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Sensitive, rapid, and easy-to-implement biosensors are critical in responding to highly contagious and fast-
spreading severe acute respiratory syndrome coronavirus (SARS-CoV-2) mutations, enabling early infection
screening for appropriate isolation and treatment measures to prevent the spread of the virus. Based on the
sensing principle of localized surface plasmon resonance (LSPR) and nanobody immunological techniques, an
enhanced sensitivity nanoplasmonic biosensor was developed to quantify the SARS-CoV-2 spike receptor-binding
domain (RBD) in serum within 30 min. The lowest concentration in the linear range can be detected down to

0.01 ng/mL by direct immobilization of two engineered nanobodies. Both the sensor fabrication process and
immune strategy are facile and inexpensive, with the potential for large-scale application. The designed nano-
plasmonic biosensor achieved excellent specificity and sensitivity for SARS-CoV-2 spike RBD, providing a po-
tential option for accurate early screening of the novel coronavirus disease 2019 (COVID-19).

1. Introduction

The novel coronavirus disease 2019 (COVID-19) caused by severe
acute respiratory syndrome coronavirus (SARS-CoV-2) has caused a
global pandemic due to large number of asymptomatic patients, long
incubation period, and high transmission rate, seriously threatening
human health and the global economy [1-5]. SARS-CoV-2 is still
mutating, and the mutations are becoming more infectious [6-8]. There
is an urgent need for sensitive, accurate, fast, simple, accessible, and
inexpensive diagnostic tools to enable the early screening of infected
persons to take appropriate isolation and treatment measures to prevent
the spread of the virus.

The currently preferred diagnostic method for COVID-19 relies on
detecting SARS-CoV-2 viral genetic material from the respiratory tract
via reverse transcription polymerase chain reaction (RT-PCR), which
offers high sensitivity and reliability [9,10]. However, it typically takes
5-6 h to complete with highly qualified personnel strictly controlling the
risk of infection [11,12]. Immunoglobulin M (IgM)/immunoglobulin G
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(IgG) rapid test kits provide instant self-testing; however, their sensi-
tivity and reliability have not reached the level of genomic molecule
tests [13,14]. Detection of antibodies in serum allows for serological and
immunological testing. However, this technique is not suitable for
screening early and asymptomatic infected individuals because most
infected individuals develop antibody responses approximately seven
days after symptom onset [15-17]. Advanced nanotechnology-based
biosensors based on nanomaterials and metal-organic frameworks can
play an active role in COVID-19 diagnosis and virus infection control
[18,19]. Localized surface plasmon resonance (LSPR) technology can
realize highly sensitive, label-free, and easily accessible biosensing
through refractive index (RI) changes generated by binding bio-
molecules around metal nanostructures [20,21]. The receptor-binding
domain (RBD) of the SARS-CoV-2 spike protein is a highly specific
target and is suitable for identifying Alpha, Beta, and Gamma variants
[11,22]. Therefore, low-cost, convenient, and highly sensitive LSPR
technology that directly detects viral antigens will be of great signifi-
cance for the early large-scale and accurate diagnosis of COVID-19.
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Funari et al. were the first to use an opto-microfluidic sensing platform
of electrodeposited Au nanospikes to detect SARS-CoV-2 spike
protein-specific antibodies in human plasma [23]. Huang et al. achieved
fast, high-throughput quantification of SARS-CoV-2 neutralizing anti-
bodies using nanoporous hollow Au nanoparticles (NPs) with enhanced
coupling [24]. In current LSPR research, standard sensor chips usually
use reagents such as thiols and sialylation to assist in the immobilization
of antibodies, which complicates the functionalization process and in-
creases the effect of biological functionalization operations on the re-
sults. Second, most of the current fabrication methods of nanostructures
cannot achieve both low-cost and large-area uniform fabrication for
higher-sensitivity fabrication of nanoplasmonic biosensors.

