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ABSTRACT: Coronavirus disease (COVID-19) has affected
people for over two years. Moreover, the emergence of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
variants has raised concerns regarding its accurate diagnosis.
Here, we report a colorimetric DNAzyme reaction triggered by
loop-mediated isothermal amplification (LAMP) with clustered
regularly interspaced short palindromic repeats (CRISPR),
referred to as DAMPR assay for detecting SARS-CoV-2 and
variants genes with attomolar sensitivity within an hour. The
CRISPR-associated protein 9 (Cas9) system eliminated false-
positive signals of LAMP products, improving the accuracy of
DAMPR assay. Further, we fabricated a portable DAMPR assay
system using a three-dimensional printing technique and developed a machine learning (ML)-based smartphone application to
routinely check diagnostic results of SARS-CoV-2 and variants. Among blind tests of 136 clinical samples, the proposed system
successfully diagnosed COVID-19 patients with a clinical sensitivity and specificity of 100% each. More importantly, the
D614G (variant-common), T478K (delta-specific), and A67V (omicron-specific) mutations of the SARS-CoV-2 S gene were
detected selectively, enabling the diagnosis of 70 SARS-CoV-2 delta or omicron variant patients. The DAMPR assay system is
expected to be employed for on-site, rapid, accurate detection of SARS-CoV-2 and its variants gene and employed in the
diagnosis of various infectious diseases.
KEYWORDS: SARS-CoV-2, variants, smartphone, CRISPR-Cas9, machine learning

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has spread to nearly every corner of the globe,
causing widespread societal instability following its initial

outbreak in December 2019.1 Globally, as of June 2022, there
have been 535,863,950 confirmed cases of coronavirus disease
2019 (COVID-19) with 6,314,972 confirmed deaths.2 The
pandemic is yet to be controlled, despite the administration of
a total of 11,864,214,773 vaccine doses according to the
WHO.2 The confirmed cases of COVID-19 in USA and China
are 85,981,213 and 886,865, respectively.2

The large scale of the pandemic has ironically facilitated the
advance of diagnostic techniques and systems significantly

during the past two years. From the beginning of the early
spread of COVID-19 until now, molecular diagnostic methods
represented by quantitative reverse transcription-polymerase
chain reaction (qRT-PCR) have been primarily used for the
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detection of SARS-CoV-2.3 In addition, immunoassays also
have been complementarily employed to aid in the simple
diagnosis, rapid screening, vaccination monitoring, and
prognosis of patients.4 Moreover, various research works
have led to the development of several types of innovative
diagnostic methods to inhibit the spread of SARS-CoV-2,
including next-generation sequencing (NGS) and lateral-flow
immunochromatographic assay.5,6 Although the recent devel-
opment of vaccines for COVID-19 and subsequent mass
inoculation drives conducted appeared to have brought the
pandemic under control, the emergence of SARS-CoV-2
variant strains such as delta and omicron and the consequent
rise in breakthrough infected cases have once more prompted
concerns regarding the accurate diagnosis of such strains.7

Molecular diagnostic tests have been vital in controlling
infectious disease outbreaks.8 In the case of the current
COVID-19 pandemic, the qRT-PCR method has cemented its
status as the gold standard for the detection of SARS-CoV-2.9

However, the PCR method is somewhat inconvenient as it
requires sample transport, huge and centralized instruments,
and highly trained personnel.10 Consequently, there have been
calls for the development of on-site, rapid, sensitive, and
selective molecular diagnostic methods, and several approaches
have been developed including reverse transcription loop-
mediated isothermal amplification (RT-LAMP),11,12 clustered
regularly interspaced short palindromic repeats (CRISPR)-
based diagnostics,13−15 and nanomaterials-utilized diagnos-
tics.16 Among them, RT-LAMP is considered the most

representative molecular diagnostic technology for point of
care testing (POCT) because of its high efficiency, isothermal
amplification, and good tolerance to crudely processed
biological samples.17 Since April 26, 2021, Seoul National
University in the Republic of Korea has conducted RT-LAMP
testing on all members to render the university a “COVID-19
safe zone”,18 thereby demonstrating the practicality of the RT-
LAMP method. However, the LAMP technique suffers from
the problem of false-positive amplification owing to product
cross-contamination.19,20 Moreover, the changes in nucleic
acids of SARS-CoV-2 variants may affect the utility of current
LAMP diagnostic assays. Consequently, the development of an
advanced LAMP method enabling the detection of SARS-CoV-
2 and variants by eliminating the false-positive signals and
maintaining the high amplifying efficiency has garnered
attention.

The CRISPR−CRISPR-associated protein (Cas) system is
considered a promising genetic engineering technique in
molecular biology because of its highly specific target
recognition ability.21 Recently, CRISPR-Cas systems have
been employed for both genetic engineering and disease
diagnostics, resulting in state-of-the-art diagnostic technologies
combining various sensing techniques.22 The rapidly evolving
area of CRISPR-based diagnostics is based on properties such
as specificity, programmability, and ease of use,23 which has
inspired us to develop an on-site, rapid, and accurate detection
system for SARS-CoV-2 and variants by integrating the RT-
LAMP technique with the CRISPR-Cas9 system.

Figure 1. (a) Procedure of DAMPR assay for SARS-CoV-2 detection. (b) Principle of DAMPR assay including RT-LAMP, G-quadruplex
DNAzyme, and CRISPR-Cas9 reactions.
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We report a colorimetric DNAzyme reaction triggered by
LAMP with CRISPR (DAMPR) assay system for the detection
of SARS-CoV-2 and its variants. The advantages of the
proposed system are as follows: (1) The DAMPR assay can
detect three genes of SARS-CoV-2 simultaneously with
attomolar sensitivity (1.08 aM for ORF1 gene, 0.92 aM for
N gene, and 1.37 aM for S gene), reducing the false-negative
signals. (2) The adoption of the Cas9/guide RNA (gRNA)
system eliminates the false-positive signals by double-checking
the amplified LAMP products. (3) It can be applied to the
detection of SARS-CoV-2 variants using specifically designed
Cas9/gRNA complexes. (4) Colorimetric signals provided by
the DAMPR assay render naked-eye detection of viruses
possible. Furthermore, a machine learning (ML) model was
trained with smartphone images after the assay, enabling the
semiquantitative detection of SARS-CoV-2 and variants
without complicated optical devices. (5) The portable
DAMPR assay system was fabricated using a three-dimensional
(3D) printing technique, and the end-user-friendly smartphone
application was developed as well. The system and application
facilitate the on-site, rapid, and accurate detection of SARS-
CoV-2 and variants within an hour. (6) The developed system
was examined using SARS-CoV-2 genes, viral lysates, virus-
spiked human nasopharyngeal aspirates, and clinical samples,
thereby proving its sensing capability. (7) A total of 136
clinical samples were blindly tested using the DAMPR assay
system, exhibiting clinical sensitivity and specificity of 100%
each. Furthermore, the DAMPR assay system identified 70
patients infected with SARS-CoV-2 delta or omicron variants,
indicating that the developed DAMPR assay system can play a
key role in POCT, where a range of viruses must be efficiently
assayed.

