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ABSTRACT: While most children with COVID-19 experience mild  coyigsaliva Portable Centrifuge  miRNAs Portable analyzer

symptoms or remain asymptomatic, some may develop severe ~

complications. Early identification of children at risk for severe outcomes % £

is essential to ensuring timely and effective intervention. Recent studies ? V- \e™)

have identified alterations in salivary microRNA (miRNA) expression

levels as promising biomarkers for predicting severe complications in L'gat'°"/RPAm . Data analysis

children. However, there remains a need for a rapid, noninvasive, and =, ™ = = 2004 NS §
o . . T ™ L Sy S 400 _

quantitative method to detect miRNA expression level changes, as their =, e T, Z L £ 100 .

upregulation or downregulation serves as a hallmark of various diseases, s 0 15 30 I £

providing an alternative to sequencing-based methods. Here, we

developed a highly specific and sensitive ligation-coupled recombinase

polymerase amplification (RPA) assay for quantitatively detecting multiplex severe and nonsevere miRNAs on a portable platform.
The assay begins with an miRNA-templated annealing and ligation reaction of miR-1273, miR-296, and miR-29, followed by an RPA
reaction. We quantified 100 pM to 1 fM, resolving 1 fM, with 100% specificity. Next, we validated portable extraction against
benchtop extraction, achieving R* > 0.85 and r > 0.92 in clinical samples. Finally, testing 154 clinical samples revealed severe miRNA
downregulation compared to nonsevere cases. The assay achieved high diagnostic accuracy with an area under the curve (AUC) of
0.98. This platform would empower clinicians to make informed decisions, optimize resource allocation, and improve outcomes,
particularly in point-of-care (POC) settings.

KEYWORDS: SARS-CoV-2, salivary miRNAs, ligation-RPA reaction, recombinase polymerase amplification, portable analyzer,
portable centrifuge, severe COVID-19, point-of-care

The true prevalence of asymptomatic Severe acute respiratory RNAs that regulate gene expression and influence immune
syndrome coronavirus 2 (SARS-CoV-2) infections in children responses.' ' * Salivary miRNA levels reflect inflammation, and
is likely underestimated, as many remain undiagnosed due to the relative abundance of multiple salivary miRNAs has been
mild or absent symptoms. Most pediatric COVID-19 cases are investigated as biomarkers for SARS-CoV-2."*~'7 Conse-
mild, yet a notable minority develop serious outcomes such as quently, developing multiplexed and quantitative miRNA
multisystem inflammatory syndrome in children (MIS-C), detection in saliva is critical for the early detection of a severe
severe pneumonia or Acute Respiratory Distress Syndrome SARS-CoV-2 infection in children.

(ARDS), cardiac or clotting disorders, worsened chronic Numerous methods have been developed for miRNA
illnesses, and occasional neurologic events.'™ By mid-2023, detection,"®'? including Northern blot,® microarray,”’ and

the pandemic had caused roughly 767.97 million cases and
nearly 7 million deaths; UNICEF notes more than 17,400
COVID-19 deaths among 4people under 20 years, about half in
children under 10 years.”” Severe SARS-CoV-2, whlle less
common in children, can lead to serious complications.® Early
identification of high-risk cases is crucial to ensure timely
treatment, proper patient management, and effective use of Received: April 16, 2025
healthcare resources.” Due to its noninvasive and easily Revised:  June 25, 2025
accessible nature, saliva is a promising sample for POC.*~"" Acce_Pted’ June 27, 2025
Saliva contains DNA and RNA biomolecules, including Published: July 4, 2025
miRNAs, which serve as useful biomarkers for detecting