In this study, we developed a sensitivity-enhanced nanoplasmonic
biosensor based on the direct immobilization of mixed nanobodies (NBs)
to detect SARS-CoV-2 spike RBD. NBs are attractive alternatives to an-
tibodies because of their higher solubility, stability, affinity, and selec-
tivity [25-27]. In particular, they can be highly expressed in prokaryotic
systems and easily engineered [28-30]. By modifying the linker with the
amino acid sequence of GGGSC at the C-terminus of the NBs, the NBs can
be immobilized directly, stably, and directionally, further simplifying
the functionalization steps. Metal nanostructures were fabricated on a
fluorine-doped tin oxide (FTO) substrate using a straightforward method
of Au evaporation-annealing. The highest sensor sensitivity was ob-
tained by optimizing the fabrication process conditions. The biosensor
that directly immobilized the mixed NBs had a lower k value than the
biosensor that immobilized any NB, which further improved the detec-
tion sensitivity of the SARS-CoV-2 spike RBD. Meanwhile, 36 biosensor
chips were functionalized simultaneously in a homemade 36-well plate
to obtain the detection results. Our work successfully demonstrated for
the first time that a nanoplasmonic biosensor can directly immobilize
two engineered NBs to detect SARS-CoV-2 spike RBD in serum with high
sensitivity and specificity, which has great potential in the early direct
and sensitive screening of COVID-19 infection.

2. Materials and methods
2.1. Materials and chemicals

Sucrose (S8271), sterile deionized water (F0020), His-tag antibody
(K009795M), DYKDDDDK Tag antibody (K00972P), bovine serum al-
bumin (BSA, SW3015), immunoglobulin G (IgG, SP001), and fetal
bovine serum (FBS, S9020) were purchased from Solarbio. 6-Hydroxy-1-
hexanethiol (MCH) was purchased from Sigma-Aldrich (product num-
ber: 451088). Phosphate buffered saline (PBS) was purchased from
Hyclone (product number: SH30256.01). Alpha-fetoprotein (AFP; 30-
AA06), carcinoembryonic antigen (CEA; 30-AC30), and cancer antigen
15-3 (CA15-3; 30 C-CP9064U) were obtained from Fitzgerald. The
SARS-CoV-2 spike RBD, NB1D6, and NB4E9 were expressed and purified
by the Shanghai Institute of Materia Medica, Chinese Academy of
Sciences.

2.2. Preparation of Au NPs

By adjusting the thickness of the deposited Au, annealing tempera-
ture, and time, the Au evaporation-annealing process also provides
excellent flexibility in preparing Au NPs for various biosensors. We first
deposited Au on FTO substrates with thicknesses of 5 and 8 nm. We
varied annealing temperature and time for Au deposited substrates using
a combination of 50, 100, 150, 200, 250, 300 °C and 10, 30, and 60 min,
respectively. As the 5 nm Au deposited substrates annealing treated at
300 °C for 30 min had the best optical properties of Au NPs, this con-
dition was used for all characterization and application experiments.
Fig. S1 shows the preparation and storage of the Au NP-covered
substrate.
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2.3. Functionalization of Au NPs

Fig. 1 shows a schematic illustration of the sensing mechanism
strategy for the quantification of the SARS-CoV-2 spike RBD. NBs with
high affinity and specificity for the SARS-CoV-2 spike RBD were directly
immobilized on the surface of the Au NPs. The screening and prepara-
tion process of NBs includes the construction of a camelid NB phage-
display library, screening and identification of NBs using phage-
display technology, and expression and purification of NBs. The
screening and preparation methods of NB1D6 and NB4E9 were consis-
tent with the preparation methods for other NBs in the literature [27].
See Supplementary Material 4 for the complementary-determining re-
gion (CDR) sequences and size exclusion chromatography (SEC) profiles
of NB1D6 and NB4E9. The related animal research work was approved
and supervised by the Shanghai Institute of Materia Medica, Chinese
Academy of Sciences (permit number: SYXK 2015-0027). After
self-assembly of NBs on the surface of the Au NPs, the exposed free
surface of the Au NPs was blocked by BSA. The detection target
SARS-CoV-2 spike RBD was captured on the chip by specifically binding
to the NBs. Before and after the combination of the SARS-CoV-2 spike
RBD, the difference in the spectral elimination signal was obtained
through the self-assembled LSPR optical platform.

NB1D6 and NB4E9 modified the linker with the amino acid sequence
of GGGSC at the C-terminus of the NBs. The sulfhydryl group on cysteine
can be directly fixed on the Au NP- covered substrate by forming an
Au-S bond with Au NPs to form a self-assembled monolayer. Namely, Au
NP-covered substrates were placed in a homemade 36-well plate con-
taining 10 pg/mL of NBs (20 mM Tris, 100 mM NacCl, Tris-NaCl buffer
pH 8.0) and stored overnight in a refrigerator at 4 °C. After successively
rinsing with Tris-NaCl buffer and sterile deionized water, the substrate
of the self-assembled NB was exposed to 1% BSA in a refrigerator at 4 °C
for 2 h and block the remaining free surface to prevent non-specific
adsorption. After rinsing with Tris-NaCl buffer followed by sterile
deionized water, the immune substrate was stored at 4 °C until further
use.