RESULTS
Principle of DAMPR Assay. The schematic of the

procedure of DAMPR assay is presented in Figure 1a. The
assay was developed to use the nasopharyngeal aspirates or
sputum samples in virus transport media directly, as these
clinical samples have been frequently used for the diagnosis of
COVID-19 patients.24 First, the collected samples in the media
were added to a 96-well microplate with RT-LAMP mixture
and subsequently reacted for 30 min at 65 °C, followed by the
addition of DNAzyme reagents to the plate and incubation for
10 min at 25 °C. Subsequently, a photograph of the well plate
was acquired using a smartphone on the DAMPR assay system.
To double-check amplified LAMP products, CRISPR-Cas9
and gRNA complexes were treated and incubated for 10 min,
and the photograph was acquired again. Finally, the diagnostic
result of DAMPR assay can be obtained via the smartphone
application (positive or negative results for the sample and the
concentration level of SARS-CoV-2 in the sample) after
uploading the photographs (Movie S1).
The detailed principle of DAMPR assay is shown in Figure

1b. The DAMPR assay begins with an RT-LAMP reaction
employing pairs of inner and outer primers. The forward inner
primer (FIP) and backward inner primer (BIP) were designed
comprising three functional domains: target recognition site at
3′ end (F2 and B2), G-quadruplex complementary sequence
with phosphorothioate (PS) modification at the link (G*), and
target complementary site at 5′ end (F1c and B1c). The upper
panel of Figure 1b shows that four types of primers and a
strand-displacing DNA polymerase amplify the target gene.
The RT-LAMP reaction produces dumbbell structured

intermediate amplicons to facilitate subsequent rounds of
amplification through the extension on the loops and
additional annealing of primers. Subsequently, several G-
quadruplex DNA/PS-DNA duplexes are acquired, which can
be denatured easily and thus become active G-quadruplex
DNAzymes, because PS-modification of DNA renders the base
stacking interaction weak within the double-stranded form and,
consequently, reduces the melting temperature (Tm) of the
DNA/PS-DNA duplex.25−28 The produced G-quadruplex
DNAzymes interact with hemin, turning on the colorimetric
signal in the presence of H2O2 and 2,2′-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) considering their
peroxidase mimicking activity (middle panel of Figure
1b).29,30 This DNAzyme reaction indicates that the SARS-
CoV-2 can be identified via the naked eye. Finally, Cas9/
gRNA complexes are introduced to double-check the false-
positive products during the RT-LAMP reaction (lower panel
of Figure 1b). As gRNAs are specifically designed for ORF1, N,
and S genes, the Cas9/gRNA complexes recognize the
protospacer adjacent motif (PAM) (5′-NGG) sequence within
the correctly amplified LAMP products and cleave the G-
quadruplex DNAzyme. This induces the decrease of
colorimetric signal, enabling the rechecking of the amplified
target sequences via the naked eye. Shortly after, when RT-
LAMP and DNAZyme reactions occur accurately, the
colorimetric signal decreases after the CRISPR-Cas9 reaction.
In contrast, on the generation of false-positive LAMP products,
no CRISPR-Cas9 cleavage occurs, thereby maintaining the
colorimetric signal.
Optimization and Evaluation of DAMPR Assay. The

DAMPR assay was optimized via the examination of the
reaction conditions including primers, gRNAs, reaction
temperature and time, and concentrations of hemin, ABTS,
and Cas9/gRNA complex. The primers for RT-LAMP were
selected on the basis of the ORF1, S, and N gene sequences of
SARS-CoV-2 (Figure 2a). Further, the primers comprising
DNA and PS-DNA were compared using real-time fluores-
cence curves and absorbance spectra of LAMP reactions. Both
primers exhibited similar gene amplification efficiencies in the
fluorescence curves, implying that the PS-DNA and normal
DNA primers are comparable (Figure S1a). However, in the
absorbance spectra, the PS-DNA primers exhibit higher signals
than DNA primers (Figure S1b), indicating that DNAzymes
can be produced more efficiently using PS-DNA primers. The
number of primers (four and six) was also compared similarly
(Figure S1c,d). Considering the optimization results, four
types of primers comprising PS-DNA were selected for the
DAMPR assay (Table S1). Further, the gRNAs targeted the
sequences of the SARS-CoV-2 ORF1, N, or S genes and G-
quadruplex DNAzyme (Figure 2a and Figure S2a,c,e), and
their optimum sequences were chosen by comparing the
decrease of absorbance signals after CRISPR reactions (Figure
S2b,d,f). The gRNA sequences for DAMPR assay are
presented in Table S2. The reaction temperature and time
for G-quadruplex DNAzyme and CRISPR-Cas9 reactions were
set to 25 °C and 10 min, respectively, considering the
experimental results (Figure S3a,b). A 0.8 μM hemin and 0.3
mM ABTS were determined to be the optimal conditions for
DNAzyme reaction (Figure S3c), and 10× Cas9/gRNA
ribonucleoprotein (RNP) to target gene was chosen for
CRISPR-Cas9 reaction (Figure S3d).

Following the optimization of DAMPR assay, ORF1, S, and
N genes within SARS-CoV-2 were detected multiple times
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with various wells to verify the feasibility of the assay. The
upper panel of Figure 2b shows a photograph of the well plate
after the detection of SARS-CoV-2 genes by RT-LAMP and
DNAzyme reactions, while the tested target genes are
presented on the left side of the photograph. The target
genes had concentrations of 1 nM. All wells except the control
were dark green in color, which was clearly visible, indicating
feasible naked-eye detection of SARS-CoV-2 genes. Further,
the corresponding heat map for the normalized absorbance at
416 nm (N-Abs416) implies that the LAMP and DNAzyme
reactions occurred in the presence of target genes. The lower
panel of Figure 2b is a photograph of the same well plate
following the addition and incubation of CRISPR-Cas9
systems, while the added gRNAs are mentioned at the bottom
of the photograph. The corresponding heat map for the N-
Abs416 indicates the decrease of colorimetric signals after the
CRISPR-Cas9 reactions. All absorbance spectra for Figure 2b
are presented in Figure S4. After the addition of all types of
Cas9/gRNA complexes, the dark green color disappeared
completely (red boxes in Figure 2b), whereas in the absence of
Cas9/gRNA complexes, it is preserved (blue boxes in Figure
2b). The colorimetric signals decrease only after the addition
of the Cas9/gRNA complexes corresponding to the amplified
target genes. Consider the second column of the well plate as
an example, wherein, as shown in the upper image of Figure
2b, all wells in the column provided dark color signals
following the detection of each target gene by RT-LAMP and
DNAzyme reactions. After the treatment of the Cas9/ORF1
gRNA complex, the color signals of the wells changed
individually. The color signal was completely reduced in the

