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Abstract: The ongoing outbreak of the severe acute respira-
tory syndrome-coronavirus 2 (SARS-CoV-2) has spread glob-
ally and poses a threat to public health and National
economic development. Rapid and high-throughput SARS-
CoV-2 RNA detection without the need of RNA extraction and
amplification remain a key challenge. In this study, a new
SARS-CoV-2 RNA detection strategy using a microfluidic
biochip for the rapid and ultrasensitive detection of SARS-
CoV-2 without RNA extraction and amplification was devel-
oped. This new strategy takes advantage of the specific SARS-
CoV-2 RNA and probe DNA reaction in the microfluidic

channel, fluorescence signal regulation by nanomaterials, and
accurate sample control by the microfluidic chip. It presents
an ultralow limit of detection of 600 copiesmL� 1 in a large
linear detection regime from 1 aM to 100 fM. Fifteen samples
were simultaneously detected in 40 min without the need for
RNA purification and amplification. The detection accuracy of
the strategy was validated through quantitative reverse
transcription polymerase chain reaction (qRT-PCR), with a
recovery of 99–113%. Therefore, the SARS-CoV-2 RNA
detection strategy proposed in this study can potentially be
used for the quantitative diagnosis of viral infectious diseases.

Introduction

Coronavirus disease 2019 (COVID-19) is a major global health
threat, caused by severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2).[1] Development of rapid, accurate, and
sensitive molecular diagnostic screening techniques is neces-
sary for a quick and efficient public health response to the
emerging viral threat. The currently used detection methods
include antibody and nucleic acid detection due to the
structural characteristics of SARS-CoV-2, with a single positive-
strand RNA genome, containing a spike (S) protein, envelope
(E), matrix (M), and a nucleocapsid (N) protein.[2] Antibody
detection is used to detect SARS-specific antibodies produced
after infection, such as IgG, IgM and IgA etc.[3] This method can
be used for tracking and confirming antibodies after viral
infection, recovery, and vaccine injection, but cannot be used
to effectively prevent the spread of the disease.[4] The nucleic
acid detection method, which accurately targets specific genes,
is combined with nucleic acid extraction and amplification
techniques for highly sensitive SARS-CoV-2 detection.[5] Nucleic
acid detection is widely used in the diagnosis and prevention of
diseases, and is also a relatively accurate detection method.[6]

Currently, real-time quantitative reverse transcription-poly-
merase chain reaction (qRT-PCR) is the gold standard for
diagnosing and confirming the SARS-CoV-2 infection. qRT-PCR

has excellent selectivity and sensitivity. However, it is time-
intensive, requires highly qualified technical personnel, and can
only be operated in a laboratory-based hospital with access to
large stationary equipment and reagents.[7] To overcome these
drawbacks, isothermal nucleic acid amplification assays based
on recombinase polymerase amplification,[8] DNA nanoscaffold-
based hybrid chain reaction,[9] loop-mediated isothermal
amplification,[10] and nucleic acid sequence-based
amplification,[11] were employed. However, isothermal amplifica-
tion may produce false-positive results when detecting homol-
ogous sequences, and the results usually have to be confirmed
by agarose gel electrophoresis using SYBR dyes,[12] Clustered
regularly interspaced palindromic repeat (CRISPR)-based nucleic
acid detection technology has attracted much attraction as a
simply and sensitive SARS-CoV-2 RNA detection method. It
performs nucleic acid detection by pre-amplification of the
target nucleic acid, followed by CRISPR-caspase (Cas) enzymes
(e.g., Cas9, Cas10, Cas12a, Cas13a, etc) mediated nucleic acid
detection,[13] Although CRISPR-based nucleic acid detection is
simple and highly sensitive, it increases the pre-amplification
process, prolongs the detection time, and may cause false-
negative or false-positive results due to amplification errors.
The rapid development of nanoscale science and technology
has made field effect transistor (FET)-based SARS-CoV-2 RNA
detection possible. FET-based biosensors[3b,14] based on (molyb-
denum disulfide) MoS2, gold (Au) nanoparticles, graphene, and
other nanomaterials can effectively detect the SARS-CoV-2 RNA
with multiple advantages including the ability to use a small
amount of analytes, high sensitivity, and instantaneous meas-
urement. However, FET-based biosensors have a complicated
construction process. Electrochemical biosensors,[5b,6a, 15] which
convert the signals generated by chemical reactions between
different reagents and samples into electrical signals for
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complete detection, show the advantages of having high
sensitivity, low cost, and user-friendly nature. However, the
addition and reaction of different reagents, as well as the
extraction and amplification of nucleic acids in the detection
process, prolong the overall detection time. The development
of microfluidic technology has greatly improved the accuracy of
SARS-CoV-2 RNA detection. The combination of microfluidic
technology with CRISPR-Cas, FET, and electrochemistry etc. not
only shows the advantages of the original techniques, but also
enhances the overall accuracy and efficiency of detection.[13b,16]