2.4. Measurement of SARS-CoV-2 Spike RBD using the homemade 36-
well plate

The SARS-CoV-2 spike RBD stock solution was diluted in different
proportions to prepare SARS-CoV-2 spike RBD Tris-NaCl solutions with
gradient concentrations ranging from 0.01 to 10,000 ng/mL. FBS was
used to simulate the serum environment of clinical samples to further
verify the clinical application potential of the sensor chip. Serum sam-
ples were prepared by diluting the SARS-CoV-2 spike RBD stock solution
in the FBS buffer at different ratios. The concentration of SARS-CoV-2
spike RBD was diluted with FBS to 1, 25, 100, and 1000 ng/mL to
obtain simulated serum samples with gradient concentrations for com-
parison with corrected curves. Immune substrates were placed in
homemade 36-well plates containing 50 pL of SARS-CoV-2 spike RBD
Tris-NaCl solutions at different concentrations and incubated for 30 min
at room temperature. After immune recognition, the immune substrates
were rinsed with Tris-NaCl buffer and then sterile deionized water in
turn.

2.5. Instrument

The LSPR optical platform was self-assembled in the laboratory
(Fig. S2). The LSPR extinction spectra were obtained using a spec-
trometer (QE65000, Ocean Optics, USA). Scanning electron microscopy
(SEM) images were obtained using aby field emission scanning electron
microscope (NanoSEM650, FEI, USA). Fluorescence images were ob-
tained using an optical microscope (Ti-s, Nikon, Japan).
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Fig. 1. Schematic illustration of nanoplasmonic biosensor for quantification of SARS-CoV-2 spike RBD.

3. Results and discussion immune sensing. As shown in Fig. 1, Au NPs for LSPR sensing were
fabricated using the Au evaporation-annealing process. When metal NPs
3.1. Morphological and optical properties of Au NPs are deposited on glass substrates covered with indium tin oxide (ITO) or

FTO film instead of commonly used glass substrates, the metal particles
The stability and optical properties of Au NPs are crucial for LSPR are embedded in the substrate during annealing to achieve more stable
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Fig. 2. Morphological characterization, optical properties, and sensing potential of Au NPs on FTO substrates. (A) Post-annealing spectra of FTO substrates deposited
with 5 nm Au at different temperature and time conditions. (B) The particle size distribution of FTO substrates deposited with 5 nm Au under annealing conditions
for optimal optical properties. (C) Post-annealing spectra of FTO substrates deposited with 8 nm Au at different temperature and time conditions. (D) The particle size
distribution of FTO substrates deposited with 8 nm Au under annealing conditions for optimal optical properties. SEM images of FTO substrates deposited 5 nm Au
(E-G) and 8 nm Au (H-I) under different temperature and time conditions. (K) LSPR spectral peak wavelengths are generated by exposure of the deposited 5 nm (red)
and 8 nm (blue) substrates to different concentrations sucrose solutions. Spectra (L) and contour plots (M) of 5 nm Au deposited substrates exposed to different
concentrations sucrose solutions. (N) The normalized experimental spectrum and the normalized simulated spectrum.



Z. Ma et al.

Au nanostructures [31,32]. Fig. 2A and C show the spectra of
Au-deposited FTO substrates with thicknesses of 5 and 8 nm at different
annealing temperatures and annealing times according to the adjustable
parameters of the electron beam evaporation stage under the condition
that the Au does not form a film on the FTO substrate. Fig. 2E-G shows
the SEM images of the Au nanostructure formed on the substrate
deposited with 5nm Au under increasing annealing temperature.
Combined with the spectrogram and morphology, the particle spacing of
deposited Au gradually increases, and the particle size gradually de-
creases as the annealing temperature increases to 100, 200, and 300 °C.