VU2 MiRNAs are short noncoding

reverse transcription-polymerase chain reaction (RT-PCR).22
Northern blotting offers high specificity but is time-consuming
and requires large sample volumes. Microarrays allow high-

throughput profiling but are costly and complex.”*~** RT-PCR

various infectious diseases.””" "’
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Figure 1. Schematic illustration of ligation-RPA assay for SARS-CoV-2 miR-1273, miR-296, and miR-29 and validation using the benchtop
instrument. (A) Operation workflow of the ligation-RPA assay. The sample was extracted from saliva, followed by hybridization at 85 °C for 2 min,
annealing, ligation reaction at 37 °C for 10 min, and RPA amplification at 37 °C for 30 min. The forward primer (FP) and reverse primer (RP)
bind with ligation products, and SYTO 9 inserts into the base pair of dsDNA. (B) Probes of miR-1273, miR-296, and miR-29 are used in ligation-
RPA assay. (C) Validation of miR-1273 Ligation product using gel image. Ligation products showed an intense mark near 7S bp. (D—F) Delta
Relative fluorescence signal (ARFU) for positive samples for miR-1273, miR-296, and miR-29, respectively. The threshold (Th) was set using y +
30= 7997 A.U., where y and ¢ indicate the mean and standard deviation, respectively.

is highly sensitive and accurate but deg)ends on thermal cycling, noninvasive, and quantitative method to detect miRNA
limiting its suitability for POCT.' 6 To overcome these expression level changes in fM level and enable early risk for
limitations, isothermal amplification methods such as nucleic severe SARS-CoV-2 infection in children.

acid sequence-based amplification (NASBA),”” strand dis- In this work, we developed a ligation-RPA-based isothermal
placement amplification (SDA),*® rolling circle amplification nucleic acid amplification system for detecting miRNAs
(RCA),” loop-mediated isothermal amplification (LAMP),* associated with severe SARS-CoV-2 infection using a portable
and recombinase polymerase amplification (RPA)*'~>* have analyzer. Our system successfully multiplexed and detected
been explored. Among them, RPA is widely favored for its three miRNAs- miR-1273, miR-296, and miR-29 for SARS-
simplicity, sensitivity, rapid amplification, and operation at 37— CoV-2 infection, quantifying their concentrations to establish
42 °C.* However, RPA is challenged by short length of the clinical relevance fM concentration. We validated the
miRNA, as it typically requires amplicons longer than 80 bp.* specificity of the system with both individual and mixed
This limitation can be addressed using PBCV-1 DNA ligase samples, demonstrating that our portable extraction method
with RPA,*”** enabling longer products and achieving PCR- exhibited performance comparable to that of benchtop
like sensitivity for rapid miRNA detection in point-of-care systems. Using this portable platform, we were able to
Testing (POCT) applications. Recent studies identified differentiate between severe and nonsevere infections from
miRNA (miR)-1273c and miR-296 as two of the most raw salivary samples, showing the downregulation of specific
down-regulated miRNAs in severe cases, while the miR-29 miRNj'\s in severe cases. .Our Platform offers sigr}iﬁc.ant
family is a well-established regulator of innate immunity.""** POtISgUCa}Ffor early disease diagnosis and practical application

in .

Consequently, we selected miR-1273¢, miR-296-5p, and miR-
29 as targets to demonstrate the clinical utility of our ligation-

RPA assay. A key challenge in previous work is the lack of an B RESULTS AND DISCUSSION

end-to-end portable system capable of measuring pediatric Design and Validation of the Ligation/RPA Assay. We
SARS-CoV-2 miRNAs in saliva at femtomolar (fM) resolving designed and developed the ligation-RPA assay to enable the
capacity.‘m’41 Therefore, there is an unmet need for a rapid, rapid, sensitive, and specific detection of salivary SARS-CoV-2
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Figure 2. Quantitative performance and sensitivity of the assay. (A) Exploded view and schematic of the portable analyzer. (B—D) Quantitative
analysis showing the ARFU of miR-1273, miR-296, and miR-29 at target concentrations of 100 pM, 10 pM, 1 pM, 100 fM, 10 fM, 8 M, S fM, 2
M, and 1 fM, respectively. The gray dashed line represents the threshold (¢ + 36 = 100.43 A.U.), where i and ¢ denote the mean and standard
deviation. (E—G) The assay demonstrates linearity by plotting time-to-positive (T,) against the logarithm of the concentration for each miRNA
target exceeding the threshold. (H—]) Assay resolution shown using t-test results to evaluate resolving capabilities. 'ns' indicates 'no significance’,

while * and ** denote 'statistically significant differences'.