However, the extraction and amplification of nucleic acids is still
essential, prolonging the overall detection time of these
methods. Therefore, there is an urgent need to develop a SARS-
CoV-2 RNA detection method, without the requirement of
nucleic acid extraction and amplification, which could meet the
requirements of high throughput screening, low cost, high
sensitivity, and ease of operation to effectively detect and block
the transmission COVID-19.

Here, we propose an extraction-free, amplification-free,
ultrasensitive fluorescence-based SARS-CoV-2 RNA rapid detec-
tion method based on a nanomaterial hybrid microfluidic
biochip including 15 parallel sensing units. Each sensing unit is
independent from each other, avoiding interference between
samples during detection. High signal-to-noise ratio of the
biochip and the high-precision laser scanner enables accurate
detection of targets signal. The hybridization between DNA
probe and target RNA presents excellent specificity, and false
amplification is greatly reduced because of the ellipsis of target
sequence copying. The whole process does not involve any
enzyme and expensive regents, and the cost of each test is less
than 1$, even cheaper for large scale production. The SARS-
CoV-2 particles were treated in a lysis solution with ultrasound
for 5 min to break the RNA into short RNAs, and then the
treated samples were loaded into the microfluidic biochip on
which the designed fluorescence-labeled SARS-CoV-2 DNA
probes reacted with SARS-CoV-2 RNAs in the reaction zone.
Fluorescence was detected in the detection zone. SARS-CoV-2
pseudovirus was used to demonstrate the capability of the
detection strategy. SARS-CoV-2 RNA of the 15 samples could be
detected in 40 min with a limit of detection (LOD) of 600
copies/mL. Moreover, the accuracy of detection can be
improved using multiple designed DNA probes at different
sites. Finally, qRT-PCR was used to verify the rationality and
consistency of the chip detection strategy, and at detection
recovery of 99–113% was achieved.

Results and Discussion

Detection principle of SARS-CoV-2 RNA without RNA
extraction and amplification based on a microfluidic biochip

SARS-CoV-2, identified as a single positive-strand RNA
genome[17] is shown in Figure 1a. It includes four specific parts:
open reading frame (ORF)-1a/b, N, E, and S genomes. Detection
probes were designed at these sites, and the detailed
sequences of the probes and target RNAs are shown in

Table S1. The detection process for SARS-CoV-2 RNA is shown in
Figure 1b. Viruses in the collected throat or nose swab samples
were lysed to release the RNA, which is sheared simultaneously
during SARS-CoV-2 particle lysis by sonication to produce short
segments. The target RNA segments were then loaded into the
designed DNA probe fixed reaction channel, where the target
RNA segments reacted with probes to form a double-stranded
DNA-RNA complex. The ability of graphene oxide (GO) loaded
on glass substrate (Figure S1) to absorb single-stranded nucleic
acids and release double-stranded nucleic acids enables the
double-stranded DNA-RNA complex to desorb from the GO
nanomaterial surface. The released double-stranded nucleic
acids were pushed into the detection chamber assembled with
poly-L–Lysine (PLL). Then, the DNA-RNA complex was absorbed
by PLL via electrostatic absorption, and the fluorescence
intensity from DNA probes enabled the quantitative detection
of the target RNA. A laser scanner was used to excite the
fluorescent molecules on the DNA probes in the detection area.

