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ABSTRACT: It is highly challenging to construct the best SERS hotspots for the detection of
proteins by surface-enhanced Raman spectroscopy (SERS). Using its own characteristics to
construct hotspots can achieve the effect of sensitivity and specificity. In this study, we built a
fishing mode device to detect the receptor-binding domain (RBD) of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) at low concentrations in different detection
environments and obtained a sensitive SERS signal response. Based on the spatial resolution
of proteins and their protein-specific recognition functions, SERS hotspots were constructed
using aptamers and small molecules that can specifically bind to RBD and cooperate with Au
nanoparticles (NPs) to detect RBD in the environment using SERS signals of beacon
molecules. Therefore, two kinds of AuNPs modified with aptamers and small molecules were
used in the fishing mode device, which can specifically recognize and bind RBD to form a
stable hotspot to achieve high sensitivity and specificity for RBD detection. The fishing mode
device can detect the presence of RBD at concentrations as low as 0.625 ng/mL and can

produce a good SERS signal response within 15 min. Meanwhile, we can detect an RBD of 0.625 ng/mL in the mixed solution with
various proteins, and the concentration of RBD in the complex environment of urine and blood can be as low as 1.25 ng/mL. This

provides a research basis for SERS in practical applications for protein detection work.

Bl INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is an effective
and nondestructive analytical technique for detecting bio-
molecules.”” However, despite the theoretical excellence in
terms of molecular recognition, the considerably weak intensity
of Raman scattering has been a major drawback in its
application.” There are high-field intensity region hotspots (the
gap between nanoparticles is less than 10 nm), which are
generated in the metal plane of nanoparticles (NPs) and
support plasmon resonance.”* When SERS provides solutions
to some major problems, the enhancement of low concen-
trations, an increase in the number of “hotspots”, and high
stability are often expected.”® The construction of “immobi-
lization” hotspots on solid substrates by fabricating directional
assemblies of functional nanoparticles is a frontier research
field in the field of SERS. However, electromagnetic enhance-
ment is highly distance-dependent.” To maximize the hotspots
experienced by a molecule, one of the most critical issues has
been subnanometer control of the gap size.® Furthermore, in
complex environments, there are also great challenges
regarding how the target to be measured enters the hotspot
area. Therefore, researchers continue to explore hotspots at the
same time, and the application of biological sample detection is
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also gradually being explored in depth. SERS exhibits great
potential in clinical diagnosis due to low susceptibility to
environmental variables and the miniature/portable instru-
ments used for in situ detection, and it uses nondestructive
methods to offer highly sensitive, timely, and accurate
information.”" Several different detection methods have
been developed recently to meet the urgent need for rapid
and sensitive detection of clinically relevant viruses."' =" Of
these, the SERS detection method is considered a strong
candidate because of its ultrasensitive detection capability.'*~"°

With SERS, proteins can be detected both directly and
indirectly.”'” Direct detection involves analysis of the intrinsic
Raman spectrum of the protein of interest in a simple, label-
free manner, which is very attractive because it is very sensitive
at the single-molecule level.'"” However, only a few target
proteins with high binding affinity to the NPs surface and
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strong signal intensity can be analyzed by direct detection. In
contrast, indirect detection using SERS probes can offer rapid
analysis because degenerate detection typically employs
nanoproteins functionalized with Raman dyes as tags and
antibodies (SERS probes).””*' However, the spatial resolution
of protein—antibody binding affects the localized surface
plasmon resonance (LSPR) between SERS substrates, thereby
reducing the SERS signal for protein detection. Unfortunately,
the low SERS cross section of polymers (including
biopolymers) is well known” and results in the limited
availability of applicable peptides or proteins. Therefore, this
method cannot solve the problem of random and uneven
hotspots, which affects signal stability in SERS detection. To
improve the sensitivity, selectivity, and stability of SERS-based
detection, researchers have sought new solutions that replace
antibodies in detection. Due to the chemical properties of
nucleic acids, aptamers can be chemically synthesized and
precisely modified, and they exhibit high thermal stability, little
batch-to-batch variation, and specific binding to target
proteins.”” Because of the small size of aptamers (approx-
imately 2—3 nm in diameter) compared with antibodies
(approximately 12—1S nm in diameter), aptamers are more
suitable for the development of a method for SERS detection
of proteins.”” Studies have shown that SERS specifically binds
proteins by aptamers to enhance the sensitivity of SERS to
detect proteins.”*~>* Therefore, two kinds of aptamers can be
used to replace antibodies to modify the specific binding with
proteins on NPs and mediate the construction of hotspots
within 10 nm. Unfortunately, the binding domains of different
aptamers and proteins will have crossed parts, the existence of
spatial conformations between aptamers and proteins is
difficult to control, and there are still gaps between NPs that
are greater than 10 nm. At this time, replacing one of the
aptamers with a small molecule that specifically binds to the
protein would largely solve this problem. Moreover, the spatial
resolution of small-molecule compounds is very small, which
effectively closes the distance between NPs and forms
hotspots.