miRNAs in children. The assay starts with hybridization
between miRNA and probes 1 and 2 (P1 and P2), enhanced
by rapid denaturing at 85 °C for 2 min, followed by 2 min
annealing on an ice bath, as shown in Figure 1A. Following
hybridization, P1 and P2 formed a phosphodiester bond
between the 3’-hydroxyl(—OH) group of P1 and the S'-
phosphate (PO,*") of P2, effectively stabilizing the hybridized
structure and creating S’-phosphorylated single-strand DNA
(ssDNA).** Next, PBCV-1 DNA ligase catalyzed and bridged
of the §' to 3’ terminals of the complementary sequence of
probes P1 and P2 with 3’ to 5" terminals of the target miRNA
oligonucleotides, synthesizing a partially double-stranded
structure.”” The ligation reaction works at 37 °C for 10 min;
P1 and P2 were designed to partially hybridize with the target
miRNA and linked to a long ssDNA (ligation products). The
ligation products specifically linked with forward primer (FP)
and reverse primer (RP) sites in the RPA reaction were
effectively and specifically amplified at 37 °C for 30 min.
Intercalating dyes SYTO 9 bind to RPA amplicons by inserting
themselves between the base pairs of the double-stranded
DNA (dsDNA) formed during ampliﬁcation.42 The planar
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structure of the dye allows it to insert into the hydrophobic
space between stacked DNA base pairs, stabilized by
hydrophobic and electrostatic interactions with the negatively
charged phosphate backbone. Once intercalated, the dye
fluoresces, enabling the detection and quantification of the
amplified product. In Figure 1B, the target sequences of miR-
1273, miR-296, and miR-29, and the probe sequences P1 and
P2 are shown.

To validate the ligation assay, we verified the ligation
reaction by testing the miR-1273, P1, P2, and ligation products
using agarose gel electrophoresis (Figure 1C). The results
showed that the ligation product band was intense and brighter
than the miR-1273, P1, and P2 bands because the larger, high-
molecular-weight ligation products moved more slowly than
the tiny fragments of ssDNA. These results demonstrated that
ligation products, including P1 and P2 sequences, were
successfully synthesized in the presence of miR-1273. To
revalidate the ligation-coupled RPA reaction, we tested 100
pM target concentrations of miR-1273, miR-296, and miR-29.
We used an interacting fluorescent dye (SYTO 9) in real-time
quantitative measurement of the RPA assay to determine the

https://doi.org/10.1021/acssensors.5c01275
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change in the Relative Fluorescence Units (ARFU) signal of
miR-1273, miR-296, and miR-29. Figure 1D shows a
noticeable signal time difference between positive controls
(PC) and negative controls (NTC) at the threshold lines (y +
30= 7997 AU). Ideally, the NTC should not pick up any
signal. However, the NTC shows signal lagging from the PC
due to nonspecific amplification, as shown in Figure SIA—C.
NTC also showed an increase in fluorescent signal with the
reaction time in the ligation-RPA platform. It indicated that
there was a nonspecific amplification due to the nonspecific
binding of probes and primers. Our assay had two probes (P1
and P2) and primers (FP and RP). P2 can directly hybridize
with FP to form double-strand DNA (dsDNA) and nonspecific
products (Figure S2A). Furthermore, P1 and P2 form self/
hetero dimers and can be amplified to nonspecific groducts
due to cross-dimerization in isothermal amplification; ™" see
Figure S2B.