ORF1 gene only amplified well (magenta boxes in Figure 2b),
owing to the complete cleavage of the amplified target gene by
the Cas9/ORF1 gRNA complex. The lack of complementary
target genes for the Cas9/ORF1 gRNA complex resulted in no
change in the N and/or S genes-detected wells (yellow boxes
in Figure 2b). However, the dark green signals decreased when
ORF1 and N and/or S genes coexisted in the wells (orange
boxes in Figure 2b). Moreover, the N-Abs416 decreased more
in ORF1 and N or S genes-amplified wells, while less decrease
in N-Abs416 was observed in all three target genes-amplified
wells as half of the LAMP products were cleaved by the Cas9/
ORF1 gRNA complex in ORF1 and N or S genes-amplified
wells, while one-third were cleaved by the complex in all target-
amplified well. This implies that the Cas9/ORF1 gRNA
complex cleaved the corresponding target gene precisely. Thus,
the DAMPR assay detects ORF1, N, and S genes of SARS-
CoV-2 and also double-checks the amplified genes, reducing
the false-negative and false-positive signals.

Abs416 was measured as a function of the target gene
concentration to estimate the sensitivity of DAMPR assay
(Figure 3). The experimental results indicate that the
absorbance intensity increases with an increase in the

Figure 2. (a) Schematic illustration of target ORF1, S, and N genes
of SARS-CoV-2 and Cas9/gRNA complexes for DAMPR assay. (b)
Photograph of well plate and corresponding heat map after the
detection of SARS-CoV-2 genes using RT-LAMP and DNAzyme
reactions (upper). Photograph of the same well plate and
corresponding heat map after double-checking of SARS-CoV-2
genes using Cas9/gRNA complexes (lower).

Figure 3. (a, c, and e) Absorbance spectra after detection of SARS-
CoV-2 (a) ORF1, (c) N, and (e) S genes using RT-LAMP and
DNAzyme reactions. The concentrations of genes were varied
from 1 aM to 1 nM. (b, d, and f) Plots of Abs416 as a function of
logarithmic concentration of SARS-CoV-2 (b) ORF1, (d) N, and
(f) S genes (n = 6, error bar = standard deviation). Blue data were
obtained after the detection of SARS-CoV-2 genes using RT-
LAMP and DNAzyme reactions. Red data were obtained after
double-checking of SARS-CoV-2 genes using Cas9/gRNA com-
plexes. Photographs are well plates after RT-LAMP and DNAzyme
reactions (ON) and CRISPR reaction (OFF). The left wells are
control samples.
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concentrations of the target gene up to 1 nM. In the range 1
aM−1 nM, an excellent linear relationship (R2 = 0.9987, R2 =
0.9938, and R2 = 0.9921 for ORF1, N, and S genes,
respectively) exists and the limit of detection (LOD) was
calculated as 1.08 aM (10 copies/sample), 0.92 aM (9 copies/
sample), and 1.37 aM (13 copies/sample) for ORF1, N, and S
genes, respectively, according to 3σ/slope (σ is the standard
deviation at the lowest concentration of the linear range) (blue
data in Figure 3b,d,f). This value is lower than or comparable
to previously reported SARS-CoV-2 assays (Table S3).
Meanwhile, red data in Figure 3b,d,f show that Abs416
decreases after Cas9/gRNA reaction through the whole
concentrations. Despite a lower concentration than 100 aM,
Abs416 reduced distinguishably after Cas9/gRNA addition,
implying that the double-checking mechanism of DAMPR
assay can operate in a wide concentration range of samples.
The images in Figure 3b,d,f are representative well plates after
LAMP and DNAzyme reactions (ON) and CRISPR reaction
(OFF) with various concentrations of target genes. The real-
time fluorescence curves for the detection of three SARS-CoV-
2 genes are also provided in Figure S5a,b.
The specificity of DAMPR assay was examined using several

types of viral genes (SARS-CoV-2, influenza A virus subtype
H1N1, H3N2, H5N2, H1N2, and H3H8, and respiratory
syncytial virus A (RSV A)). As shown in Figure S5c, significant
enhancement of the absorbance signal was observed only in
the presence of SARS-CoV-2, clearly demonstrating that

DAMPR assay has excellent specificity corresponding for the
target.

Further, we attempted to detect SARS-CoV-2 lysates by
DAMPR assay. SARS-CoV-2 was provided by the Korea
National Institute of Health and cultured in Biosafety Level 3
(BL-3) laboratory of Korea Research Institute of Bioscience
and Biotechnology (KRIBB). SARS-CoV-2 lysates (1, 10, 50,
100, 150, 200, and 300 plaque-forming unit (PFU)/mL) were
added to a well plate and DAMPR assay was performed
(Figure S6a). The colorimetric signals indicate that the virus is
detectable at a low concentration of 1 PFU/mL. In addition,
SARS-CoV-2-spiked human nasopharyngeal aspirates and
sputum samples (n = 5), obtained from the patients negatively
diagnosed for COVID-19 by qRT-PCR, were tested as well.
Figure S6b indicates that DAMPR assay provides positive
results for all samples, demonstrating the assay detection of
SARS-CoV-2 directly in the human fluid samples. Figure S7
indicates that DAMPR assay could detect SARS-CoV-2
without RNA extraction and preamplification processes.
Development of DAMPR Assay System. Following the

evaluation of DAMPR assay, we strived to construct a portable
DAMPR assay system. The left image of Figure 4a shows the
portable DAMPR assay system fabricated via a 3D printer. A
hinge structure was applied to open and close the system,
thereby enabling well plate places in dark room. A holder to fix
a smartphone was attached at the top. The system front
housed the temperature controller, and two handles allowed

Figure 4. (a) Photograph of portable DAMPR assay system (left) and inside structure illustration of portable DAMPR assay system (right).
(b) Confusion matrices for the detection of SARS-CoV-2 gene by LDA, RF, and GBC classifiers, respectively. (c) User manual of
smartphone application for SARS-CoV-2 detection by DAMPR assay system. The exampled diagnostic result is positive.
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Figure 5. (a) Diagnostic results of 136 clinical samples using DAMPR assay system. Result tables consist of patient number (Number),
processed image after LAMP and DNAzyme reactions (ON), processed image after CRISPR reaction (OFF), concentration level of SARS-
CoV-2 (Conc. Level), and diagnostic result (Result). Number of concentration level is noted at right-bottom. Diagnostic result is written P
(red) for positive and N (blue) for negative. (b) Comparative plot of Ct value (PCR) and Conc. Level (DAMPR) as a function of 136 clinical
samples.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c04840
ACS Nano 2022, 16, 11300−11314

