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HIGHLIGHTS GRAPHICAL ABSTRACT

e Multiple parameters can be adjusted by
one-click on the integrated electro-
chemical array.

e Various morphologies can be synthe-
sized for screening the SERS
performance.

e The platform can achieve high-
throughput and simultaneous SERS
sensing.

ARTICLE INFO ABSTRACT

Keywords: Sensitive and accurate detection of SARS-CoV-2 methods is meaningful for preventing and controlling the novel
SERS coronavirus. The detection techniques supporting portable, onsite, in-time, and online data transfer are urgently
Ag nanostructure needed. Here, we one-click investigated the shape influence of silver nanostructures on SERS performance and

Mini-pillar platform
COVID-19
Microdroplets array

their applications in the sensitive detection of SARS-CoV-2. Such investigation is achieved by adjusting multiple
parameters (concentration, potential, and time) on the integrated electrochemical array, thus various mor-
phologies (e.g., bulk, dendritic, globular, and spiky) can be one-click synthesized. The SERS performance results
indicated that dendritic nanostructures are superior to the other three with an order of magnitude signal
enhancement. Such on-electrode dendritic silver substrate also represents high sensitivity (LOD = 7.42 x 10714
M) and high reproducibility (RSD = 3.67%) toward the SARS-CoV-2 RNA sequence detection. Such approach
provides great potentials for rapid diagnosis and prevention of diverse infectious diseases.

1. Introduction as a new severe acute respiratory disease with accompanied by
breathing distress, fever, cough, and other symptoms began to spread
Since December 2019, the novel coronavirus pneumonia (COVID-19) rapidly worldwide [1-4]. Today, reverse-transcription polymerase
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chain reaction (RT-PCR) is widely used to detect clinical samples, such
as nasal, pharyngeal swabs, and blood, known as the “gold standard”
technique [5-8]. At present, the main assay techniques include chest
computed tomography (CT), Enzyme linked immunosorbent assay
(ELISA), chemiluminescent immunoassay, and Colloidal gold immuno-
assay, but they generally requires relatively high qualification re-
quirements, relatively long detection time, cumbersome operation steps,
and easy contamination [9]. Therefore, it is urgent to develop a rapid,
practical, high accuracy and convenient detection system to deal with
the soaring novel coronavirus infection in the world.

SERS with the advantage of high sensitivity has been widely used in
airport explosion-proof security checks. Most Raman peaks have a nar-
row width suitable for multiplex analysis, and the measurements can be
conveniently made under ambient and aqueous conditions, etc. [10]
Recently, handheld SERS has attracted increasing interest in biological
analysis [11]. Silver nanomaterials with various nanostructures are
widely used for SERS biosensing chips due to their high electrical/th-
ermal conductivities [12-21]. These research work indicated that the
SERS property of silver nanomaterials are highly dependent on their size
and morphology [22]. However, most of the work is limited to the use of
single structure silver nanostructures to construct SERS biosensing
chips. The research on the relationship between the morphology and
SERS property of silver nanostructures is relatively scarce [23]. There-
fore, by adjusting different parameters, the preparation of silver nano-
structures with different morphologies and the rapid screening of
optimal Raman enhancement performance can be realized [24-26],
which is of great significance for constructing an accurate COVID-19
detection platform [27-33].

Here, we one-click synthesized multiple silver nanostructures by
integrated electrodeposition platform for sensitive SARS-CoV-2 RNA
sequence SERS detection. Such platform can achieve simultaneously
detecting multiple biomarkers or repeatedly detecting on the same
biomarkers for enhancing the reproducibility. In our experiments, four
different silver nanostructures were one-click synthesized by adjusting
different electrodeposition parameters, SERS performance results indi-
cated that the dendritic silver nanostructures had better signal
enhancement effect comparing with other three silver nanostructures.
Such platform has great potential to meet the diverse clinical medicine
and disease control needs of the future.

2. Experimental section
2.1. Materials and instruments

Silver nitrate (AgNOs)was purchased from Guangzhou Jinhua
Chemical Reagent Co. Ltd. Potassium nitrate (KNO3) was purchased
from Beijing Chemical Plant Co. Ltd. Polydimethylsiloxane (PDMS) was
purchased from Dow Europe GmbH. Sulfuric acid (H2SO4, 98%, AR),
acetone (>99.5%, AR), ethanol (>99.8%, GR), and Rhodamine6G were
purchased from Sigma-Aldrich. The template with 4 x 4 array through-
holes was custom made from Beijing Zhongjingkeyi Technology Co. Ltd,
China. All other reagents were commercially available and of analytical
reagent grade. All solutions were prepared with ultrapure water (Milli-
Q, 18.2 MU cm). All experiments were carried out at room temperature
(25 °Q).