According to Mie’s theory [33], the calculation formula of the LSPR
spectrum is as follows:

2

€ — x€n) + €

E() = 24n*Na’e)/? &
~ An(10)  |(

where y is the shape factor, and ¢, &, and ¢; are the external permit-
tivity, the real, and the imaginary parts of the metal permittivity,
respectively. The size of the NPs (a) is closely related to the resonance
peak wavelength. During the annealing process, the absorption intensity
at the off-resonance peak position gradually decreased with a change in
particle size. The substrate deposited 5 nm Au will obtain the highest
resonant intensity under the annealing condition of 300 °C for 30 min.
At this time, the particle size tended to be the median value of the
normal distribution. As shown in the size distribution figure (Fig. 2B),
the particle size was 31.28 + 9.78 nm. Fig. 2H-J shows the SEM images
of the Au nanostructure formed on the substrate deposited with 8 nm Au
with increasing annealing temperature. The morphological changes
were consistent with the trend of the substrates deposited with 5 nm Au.
The substrate deposited at 8 nm had the highest resonance strength after
annealing at 300 °C for 60 min, and the particle size shown in Fig. 2D
was 114.07 + 32.78 nm.

The RI sensitivity of the biosensor, which is a critical parameter of
the biosensor, can be measured by the peak wavelength shift of different
Rls. Specifically, the Au NP-covered substrate was exposed to different
concentrations of sucrose solution as the RI solution to change the
ambient RI. The relationship between the LSPR peak and solution RI is
shown in Fig. 2K. By calculation, the RI sensitivity of substrate deposited
5nm Au is 134.93 nm/RIU, which is better than 84.62 nm/RIU of
substrate deposited 8 nm Au under the annealing condition of optimal
resonance strength. Therefore, a substrate deposited with 5nm Au
produces the best conditions to obtain the highest sensitivity, and the
associated spectrum is shown in Fig. 2L. The spectral contour map
(Fig. 2M) clearly shows the spectral red-shift of the Au NP- covered
substrate with increasing ambient RI sensitivity. The finite difference
time domain (FDTD) spectrum simulation of Au NPs based on the
31.28 nm result shown in the particle size distribution diagram is
consistent with the peak position of the actual spectrum (Fig. 2N). The
simulation model is illustrated in Fig. S3. The larger half-height width of
the experimental spectrum was mainly due to the spectral influence of
other NPs with various particle sizes. Compared with the RI sensitivity of
Au nanostructures reported in the current literature [34-36], although
this preparation method does not have the highest RI sensitivity, the
convenient and inexpensive preparation process means this technique
has great potential for large-scale production.

3.2. Direct immobilization of NBs

NBs are the recombinant minimal antigen-recognizing domains of
heavy-chain-only antibodies produced by camels and Llamas [37,38].
The advantage of NBs as a good alternative to antibodies lies in their
suitability for modification and potential for direct immobilization.
However, the standard immobilization of NBs is achieved by coupling
the self-assembled surface of chemical reagents with the labeling of
other amino acids [39,40]. Recently, Simoes reported directly immo-
bilizing NBs with cysteine on the surface of an Au film [41]. NB1D6 and
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NB4E9 have a high affinity for the spike glycoprotein on the surface of
SARS-CoV-2 (Fig. 3A and Table S1). AlphaFold2 software, based on the
neural network method, makes protein structure predictions with high
accuracy [42,43]. In the preparation of NB1D6 and NB4E9, the sequence
of NBs was obtained using phage display technology. The crystal
structure of the NB was predicted based on the protein sequence of the
input NB, as shown in Fig. 3B. SEC analysis showed that the purified
NB1D6 and NB4E9 were monomers (Fig. S4). NB1D6 and NB4E9 can
simultaneously bind to the RBD, indicative of three non-overlapping
epitopes (Fig. 3C).

To further reduce the steric hindrance between the directly immo-
bilized NBs, well-directed exposure, and SARS-CoV-2 spike RBD, the
amino acid sequence of Gly-Gly-Gly-Ser-Cys was modified at the C-
terminus of the NBs (Fig. 3D). MCH, with a length similar to that of the
Gly-Gly-Gly-Ser-Cys sequence, was simultaneously self-assembled on
the Au NP- covered substrate. The concentration of the immobilized NB
was 10 pg/mL, and the concentration of MCH was gradually increased to
0, 2, 20, 100, 200, and 2000 pM. The response of NB1D6-C to 1 pg/mL
SARS-CoV-2 spike RBD is shown in Fig. 3E. In stage I, the NBs self-
assembled on the Au NP- covered substrate in disorder. When MCH is
modified simultaneously (stage II), it can reduce the steric hindrance of
NB self-assembly and expose more binding sites that shift the response
peak. As the MCH concentration gradually increased, the positive effect
of MCH on the directional modification of NBs gradually increased,
reaching a stable maximum response in stage III. When the MCH con-
centration was further increased in stage IV, MCH accounted for a larger
proportion of the surface of the Au NP- covered substrate, resulting in a
decrease in the LSPR peak wavelength shift (Fig. 3G). As shown in
Fig. 3F, the response of NB4E9-C to 1 pg/mL SARS-CoV-2 spike RBD also
showed a consistent trend. Therefore, the optimal concentration of MCH
used for subsequent immune assays was 100 pM. The proposed immu-
noassay protocol is validated in Section 3.3.