11305

https://pubs.acs.org/doi/10.1021/acsnano.2c04840?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04840?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04840?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04840?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c04840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the control of the well plate, thereby enabling the easy capture
of photographs without opening the system. Further, the right
image of Figure 4a illustrates the inside structure of the system.
Pinhole, led light, and dark room allowed for capturing
photographs under constant conditions, enhancing the
accuracy of DAMPR assay results. A reaction plate can be
placed on a tray employing a heat bed and heating film for
temperature control. Under the 96-well tray, a planar sliding
bearing system exists for the movement of the tray. At the
system bottom, a control board was inserted. The constructed
DAMPR assay system weighs ∼900 g and is operated via
battery or external power supply. Further, the system is 170 ×
250 × 207 mm3 in width, depth, and height, respectively.
Overall, an adult can handle the DAMPR assay system,
allowing for the on-site detection of SARS-CoV-2.
In the DAMPR assay system, no optical instruments are

allowed for the measurement of absorbance in the system.
Instead, a smartphone was adopted to analyze the diagnostic
results of DAMPR assay. Further, to acquire accurate
diagnostic results of SARS-CoV-2, ML techniques were
employed. The linear discriminant analysis (LDA), random
forest (RF), and gradient boosting classifier (GBC) classifiers
based on ML analysis quantified the concentration of the
SARS-CoV-2 gene by learning the 300 sample images for each
concentration. The accuracy, precision, recall, and F1 score of
the classifiers were computed to assess their performance
(Tables S4 and S5). According to a comparison of the LDA,
RF, and GBC classifiers on the DAMPR assay, the RF had the
best result with 99.38% accuracy. Consequently, for clear
understanding, confusion matrices based on the correlation
between the true and prediction labels are shown in Figure 4b,
which enable visualization of the performance of the LDA, RF,
and GBC, respectively. Similarly, the RF classifier showed the
best correlation between true and prediction labels; we,
therefore, applied the RF classifier to the DAMPR assay
system.
Finally, the custom-designed smartphone application was

developed for the public to conveniently and rapidly check
SARS-CoV-2 diagnostic results and viral concentration (Figure
4c, Figure S8, and Movie S1). Prior to transferring the image to
the server, image processing techniques were embedded in the
application to determine the region of interest (ROI). For
classification, the processed image is sent to the server via the
Firebase with the result displayed on the smartphone screen
following concentration level classification. The criteria for
determining SARS-CoV-2 Positive/Negative/False Positive
results are as follows: (1) If the estimated concentration
level in the first photograph is greater than 1 aM and level in
the second photograph is lower than that in the first, the result
is considered positive (Figure 4c). (2) If the estimated
concentration level in the first photograph is 0 and the level
observed in the second photograph is the same as that in the
first, the sample is considered negative (Figure S8a). (3)
Finally, if the concentration level in the first photograph is
greater than 1 aM, accompanied by a similar or higher level in
the second photograph, the sample is considered false-positive
(Figure S8b). The difference in concentration level between
the first and second photographs was determined on the basis
of the experimental results shown in Figure 3. With the
development of the portable DAMPR assay system and user-
friendly smartphone application, it is anticipated that SARS-
CoV-2 can be detected on-site simply within an hour.

Diagnosis of COVID-19 Patients by Using DAMPR
Assay System. The DAMPR assay system was applied to
diagnose COVID-19 patients. A total of 136 samples were
acquired from Gyeongsang National University College of
Medicine and Yonsei University Health Service Center,
Severance Hospital and were directly used for DAMPR assay
in blind conditions. The diagnostic results were compared with
qRT-PCR results (Table S6). Figure 5a shows DAMPR assay
results for the 136 clinical samples in this study, with patient
number (Number), processed image for detection (ON),
processed image for double-checking (OFF), the concen-
tration level of SARS-CoV-2 (Conc. Level), and diagnostic
result (Result). The image in Figure 5a was processed for ML
analysis. Seventy-seven samples were diagnosed as positive for
SARS-CoV-2, while the remaining 59 were negative. This
result perfectly matched with the diagnostic results based on
qRT-PCR, indicating 100% clinical sensitivity and specificity of
the DAMPR assay system. Furthermore, the estimated viral
concentration levels by DAMPR assay system inversely agree
well with the cycle threshold (Ct) values of the qRT-PCR
results (R = −0.9785). Figure 5b is a comparative plot of Ct
value (PCR) and Conc. Level (DAMPR) as a function of the
clinical sample, wherein the samples are classified as positive
and negative. In the case of the negative samples, both
DAMPR and PCR results provided no values, whereas for the
positive samples, the concentration levels of SARS-CoV-2
estimated by the DAMPR assay system are inversely correlated
to the Ct values obtained by qRT-PCR. This indicates that the
portable DAMPR assay system can detect SARS-CoV-2
semiquantitatively. The DAMPR assay system is, thus,
expected to provide positive or negative results for SARS-
CoV-2 along with an accurate concentration level of the virus.
Patients with high viral concentrations may become super-
spreaders and are critical for the prevention of viral spreads.31

As a result, the DAMPR assay system could be effective for
both screening unknown COVID-19 patients and preventing
possible viral superspreaders.
Detection of SARS-CoV-2 Variants by Using v-DAMPR

Assay System. Since the emergence of the COVID-19
pandemic, SARS-CoV-2 has mutated over time, resulting in
variations in the population of circulating viral strains.32

Currently, alpha, beta, gamma, delta, and omicron variants of
SARS-CoV-2 have been classified as variants of concern
(VOCs), while epsilon, zeta, eta, theta, iota, kappa, lambda,
and mu are variants of interest (VOIs) by the World Health
Organization (WHO).33,34 As the SARS-CoV-2 variants are
expected to exhibit higher transmission rates and resistivity
against vaccines than wild-type (WT) SARS-CoV-2, the
detection of SARS-CoV-2 variants is important.35