To validate our investigation of nonspecific bindings from
negative signals by self- or heterodimer amplification, we
sequentially added P1, P2, RP, FP, and their various mixtures
into the RPA amplification system. Next, a commercial enzyme
digestion kit was used to break down proteins, allowing for
selective detection of amplicons via gel electrophoresis (Figure
S2C). It showed that RPA invariably forms large amounts of
side products in practice, which come from hybridizing P1 and
P2 as well as P2 and FP and probes dimers, called primer-
dimers.*>*° High concentrations of probes encourage off-target
interactions because the amplification of probe dimers is more
efficient than the amplification of the desired amplicons, and
probe—probe interactions eventually eliminate target amplifi-
cation.*”*” We therefore carried out a systematic concentration
screen for miR-29 (Figure S2D—H). Varying each probe from
10 pM to 1 uM of P2 revealed that 100 nM P1 and 100 nM P2
maximized the time gap (At & 14.5 min) between the PC and
NTC, indicating the best discrimination (Figure S2D—F).*”**
The observed PC—NTC separation grows over time because
miRNA—probe binding in the PC delays dimer formation
relative to the NTC. Primer titration showed that 250 nM
equimolar FP and RP primers produced the fastest
amplification and greatest PC—NTC separation, outperform-
ing both 100 nM and the TwistDx-recommended 480 nM
(Figure S2G—H). Using equimolar primers prevents asym-
metric amplification that would exhaust one primer prema-
turely. These optimized conditions minimize off-target
interactions, delay dimer formation in the PC, and ensure a
pronounced divergence of the amplification kinetics from the
NTC as the reaction proceeds.

For severe SARS-CoV-2 infection in children, two additional
target miRNAs are identified: miR-296 and miR-29. For each
potential miRNA, a set of two ligation probes (P1 and P2) was
designed for the ligation reaction (Figure 1B), and two primers
were planned to amplify the ligation products for miR-296 and
miR-29 (Tables S1—S3). We also validated the feasibility of
the reaction platform for miR-296 and miR-29 at 100 pM
target concentrations, respectively (Figure 1E,F). The results
showed that our platform was able to detect miR-1273, miR-
296, and miR-29 effectively. Figure S1B,C demonstrated the
raw signal for miR-296 and miR-29. Based on the above
discussion, we consider using ARFU instead of a direct RFU
signal for the assay readout. The total detection procedures
were simple and rapid, ~42 min without thermal cycles,
enabling miRNA detection of pediatric SARS-CoV-2 infection.
Our current assay operates as a multiplex parallel system using
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nonspecific probes; however, transitioning to a true one-pot
format with specifically designed probes could enhance
sensitivity and reduce assay time. Nonetheless, this improve-
ment may come at the expense of increased cost, highlighting
the inherent trade-off between sensitivity and affordability in
assay development.

Design and Validation of the Portable Analyzer. To
translate this assay into a portable analytical tool, we designed
and developed a compact, portable fluorescent analyzer and
determined the resolution of miRNA with this device. The
portable analyzer consists of 8 sample wells, including 11.5 cm
in length, 7.5 cm in width, and 7 cm in height. This device is
closely based on the current state-of-the-art multiplex target
detection model developed by our group.”™>° We have
designed the device to support isothermal reactions and single-
target detection using the cyan channel (500—520 nm) for
single-wavelength measurement its eight detection channels, as
shown in Figure 2A. The small size of the detection device
allows patients to test samples for multiplexed analysis at
POCT.”"** Our portable device connects to a smartphone via
a user-friendly app that enables real-time monitoring of
fluorescence curves and result interpretation. Central to this
system is a custom-designed printed circuit board (PCB) that
integrates thermal regulation, optical sensing, and data
processing on a unified platform. A 7.4 V, 2200 mAh Li-ion
battery powers the Raspberry Pi-based control unit, LEDs, and
color sensors, while regulating the process to ensure precise
temperature feedback and stability. These components are
enclosed within a 3D-printed ABS casing for protection and
structural support. The PCB layout is optimized to reduce
noise interference between heating, pumping, and optical
sensing lines, ensuring a stable power delivery and accurate
signal acquisition. As shown in Figure 2B, we integrated a low-
cost, compact, and highly sensitive AS7431 color sensor into
the device, eliminating the need for conventional optical filters.
Specifically, an intercalating dye, SYTO 9, is excited by a blue
LED, and the color sensor captures the emission. To ensure
consistent ligation-RPA conditions, a power resistor is
mounted beneath a custom-fabricated aluminum plate,
integrating an MC65F103A NTC 10 kQ microthermistor for
continuous temperature monitoring. Real-time fluorescence
intensity is recorded, analyzed, and interpreted through a
software algorithm on a smartphone, calibrating the results to
eliminate baseline offset. The device is powered by a DC jack
using a 9 V battery. Its filter-free optical design significantly
reduces both the size and complexity. This miniaturized, user-
friendly, and cost-effective device has promising potential for
miRNA detection in primary medical facilities.