SARS-CoV-2 RNA detection performance of the microfluidic
biochip

The synthesized RNA segments complementary to the probes
were used as targets to demonstrate the basic performance of
the biochip. The detected fluorescence signal is the integration
of the fluorescence intensity in the entire detection chamber.
As shown in Figure S2a, the detected fluorescence signal of
10� 9 M target RNA increased when the concentration of probes

Figure 1. (a) Schematic structure of severe acute respiratory syndrome-
coronavirus 2 (SARS-CoV-2) and optical photo of the microfluidic biochip. (b)
Schematic procedure for SARS-CoV-2 RNA detection without extraction and
amplification.
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increased during immobilization with the substrate in the
reaction channel. As a result, a maximum probe concentration
of 10� 4 M was used in subsequent experiments. Figure S2b and
c show the shortest probe incubation time with the substrate,
and the hybridization time of probe and target RNA was 35 min
and 30 min, respectively. The results in Figure S2 indicate that
all four pairs of probes and target RNAs were under similar
experimental conditions. The detection signal began to de-
crease when the sample injection rate increased from 1.25 μL/
min as shown in Figure 2a, because the rapid loading rate
affected the binding efficiency of the DNA probe with the
target RNA (a pair of D� E1 and R� E1 was taken as an example).
A sample injection rate of 1 μL/min was used to ensure
adequate reaction between the probes and target RNAs.
Figure 2b shows that a stronger signal was achieved when the
loaded sample volume was increased because of the increased
total targets, which is extremely important for samples with
ultralow targets. The target concentration of 10� 18 M in Fig-
ure 2b shows similar trends as the target concentrations of
10� 13 M and 10� 15 M in Figures S3a and b.

With the optimized process, the concentration of R� E1
presents a linear relationship with the detected fluorescence
intensity on the log scale in the concentration range of 10� 13 to
10� 18 M (Figure 2c), which is similar to that of the target RNA at
another site, ORF1a/b-3, in Figure S3c. Figure S4 shows the
fluorescence scanning map and heat map for different target
RNA concentrations, indicating obvious differences in the
fluorescence signals. It is worth mentioning that the detected
fluorescence signal of the sample is the integration of
fluorescence intensity in the entire detection chamber, as
shown by the yellow dashed box in Figure S4. LODs of 0.564 aM
(338 copies/mL) and 0.643 aM (387 copies/mL) were achieved
for R� E1 and R-ORF1a/b-3, respectively, using the formula
LOD=3Sb1/S.[18] Based on the International Union of Pure and
Applied Chemistry (IUPAC) guideline of a 2 :1 signal to noise

ratio,[19] the calculated lower LODs were 0.414 aM (249 copies/
mL) and 0.191 aM (115 copies/mL), respectively. A detailed
calculation of the LOD is presented in Table S2. The specific
reaction results for different pairs of probes and target RNAs are
shown in Figure 2d, in which the complementary pairs
presented a much stronger signal than the mismatched pairs,
indicating the high specificity of the designed probes and the
excellent detection performance of the proposed biochip.