D614G mutation of SARS-CoV-2 spike (S) protein is
considered an important parameter in both viral spread and
vaccine efficacy, owing to its ability to induce the increased
affinity of the virus with angiotensin-converting enzyme 2
(ACE2) receptor, enhancement of viral replication in the
upper respiratory tract, and increased susceptibility of the virus
to neutralization by antibodies (Figure 6a).36,37 As the D614G
mutation has been found in all SARS-CoV-2 VOCs and VOIs,
we attempted to detect the D614G mutation of SARS-CoV-2
by using the variant-specific DAMPR assay (v-DAMPR assay).
Furthermore, we sought to detect the delta (T478K)- and
omicron (A67V)-specific variants, respectively, because these
two variants have become dominant among SARS-CoV-2
variants. Figure 6b shows the sequences of WT, D614G,
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T478K, and A67V SARS-CoV-2. A single mutation in the S
gene of the SARS-CoV-2 D614G variant can stimulate the
formation of glycine instead of aspartic acid in the S protein.
Also, the SARS-CoV-2 T478K variant can stimulate the
formation of lysine instead of threonine in S protein and the
SARS-CoV-2 A67V variant can stimulate the formation of
valine instead of alanine in S protein. Considering these
sequence variations, we designed the v-DAMPR assay to
recognize the SARS-CoV-2 variants. Briefly, the RT-LAMP
and DNAzyme reactions are processed in a manner similar to
the DAMPR assay. At this stage, both WT and mutant SARS-
CoV-2 provide highly increased color signals. Following the
photographing, the Cas9/mutation-specific gRNA complex is

treated. For samples including SARS-CoV-2 variants, the color
signal of the well plate decreases following the CRISPR-Cas9
reaction. For WT SARS-CoV-2 present in the sample, dark
green color is preserved following the CRISPR reaction. The v-
DAMPR assay can recognize SARS-CoV-2 on the basis of the
first color development and subsequently identify whether the
detected virus is WT or a variant on the basis of the second
color change. Previous studies have concluded that the PAM-
adjacent sequences, defined as the sequences of 6−12 bp
immediately upstream of the PAM site, are critical for the
target recognition ability of the CRISPR-Cas9 system.38 As
D614G, T478K, and A67V gRNA can recognize the mutation
within the PAM-adjacent sequences, the v-DAMPR assay
identifies the mutations efficiently.

Figure 6c represents the v-DAMPR assay results following
the detection of WT SARS-CoV-2 and its variants (beta,
epsilon, eta, iota, gamma, kappa, delta, and omicron) in human
fluid samples with the concentration of the viruses at 102 PFU/
mL. All SARS-CoV-2 strains exhibited a dark green color after
LAMP and DNAzyme reactions. Furthermore, following the
Cas9/mutation-specific gRNA reaction, the color of SARS-
CoV-2 variants became sparse but that of WT SARS-CoV-2
was maintained. In detail, when D614G gRNA was used, all
SARS-CoV-2 variants exhibited weak signals because this
mutation is common in SARS-CoV-2 variants. In contrast,
upon the reaction with the Cas9/S gRNA complex, the signal
of only the WT virus decreased, while those of mutant viruses
were unchanged. When T478K (delta-specific) gRNA was
used, only the delta variant of SARS-CoV-2 provided sparse
color. In the control experiment using Cas9/S′ gRNA complex,
only the color of delta SARS-CoV-2 was unchanged. Finally,
when A67V (omicron-specific) gRNA was employed, the
signals of the omicron variant of SARS-CoV-2 decreased
significantly. In the presence of S″ gRNA, SARS-CoV-2 viruses
except for omicron variant showed decreased signals. This
verifies that the v-DAMPR assay can specifically detect the
various SARS-CoV-2 variants.

For the on-site detection of SARS-CoV-2 variants, the v-
DAMPR assay was applied to a portable system and a
smartphone application was developed in a manner similar to
that described before. On uploading two photographs acquired
from the v-DAMPR assay system, the diagnostic result for
SARS-CoV-2 variants and concentration level are informed
routinely (Figure S9 and Movie S2). The developed v-DAMPR
assay system was employed for the diagnosis of 10 patients
infected with SARS-CoV-2 variants (1−10 in Figure 7a) and
10 clinical samples obtained from the WT SARS-CoV-2-
infected patients (11−20 in Figure 7a). In this case, the
D614G gRNA was used to determine the presence of SARS-
CoV-2 variants. The first color signals turned on for all samples
(ON), implying successful detection of SARS-CoV-2, whereas
the second color signals decreased for SARS-CoV-2 variant
samples but were maintained for the WT virus samples (OFF).
In addition, we tried to diagnose 50 patients infected with the
delta variant of SARS-CoV-2. In this experiment, the T478K
gRNA was employed. As shown in Figure 7b, the dark color
was obtained for 50 samples (ON), and the color became
sparse after reaction with Cas9/T478K gRNA (OFF). The
smartphone application suggested positive results for all
samples. Lastly, 10 patients infected with the omicron variant
of SARS-CoV-2 were diagnosed by the v-DAMPR assay system
with A67V gRNA. These samples showed strong first color
signals and weak second signals, indicating the identification of

Figure 6. (a) D614G, T478K, and A67V mutations of SARS-CoV-2
S protein. (b) Sequences of WT, D614G, T478K, and A67V SARS-
CoV-2 S protein. (c) Photograph of well plates after detection of
WT and SARS-CoV-2 variants (beta, epsilon, eta, iota, gamma,
kappa, delta, and omicron) using v-DAMPR assay from viral
lysate-spiked human nasopharyngeal aspirate samples (102 PFU/
mL).
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the SARS-CoV-2 omicron variant (Figure 7c). The estimated
concentration levels of SARS-CoV-2 by v-DAMPR assay
system (Conc. Level) are consistent with the Ct values of qRT-
PCR for the same clinical samples (Table S7). Thus, the
diagnostic results confirm that the v-DAMPR assay system can
accurately identify the patients infected with SARS-CoV-2
variants. Since the RT-LAMP, DNAzyme, and CRISPR-Cas9
reactions contributed synergistically to the sensitive and
selective detection of SARS-CoV-2, the developed DAMPR
assay system including smartphone application realized on-site,
rapid, and simple detection of SARS-CoV-2 and variants.

DISCUSSION
In general, the RT-LAMP technique assessed the color change
of the pH-sensitive dye by utilizing the principle that extensive
DNA synthesis lowers the pH of the reaction solution.
However, according to a prior study, biological samples such as
nasopharyngeal swab eluates might reduce the pH when
applied directly to the LAMP reagents, resulting in false-
positive results.39,40 Thus, the RT-LAMP amplification product
should be detected directly. Consequently, we employed a

DNAzyme reaction induced by RT-LAMP amplification
products. In addition, PS-DNA primers facilitate the
DNAzyme reaction by lowering the Tm of the DNA/PS-
DNA LAMP products and, consequently, enable the detection
of the target genes by the naked eye. The comparison of
DAMPR assay with previous colorimetric SARS-CoV-2
detection methods is presented in Figure S10.

