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Herein, high-frequency quartz crystal microbalance biosensing
platforms were constructed using an aptamer and antibody as
bioreceptors for fast and label-free detection of the SARS-CoV-2
RBD.

The coronavirus disease (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019,
poses a serious threat to global public health. Although
SARS-CoV-2 and influenza virus are similar in clinical features,
such as modes of transmission (direct communication, aero-
sols or airborne droplets) and symptoms (fever, cough,
nausea, vomiting, fatigue, muscle pain, etc.), COVID-19 is
more contagious and has a higher mortality rate than
influenza.'™ Frustratingly, the SARS-CoV-2 virus possibly coex-
ists with the human-like influenza virus, placing an unpre-
cedented burden on existing health systems.® Therefore, a
facile, fast and sensitive assay of SARS-CoV-2 is of great
significance.”®

To achieve the assay of SARS-CoV-2, several kinds of
methods have been reported, such as electrochemistry,””
electrochemiluminescence,'" photoelectrochemistry,">"* fluo-
rescence,' surface-enhanced Raman scattering,”
colorimetry, chemiluminescence'® and localized surface
plasmon resonance."® Actually, most of the above-mentioned
methods use end-point assays which are laborious and time-
consuming and due to this, the whole assay process usually
involves incubation, washing, signal generation and amplifica-
tion processes. In addition, the construction of most of the
above biosensing platforms requires signal labels, which
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undoubtedly increases the cost.’®>" These facts inspired us to

develop a real-time biosensing platform for rapid, sensitive
and label-free detection of SARS-CoV-2.

The quartz crystal microbalance (QCM), a kind of mass-sen-
sitive sensor at the nanogram or even picogram levels, which
can detect the targets sensitively through monitoring the
change of the resonance frequency of the QCM sensor caused
by the mass change on the crystal surface,” has been widely
used in biochemical analysis due to its advantages of real-time
monitoring, no labeling and high sensitivity.>>** In the past
three years, several studies have been reported for the detec-
tion of SARS-CoV-2 based on QCM techniques.**” However,
those studies are based on quartz crystals with a low funda-
mental resonance frequency (5 MHz), which are limited by the
problems of viscosity and water-mass effects, resulting in low
sensitivity of the sensor.”®*° It was reported that the high-fre-
quency QCM sensing technology successfully solved the above
problems, and improved obviously the detection sensitivity
due to the high fundamental resonance frequency.’®*" This
encouraged us to develop a new high-frequency (100 MHz)
quartz crystal microbalance (HF-QCM) biosensing platform for
the highly sensitive detection of SARS-CoV-2.

Herein, a HF-QCM aptasensor and immunosensor were
developed for the label-free detection of the SARS-CoV-2 spike
receptor-binding domain (RBD) protein (Scheme 1). An amine-
labeled aptamer (a single-stranded DNA sequence that binds
to the RBD in a similar manner to antibodies—through shape
recognition of the binding sites of the RBD)*>** or antibody
was immobilized on a QCM chip with a gold (Au) coating (Au
chip) via an Au-NH, bond between the Au and amine groups
of the aptamer or antibody.>**> After the non-specific active sites
were blocked using bovine serum albumin (BSA), the modified
chips were used to monitor the binding process of the targets
(RBD) to aptamers or antibodies in real time on the HF-QCM
platform. Thus, the RBD could be rapidly and sensitively
detected using the developed HF-QCM biosensing platform.

The modification processes of the QCM Au chips were
characterized by electrochemical impedance spectroscopy (EIS)
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Scheme 1 Schematic illustration of the developed high-frequency
quartz crystal microbalance aptasensor and immunosensor for the
detection of the RBD.

(Fig. 1). The semicircle diameter in the Nyquist diagram is
related to the interfacial charge transfer resistance (R..). When
the Au chip (curve a) was modified with the aptamer (curve b)
or antibody (curve b’) and further with BSA (curve c or c'), the
R value increased consequently due to the poor electrical con-
ductivity of the aptamer or antibody and BSA. When the BSA/
aptamer/Au chip (BSA/antibody/Au chip) was incubated with
100 pg mL™' RBD, due to the specific recognition of the RBD
by the aptamer (antibody), an increase in the R, value of the
RBD/BSA/aptamer/Au chip (RBD/BSA/antibody/Au chip) was
observed (curve d or d’). The results of EIS indicate that the
proposed HF-QCM biosensing platform is successfully con-
structed according to Scheme 1.