3.3. Characterization of functionalized substrates

Immunofluorescence often utilizes antibody-antigen specific bind-
ing to detect or examine responding antigens to validate bio-
functionalization and immunoassay protocols. NB4E9-C has a His-tag,
and His-tag antibody (Ab-F1) conjugated CoralLite 488 was selected to
verify its self-assembly on the Au NP- covered substrate. The SARS-CoV-
2 spike RBD has a Flag-tag, and the DYKDDDDK Tag antibody (Ab-F2)
was conjugated with CoraLite 488 to verify its immunoassay on immune
substrates. The supplementary material provides more details on the
immunofluorescence modification experiments. Overall, the immuno-
assay protocol presented here mainly consists of two key stages: NB self-
assembly and specific capture of the SARS-CoV-2 spike RBD. The Au NP-
covered substrates were incubated with Ab-F1 after self-assembly of
NB4E9-C. The fluorescence image is shown in Fig. 4B and the corre-
sponding spectrum is shown in Fig. 4D. The fluorescence intensity
increased dramatically from 4.94 to 62.81 after incubation with Ab-F1.
The LSPR wavelength shifted 15.53 nm after the self-assembly of the NB
and 3.44 nm after the adsorption of the fluorescent antibody. The
immunofluorescence results were consistent with the spectral results,
indicating that the NBs successfully self-assembled on the surface of the
Au NPs. The Au NPs that realized the self-assembly of the NB1D6-C were
incubated with RBD, Ab-F2, and Ab-F2 after RBD, as shown in Fig. 4E.
No obvious fluorescence was observed after incubation with RBD or Ab-
F2. In contrast, Ab-F2 after RBD incubation produced obvious fluores-
cence. The spectrogram showed that the wavelength shift occurred from
the self-assembly of NBs to the incubation of the RBD, followed by in-
cubation with fluorescent antibodies. This indicates that no substance
can generate fluorescence from the self-assembly of the NB during the
RBD incubation. The NB did not bind directly to the fluorescent antibody
to generate fluorescence. Ab-F2 incubation following NB self-assembly
and re-incubation of the RBD produced fluorescence from the specif-
ically captured Ab-F2. The Au NPs of self-assembled NBs also bind to the
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Fig. 3. Engineering and direct immobilization of nanobodies. (A) SARS-CoV-2 virus structure and details of NB1D6 and NB4E9 binding to RBD. (B) Structure of
NB1D6 and NB4E9 predicted by AlphaFold2, with NB1D6 colored in gray and NB4E9 colored in blue, respectively. (C) Analysis of NB binding epitopes was per-
formed using SEC. (D) Schematic illustration of the strategy for direct immobilization of NBs on Au NP-covered substrate. Wavelength shift of 1 pg/mL SARS-CoV-2
spike RBD of immune substrates prepared under the conditions of MCH concentrations of 0, 2, 20, 100, 200, and 2000 pM in direct immobilized NB1D6-C (E) and
NB4E9-C (F) solution, respectively. (G) Schematic illustration of the self-assembly of NBs and MCH on Au NPs covered substrates under four stages (I, I, III, and IV).

SARS-CoV-2 spike RBD, which can specifically bind to Ab-F2. The
NB4E9-C self-assembled on the surface of Au NPs and was then incu-
bated with RBD, Ab-F2, and Ab-F2 after RBD incubation. Fluorescence
images are shown in Fig. 4B. The fluorescence intensity (Fig. 4C) and
spectrum (Fig. 4F) associated with NB4E9-C were also consistent with
those of NB1D6-C. The Au NPs successfully achieved the self-assembly of
NBs and specific capture of RBD.