The recent molecular diagnostic approaches have achieved
low LOD values of a few copies/sample or aM, and the
DAMPR assay exhibits attomolar sensitivity for ORF1, N, and
S genes of SARS-CoV-2 (Table S3). The high sensitivity of
molecular diagnostic methods has enabled the precise
detection of genes with a small volume of samples, thereby
improving the capability of the disease diagnosis greatly.
However, enhancement in the sensitivity of methods has
prompted concerns for false signals. For the accurate detection
of target genes, the DAMPR assay was designed to detect
ORF1, N, and S genes, whereas previous technologies usually
detected one or two genes.41,42 This contributes to reducing
the false-negative signals. Furthermore, the double-checking
system by Cas9/gRNA complexes eliminated false-positive

Figure 7. (a−c) Diagnostic results of 80 clinical samples using v-DAMPR assay system. Result tables consist of patient number (Number),
processed image after LAMP and DNAzyme reactions (ON), processed image after Cas9/gRNA reaction (OFF), concentration level of
SARS-CoV-2 (Conc. Level), and diagnostic result (Result). Number of concentration level is noted at right-bottom. Diagnostic result is
written P (red) for SARS-CoV-2 variants and N (blue) for WT SARS-CoV-2. (a) Clincal samples from 1 to 20 were analyzed by v-DAMPR
assay system with D614G gRNA for the detection of SARS-CoV-2 variants, (b) samples from 21 to 70 with T478K for SARS-CoV-2 delta
variant, and (c) samples from 71 to 80 with A67V for SARS-CoV-2 omicron variant.
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signals in DAMPR assay, enabling accurate diagnosis of the
clinical samples without false signals (Figure S11).
The estimated minimum number of sample size was 49

patients and 49 controls when the parameters required to
estimate the sample size was as below: type I error = 5%,
power = 80%, sensitivity in null hypothesis = 50%, sensitivity in
alternative hypothesis = 70% (clinically important difference =
20%), and disease prevalence = 50%).43 On fixing parameters
including type I error, power, and disease prevalence, only
clinically important differences increase, while the required
minimum sample size decreases. Therefore, a total of 216
study subjects (157 patients and 59 controls) are sufficient to
evaluate the diagnostic performance of the DAMPR assay
system in the current situation, with 100% sensitivity and
specificity.
The identification of SARS-CoV-2 VOCs and VOIs is

critical because these variants could exhibit higher transmission
rates and even resistivity against vaccines.44 To facilitate on-
site rapid identification of SARS-CoV-2 variants, v-DAMPR
assay, capable of detecting D614G, T478K, and A67V
mutations of SARS-CoV-2, was developed. The single
nucleotide polymorphism (SNP) recognition nature of
CRISPR-Cas9 facilitated the development of v-DAMPR
assay. Currently, the SARS-CoV-2 VOCs and VOIs have
been found to possess D614G mutation in the S gene.45

Therefore, the positive result of v-DAMPR assay system with
D614G gRNA indicates that the tested sample includes SARS-
CoV-2 VOCs or VOIs. Further, v-DAMPR assay system with
T478K and A67V gRNAs could successfully identify the delta
and omicron variants of SARS-COV-2. The applicability of v-
DAMPR assay to recent variants of viruses proves that the
current assay system might be useful in responding to future
emerging infectious viruses.
The DAMPR assay can be performed almost everywhere

owing to its smartphone-based portable model. The diagnostic
result and concentration level of SARS-CoV-2 can be checked
using just two pictures acquired during the DAMPR assay.
Moreover, the DAMPR assay system can detect several tens of
samples. The blind test of 136 clinical samples was completed
within 3 h using the DAMPR assay system. Furthermore, the
detectable sample number of DAMPR assay system can be
expanded easily and owing to the daily tested numbers for
COVID-19; this diagnostic system is expected to be capable of
massive sample detection.
The consistency of signal output interpretation was

enhanced via an automated mobile phone application, allowing
for reporting the diagnostic result and the concentration of the
target gene. The smartphone application allows for the
identification of individuals who may be viral supercarriers
and, therefore, superspreaders. The previous literature has
suggested that 80−90% of infections are caused by 10−20% of
infected individuals.46,47 Therefore, identifying viral super-
carriers within presymptomatic and asymptomatic stages of the
disease in the community is vital. The DAMPR assay system
may be useful to determine a majority of infected individuals
within asymptomatic stages of the disease. Further, according
to the previous result, the samples of SARS-CoV-2 positive
patients with asymptomatic stages have a mean Ct value of 32,
corresponding to a sample with a viral RNA load of
approximately 1 × 105 copies/mL;48 as the LOD of the
DAMPR assay system covers this range of asymptomatic
patients, it allows the assessment/prediction of transmission of

the virus by screening viral supercarriers by the DAMPR assay
system.

We blindly tested a sample of 136 SARS-CoV-2 patients
(Table S6). Among them, 126 samples (No. 1−126) are
nasopharyngeal swabs and 10 samples (No. 127−136) are
sputum. For the diagnostic test of laboratory-developed or
commercial platforms for SARS-CoV-2, the FDA-approved
sample types are nasopharyngeal swabs and sputum.49,50

Although there is a difference in the collection method
between the nasopharyngeal aspirate sample and the sputum
sample, there is no significant difference in the subsequent
processing, accuracy, and sensitivity between two samples.51

Therefore, we performed the DAMPR assay on these two
samples and could detect SARS-CoV-2 successfully.

However, the current DAMPR assay system has the
opportunity for improvement. Despite the detection of
SARS-CoV-2 and its variants in many clinical samples, a
completely automated approach for massive analysis is
required. Further, the ML-based smartphone application can
be improved by preparing and training more photographs,
thereby enhancing the accuracy of the diagnostic result. The
DAMPR assay must be widened to the precise analysis of
SARS-CoV-2 variants through the design of LAMP primers
and gRNA sequences. In the future, we aim to improve the
DAMPR assay system and hope that this system will be
extensively used for the diagnosis of infectious diseases in the
real world.

CONCLUSIONS
In summary, we developed a colorimetric DNAzyme reaction
triggered by LAMP with CRISPR, referred to as DAMPR assay
for detecting SARS-CoV-2 and variants genes, eliminating the
false-positive signals by the double-checking system. Further,
the portable assay system and the smartphone application were
also developed for POCT diagnostics of COVID-19. Using the
assay system, a total of 216 clinical samples were diagnosed
with 100% sensitivity and specificity. We anticipate that the
DAMPR assay can be expanded to various biomedical
diagnostics.

METHODS
Materials. All nucleic acids used in this study were synthesized

from Integrated DNA Technologies, Inc. (Coralville, IA) and Bioneer
Co. (Daejeon, Korea). Hemin, NaCl, dimethyl sulfoxide (DMSO), 2-
[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic acid (HEPES),
ABTS, tosyl phenylalanyl chloromethyl ketone (TPCK) trypsin,
Triton X-100, and H2O2 were purchased from Sigma-Aldrich (St.
Louis, MO). A WarmStart LAMP Kit (DNA and RNA), Cas9
nuclease (Streptococcus pyogenes), Luna Universal one-step RT-qPCR,
and 10× NEBuffer r3.1 were purchased from New England Biolabs
Inc. (Beverly, MA). Thermo Fisher Scientific provided Dulbecco’s
modified Eagle’ medium (DMEM), antibiotic-antimycotic, and 10×
tris-borate ethylenediaminetetraacetic acid (EDTA) (TBE) buffer
(Waltham, MA). Biotium’s GelRed nucleic acid dye (41003) was used
(Hayward, CA). LPS Solution provided the tris(2-carboxyethyl)-
phosphine (TCEP) (Daejeon, Korea). Dynebio provided the EDTA
solution (Seongnam-si, Gyeonggi-do, Korea). Hemin stock solution
(1 mM) was made in DMSO and kept at −20 °C in the dark.