Analytical Sensitivity in the Portable Device. To
evaluate the analytical sensitivity of the assay and resolving
capabilities of the portable device, we tested the synthesized
miRNA samples, which are miR-1273, 296, and 29
concentrations from 1 fM to 100 pM. For severe SARS-
CoV-2 cases, the miRNA concentrations are downregulated
and exist at approximately 1 fM,*" so resolving 1fM is crucial
for the portable analyzer. In Figure 2B—D, following the
hybridization, annealing and ligation reaction, we measured the
ARFU signals of miR-1273, miR-296, and miR-29 of the RPA
reaction using the portable analyzer. We tested the
concentrations of 100 pM, 10 pM, 1 pM, 100 fM, 10 M, 8
M, 5 fM, 2 fM, and 1 fM for all three miRNAs. Four reactions
were run for each miRNA for the lower concentrations (10 fM,
8 fM, S fM, 2 fM, and 1 fM). We resolved the minimum 1 fM
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concentrations for each target. We partitioned the miRNAs
into three samples and added them to three sample wells,
including a negative control in the other sample well. Each
tube in various sample wells contained specific probes and
primers to ligase and amplify each corresponding miRNA. The
sequences of primers are shown in Tables S1—S3. The results
showed a noticeable reaction time difference between positive
and negative samples for each miRNA over threshold lines
(100.43 AU). The threshold was determined using the raw
NTC data shown in Figure S3A—C and calculating from the p
+ 30, where y and o stand for the mean and standard deviation
of the signal, respectively. It demonstrated that our principle of
ligation-RPA can successfully pick up signals from various
miRNAs from 1 fM to 100 pM for multiplexed miRNA
detection. In Figure S4, the 1 fM signal is closer to the
threshold line than the NTC. Below 1 fM, 500 and 800 aM did
not produce signals above the threshold line.

To validate the quantitative capabilities of the portable
device, we evaluated the linearity of the assay. As shown in
Figure 2E—G, we calculated time as positive ‘(T,)’ values when
the ARFU crosses the threshold line. miR-1273, miR-296, and
miR-29 displayed R* values of 0.90, 0.85, and 0.97,
respectively, and correlation coeflicient r-values of 0.95, 0.92,
and 0.98, respectively. The R’ values indicate a strong
proportion of variance in each measurement. Similarly, r
values show a positive correlation of data. These results
showed that the ligation-RPA assay was able to effectively
detect various concentrations of miRNAs up to 1 fM. This
suggests that our portable device is precise, consistent, and
reliable for miRNA assay detection. These features make our
device well-suited for the portable analysis of multiplex assays.
Furthermore, we did not explore sensitivity below 1 M, as this
level meets clinical relevance and represents the practical
resolution limit of our assay. To show the resolution capability
of measuring each miRNA target using portable devices, we
presented the t-test results with a bar plot. In Figure 2H—], we
found that we can differentiate 1 fM concentration with the t-
test result with a p-value <0.05, which means the difference
between the two groups is distinguishable at a 95% confidence
interval (CI) level. However, the results look similar in two
consecutive data points in a few cases. For instance, for miR-
1273, § fM and 8 fM, and for miR-296, 1 fM and 2 fM showed
similar kinds of ARFU and corresponding T, which were
labeled 'ns' (not significant), showing no statistically significant
difference. To clarify, we showed 1—10 fM results separately in
Figure S3D—F. The result demonstrated that with the
increased concentration of the miRNA sample, the T, value
decreased, which can be set as a positive reference for the
clinical sample to evaluate unknown concentration. It also
shows that both the device and the assay perform better and
are usable for clinically relevant concentrations for severe-case
miRNA.