In order to explore the construction process of the HF-QCM
biosensing platform, the frequency change of the HF-QCM was
monitored in real time. As shown in Fig. 2, the injection of the
buffer with a flow rate of 210 uL min~" basically does not
induce an obvious change in the frequency of the platform.
However, after the injection of BSA to block the active sites of
the aptamer/Au chip and antibody/Au chip, frequency changes
of 5040 Hz for the aptamer/Au chip and 12 800 Hz for the anti-
body/Au chip can be observed, indicating that the antibody/Au
chip needs more BSA molecules to block the active sites than
the aptamer/Au chip. This may be due to the much smaller
size of aptamers than antibodies, allowing aptamers to be
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Fig. 1 Nyquist plots of different modified QCM Au chips in 5 mM [Fe
(CN)6]*~/4~ (1:1) solution containing 0.1 M KCl (frequency, 10°-0.1 Hz).
(A) (a) Bare Au chip, (b) aptamer/Au chip, (c) BSA/aptamer/Au chip, and
(d) RBD/BSA/aptamer/Au chip; (B) (a) bare Au chip, (b) antibody/Au chip,
(c') BSA/antibody/Au chip, and (d') RBD/BSA/antibody/Au chip. Crep =
100 pg mL™%.
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Fig. 2 Real-time responses of the aptamer (antibody)-modified QCM
Au chip for the following processes: washing with buffer, blocking the
surface with BSA, washing with buffer, and specific recognition of the
RBD. Cggp = 100 pg mL™%.

modified on the Au chip surface at a higher density. Thus, the
exposed active sites of the aptamer/Au chip are much fewer
than those of the antibody/Au chip. After washing the modi-
fied Au chip surface with buffer, the RBD (100 pg mL™") solu-
tion was injected into the cell. It is noted that the frequency
decreases obviously due to the specific recognition of the RBD
by its aptamer or antibody. The total frequency change of the
HF-QCM aptasensor reached 13 986 Hz in 600 s (the HF-QCM
immunosensor reached 12167 Hz in 1000 s). These results
indicate that the RBD can be assayed using the developed
HF-QCM biosensing platform based on the frequency change
value, and the aptamer can recognize the RBD more quickly
and sensitively than the antibody. This is mainly ascribed to
the difference in the sizes of the two bioreceptors, which
allows higher immobilization density and surface coverage of
aptamers on Au chips than those of antibodies.?***” Therefore,
a greater number of binding sites are available for the reco-
gnition of the RBD in the HF-QCM aptasensor than in the
HF-QCM immunosensor, resulting in higher sensitivity of the
HF-QCM aptassensor.’®

Thus, the developed HF-QCM aptasensor and HF-QCM
immunosensor were used to monitor in real time the RBD-
bioreceptor recognition process and detect the RBD. As shown
in Fig. 3A and C, all the —AF values increased with the increase
of recognition time and then reached a platform at 600 s for
the HF-QCM aptasensor and at 1000 s for the HF-QCM immu-
nosensor. Also, all the —AF values at a definite recognition
time increased with the increase of the RBD concentration.
Based on the results shown in Fig. 3A and C, the dependences
of the —AF values at different recognition times on RBD con-
centration were obtained and are shown in Fig. 3B and D. A
good linear relationship between the frequency changes (—AF
values at 300 s and 600 s for the HF-QCM aptasensor; —AF
values at 300 s, 600 s and 1000 s for the HF-QCM immunosen-
sor) and the logarithm of RBD concentrations was obtained
from 1 pg mL™" to 1000 pg mL~'. Furthermore, the HF-QCM
aptasensor has much larger linear slops than the HF-QCM
immunosensor at the same recognition time, implying that
the HF-QCM aptasensor has higher sensitivity than the
HF-QCM immunosensor for the RBD assay. It is noted that 1
pg mL~" RBD corresponds to 1832 Hz of the HF-QCM aptasen-
sor (1 pg mL™" RBD corresponds to 1057 Hz of the HF-QCM

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3an00008g

Published on 20 2023. Downloaded on 01/11/25 11:35:43.

Analyst
(A) 0 (B) ll)fAF »5.")53\9(:R +690 .
18000 (2)7AF —6051IgCRBD+1709 ™
6000
N
N
I E 12000
~ -12000
w 0 u‘3
= 1" 6000
18000 |
10000 pg/mL 0
0 200 400 600 0 1 2 3 4
Time /s
19C.q, / PG/mL
(C) 0 (D) (1) AFm -2131IgC“D+305
(2) AF —4345IQC"D¢BBO
18000 (3) -4F,,,,=56381gC,, +1088 4
-6000 R
N N
T 0 E 12000
~ -12000
g <
= " 6000 U]
-18000+ 10000 pg/mL
0
0 300 600 900 0 1 2 3 4
Time/s IgC._/ pg/mL

RBD

Fig. 3 Frequency changes of the HF-QCM aptasensor (A) and immuno-
sensor (C) with different concentrations of the RBD: 0, 1, 5, 10, 50, 100,
500, 1000, and 10000 pg mL™t. Dependence of —AF values of the
HF-QCM aptasensor (B) and immunosensor (D) at definite recognition
times on the logarithm of RBD concentrations.

immunosensor). However, for the low-frequency (5 MHz)
QCMs, 0.05 mg mL™" SARS-CoV-2 spike protein (S1 subunit)
corresponded to 10-90 Hz,> and 0.468 mg mL~' SARS-CoV-2
spike protein corresponded to 130-160 Hz.”” These results
mean that the developed HF-QCM (100 MHz) aptasensor and
immunosensor have much higher sensitivity than the low-fre-
quency (5 MHz) QCMs. On the other hand, the developed
HF-QCM biosensing platform shows much lower detection
limits and a faster assay speed than other reported methods
(Table 1).**** The excellent trace assay performance (the
linear response range is as low as 1 pg mL™") and the fast ana-
lysis process (as low as 5 minutes) show the great superiority
of the proposed HF-QCM aptasensor and immunosensor in
RBD assays.