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2)—a member of the subgenus Sarbecovirus—has spread
globeall}7.26_28 According to previous reports, the S protein is
critical for adhering to host cells, and the receptor-binding
domain (RBD) of the S protein mediates the interaction with
angiotensin-converting enzyme 2 (ACE2).”” When viruses
enter host cells, spike glycoproteins bind to specific cell surface
receptors through their RBD to facilitate viral invasion into
host cells.”® This makes the RBD of the SARS-CoV-2 spinous
glycoprotein a key target for the diagnosis, treatment, and
vaccination of SARS-CoV-2.>' Therefore, the detection of
RBD can reflect the existence of SARS-CoV-2 virus.

In this study, we developed a fishing mode SERS detection
device (fishing mode device) based on RBD protein
characteristics. Given the complex environment for virus
detection, we adopted a portable and easy-to-sample plat-
form—Ag acupuncture needle (AgAN )33 According to the
size (4—6 nm) and characteristics of the RBD, aptamers and
small molecules can be selected to connect with the RBD.
After the aptamers and small molecules are modified on the
AuNPs, the RBD is connected like a fishhook, and stable
hotspots of 6—9 nm in size are formed between the two
AuNPs, which ensures the specificity, sensitivity, and stability
of detection. Therefore, using the characteristics of biological

proteins, we developed a new SERS detection mode with high
specificity, high sensitivity, and high stability.

B EXPERIMENTAL SECTION

Reagents. Malachite, poly(vinylpyrrolidone) PVP (MW =
55000), NH,OH HC], crystal violet (CV), sodium citrate, and
hydrogen tetrachloroaurate (HAuCl,-4H,0) were purchased
from Shanghai Chemicals Company. 2-Acetamido-2-deoxy-f-
p-glucopyranose (NAG) (A118965) was purchased from
Aladdin (Shanghai, China), and 4-mercaptophenylboronic
acid (MPBA) (M814076) was purchased from Macklin
(Shanghai, China). A Millipore water purification system was
used to produce ultrapure water (18.2 MQ cm). Oligonucleo-
tides were purchased from Sangon Biotech (Shanghai, China).
The aptamer variants were modified with an amido group at
the 5’ end. The aptamer sequence we used was that of the
aptamer previously reported for this target:** $'-NH,-
CAGCACCGACCTTGTGCTTTGGGAGTGCTGGTC-
CAAGGGCGTTAATGGACA-3'. AgAN was purchased from
Suzhou Tianxie Acupuncture Instrument Co., Ltd. RBD was
synthesized, purified, and separated in the laboratory of Prof.
Junfeng Wang, High Magnetic Field Science Center, Hefei
Institutes of Physical Science, Chinese Academy of Sciences.

Apparatus. Scanning electron microscopy (SEM) images
were taken with an Auriga focused ion-beam scanning electron
microscopy (FIB-SEM) system. Ultraviolet—visible (UV—vis)
absorption spectra (UV-2550, Shimadzu, Japan) were used to
determine the optical properties of Cit-AuNPs and PVP-
AuNPs. Fourier transform infrared (FTIR) spectra were
obtained with a Nicolet 8700 spectrometer (America). Liquid
chromatography—mass spectrometry (LC—MS) data was
obtained with an Agilent 1290/6540 (America) LC—MS
system. SERS spectra were collected by a Raman spectrometer
(SEED 3000, Ocean hood, China) with a 785 nm laser. The
laser focal spot on the metal surface was approximately 100 ym
in diameter with a measured power of 200 mW and recorded
with a 1 s accumulation time.

