 μg mL−1) outside the wells for ≈10 min un-
til saturation, and then added to chip wells. The reaction proceeded for 10
min to distinguish antibodies with different epitopes from those for 7B9.

Antibody Collocation: Using the chip sensor of growing gold seeds,
SARS-Cov-2 N antibodies were diluted to 20 μg mL−1 with CBS diluent,
and the 2 μL of each antibody were added separately in different wells of
the MetaSPR sensor surface and incubated for 16 h. Then the remaining
binding sites were closed with 1% BSA to prevent nonspecific adsorption.
Prior to the experiment, vacuum drying was conducted. The nucleocapsid
protein was diluted with phosphate-buffered saline (PBS) to a concentra-
tion of 7.5 μg mL−1, and subsequently, a 50 μL aliquot of this solution
was applied to the chip surface for a duration of 15 min to facilitate as-
sociation. The liquid within the cavity was discarded, and the plate was
subjected to two washes with PBST. Subsequently, 50 μL of distinct N an-
tibody solutions, which had been previously diluted to a concentration of
5 μg mL−1 with PBS, were introduced and allowed to react for 15 min. The
entire detection process was monitored and recorded.

Quantitative Detection: Quantitative detection was performed using
a chip sensor for growing gold seeds and SARS-CoV-2 N antibody (R001)
diluted to 25 μg mL−1 with CBS diluent. The antibody was immobilized on
the surface of the chip and then the remaining binding sites were closed
with 1% BSA. Next, 10 μL colloidal-AuNP-labeled SARS-CoV-2 N antibody
(7B9) was added and dried on the chip surface under vacuum. The method
used for colloidal gold firing and labeling antibodies has been reported in
the previous work.[18c] For testing, 50 μL diluted N protein solution (0.25–
10 ng mL−1) was added to the chip well to form a MetaPLSA system, and
the antibody could be paired in one step. Pharyngeal swabs from healthy
individuals were used as negative samples. Dilutions of SARS-CoV-2 N
protein (1, 2.5, and 5 ng mL−1) was obtained from the saliva of healthy
individuals as mock positive samples. Then the sampled pharyngeal swab
sticks were placed in 3 mL of PBS buffer containing 1% BSA, 1% PEG6000,
and 1% Tween20. For validation, 50 μL swab solution was added to the chip
well, and the changes in resonance were recorded after 10 min of reaction.

Statistical Analyses: Data points in the charts represent individual
measurements. For bar graphs with error bars, the indicated values are
the mean from three independent experiments (n = 3). Error bars rep-
resent the standard error of the mean (SEM), calculated as the standard
deviation divided by the square root of the sample size (n). The SEM quan-
tifies the variability within each group and facilitates the comparison of the
precision of the estimates. Statistical analysis was performed using Origin
2021 software.
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