Electrochemical deposition of silver nanostructure was carried out
by a homemade device connected with a CHI-660D electrochemical
workstation (CHI instruments, shanghai, China). The morphologies of
dendritic gold nanostructures were observed by Scanning electron mi-
croscope (SEM, JSM-6700 F, Japan).

2.2. Sequence information of the capture, target, and detection probe
The oligonucleotides sequences were synthesized from Sangon

Biotech (Shanghai, China). The sequences were as follows:
Target SARS-CoV-2 sequence: 5'-ACACCAAAAGAUCACAUUGG-3'.
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Capture probe: 5'-CTTTTGGTGTAAAAAAAAAA-SH C6-3°.
Detection probe: 5-ROX-AAAAAAAAAACCAATGTGAT-3'.

2.3. Fabrication of the RNA sequences biosensing platform

The manufacturer customizes Single-sided printed circuit boards.
The PDMS prepolymer and the curing agent are first mixed and stirred
evenly at a ratio of 15:1, then put in a vacuum drying oven and leave it
for 15 min to remove air bubbles. Next, the prepolymer is poured on the
stainless-steel plate (Hole diameter: 2 mm; Thickness: 1.65 mm). The
electrode array is embedded in the prepolymer, which places it in an
oven and cure at 60° for 8 h. Following cooling, take it out of the
stainless-steel template to obtain the 4 x 4 mini-pillar array platform
with the height of 1.65 mm and the diameter of 2 mm. Electrodes are
then implanted in each mini-pillar to form a small electrochemical
reactor so that silver nanostructure with different morphologies can be
prepared to obtain the RNA sequences biosensing platform.

2.4. SERS detection of R6G and target sequences on the platform

A certain amount of Rhodamine 6G (R6G) powder was weighed with
a precise analytical balance, and then a solution was prepared with ul-
trapure water to a concentration of 10”2 M. Finally, add water to dilute
to different concentrations as needed (10> M-=10"'° M) solution for
backup. Take 2 pL of R6G solution and drop it on the SERS substrate that
has been immobilized on the electrochemical platform with silver
nanoparticles. After the reaction was left to dry at room temperature,
use a Raman microscope with an excitation light source of 633 nm.
Irradiation was performed to detect the SERS spectrum of R6G. The
same approach applied to the target sequences detection. After 15 min of
reaction with 2 pL target sample mixed with capture probe and detection
probe, SERS detection was performed with 633 nm excitation laser
source.

3. Results and discussion
3.1. Arrayed COVID-19 detection mini-pillar platform

Fig. 1 demonstrated the programmed nanomaterial synthesis and
subsequent SARS-CoV-2 RNA sequences SERS detection. The whole
processes for such platform mainly include mini-pillar-based platform
fabrication, multiple nanomaterials regulation and characterization,
and COVID-19 sampling and sensing. Briefly, we firstly prepared the
basis of the whole platform using PDMS with 4 x 4 mini-pillars on top of
the platform as shown in Fig. 1a, with three electrodes implanted in each
mini-pillar (Ag as the working electrode, Ag/AgCl reference electrode,
and Pt wire as the counter electrode) Each unit hold one droplet with
quantitative composition and concentration of electrolyte solutions
(AgNO3/KNO3 and sodium citrate/AgNOg), which can achieve inde-
pendently electrodeposition. The morphology of silver nanostructures
could be controlled by adjusting the time and potential during electro-
depositing. Finally, the appropriate nanostructures were selected for
subsequently SERS sensing.

3.2. One-click optimization of mini-pillar sensing platform

Previous reports have confirmed that the morphology of Ag nano-
structures can be affected by various parameters, such as electrodepo-
sition time, potential, ambient temperature, and electrolyte composition
[34-36]. And the preparation of silver nanoparticles by the electrode-
position method has good reproducibility [19,37]. Here we one-click
investigated multiple silver nanostructures by integrated electrodepo-
sition platform. Different silver nanostructures (dendritic, bulk, glob-
ular, and spiky) are formed by adjusting the corresponding parameters
in array of 10 pL droplets as shown in Fig. 2. Firstly, we explored the
effect of time and potential on the morphology of silver nanostructures.
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Fig. 1. Schematic illustration of mini-pillar-based chip for multiple silver nanostructures regulation and characterization (a), and for sensitive detection of COVID-19

biomarkers (b).