Preparation of RBD Protein. A gene encoding SARS-
CoV-2 receptor-binding domain (RBD, residues Arg319—
Phe541) was synthesized by General Biosystems (Anhui) Co.,
Ltd. The RBD gene was amplified and connected with the C-
terminal tobacco etch virus (TEV)-Fc tagged encoding gene by
polymerase chain reaction (PCR). Then, the RBD-TEV-hFc
DNA fragments were subcloned into the protein expression
vector and transformed into the Escherichia coli strain DHSa
and plasmids were harvested. The RBD-TEV-hFc recombinant
proteins were expressed in Expi293F cells at a density of 3 X
10° cells/mL. the supernatants were collected after 48 h. Then,
the supernatant containing RBD-TEV-hFc was affinity-purified
by protein A FF (GE Healthcare). The bound protein was
eluted with 0.1 M glycine—HCI (pH 3.0) and collected into
tubes containing 1 M Tris—HCI (pH 9.0) to neutralize the pH.
The fusion proteins were finally dialyzed against 20 mM
phosphate-buffered saline (PBS) (pH 7.2). The Fc fragments
were removed using Protein A chromatography after
incubation with TEV protease at 30 °C for 1 h. The RBD
protein was further purified by gel filtration (Superdex-75, GE
Healthcare) TH chromatography using an AKTA FPLC
system. The purified RBD was identified by LC—MS/MS
spectrometry and analyzed by Proteome Discoverer software
(Thermo Fisher Scientific).

Preparation of PVP-Stabilized AuNPs (PVP-AuNPs). A
seed particle solution was synthesized by reducing HAuCl,
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Figure 1. Preparation of AGAN-Au-Apt and characterization of material properties. (A) Schematic of the fabrication process of AgAN-Au-Apt. (B,
C) SEM was used to characterize the photos of AuNPs on the AgAN. (D) Using AgAN modified with AuNPs, 15 SERS signals were detected for
CV in different regions, and a heat map was made. SERS spectra were performed on a Lab-RAM HR800 spectrometer with a 633 nm laser
excitation source and recorded with 1 s accumulation time. The laser focal spot on the metal surface was about 0.9 ym in diameter with a measured
power of 0.89 mW. (E) According to the result of (D), the signal intensity of 1174 cm™" peak position of AuNPs on AgAN for CV detection was
calculated, and the relative standard deviation (RSD) of 15 SERS signals was calculated. (F, G) Results of the interaction between the aptamer and
RBD were detected by ITC. (H, I) SEM characterization of the aptamer-modified AuNPs on AgAN.

with citrate.”® In the first step, 1 mL of 1% HAuCl, solution
was added to a 250 mL three-necked flask containing 99 mL of
ultrapure water and then heated to boiling with magnetic
stirring. At the beginning of boiling, 5 mL of 1% trisodium
citrate solution was injected rapidly and boiling was continued
for 30 min. The color of the solution was wine red at the end.
In the second step, PVP-stabilized AuNPs were prepared in
water. Twenty-five milliliters of seed solution was added to a
three-necked, round-bottom flask. Then, the seed solution was
stirred violently at room temperature. One milliliter of 1% PVP
aqueous solution, 20 mL of 0.02% NH,OH-HCI solution, and
1 mL of 1% sodium citrate solution were injected into the seed
solution. When 20 mL of 0.1% (w/v) HAuCl, was added to
the solution at a rate of 1 mL/min, the resulting particles (55
nm, 5.68 X 10'> NPs/mL) were coated with PVP and thus well
suspended in water.

Preparation of AgAN-Au NP-Aptamer (AgAN-Au-
Apt). Ag acupuncture needles (AgANs) with a diameter of
0.40 mm were washed three times with ethanol and acetone.
AgAN s were then dried using nitrogen and heated at 60 °C for
30 min. After drying, the AgANs were immersed in a
concentrated solution of PVP-AuNPs for 12 h and then
heated at 60 °C for 30 min. Then, AgGAN-Au-Apt was prepared
by immersing the needle in the solution containing the
aptamer (10 gM) for 4 h.

Preparation of NAG-MPBA-AuNPs (N-M-Au). Rever-
sible covalent bonds between MPBA and 1,2-/1,3-cis-diols in
aqueous solution are widely used for the construction of
molecular receptors.34_36 In aqueous solution, NAG and
MPBA were mixed in a 1:1 ratio and reacted for 24 h in the
dark at room temperature. NAG-MPBA (the linker between
NAG and MPBA) with a concentration of 1 X10™> M was
mixed with PVP-AuNPs and reacted for 4 h in the dark at
room temperature. N-M-Au was obtained.