Thirty-six randomly selected biosensor chips were used to study the
reproducibility of the Au NP- covered substrates before biological
functionalization (Fig. 5A and D). Thirty-six biosensor chips were placed
in a homemade 36-well plate to collect LSPR spectra, as shown in
Fig. 5A. There is almost no significant difference in the LSPR spectral
peak positions between slices, which indicates good slice-to-slice uni-
formity and reproducibility of the Au NP- covered substrate. The relative
standard deviation (RSD) is as low as 0.21%. At the same time, the
reproducibility of the chip test results after the self-assembly of NB1D6-
C and NB4E9-C and the specific capture of RBD were investigated
(Fig. 5B-F). Fig. 5B and C show the spectra of the Au NP- covered sub-
strates after the self-assembled NB1D6-C, NB4E9-C, and specific capture
of 1 ug/mL RBD, respectively, for 15 tests. The Au NP- covered sub-
strates showed wavelength shifts after the self-assembled NBs and the
specific capture of 1 pg/mL RBD. There was almost no significant dif-
ference in the LSPR spectral peak positions for the 15 tests, which
indicated that the test results of self-assembled NB1D6-C, NB4E9-C, and
RBD-specific capture substrates have good repeatability. Therefore, this
immunoassay protocol can be used to further test the SARS-CoV-2 spike
RBD.

3.4. Measurement and analysis of single NB biosensor

The excellent specificity of biosensors is one of the necessary con-

ditions for achieving high sensitivity and reliable sensing. In addition to
target analytes, other proteins may also non-specifically adsorb onto the
surface of immune substrates. The target protein and other interfering
protein solutions, including PBS, BSA, AFP, CEA, IgG, and CA15-3, were
incubated on the immune substrates after NB self-assembly. The inter-
fering protein solution showed a small non-specific adsorption on the
two NB immune substrates. In contrast, the target protein at a concen-
tration much lower than that of the interfering protein showed strong
specific interactions with the two NB immune substrates (Fig. 6A and D).
The results showed that the biosensors constructed using the two NBs
had reasonable specificity and selectivity for the target antigen. Next, we
exposed the two constructed NB biosensors to SARS-CoV-2 spike RBD at
concentrations ranging from 0.1 to 10,000 ng/mL to verify the accuracy
and reliability of the biosensor (Fig. 6B and E). The response of the
biosensor (A)L) generated by SARS-CoV-2 spike RBD of 0.1-10,000 ng/
mL is related to the concentration (RBD) and can be calibrated with the
Hill equation, which is the most commonly used to describe anti-
gen-antibody interactions [44,45]:

Adnax X [RBD]

A== + [RBD]

where, A\, is the maximum wavelength shift of the biosensor and k is
the antibody-antigen affinity constant. According to the best-fitting
results, the biosensor response based on NB1D6 are Al = 3.02+
0.14 nm and k = 44.77 + 9.03 ng/mL. The biosensor response based on
NB4E9 are Ay = 2.57 = 0.34 nm and k = 13.84 + 6.70 ng/mL. At the
same time, the wavelength shifts of the NB1D6-based biosensor in the
range of 1-200 ng/mL increased continuously with the increase in the
SARS-CoV-2 spike RBD. A strong linear relationship was observed
(Fig. 6C). Similarly, the wavelength shift generated by the NB4E9-based
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Fig. 6. Specificity and accuracy of biosensors constructed by the single NB. Responses (LSPR spectral wavelength shift) of biosensors constructed by NB1D6-C (A)
and NB4E9-C (D) to different solutions: PBS, 1 mg/mL BSA, 1 pg/mL AFP, 1 pg/mL CEA, 1 pg/mL IgG, 1 kU/mL CA15-3, and 0.01 pg/mL SARS-CoV-2 spike RBD.
Responses of biosensors constructed by NB1D6-C (B) and NB4E9-C (E) to different concentrations of SARS-CoV-2 spike RBD. The red dashed line is the standard
concentration fitted by the Hill equation. The linearity range between detect concentration and the response of biosensors constructed by NB1D6-C (C) and NB4E9-C
(F) to the SARS-CoV-2 spike RBD. The dotted line is the standard concentration calculated by linear regression. Error bars denote the standard deviations (n = 3).

biosensor established a good linear relationship with the SARS-CoV-2
spike RBD concentration in the range of 0.1-100 ng/mL (Fig. 6F).