Fig. 2. SEM images of the resulting silver nanostructure at different electrochemical conditions. a) P: —0.5 V, T: 300 s, and Cagno3: 5 mg L™}, b)P: —0.3V, T: 300s,
and Cagnos: 5mg LY, ¢) P: —0.3 V, T: 300 s, Cagnos: 5 mg L%, and Csodium citrate: 5 mg L™* d) P: —0.3 V, T: 300 s, Cagnoz: 5 mg L%, and Csodium citrate: 8 mg L* P:

Potential T: Time.

At the potential (—0.5 V) and the AgNO; concentration is 5 mg L™}
promotes silver nanostructure’s anisotropic differentiation to dendritic
as shown in Fig. 2a and Figs. Sla—d. As shown in Fig. 2b and Figs. Sle-h,
When the AgNOj3 concentration is 5 mg L ™! with the potential of —0.3V,
the obtained silver nanostructures are one by one bulk structure from
100 s to 800 s with negligible morphology change.

Notably, we investigated the composition of the electrolyte (AgNO3/
sodium citrate) in affecting morphology of Ag nanostructures as shown
in Figs. S2a—d, At the 8 mg mL™! of AgNOs, the concentration of sodium
citrate increased from 1 to 5 mg mL ™! (Potential: —0.3 V), the nano-
sheets with comparatively sharp edges gradually grew globular shape
(Fig. 2c). Subsequently, when the concentration of sodium citrate was
increased to 8 mg L™}, the globular silver nanostructures gradually grew
into a spiky shape (Fig. 2d), which was like a small wooden stick with
the other end pointed. The silver nanostructure tended to be dendritic
(Figs. S2e-h). Such results indicate that the electrolyte to AgNO3 and
sodium citrate could produce spherical and spiky shape silver nano-
structures at the appropriate conditions. However, silver nanostructures
still tended to dendrite with increasing sodium citrate concentration.
Thus, we synthesized various morphologies of silver nanomaterials by

regulating different parameters for subsequent detection.

Silver nanostructures with Raman enhanced properties have been
widely applied in SERS sensing, and different morphologies directly
affect the sensitivity and accuracy of detection [18,38,39]. We selected
R6G as a model to verify that the Raman performance of bulk, dendritic,
spiky, and globular substrates. The spectra of the SERS of R6G on a silver
nanostructures SERS substrate in Fig. 3a showed that seven character-
istic peaks at approximately 604, 764, 1173, 1304, 1355, 1506, and
1643 cm ™! were clearly observed as consistent with previously reported
literature [40,41]. The dendritic silver nanostructures Raman signal was
small at the R6G concentrations of 10719 M, the Raman signal gradually
increased as the R6G concentration increased (Fig. 3b). Raman signal
intensity of such dendritic silver nanostructures was an order of
magnitude higher than that of the other three morphological silver
nanostructures (Fig. 3a). This should be attributed to a larger surface
area and rougher nanostructure of the dendritic silver nanostructure
than the other three nanostructures, which allows improving the
detection efficiency and obtaining lowering the detection limit.

The overall trend of the bulk silver nanostructures Raman spectral
signal increased continuously with the increasing R6G concentration as
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Fig. 3. Results of shape influence of silver nanostructures on Raman performance. a) SERS spectra of Bulk, dendritic, spiky and globular at the concentration of R6G

at 1073 M. b) SERS spectra of R6G microdroplets (from top: 107® M, 1077 M, 10~

show in Fig. S3b. At a low concentration of R6G, the Raman signals of
globular and spiky silver nanostructures are not very stable in the SERS
spectrum of R6G and the Raman signal starts to gradually enhance from
R6G concentration of 10~° M to 10~® M, which can be clearly observed
from the figure. (Fig. S3c and Fig. S3d). This may be because the glob-
ular and spiky silver nanostructures were not well dispersed and stacked
with each other to form high steric hindrance during the electrodepo-
sition process, resulting in a reduced surface area that can accommodate
fewer DNA probes. It was verified experimentally that these two mor-
phologies were not suitable as substrates for SERS. Based on the above
experiments, we found that the R6G signals of the dendritic silver
nanostructures were more intense than those of the other three

M, 10~° M and 10 '° M) on the silver dendritic nanostructures of substrate.

nanostructures because of their larger surface area and coarser nano-
structures. Therefore, these results illustrate that the sliver nano-
structures could be a good candidate for a sensitive SERS substrate.