Formation of Fishing Mode Device (AgAN-Au-Apt-
RBD-N-M-Au). The as-prepared AgAN-Au-Apt was placed in
a liquid environment containing RBD and incubated at 37 °C
for 10 min. At this time, AGAN-Au-Apt-RBD was formed.
Then, the AgAN-Au-Apt was removed and cleaned three times
using PBS to remove nonspecific adsorption on the surface of
AgAN-Au-Apt-RBD. Furthermore, AgAN-Au-Apt-RBD was
put into N-M-Au solution, incubated at 37 °C for 10 min to
form AgAN-Au-Apt-RBD-N-M-Au, and then washed three
times after retrieval using PBS. Afterward, SERS analysis
(power = 100 mW, integration time = 2 s) was performed with
a portable Raman spectrometer (SEED 3000, Oceanhood,
China) with a 785 nm laser.

Binding Free Energy Calculation. We used AutoDock
Tools” to calculate the free energy of molecular binding to
RBD in simulation snapshots. RBD was used as a
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Figure 2. Surface material analysis of N-M-Au. (A, B) Results of the interaction between NAG and RBD were detected by ITC. (C) Reaction
linker of NAG with MPBA and modification of AuNPs: (1) NAG, (2) MPBA, and (3) NAG-MPBA-AuNPs (R = —HCOCH;). (D) Mass
spectrometry results of NAG, MPBA, and NAG-MPBA. (a) ESI-MS spectrum of NAG (M + Na*): m/z = 244, (b) ESI-MS spectrum of MPBA
(M—H"): m/z = 154, and (c) ESI-MS spectrum of NAG-MPBA (M): m/z = 339 (detailed mass spectrometry data can be seen in Figure S7). (E)
SERS signals of NAG, MPBA, and NAG-MPBA. (a) SERS signals of Au NP substrates, (b) MPBA, (c) NAG, and (d) their reaction products

NAG-MPBA.

conformation-invariant receptor and the molecule as a
conformation-changing ligand for semiflexible docking.

Isothermal Titration Calorimetry (ITC) Assay. ITC
assays were carried out on a MicroCal VP-ITC calorimeter
(Malvern) at 25 °C in PBS buffer with a pH of 7.4. The
protein concentrations in the syringe and the cell were
approximately 200 and 20 uM, respectively. Titration data
were analyzed using the Origin 8.0 program and fitted by a
one-site binding model.

Analytical Application of the Fishing Mode Device to
RBD in Human Blood. Standard add-on RBD analysis was
performed on human blood samples from five healthy
individuals. The blood was centrifuged at 12000g for S min
at 4 °C, and the supernatant was obtained RBD containing
serum for subsequent detection. For comparison, serum
samples were measured with a commercial enzyme-linked
immunosorbent assay (ELISA) kit with a microplate reader
(Sino Biological Inc. China, KIT40592), and the procedure
completely followed the protocol suggested for the commercial

kit.

B RESULTS AND DISCUSSION

Preparation of AGAN-Au NP-Aptamer (AgAN-Au-Apt)
in a Fishing Mode Device. We attempted to develop a
fishing mode device for the detection of SARS-CoV-2 RBD
and combine the characteristics of RBD to precisely control

the SERS hotspots and achieve specific, sensitive, and stable
detection of RBD. The first step is to attach AuNPs to AgAN
and modify aptamers on AuNPs (Figure 1A). Previous studies
have found that AuNPs modified on acupuncture needles can
be used for ultrasensitive and highly repetitive SERS
detection,”” and dopamine was detected in complex samples.*”
Therefore, we adopted an acupuncture needle as our detection
platform because it is portable and easy to sample. While there
are two types of commonly used acupuncture needles, steel
and Ag needles, we conducted a trial on each type separately to
identify the best application platform. Both acupuncture
needles were immersed in a concentrated solution of PVP-
AuNPs with a uniform particle size of 5§ nm (Figure S1). The
surface of the acupuncture needle was rough, and AuNPs were
easily, densely, and firmly attached to the acupuncture
needle.”” Figure S2 shows AuNPs modified on steel and Ag
needles, respectively, and it can be seen that the attachment
efficacies of AuNPs on the two needles are essentially the same,
but examination with CV (1 X 107 M) revealed that SERS
enhancement for AuNPs attached to the Ag acupuncture
needle (AgAN) was 4—5 times stronger than that for AuNPs
adsorbed on common steel needles (Figure S3). We believe
that this is due to the formation of a double-coupled
electromagnetic field between the silver layer and the
AuNPs.*® Therefore, we chose to use AgAN as the detection
platform of our fishing mode device. Figure 1B,C shows that
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Figure 3. Detection principle and results of RBD are introduced. (A) Fishing model device formation. The AgAN-Au-Apt was connected with
RBD, and N-M-Au was added to form a complete fishing mode device (AgAN-Au-Apt-RBD-N-M-Au). (B) Structure diagram of AgAN-Au-Apt-
RBD-N-M-Au with a gap of about 8 nm after assembly. (C) Schematic diagram of binding of the aptamer to RBD.”* (D) Schematic of the two
binding sites of NAG to the RBD. (E) SERS detection signals of the fishing mode device for different concentrations of RBD were 0.625, 1.25, 2.5,
5, and 10 ng/mL. (F) SERS peak intensities at 1070 cm™ versus RBD concentrations according to the spectra shown in (E). Error bars represent +