SARS-CoV-2pseudovirus RNA detection without RNA
extraction and amplification

To simulate the detection of actual samples, pseudoviruses
were used to exploit the biochip detection performance. For
comparison, RNA purification kit and direct lysis were used to
extract the RNA from pseudoviruses, followed by RNA shearing,
as shown in Figure 3a. A sonication power of 720 W was used
to shear long RNA, and the samples treated using the two
approaches presented similar results. The detected signal
increased with a sonication time shorter than 5 min. The
fluorescence signal tended to be stable when the sonication
time increased from 5 min to 10 min; therefore 5 min of
sonication was favored for practical applications. We measured
the length of RNA by agarose gel electrophoresis after ultra-
sonication for 5 min, as shown in Figure S5. The result shown
that the length of the RNA after the sheraed was approximately
100 bp. For different sonication times, the directly lysed sample
showed a higher fluorescence signal than the kit extracted

Figure 2. (a) Fluorescence intensity dependence on the sample injection rate
with total volume of 50 μL. (b) Fluorescence intensity dependence on the
sample volume at the injection rate of 1 μL/min. (c) Quantitative relationship
between the target RNA and fluorescence intensity. (d) Detection specificity
of the designed DNA probes to SARS-CoV-2 RNAs. The circle represents the
measured fluorescence values in three repeated experiments.

Figure 3. (a) Detection schematic and detected fluorescence of pseudovirus
samples obtained by the commercial extraction of SARS-CoV-2 RNA using
RNeasy Mini Kit and Genomic lysis buffer with different ultrasound time. (b)
Fluorescence scanning map and heat map corresponding to the
fluorescence intensity result in Figure 3a.
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sample, which was also exploited by the scanned fluorescence
image and heat map in Figure 3b; the possible reason for this
may be the unavoidable RNA loss during the complex
manipulation process according to the kit protocol. To further
simplify the detection process and reduce the detection time,
the lysis process was conducted simultaneously with sonication,
which means that sonication started once the lysis buffer was
loaded into the sample instead of a separate lysis step followed
by sonication. The experimental results in Figure S6 show that
both treatments had similar fluorescence signals with 3 min
and 5 min sonication, and simultaneous lysis and sonication-
shearing presented slightly higher fluorescence intensity. GO
nanomaterials assembled in the reaction channel immobilize
the single-strand probes via π-π stacking[20] and are not affected
by other factors in the lysis buffer. The hybridization of the DNA
probe and target RNA weakens the interaction between the
probe and GO, enabling the release of the DNA-RNA complex
from the GO substrate and further collection by the PLL
chamber. Experiments confirmed that the proposed biochip
does not require an RNA purification step, which not only
simplifies the sample pretreatment process and reduces treat-
ment time, but also prevents the loss of nucleic acids in
samples.

SARS-CoV-2 RNA detection using multiple DNA probes
without RNA extraction and amplification

During detection, the long RNA is sheared into short segments.
More targets can be detected if multiple DNA probes for more
genome sites are used. Thus, a total of ten DNA probes at
different sites were designed according to SARS-CoV-2 RNA
genome specificity to test the SARS-CoV-2 RNA standard. The
SARS-CoV-2 pseudovirus particle concentration of 1×10� 18 M
was used, which had ~600 copies/mL of the whole RNA
sequence. The fluorescence signal increased when DNA probe
sites increased for different sample loading rates, as shown in
Figure 4. With the increase in the number of designed DNA
probes, the possibility of capturing the target RNA segments
increases because RNA segments from different sites remain
the same after random shearing. The fluorescence mapping in
Figure 4b clearly shows the change in fluorescence intensity
with the number of DNA probes at different injection rates, and
the corresponding heat map was derived by the integration of
the fluorescence signal in the whole detection chamber (yellow
dashed box). Experimental results indicate that the use of
multiple-site DNA probes is a promising strategy to improve the
detection sensitivity. To verify the specificity of the DNA probes
with the Middle East respiratory syndrome (MERS), SARS and
SARS-CoV-2 RNAs, these pseudoviruses were lysed and ultra-
sound to prepare detection samples. Different pseudovirus
samples (the concentrations of all three samples were 600
copies/mL) were loaded into the microchannel to react with the
DNA probes, and the fluorescence signal was scanned using a
laser scanner. Figure 4c presents at heatmap of the detected
fluorescence intensity, in which the color depth represents the
fluorescence intensity of each detection. SARS-CoV-2 showed