SARS-CoV-2 strains (BetaCoV/Korea/KCDC03/2020, hCoV-19/
Korea/KDCA51463/2021; GR, B.1.1.7, hCoV-19/Korea/
KDCA55905/2021; GH, B.1.351, hCoV-19/Korea/KDCA72731/
2021; GR, P.2 lineage, hCoV-19/Korea/KDCA49671/2021; GH,
B.1.427, hCoV-19/Korea/KDCA59777/2021; GH, B.1.429, hCoV-
19/Korea/KDCA79765/2021; G, B.1.525, hCoV-19/Korea/
KDCA49671/2021; GH, B.1.526, hCoV-19/Korea/KDCA95637/
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2021; GR, P.1, hCoV-19/Korea/KDCA105288/2021; G, B.1.617.1,
hCoV-19/Korea/KDCA119861/2021; G, B.1.617.2, hCoV-19/
Korea/KDCA447321/2021; GRA, B.1.1529) were provided by the
National Culture Collection for Pathogens (NCCP), which is
operated by the Korea National Institute of Health. The strains
were cultured as described previously.52,53 All experiments involving
the use of SARS-CoV-2 were performed at the Korea Centers for
Disease Control and Prevention (KCDC)-approved BL-3 facility of
KRIBB in accordance with institutional biosafety requirements. The
genomic RNA of the viruses (SARS-CoV-2, influenza A virus subtype
H1N1, H3N2, H5N2, H1N2, and H3H8, and RSV A) was provided
by the NCCP.

Kapton film heater (12 V, 3W, Ø22), aluminum heat exchanger 1T
(138 × 96), 12 V digital temperature control switch module (SZH-
AT024), control board (SMPS KO-120W12 V), and led module
(MW3HT217ZN-70) were purchased from DEVICE MART
(Incheon, Korea).
DAMPR Assay. First, the 10× primer stocks (16 μM FIP, 16 μM

BIP, 2 μM FIP, and 2 μM BIP in nuclease-free water) were prepared.
All components were thawed and, subsequently, used at 25 °C. They
were then placed on ice, vortexed briefly to allow mixing, and
centrifuged to collect reaction materials. LAMP reaction mixture (25
μL) containing 12.5 μL of WarmStart LAMP 2× Master Mix, 2.5 μL
of 10× primer stocks, 9 μL of distilled water (DW), and 1 μL of the
sample were prepared and incubated at 65 °C for 30 min.
Subsequently, 7 μL of DW, 8 μL of 10 μM hemin, 10 μL of 3 mM
ABTS, and 10 μL of 6 mM H2O2 were added to the RT-LAMP
reaction product and incubated at 25 °C for 10 min. Following G-
quadruplex DNAzyme reaction, the CRISPR solution comprising 28
μL of DW, 10 μL of 10× NEBuffer r3.1 (100 mM NaCl, 50 mM tris-
HCl, 10 mM MgCl2, 100 μg/mL recombinant albumin, pH 7.9), 1 μL
of 1 μM gRNA, and 1 μL of 1 μM Cas9 was added to the product and
incubated at 25 °C for 10 min.

An android phone was used to capture the images of reaction
products, and the absorbance signals were analyzed with a Tecan
Infinite M200 pro microplate reader from 375 to 500 nm
(Mannedorf, Switzerland).

To prepare PCR amplification products (ORF1, N, and S genes of
SARS-CoV-2), qRT-PCR was performed on a C1000 thermal cycler
(Biorad, CA) in a 50 μL solution containing genomic RNA (10 ng),
with primer set (0.4 μM each), 1× Luna Universal one-step reaction
mix, and 1× Luna WarmStart RT enzyme mix. qRT-PCR was
programmed for 10 min at 55 °C for reverse transcription and for 1
min at 95 °C for initial denaturation, followed by 45 cycles of 10 s at
95 °C and 30 s at 60 °C, following which, the qRT-PCR products
were confirmed via agarose gel electrophoresis, purified using a
NucleoSpin Gel and PCR cleanup (Macherey-Nagel, Düren,
Germany), and their concentrations determined using a nanodrop
ND-1000 spectrophotometer (Wilmington, DE). The used primers
were ORF1 FP and BP, N FP and BP, and S FP and BP, respectively.

Ninety microliters of virus samples were mixed with 10 μL of
TCEP/EDTA (final concentrations of 100 and 1 mM, respectively)
and heated at 50 °C for 5 min and 64 °C for 5 min to make viral
lysates. The viral lysate samples were detected by DAMPR assay as
described above. Also, the viral lysate-spiked human nasopharyngeal
aspirates and sputum samples were detected by DAMPR assay as
described above.

For the RNA extraction, 100 μL of SARS-CoV-2 lysate (104 PFU/
mL) was applied to a QIAamp Viral RNA kit (Qiagen, Germany)
following the manufacturer’s protocol. One microliter of the extracted
sample was used for DAMPR assay.
Development of DAMPR Assay System. The DAMPR assay

system was designed employing Autodesk’s Fusion 360 3D CAD
software. The housing and components were printed using a Fused
Deposition Modeling (FDM) 3D printer (Thing & Thinks, Incheon,
Korea). Black poly(lactic acid) (PLA) filament was chosen for
printing the housing, thereby minimizing the reflectance during
photography. To perform the RT-LAMP reaction at 65 °C, a heating
bed was fabricated using an aluminum plate and a film heater, which
spread the heat evenly to the entire 96-well plate. Regarding the

heating bed, a 1 mm thick aluminum plate was cut to 11 cm × 8 cm,
and 11 Kapton film heaters with Ø22 mm were attached behind the
aluminum plate. The film heaters were soldered in parallel, powered
from a 12 V power supply and connected to a digital temperature
controller with a temperature sensor. The set point for the
temperature controller circuit, which can handle the temperature up
to 110 °C in a closed-loop by attaching the temperature sensor under
the heating bed, was programmed to 65 °C, and the temperature was
maintained at a constant. To prevent thermal deformation of the
structure printed by the 3D printer, a 1.5 cm high iron spacer was
configured in the form of support, which prevented the heated bed
from getting attached to the well tray. The tray could be moved by
attaching a handle to capture all wells of the microplate by
smartphone, and a planar sliding bearing was applied between the
housing and the tray to smoothen the movement by reducing
frictional force. Moreover, as external light does not enter the interior
space, the housing is manufactured in the form of a dark room such
that external light does not penetrate into the interior space. Further,
the LED lights were soldered in series with a 300 Ω resistor, allowing
passage of a current of 30 mA when connected to a 12 V power
supply. LED lights were attached to the top of the four walls in the
dark room to realize a constant light source. A hinge structure was
applied to the system such that a 96-well plate could be placed in dark
room. A holder was attached to fix a smartphone at the top of the
system, ensuring a consistent focal distance was maintained and the
nonuniformity of the lighting condition was resolved.