SD (n = 3).

AuNPs were densely attached to the surface of AgAN and
assembled into AgAN-Au. SERS-enhanced response and
stability detection were carried out with CV (1 X 107¢ M),
as shown in Figure 1D,E. It can be concluded that the prepared
AgAN-Au has a strong SERS effect and high stability.

The application of molecular aptamers for nucleic acid
recognition has many advantages for the study and detection of
SARS-CoV-2.>*" The smaller aptamer allows for less steric
hindrance on the surface of the coronavirus. In theory, the
smaller size allows for the binding of more recognition
molecules on the same surface area of coronavirus,” so the use
of aptamers for RBD-specific capture was chosen in our
designed fishing mode device. The SARS-CoV-2 RBD is the
protein thought to recognize and bind to different host
receptors.”” The purified protein was sequenced and compared
with the RBD sequence in the NCBI database, which was
consistent with the RBD sequence in the NCBI database
(Figure S4). It was verified that the RBD used in this
experiment was SARS-CoV-2 RBD. Song et al.”” reported
several aptamers that specifically bind to the SARS-CoV-2

RBD, and we selected one of the most strongly binding
aptamers, CoV-2-RBD-1C (the dissociation constant (Kj) of
the CoV-2-RBD-1C aptamer was 5.8 + 0.8 nM). We examined
the binding interaction and affinity of the aptamer for the RBD
by ITC (Figure 1F,G), which revealed a K of 10.1 + 3.35 nM.
This result showed that the aptamer has a strong affinity for
the RBD, and it is largely consistent with literature reports.”” It
also verified that the binding of the aptamer to the RBD was in
accordance with our design idea, and the high affinity allowed
specific detection of the RBD protein in subsequent work. It is
known that amino (—NH,) groups have a high affinity for
Au®” In the synthesis of the aptamer, the amino group was
modified on its 5’ end, and the aptamer was supported on
AuNPs with surface amino groups to form Au-Apt. To verify
whether the aptamers were modified on the AuNPs, we
attached the synthesized aptamers with Cy3 fluorescent
molecules; after the aptamers reacted with AuNPs, a
fluorescence microscope was used before and after the reaction
to determine whether the AuNPs exhibited fluorescence. As
shown in Figure S5, the AuNPs modified with the fluorescent

https://doi.org/10.1021/acs.analchem.1c03807
Anal. Chem. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c03807/suppl_file/ac1c03807_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c03807/suppl_file/ac1c03807_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03807?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03807?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03807?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c03807?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c03807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

aptamer and washed sufficiently still exhibited fluorescence,
while the AuNPs without modification of the aptamer were
nonfluorescent. In addition, in Figure 1H,I, compared with the
unmodified aptamer (Figure 1B), Figure 1H becomes blurred.
Because the aptamer belongs to organic molecules with poor
conductivity, it will be blurred in the SEM micrograph, which
further proves that the aptamer is modified on AuNPs.
Therefore, we modified the aptamer with AgAN-Au to form
AgAN-Au-Apt. This provided the first work for detecting RBD
in the next step.