much stronger signal intensity than MERS and SARS pseudovi-
ruses, indicating the excellent specificity of the proposed
biochip. To further verify the detection interference of multiple
DNA probes, the DNA probe E1 (10� 4 M×2 μL) used to detect
the target RNA segment in pseudovirus samples of different
concentration (10� 15, 10� 16, 10� 17, and 10� 18 M; 50 μL) to verify
the detection sensitivity, and the results are shown in Figure S7.
The line fitting formula of fluorescence intensity and concen-
tration is lgy=5.08+0.12lgx. The slope in the fitting formula is
consistent with that observed in Figure 2c, indicating that the
sensitivity remains consistent with different probes. Further-
more, the research results indicates that multiple probes
detection greatly improved the detection sensitivity. Therefore,
ten probes were used to detect different concentration
pseudovirus (10� 17, 10� 18, 10� 19, and 10� 20 M; 50 μL), as shown in
Figure S8. The lowest detection concentration of 10� 20 M can be
achieved. The result indicated that the application of multiple
DNA probes greatly improves the detection sensitivity of
microfluidic biochip. To verify the performance of the micro-
fluidic biochip in detecting actual samples, we used pseudovi-
rus diluted in throat swab solution to different concentrations
(10� 17 M, 10� 18 M, 10� 19 M), and conduct RNA detection. The
fluorescence detection results are shown in Figure S9a. The RNA
detection deviation from the actual spiked-concentration is
analyzed and shown in Figure S9b. The results showed that the
relative deviation range between the detected RNA concen-
tration and the spiked RNA concentration was 1.7%~8.8%,
indicating that the microfluidic biochip could accurately detect
the specific genes in SARS-CoV-2 virus.

Figure 4. (a) Fluorescence detection of pseudovirus RNA using multiple DNA
probes. (b) Fluorescence map and heat map corresponding to the
fluorescence intensity in Figure 4a. (c) Specificity heat map of ten DNA
probes for SARS-CoV-2, MERS, and SARS. Note: One DNA probe is D� E1. The
other five DNA probes are D� E1, D-open reading frame (ORF)-1a/b-1, D� N1,
D� N2, and D� N4 respectively.
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Validation of SARS-CoV-2pseudovirus RNA detection
methods by qRT-PCR

qRT-PCR, has been widely used as the gold standard method
for SARS-CoV-2 RNA detection in clinical diagnosis. To validate
the detection performance of the proposed microfluidic bio-
chip, qRT-PCR of SARS, MERS, and SARS-CoV-2 pseudovirus
RNAs was conducted using the Hifair® III 1st Strand cDNA
Synthesis SuperMix and Hieff UNICON® Universal Blue qPCR
SYBR Green Master. The RNA sequences of these pseudoviruses
are listed in Table S3-S5. The red parts in Table S3 represent the
DNA probe sequences used in the experiment. Figure S10
shows at schematic diagram of qRT-PCR and the primers used
in the experiment. The suitability of the synthetic primers was
validated by qRT-PCR. The primer sequences are shown in
Table S6. The amplification and melt curves for SARS-CoV-2
pseudovirus RNA are shown in Figure S11. Human glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) endogenous refer-
ence gene primers were used as negative controls. Amplifica-
tion curves show that the four primers in the experimental
group had obvious amplification and Ct values, and the
difference in Ct values was less than 0.4, while the negative
control did not yield a Ct value. There is only one single peak
between 80 °C and 90 °C in the melt curves, implying that there
is only one product, and the reaction was carried out without
any errors. To verify the specificity of the primers, MERS and
SARS RNAs were subjected to qRT-PCR, as shown in Figure S11c
and d. There was no obvious peak in the amplification curves,
indicating that the four primers have excellent specificity for
the detection of SARS-CoV-2 RNA. To verify the accuracy of the
microfluidic biochip detection results, we performed PCR