As shown in Figure 1a, RT-LAMP and G-quadruplex DNAzyme
reactions are processed in a well plate of the DAMPR assay system.
Following the reactions, the first photograph is acquired. Thereafter,
CRISPR-Cas9 reaction is completed and the second photograph is
obtained. Subsequently, two images acquired during the DAMPR
assay are transmitted to the ML-based colorimetric program
developed in Python through the web-based smartphone application
(http://classique-moliere-61823.herokuapp.com), wherein the ROI
where the color change occurs during the DAMPR assay being
extracted. Several image processing methods can be applied to extract
the ROI from the photograph, including thresholding, binarizing,
masking, and contour detection. Subsequently, the extracted ROI is
masked with the original image to extract the features for ML-based
classifier, which receives the color features of ROI as input and
outputs the concentration level of SARS-CoV-2. Further, comparing
the outputs of two images, the final diagnostic result is displayed in
the end-user application. The current platform works with any
operating system (Windows, Mac OSX, or Linux) that supports
Python over 3.8.

The smartphone app was designed with a simple and user-friendly
interface capable of streamlit-based image processing. It was deployed
on Heroku, an example of Platform as a Service (PAAS). Heroku runs
our application within dynos smart containers on a reliable, fully
managed runtime environment. The smartphone application has the
ability to crop the desired ROI in the target image. After the image is
captured using the camera in the application, the desired ROI defined
its edge and measured its diameter employing the Hough Circle
Algorithm. This algorithm has been used to determine an arbitrary
shape in images and to measure its diameter in pixels. From the
cropped image, the same color features used in the classifier trained
using ML were extracted and inputted to the learned classifier, and
then, the viral concentration level was estimated.

The SARS-CoV-2 diagnostic results on the application are
determined as follows. If the concentration level in the first
photograph is greater than 1 aM and the level in the second
photograph is lower than that in the first, the result is positive. If the
concentration level in the first photograph is 0 and the level observed
in the second photograph is the same as that in the first, the result is
negative. Finally, if the concentration level in the first photograph is
greater than 1 aM, accompanied by a similar or higher level in the
second photograph, the result is false-positive.
Training ML Model. With the smartphone-based platform, the

best LDA, RF, and GBC classifiers were determined. After image
processing, the classifiers were trained by extracting color features. To
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analyze the effect of color spaces on concentration levels, the RGB
values of the image were first transformed to HSV and L*a*b*.
Subsequently, for each R, G, B, H, S, V, L*, a*, b* color channel,
mean values were determined. In the Python programming language,
a total of nine characteristics were used to train the classifiers. In
machine learning, k-fold cross-validation is a common technique for
evaluating classifier performance that divides the data set into k equal
folds.54 The k −1 number of folds is used to train the model, while the
remaining fold is used to test the trained model. This procedure is
performed k times. As a result, the various fold is used as a training
and testing set in each repeat, resulting in k different accuracy values,
with the average of these values used to calculate the classifier’s overall
accuracy. In this case, k is set to 10, which has been reported to be
adequate for avoiding problems caused by large bias and variance.55

Diagnosis of COVID-19 Patients by Using DAMPR Assay
System. A total of 216 samples were acquired from Gyeongsang
National University College of Medicine and Yonsei University
Health Service Center, Severance Hospital. The nasopharyngeal
aspirates and sputum samples were collected from patients by using
flocked nasopharyngeal swabs and, thereafter, placed into the virus
transport media (3 mL, Copan Diagnostics Inc., Murrieta, CA). All
samples were stored at −70 °C until use. The protocol for this study
was reviewed and approved by the Institutional Review Board of
Gyeongsang National University College of Medicine, Jinju, Korea
(IRB approval number: 2020-10-002) and Yonsei University Health
Service Center, Severance Hospital, Seoul, Korea (IRB approval
number: 4-2020-0465). Also, written informed consent was acquired
from each subject. For the diagnosis of COVID-19 patients by using
DAMPR assay, the clinical samples were directly used and the assay
procedures were the same as described above except for the final
concentration of Cas9/gRNA complexes (100 nM).

For comparison of DAMPR assay with qRT-PCR, qRT-PCR was
performed on a C1000 thermal cycler in a 50 μL solution containing
clinical sample (1 μL), a primer set (0.4 μM each), 1× Luna Universal
one-step reaction mix, and 1× Luna WarmStart RT enzyme mix. qRT-
PCR was programmed for 10 min at 55 °C for reverse transcription
and for 1 min at 95 °C for initial denaturation, followed by 45 cycles
of 10 s at 95 °C and 30 s at 60 °C. The employed primers for SARS-
CoV-2 are ORF1 FP and BP, N FP and BP, and S FP and BP,
respectively.
Detection of SARS-CoV-2 Variants by the v-DAMPR Assay

System. For the detection of WT and D614G SARS-CoV-2 by the v-
DAMPR assay system, two types of CRISPR-Cas9 systems were
employed: first, the Cas9/S gRNA complex that recognizes the S gene
of WT SARS-CoV-2 and, second, the Cas9/D614G gRNA complex
that recognizes the S gene of D614G SARS-CoV-2. For the detection
of WT and T478K SARS-CoV-2, two CRISPR-Cas9 systems were
employed: first, the Cas9/S′ gRNA complex and, second, the Cas9/
T478K gRNA complex. For the detection of WT and A67V SARS-
CoV-2, two CRISPR-Cas9 systems were employed: first, the Cas9/S″
gRNA complex and, second, the Cas9/A67V gRNA complex. The
assay procedures were the same as above, except for the employed
gRNAs, which are different. For the diagnosis of COVID-19 patients
infected with SARS-CoV-2 variants by using v-DAMPR assay, the
clinical sample was directly used, and the assay procedures followed
were the same as mentioned before.

The smartphone application for SARS-CoV-2 variants was
developed as described above. The diagnostic results of the
application are determined as follows. If the concentration level in
the first photograph is greater than 1 aM and the level in the second
photograph is lower than that in the first, the sample is positive for
variants. If the concentration level in the first photograph is 0 and the
level observed in the second photograph is the same as that in the
first, the sample is negative for variants. Finally, if the concentration
level in the first photograph is greater than 1 aM, accompanied by a
similar or higher level in the second photograph, the sample is positive
but not for variants.

For comparison of v-DAMPR assay with qRT-PCR, the results
were provided from Gyeongsang National University College of
Medicine.
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