Preparation of NAG-MPBA-AuNPs (N-M-Au) in a
Fishing Mode Device. We obtained molecular interaction
data between NAG and RBD from the RCSB-PDB database
(ID: 6ym0). Analysis of RBD binding to NAG with AutoDock
Tools®” indicated that NAG and RBD have a binding role
(Figure S6). Two binding sites between NAG and RBD were
found by simulation calculations, and their binding free
energies are (1) —6.51 kcal/mol and (2) —6.44 kcal/mol,
respectively. The equilibrium dissociation constants (K;) of
the two binding sites were calculated to be on the order of
micromolar: (1) 17.04 uM and (2) 19.02 uM (Figure S6). The
ITC test showed (Figure 2A,B) that NAG and RBD establish a
binding force (K; = 2.36 + 0.64 M), which also indicates that
NAG binding to the RBD is in accordance with the
computational results and produces a linkage. The design
theory of the present work is also supported by experimental
data indicating that NAG has an affinity response to RBD.
NAG was linked with MPBA as in previous studies,”* *® and
the conjugates were supported on the periphery of AuNPs (N-
M-Au) (Figure 2C). As shown by mass spectrometry data in
Figures 2D and S7, NAG reacted with MPBA to produce
NAG-MPBA. NAG-MPBA plays a connecting role with the
AuNPs and acts as a beacon molecule. Raman signals and
SERS signals of NAG and MPBA as well as the postreaction
linkage were detected. NAG had no significant Raman and
SERS signals. The SERS signal of MPBA was observed to have
two characteristic peaks at 1070 and 1586 cm™', which were
derived from a breathing mode combined with C—S stretching
and C-ring stretching and a mode coupling B—C stretching
and C-ring stretching, respectively,"* and the same was true for
the SERS signals of NAG-MPBA (Figure 2E). After
dehydration and condensation of NAG with MPBA, the peak
for NAG-MPBA at 1586 cm™" was red-shifted to 1581 cm™".
We used the SERS signal at 1070 cm™" as the main signal
marker. From the results in Figure S8, it can be seen that
different concentrations of NAG-MPBA-modified AuNPs and
their signal intensities changed accordingly. As the concen-
tration of NAG-MPBA increased, the final output signal
became stronger, and after the concentration of NAG-MPBA
exceeded 1 X 107> M, AuNPs agglomerated and could not be
used in the fishing mode device. Therefore, we supported
NAG-MPBA (I X 107 M) on AuNPs through thiol
modification on MPBA to form N-M-Au. The characterization
of N-M-Au showed (Figure S9) that N and S elements were
observed in the energy spectrum of AuNPs modified by NAG-
MPBA, while the spectrum of PVP-AuNPs did not show the
appearance of N and S elements. We believe that N-M-Au
preparation was completed.

Formation of the Fishing Mode Device for RBD
Detection. The more labile signal output of SERS when it is
induced in the vicinity of biological molecules makes detection
difficult, and the limit of detection cannot be lowered, which
may be caused by the formation of random and heterogeneous