Table 1 Comparison of the developed HF-QCM biosensing platform
with other methods for RBD protein assay

Detection  Linear

Speed limit range
Method (min) (pgmL™") (ngmL™') Ref.
EC 45 110 1-1000 39
EC 30 22.91 1-1000 40
EC 30 360 0.5-250 41
EC 20 800 2.5-40 42
CL 20 260 0.26-2080 43
PEC 40 4200 17.5-1120 44
HF-QCM aptasensor 5 0.30 0.001-1 This work

10 0.25
HF-QCM immunosensor 5 0.85

10 0.36

17 0.32

EC, electrochemistry; CL, colorimetry; PEC, photoelectrochemistry.
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Selectivity is a key factor in assessing the practicality of the
developed HF-QCM biosensing platform. Four possible inter-
ferents, hemagglutinin (HA), vascular endothelial growth
factor 165 (VEGF165), prostate-specific antigen (PSA) and
mucin 1 (MUC1), were used to evaluate the selectivity of the
developed HF-QCM biosensing platform. As shown in Fig. 4, it
can be seen that in the presence of the RBD, obvious frequency
changes of the HF-QCM aptasensor (Fig. 4A) and the HF-QCM
immunosensor (Fig. 4B) were obtained, but no significant
changes were observed in the presence of other antigens. Also,
no obvious difference in the frequency change was obtained
for the RBD and the mixture of the RBD and interferents.
These results mean that the developed HF-QCM biosensing
platform has acceptable selectivity. Furthermore, Fig. 4 clearly
indicates that the HF-QCM aptasensor shows better selectivity
than the HF-QCM immunosensor, which is because the sec-
ondary structure of the aptamer reduces the probability of the
electrostatic interaction between the aptamer and non-specific
proteins.*

The reproducibility of the HF-QCM aptasensor and
HF-QCM immunosensor was also assessed. For 100 pg mL™
RBD, the frequency changes in six independent chips have a
relative standard deviation (RSD) value of 2.0% for the
HF-QCM aptasensor (Fig. 5A) and 3.2% for the HF-QCM
immunosensor (Fig. 5B). Obviously, both the HF-QCM apta-
sensor and immunosensor show satisfactory reproducibility.

To verify the feasibility of the developed HF-QCM biosen-
sing platform in complex samples, several concentrations (1,
10 and 100 pg mL™") of the RBD were spiked in 10-fold diluted
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Fig. 4 Selectivity of the HF-QCM aptasensor (A) and immunosensor (B)
for the RBD assay. RBD, 100 pg mL™%; interferent, 1 ng mL™?; the mixture
contained the RBD (100 pg mL™) and four interferents (each interferent,
1ng mL™).
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Fig. 5 Reproducibility of the HF-QCM aptasensor (A) and immunosen-
sor (B) in the same batch. Crgp = 100 pg mL™%
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healthy human serum and 10-fold diluted healthy saliva
samples, and recovery tests were performed. As shown in
Fig. S1 and Table S1 (ESIt), the recoveries acquired from the
HF-QCM aptasensor and immunosensor were acceptable,
which indicates that the developed HF-QCM biosensing plat-
form has great potential for the assay of the RBD in complex
samples.

In summary, the HF-QCM aptasensor and immunosensor
were developed for label-free assay of the SARS-CoV-2 spike
receptor-binding domain (RBD) protein. The binding process
of the RBD to the immobilized bioreceptors (aptamer and anti-
body) was monitored in real time using the HF-QCM biosen-
sing platform, and the assay performance, in terms of
dynamic response range, speed and sensitivity, was also inves-
tigated. Based on the HF-QCM technology, the RBD can be
detected with a linear response range of 1 to 1000 pg mL™"
and the detection limit is as low as 0.25 pg mL™" for the
HF-QCM aptasensor and 0.32 pg mL ™" for the HF-QCM immu-
nosensor. In particular, the proposed HF-QCM aptasensor
and immunosensor show a fast analysis process (as low as
5 minutes), acceptable selectivity and reproducibility, and sat-
isfactory recovery in diluted normal human serum and saliva
samples. Furthermore, the proposed HF-QCM aptasensor and
immunosensor can also be easily extended for other protein
analyses by changing the specific aptamer and antibody.
These findings imply that the developed HF-QCM aptasensor
and immunosensor have great potential for application in the
early and fast diagnosis of SARS-CoV-2 and other diseases.
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