amplification of different concentrations of RNA using the E
primer, as shown in Figure 5a. The cycle at which the line of
relative fluorescence unit (RFU) for the sample crosses the set
threshold line is called the Ct value. ΔCt value reflects the
change in the target gene cycle period relative to the reference
gene, and the calculation formula is ΔCt=Ct (target gene) – Ct
(reference gene).[21] Ct values appeared in the qPCR curves of
samples with different concentrations. SARS and MERS RNAs
did not show any significant peak. Figure S12 shows the linear
relationship between RNA quantity and ~Ct value. The value of
the standard curve (R2) of 0.9981 and an amplification efficiency
of 92.5% indicated that the test results obtained by qRT-PCR
were reliable. The detection results from the biochip without
amplification were compared with those detected by qRT-PCR,
as shown in Figure 5b. Biochip detection had a standard
deviation of 2–6.1% from qRT-PCR results, with a recovery of
99–113% (Table S7), which confirmed the detection accuracy of
the proposed method.

For comparison, we summarized the performance details of
other SARS-CoV-2 RNA detection methods in Table 1. The
proposed SARS-CoV-2 RNA detection method, without RNA
extraction and amplification. It shows pretty low LOD, short
pretreatment and detection time, large range of sample
volume, and does not need purification and amplification.

Conclusion

A new rapid, selective, and ultrasensitive SARS-CoV-2 RNA
detection strategy that does not require the RNA extraction and
amplification based on microfluidic biochip platform integrated
with graphene nanomaterials and PLL was developed. This
strategy has several merits. First, the microfluidic biochip
exhibits the characteristic of simultaneous detection of multiple
samples due to the appropriate application of GO nano-
materials and PLL biomaterials and the novel structural design
of the biochip, which is indicated by the switch from “0” to
“signal” when the target is present and the solid-phase
fluorescence signal produced on the chip surface without
distributions. It has a low detection limit (~600 copies/mL) at
the optimal injection rate and sample volume. The volume of
the loading sample was adjustable, resulting in an ultralow
concentration of the detectable target RNA. As more samples
are loaded, more DNA-RNA complexes are loaded into the

Figure 5. (a) qRT-PCR results of SARS-CoV-2, SARS, and MERS pseudoviruses
RNA detection. (b) Correlation between the pseudovirus RNA detection
results by the microfluidic biochip and qRT-PCR results.

Table 1. Properties of different platforms for the detection of the SARS-CoV-2 RNA.

Detection methods LOD
[copies/μL]

Sample pretreatment and
detection time [min]

Sample volume
[μL]

Purification Amplification Ref.

RT-PCR 15 25/<180 10 Yes Yes [7b]
Isothermal ligation 0.06 5/50 0.78 Yes Yes [1c]
CRISPR-Cas12 10 25/52 – Yes Yes [22]
Electrochemical 6.9 60/35 2 Yes Yes [15]
FET 1380 35/62 10 No Yes [14a]
SPR 12 60/~10 – Yes Yes [23]
Fluorescence polarization 3 25/20 2 Yes Yes [24]
Microfluidic biochip 0.6 5/35 2–50 No No This work

Note: The detection time includes the time from sample processing to the reading of the results.
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detection chamber to produce stronger fluorescence signals.
Second, by simultaneously using the direct lysis and ultrasound
methods to treat the samples, the loss of RNA was avoided, and
the need for RNA reverse transcription, purification, and
amplification was eliminated. Hybridization between the DNA
probe and RNA is feasible even in the lysed solution, shortening
the overall detection time. As shown in Figure S13, the whole
detection process including sample pretreatment is ~40 min,
which is much shorter than the qRT-PCR process that takes
~2 h. Thirdly, multiple DNA probes can detect multiple sites of
RNA, which greatly enhances the detection capability of the
biochip. Considering all these advantages, the developed
microfluidic biochip-based SARS-CoV-2 RNA detection strategy
can be used as a rapid and easy-to-implement detection
method for epidemic diagnostics and other nucleic acid-based
tests.
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