hotspots.”> Therefore, fishing mode devices with high
sensitivity, specificity, and reproducibility need to construct
stable hotspots to ensure a stable output of the signal in
addition to low concentrations and specific recognition in the
test. Based on this, we attempted to build accurate SERS
hotspots for the fishing mode device used to detect the SARS-
CoV-2 RBD (Figure 3A). Our fishing mode device consists of
two parts: (1) AgAN-Au-Apt that can fish RBD; (2) AgAN-
Au-Apt-RBD that can further fish N-M-Au. We determined the
spatial resolution of the RBD as 4—6 nm with data from the
RCSB-PDB database (ID: 6YMO, Figure S10A). Using binding
modes provided in previous reports, we simulated the binding
of the aptamer with the RBD and found that the spatial
structure was relatively precise after binding (Figure S10B),
which is beneficial for the formation of hotspots between
AuNPs at the rear. Therefore, the complete fishing mode
device captures and immobilizes the RBD through AgAN-Au-
Apt and forms a solid structure with AuNPs on the AgAN
through the combination of N-M-Au and RBD. The distances
between AuNPs are in the range 6—9 nm (~8 nm, ie., the
aptamer diameter is approximately 2—3 nm, and the average
RBD diameter is 5 nm, approximately 8 nm after assembling
together), which constructs stable SERS hotspots. We mixed
Au NP-aptamer (Au-Apt), RBD, and N-M-Au in a PBS
solution. Because of their interactions, the NPs connected with
each other. As shown in Figure S11, after two kinds of AuNPs
were connected by the RBD, we found by SEM that the
distance between the two AuNPs (Au-Apt-RBD-N-M-Au) was
maintained within 10 nm (the average wavelength is about 8
nm), which verified the assembly of SERS hotspots. As shown
in Figure 3B, two kinds of AuNPs are connected with the
aptamer and NAG-MPBA through RBD, forming a gap of
about 8 nm, which perfectly forms the SERS hotspots and can
complete the detection of RBD. If there is no RBD, the
hotspots cannot be formed, and there is no corresponding
SERS signal. It can be seen from Figure 3C that the aptamer
binds to RBD in its spatial binding state. Figure 3D also shows
the binding site of NAG and RBD. The assembly principle of
the fishing mode device is further revealed. Also, Figure S12
shows the electromagnetic enhancement when the gap
between AuNPs is ~8 nm, and the hotspots formed by the
fishing mode device can output high-intensity and stable SERS
signal. When we fished the RBD with AgAN-Au-Apt, we only
needed to add N-M-Au to collect signals from beacons on N-
M-Au. A significant beacon signal indicates that there is an
RBD in the detection environment. This fishing mode device
not only detects the SARS-CoV-2 RBD but also regulates
SERS protein detection in biological neighborhoods to achieve
optimal detection. The control of spacing between NPs to less
than 10 nm has been highly pursued for SERS detection,"* and
the present fishing mode device is in a position to achieve
precise control of NP spacing by utilizing the properties of the
RBD protein and its spatial size to complete construction of
stable SERS hotspots for use in detection of the RBD.
Operation of the fishing mode device was divided into two
steps. In the first step, RBD (2.5 ng/mL) was added to a PBS
solution (pH = 7.4), and AgAN-Au-Apt was placed in a
solution environment containing RBD for 10 min at 37 °C.
AuNPs of the aptamer were modified on AgAN to fish RBD
specifically and form AgAN-Au-Apt-RBD. Then, the AgAN-
Au-Apt-RBD was cleaned with PBS three times to remove
nonspecific adsorption material. In the second step, AgAN-Au-
Apt-RBD was placed in a solution containing N-M-Au, and N-
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Figure 4. Fishing mode device detects RBD in different environments. (A1) RBD standard is added to polyproteins (extracted from HCT116 cells)
+ PBS environments, and the SERS signal collected by detecting the RBD under each concentration using the fishing mode device. (A2) Intensity
of SERS peak at 1070 cm™" versus RBD concentration was statistically determined from the spectra shown in (A1) (RBD with concentrations
ranging from 0.625 to 10 ng/mL). (B1) SERS signals of different concentrations of the RBD standard added to the urine environment by the
fishing mode device. (B2) Intensity of the SERS peak at 1070 cm™" versus RBD concentration was statistically determined from the spectra shown
in (B1) (RBD with concentrations ranging from 1.25 to 20 ng/mL). (C1) SERS signals of different concentrations of RBD standard added to the
blood environment by fishing mode device. (C2) Intensity of SERS peak at 1070 cm™" versus RBD concentration was statistically determined from
the spectra shown in (C1) (RBD with concentrations ranging from 1.25 to 20 ng/mL).

M-Au was adsorbed on AgAN-Au-Apt-RBD through the
binding of NAG and RBD. The complete fishing mode device
was added to the RBD in PBS, and detection resulted in a
significant SERS signal. Upon mixing the device in PBS
solution with different concentrations of RBD, the signal
strength exhibited a linear relationship. By exploring the
detection limit of the fishing mode device, we determined that
the SERS signal was still detected with an RBD concentration
of 0.625 ng/mL (Figure 3E). Detection of different
concentrations of RBD through SERS signal statistics shows
that the fishing mode device is sensitive for the detection of
RBD (Figure 3F). To probe reproducibility, five batches of
fishing mode devices were prepared, and three fishing mode
devices were removed from each batch to detect RBD (2.5 ng/
mL) added to a PBS solution. Figure S13 shows that the
detection results for each batch were similar, and the fishing
mode device exhibited high reproducibility in RBD detection.
We then explored whether the fishing mode device exhibited
specificity in the detection of the RBD and tested the intact
RBD and the denatured RBD. The results showed that the
fishing mode device only provided a SERS signal for the intact

RBD (Figure S14). The detection unit of this fishing mode
device has two important binding reactions. We replaced the
specific aptamer and did not use NAG for detection. The
results showed that only in the presence of the specific aptamer
and the complete fishing mode device element was there a
significant SERS signal, indicating that the fishing mode device
exhibited specific detection of the RBD protein (Figure S15).