3.3. Mini-pillar sensing platform for COVID-19 detection

Accurate detection of the COVID-19 allows early screening and
diagnosis of coronavirus disease [42]. Fig. 4a illustrate the fabrication
and sensing procedure of biosensor based on sandwich detection strat-
egy. The DNA capture probe were firstly immobilized on the dendritic
silver nanostructures surface. The presence of the target RNA sequence,
the capture probe would immobilize the target RNA sequence along with

a [ ( / = Fig. 4. Dendritic silver nanostructure for SARS-CoV-
® - > - INUL capture M COVID-19 N- \LU Detection 2 RNA sequence sensing. a) Illustration of detection
. ROX DA gene "ED "? process for SARS-CoV-2 RNA sequence. b) SERS
i ;\ spectra in the presence of SARS-CoV-2 RNA sequence
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.
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the detection probe on the chip. The sandwich structure could not be
formed without target RNA due to surface limited capture probe hy-
bridization, which prevents the Raman signal of Rhodamine X (ROX)
molecule from being detected at the end of detection DNA as shown in
Fig. S4a. Conversely, when detection DNA was added, a complete
sandwich detection structure was formed, and the whole structure was
fixed on the chip, the characteristic peak of ROX’s Raman signal could
be clearly seen.

We demonstrated the simultaneous detection of five concentrations
of COVID-19 RNA sequence (10~° to 1073 M) by this strategy at room
temperature with a 633 nm excitation laser source as shown in Fig. 4b.
The specific Raman peak from the labeled probe on the detection DNA
(635, 764, 1230, 1347, 1548, and 1646 cm ™) was clearly observed and
its peak information at 1548 cm™! signal strength increases with con-
centration. The linear relationship between the Raman intensity and the
logarithm of the target probe concentration is shown in Fig. 4c. It can be
estimated from the figure that the limit of detection (LOD) of the tech-
nology is 7.42 x 107** M, and the linear range is 10~° M-10"13 M. As
shown in Fig. 4d, we also verified the specificity of the biosensing
platform by replacing the SARS-CoV-2 RNA sequence with miRNA-141,
miRNA-155, miRNA-210, miRNA-21, and blank control, and found that
there was no significant change in signal intensity. To evaluate the
platform’s application in actual samples, we replaced the PBS buffer
solution with human blood serum (Fig. S4b) for five concentrations of
SARS-CoV-2 RNA sequences (10’9 to 10713 M) sensing, as shown in
Fig. S4b. We can also see that the Raman signal gradually increases with
the increasing concentration of SARS-CoV-2 RNA sequences. Further-
more, reproducibility is a critical factor for SERS detection of trace
biomarkers [43] (Fig. S5), and we examined the reproducibility of the
dendritic silver nanostructures platform by taking eight different spots
on the chip for SERS detection of ROX at a concentration of 10 ~° M.
Specific Raman signals of ROX molecules at 635, 764, 1230, 1347, 1548,
and 1646 cm™! were found for all eight sites, as shown in Fig. 4e, and we
calculated the relative standard deviations (RSD) of 3.67%, 3.78% and
7.20% for the Raman signals at 1347, 1548 and 1646 cm ™ *, respectively,
and these experimental results indicate that The dendritic silver nano-
structures biosensing platform for RNA sequence detection has good
reproducibility for SERS detection of common and standard Raman
molecular signals. The experimental results confirm that our platform
has better performance than existing methods (Table S1), and has the
potential to be further used for the detection of COVID-19 samples.
Overall, we demonstrate the one-click biosensing platform has excellent
reproducibility, stability, and specificity. Experimental results indicate
that our biosensing chip has promising applications in biological sample
detection species and has tremendous potential for accurate disease
diagnosis.

4. Conclusion

In summary, we prepared multi-channel mini-pillar biosensor plat-
form for the rapid, simple, and sensitive SERS detection of SARS-CoV-2
RNA sequence. We skillfully one-click synthesized four kinds of silver
nanostructures with different morphologies by electrochemical deposi-
tion, which are bulk, dendritic, spherical, and spiny. Then, we screened
the four morphologies of silver nanostructures by SERS. Dendritic silver
nanostructures are the most effective enhanced Raman signals. The
platform can detect multiple concentrations of SARS-CoV-2 RNA
sequence simultaneously, thus significantly reducing the detection time
and minimizing the influence of background signal and environment.
This sensitive, well reproducible, low demand for samples, and specific
biosensing platform can successfully detect multiple concentrations of
SARS-CoV-2 RNA sequence with detection limits up to 7.42 x 10714 M.
The one-click investigation of shape influence of silver nanostructures
on sensing performance has significant promise for disease prevention
and control and precise disease detection.
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