Analytical Specificity in the Portable Device. To
further validate the cross-reactivity of our assay, the specificity
of the platform is essential for detecting specific miRNAs
within abundant human saliva samples. We need to inspect the
interferents of the signal of the miRNA assay against the other
two types of miRNA targets, as inferred targets, to investigate
the specificity for evaluating the detection capability. High
concentrations of miRNAs (10 pM) were used in the miR-
1273, miR-296, and miR-29 assays. As illustrated in Figure 3A,
the first row displays results for the NTC sample, showing no
amplification. In the second row, the specificity test for miR-
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Figure 3. Specificity of the assay. (A) ARFU signals of NTC, miR-
1273, miR-296, miR-29, and mixed miRNAs, represented with
different colors. (B) Bar plot of T, values for NTC, miR-1273, miR-
296, miR-29, and mixed miRNAs. 'ND' indicates 'Not Detected’,
meaning the signals did not cross the threshold (4 + 36 = 100.43
A.U.). The gray dashed line represents the threshold.

1273 demonstrates that amplification occurs only with miR-
1273 probes (P1 and P2), while no amplification is observed
with other probes such as miR-296 and miR-29 probes.
Similarly, in the third and fourth rows, specific targets miR-296
and miR-29 only amplify when mixed with their respective
probes. In the last row, a triplex sample containing miR-1273,
miR-296, and miR-29 produces a signal for all probe types in
the ligation-RPA assay, indicating that each target in the triplex
sample is detected by its corresponding probe (for example,
miR-1273 in the triplex mixture is detected by miR-1273
probes P1 and P2). However, slight variations in the initial and
plateau phases of ARFU values, compared to those in Figure
2B—D, may stem from differences in experimental handling,
such as timing of mixing, ice incubation conditions, or reagent
variability, but these factors do not affect the overall assay
specificity, as target miRNAs consistently yield distinct and
selective amplification only with their corresponding probes.
To compare the specificity of each miRNA and the triplex
miRNA assay, we present a bar plot of the T, values for five
cases: NTC, miR-1273, miR-296, miR-29, and triplex samples.
In Figure 3B, the left panel shows that only the miR-1273 and
triplex sample signals were detected, with T, values of less than
2 min. Similarly, the middle panel indicates detection of miR-
296 and triplex sample, while the right panel shows detection
of miR-29 and the triplex sample. The reaction time of miR-
1273 was approximately similar to that of the mixture of
miRNAs. It indicated that the interfering miRNAs did not
affect the miRNA-1273 detection. These results demonstrated
that the miR-1273 assay has a high specificity, accurately
recognizing the target miR-1273. Finally, we investigated the
effects of miR-296 and miR-29 on miR-1273. The results
exhibited 100% specificity of the assay. These results
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Figure 4. Validation of portable extraction and analyzer. (A) Schematic diagram of the workflow, illustrating the process from saliva collection to
the readout of multiplex detection. Portable and benchtop extraction and analyzers are used in the intermediate steps. (B) RFU values from the
benchtop analyzer for six nonsevere and two severe samples, with the threshold set at u + 36 = 7997 A.U. (C) RFU values from the portable
analyzer for the same samples, with the threshold calculated as y + 30 = 100.43 A.U. (D) Comparison of T, values between the portable and
benchtop analyzers, including R* and r values for miR-1273, miR-296, and miR-29, respectively.

demonstrated that our platform successfully analyzes clinically
complex miRNA samples.

Design and Validation of Portable miRNA Extraction.
To evaluate the performance of our assay in detecting the viral
presence in clinical and field scenarios, we conducted an
extended sensitivity comparison against standard benchtop
extraction methods. Using multiplexed miRNA detection on a
portable extraction system, we tested eight clinical samples,
including two severe and six nonsevere cases, with positive
reference concentrations of 100 fM, 10 fM, and 1 fM. Saliva
swabs were collected with DNA Genotek kits (proprietary
nucleic acid solution). Our group developed an integrated
platform with extraction reagents and portable centrifuge
devices to purify miRNAs in saliva. This semi-automated
platform allows users to easily extract miRNAs from saliva.’>>*
We employed the commercial miRNA extraction Kit to extract
all of the miRNAs from saliva to obtain the practical content of
target miRNAs. Figure 4A shows the workflow of multiplex
detection of clinical samples. The process includes saliva
collection, sample extraction using a portable or benchtop
centrifuge, and multiplex detection using a portable or
benchtop analyzer.