Fishing Mode Device for RBD in a Complex Environ-
ment. Detection of RBDs in different complex environments
is the best way to examine the functioning of the present
fishing mode device. We therefore mixed the RBD into
different detection environments to explore its sensitivity and
environmental adaptability. After first mixing different
concentrations of the RBD with bovine serum albumin
(BSA) solution (1 mg/mL, PBS solution), as shown in Figure
S16, the present fishing mode device accomplished RBD
detection at 0.625 ng/mL, and the detection signal strength
exhibited a linear relationship with concentration. Next, by
mixing different concentrations of the RBD with polyproteins
extracted from the colon cancer cell line HCT116, we still
observed detection of the RBD at 0.625 ng/mL (Figure 4A).
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Finally, we mixed different concentrations of the RBD in urine
and blood, and the results showed that the present fishing
mode device achieved detection of the RBD with concen-
trations as low as 1.25 ng/mL in complex body fluid
environments containing urine and blood, and RBD detection
in both environments exhibited linear relationships (Figure
4B,C). The detection results show that in an environment
without added RBD, there is no significant SERS signal, while
in the presence of the RBD in different environments, the
fishing mode device generates a significant SERS signal. In a
relatively simple solution environment (protein-containing
PBS solution), detection of the RBD by the fishing mode
device is more effective than it is in the complex environment,
which has a lower detection limit. We believe that the complex
environment affects the binding of the aptamer to the RBD,
possibly because other components in the environment cause
steric hindrance of both in the binding region, reduce the
number of RBD bonds to the aptamer, and lead to a decrease
in the amount of N-M-Au adsorbed, thus reducing the signal
intensity. However, the fishing mode device still exhibits
relatively sensitive detection and is suitable for different
detection environments. To establish whether the detection
elements in the fishing mode device would provide false
positives in detection, each element in the fishing mode device
was paired to carry out SERS detection, and the results showed
that a significant SERS signal appeared only with the complete
fishing mode device; without any single unit, the fishing mode
device exhibited no detection of the RBD (Figure S17). When
used in a biofluid environment, the presence of a large number
of other proteins will sterically hinder the binding of the
aptamer in the fishing mode device to the RBD. However, the
results showed that although there was some signal reduction,
the detection of the RBD in complex environments still
showed specificity and sensitivity. Because the fishing mode
device was designed for specific capture of the RBD, detection
was achieved by fishing with N-M-Au to form hotspots.
Operation of the fishing mode device was divided into two
steps: the sampler adsorbed RBD in PBS with standard
addition of RBD (2.5 ng/mL) and N-M-Au was connected.
The overall detection time was the sum of the times for these
two steps. By controlling different detection times, the results
showed that the fishing mode device detected the RBD within
15 min (Figure S18). Compared with the involvement of
professional laboratories and staff, the device is portable,
inexpensive, rapid, and easy to operate, which is more in line
with the need for on-site detection. ELISA is a traditional and
commonly used protein detection method.*® By comparing the
fishing mode device with ELISA for RBD detection, detection
by this fishing mode device can be verified. When using this
fishing mode device and a commercial RBD ELISA kit to
detect 2 ng/mL RBD in the blood of § healthy volunteers at
the same time, the two detection effects were similar (Table
S1). Of course, the time efficiency of the fishing mode device is
also an important index of its detection ability. It is well known
that the minimum ELISA detection time of 4—6 h is quite
substantial, so our device was tested to establish the detection
time (15 min). Based on the specificity and sensitivity of
AgAN-Au-Apt for RBD fishing, N-M-Au was further fished,
and stable hotspots (AgAN-Au-Apt-RBD-N-M-Au) were
formed to achieve rapid detection of RBD in the environment.

B CONCLUSIONS

In summary, we developed a highly sensitive and specific
fishing mode device for the detection of the SARS-CoV-2 RBD
in different environments. We found new SERS detection
methods that exploit protein properties and spatial sizes to
design hotspots that are architecturally stable for the detection
of proteins. The use of an aptamer that specifically recognizes
and captures the SARS-CoV-2 RBD together with a small
compound (NAG) that binds to the RBD allowed the two to
function as a fishhook to bring the two AuNPs into close
connection and form hotspots with a gap of approximately 8
nm and produce a stable RBD detection signal. This method is
not only simple and sensitive but can also achieve rapid (15
min) and low concentration (0.625 ng/mL) detection of RBD.
At the same time, 0.625 ng/mL RBD could be detected in the
mixed protein solution, and 1.25 ng/mL RBD could be
detected in urine and blood environment. After a simple
sampling and reaction process, the detection work can be
completed in the portable Raman spectrometer, which can
meet the field detection work in a variety of scenarios. Our
work highlights the theoretical idea of the hotspots of precise
control pursued in SERS detection and believes that the design
and working concept of the present method open up a
promising future for the application of SERS in a wide range of
fields.
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