3.5. Measurement and clinical application potential of a mixed NBs
biosensor

Biosensors constructed using the two NBs alone exhibited good
selectivity and specificity. However, the two biosensors used two NBs
that specifically bound to the RBD. Biosensors have different k values
and exhibit different sensing capabilities. A lower value of k indicates a
higher detection sensitivity and results in a steeper curve of the sensing
response [23,46]. The biosensor constructed in an equal-ratio mixture of
NB1D6 and NB4E9 also exhibited the same reasonable specificity and
selectivity as biosensors constructed using a single nanobody (Fig. 7A
and D). As shown in Fig. 7 A, a significant spectral wavelength shift was
observed only at 0.01 pg/mL of SARS-CoV-2 spike RBD. Even at a con-
centration of 1 pg/mlL, other interfering protein solutions produced
negligible spectral wavelength shifts owing to non-specific adsorption.
Likewise, the immune biosensor constructed by the mixed NBs was
exposed to SARS-CoV-2 spike RBD at concentrations ranging from 0.01
to 10,000 ng/mL to verify the accuracy and reliability of the biosensor
(Fig. 7B). According to the Hill equation, the sensor response based on
mixed NB1D6 and NB4E9 are Alpy =3.27+0.16nm and
k =10.72 £ 2.92 ng/mL. The mixed NBs biosensor exhibited the most
significant wavelength shift and covered the largest concentration range
(Fig. 7E). The response parameters of the three immune biosensors
based on the two NBs, are listed in Table S2. The biosensor constructed
with the mixed NBs had the lowest k value. The wavelength shifts of the
biosensor in the concentration range of 0.01-50 ng/mL SARS-CoV-2
spike RBD established a linear relationship, which lowered the
measurable response concentration of the sensor. For the detection of
the SARS-CoV-2 spike RBD, the minimum detection concentration of the

sensor constructed by a single NB is similar to that of the sensor con-
structed by a single traditional antibody in the literature [23], namely
0.1 ng/mL. The biosensor constructed by mixing two NBs enhanced the
detection sensitivity of the SARS-CoV-2 spike RBD, extending the min-
imum detection concentration to 0.01 ng/mL. Two non-competitively
binding NB1D6 and NB4E9 proteins achieved more protein capture
through mixed immobilization, enhancing the sensitivity of the sensor.
The direct immobilization of more NBs (non-competing binding sites,
uniform size, and exposed binding sites) may have the potential to in-
crease detection sensitivity, but the balance of increased sensitivity,
difficulty, and cost needs to be considered. Therefore, the proposed
mixed NBs biosensor has more sensing response parameters and is the
most promising candidate for clinical application among the three
proposed sensors. Furthermore, different concentrations of target anti-
gens in serum were used for immunoassays to simulate a real immu-
noassay environment. Sensing responses generated by the SARS-CoV-2
spike RBD at four concentrations (1, 25, 100, and 1000 ng/mL) were
slightly higher in the serum environment (blue bars) than in the buffer
environment (red bars). Non-specific adsorption of various impurities
and small molecules present in serum samples may produce these slight
differences, which can be ignored. In this experiment, the biosensor
constructed using mixed NBs successfully extended the test concentra-
tion to a lower concentration, further improving the LSPR sensing
sensitivity of biomodification rather than nanostructures. These results
suggest that the proposed mixed NB-based biosensor has good potential
for use in serum immunoassays.

4. Conclusions
A method has been developed to enable label-free quantification of

the SARS-CoV-2 spike RBD in serum based on the direct immobilization
of two engineered NBs biosensors. The metal nanostructures of the
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immune substrate have been fabricated using an optimized Au
evaporation-annealing process on the FTO substrate. NBs with high af-
finity and specificity were selected as immune substances to capture the
SARS-CoV-2 spike RBD. A sensing strategy for the direct immobilization
of NBs has been proposed and its feasibility has been verified by
immunofluorescence. The entire fabrication process and immune
scheme of biosensors are straightforward, convenient, inexpensive, and
have the potential for large-scale production. The mixed NBs biosensor
successfully extended the sensing detection range with the lowest
detection linear concentration (as low as 0.01 ng/mL, demonstrating the
specificity of the developed nanoplasmonic biosensor. Overall, the
proposed sensor has the potential for direct and sensitive screening of
COVID-19 infections. In addition, the NB immobilization strategy and
the mixed NBs enhanced the sensitivity strategy provided by the
developed nanoplasmonic biosensor, which can be widely used in
various biosensing methods to achieve accessible, highly sensitive, and
highly specific quantitative detection of target protein concentration.
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