First, to compare the performance of our portable analyzer
with that of the commercial Tcan analyzer, we analyzed the
amplification curves generated for the miR-1273, miR-296, and
miR-29 types on a benchtop centrifuge and analyzer. Figure 4B
presents the ARFU signal for all eight clinical samples for three
different miRNAs using benchtop devices. We simultaneously
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targeted 3 different miRNA samples with 3 PC: 100 fM, 10 fM,
and 1 fM, and one NTC. The threshold was set to 7997 A.U.
for this detection. From this threshold, we evaluated the T,
values for all samples. Furthermore, we need to verify the
workability of portable centrifuge device since it is being used
for miRNA samples for the first time. Each sample was divided
into two equal aliquots of 300 uL; one was extracted using a
benchtop centrifuge, and a portable centrifuge was used for the
other. Figure SS presents the total RNA concentrations of 6
nonsevere and 2 severe clinical samples using a NanoDrop, and
the results are compared with those of the benchtop centrifuge.
The portable centrifuge shows a strong linear fit with R* values
of 0.93 and a strong positive correlation with an r value of 0.97.
After successful extraction, we used our portable analyzer to
acquire the RFU signal from the assay.

To demonstrate the quantification capabilities of the
portable analyzer for eight clinical samples, we processed the
miRNA extracted using the portable centrifuge to detect miR-
1273, miR-296, and miR-29. Figure 4C presents the ARFU
signal for all eight clinical samples for three different miRNAs
using a portable extraction and analyzer. The threshold value
was set at 100.43 A.U. Finally, to demonstrate the consistency
between the benchtop and portable systems, we compared the
T, values presented in Figure 4D. The R* values for miR-1273,
miR-296, and miR-29 were 0.90, 0.94, and 0.85, respectively,
with corresponding r values of 0.95, 0.97, and 0.92. These
results confirm the strong concordance between the two

systems, highlighting the capability of portable device to
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Figure 5. Testing of clinical raw salivary samples. (A—C) ARFU signals of miR-1273, miR-296, and miR-29 from 154 clinical samples, including
111 nonsevere and 43 severe cases. The gray dashed line represents the threshold (4 + 36 = 100.43 A.U.). Green and red colors indicate
nonseverity and severity, respectively. (D—F) Calibration plots determine unknown T, values using known T, values. (G) Heat map presenting the
154 clinical samples, with a red-to-green color gradient indicating low to high concentrations. (H—]) Bar plots comparing nonsevere and severe
samples, where *** indicates statistical significance with a p-value <0.001. (K) The ROC-AUC plot shows that combined miRNA testing
outperforms individual and dual combinations miRNA testing regarding AUC values. (L) Barplot to show the comparison of the single, dual, and

combined miRNA testing results.

deliver results comparable to the benchtop system with high
accuracy and reliability. Our results establish the applicability
of the portable extraction system as an alternative to
conventional laboratory methods. The portable analyzer
demonstrated exceptional utility for accurately quantifying
miRNAs. The high sensitivity, specificity, and consistency of
multiplex assay in a portable format make it a valuable tool for
real-time diagnostics of clinical SARS-CoV-2 miRNA samples,
especially in areas where traditional laboratory infrastructure is
unavailable.

Downregulation of miRNAs in Severe Clinical
Samples. To investigate the profiling and prediction of
unknown severe and nonsevere SARS-CoV-2 miRNA, we
tested 154 clinical SARS-CoV-2 samples. The detection of
miRNA in concentrations within the fM level requires high
sensitivity and accuracy.” We tested 43 severe and 111
nonsevere clinical samples with internal PC samples of 100 fM,
20 fM, 10 fM, and 1 fM. Figure SA—C shows the quantitative
measurements of all 154 samples for miR-1273, miR-296, and
miR-29. The results demonstrated that all miRNAs underwent
successful ligation and RPA amplification, with each crossing
the detection threshold. Next, to determine the concentrations
of 154 unknown samples, we utilized PC for calibration. Using
the T, values obtained from PC samples with known
concentrations of 100 fM, 20 fM, 10 fM, and 1 fM, we
calibrated the concentrations of miRNA targets in the 154
unknown severe and nonsevere samples. Figure SD—F presents
the calibration results of miR-1273, miR-296, and miR-29,
respectively. We measured the R* values for miR-1273, miR-
296, and miR-29, which were 0.98, 0.90, and 0.94, respectively,
with corresponding r values of 0.99, 0.95, and 0.97. The result
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indicates that the calibration method is highly accurate and
reliable, demonstrating strong linearity and correlation.

To visualize the concentration profiles of miR-1273, miR-
296, and miR-29, a heat map of 154 clinical samples is shown
in Figure 5G. From the heat map, it is clear that miRNA
concentrations in severe samples are much lower than in
nonsevere samples. The severe samples are reddish, whereas
the nonsevere samples are greenish. The severe miRNA
concentrations are mostly less than 10 fM, whereas the
nonsevere sample has many miRNA variations from 10 fM to
200 fM. Scaling our extraction data (1—200 fM detected in the
10 L test aliquot) by the elution-to-saliva ratio (40 uL of elute
of 350 uL of saliva) places the native clinical saliva
concentration at 11 fM—2.3 pM, confirming that the heat-
map values represent true physiological levels.**™>° Notably,
the saliva of children with severe illness exhibited significantly
decreased miR-1273, miR-296, and miR-29 levels." The miR-
1273, miR-296, and miR-29 are significant early severe SARS-
CoV-2 infection markers. The results show that miRNA levels
in severe cases are less than in nonsevere cases, with most of
miR-1273, miR-29, and miR-296 downregulated.

To differentiate severe and nonsevere samples, we plotted
bar plots and conducted t-tests between them for each miRNA
sample in Figure SH—]J. The p-values are 2.34 X 1077, 5.28 X
1077, and 5.54 X 107% respectively. These results indicate
strong evidence against the null hypothesis, confirming
statistically significant differences among the groups for all
three miRNAs. These results suggest that the observed effects
are highly unlikely to be due to random chance. The mean
concentrations for miR-1273, miR-296, and miR-29 are 66.32
fM, 38.72 fM , and 63.85 M for nonsevere samples, while 6.82
M, 7.47 M, and 4.7S fM for severe samples, respectively. In
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children with severe SARS-CoV-2 infection, the levels of
salivary miRNA are downgraded compared with those with
milder infections, with most miRNAs showing reduced
expression.

Finally, to assess the trade-off between the sensitivity and
specificity of measurement, we evaluated whether detecting a
single miRNA is sufficient or if combining two or three
miRNAs improves assay performance. Figure SK compares
single, dual, and combined miRNA detections, assessing their
receiver operating characteristic (ROC)-AUC plot values
across varying thresholds. To evaluate the AUC for single
miRNAs, we used the raw concentration values of each miRNA
as input features, assigning binary labels (1 for nonsevere and 0
for severe) to the samples. We computed the ROC curve by
plotting the true positive rate (sensitivity) against the false
positive rate (1-specificity) across various thresholds. We
calculated the AUC value to quantify the ability of each
miRNA to differentiate between the two groups. Additionally,
for the dual and combined evaluation of miRNAs, we trained a
logistic regression model using the concentrations of miR-
1273, miR-296, and miR-29 as input features and sample labels
(1 for nonsevere, 0 for severe) as outputs. The model assigned
weights to each miRNA based on its contribution to the
classification and generated predicted probabilities (scores) for
the nonsevere class. These scores were used to compute the
ROC curve and the AUC, reflecting the dual and combined
discriminatory performance of either two or three miRNAs in
distinguishing severe from nonsevere samples. The combined-
miRNA AUC of 0.98 outperforms the dual-miRNA AUCs
(0.95, 0.96, and 0.94) and the individual miRNA AUCs (0.91,
0.88, and 0.87), highlighting the improved accuracy of multi-
miRNA detection, shown in Figure SL. These results indicate
that multiplexing enhances specificity and sensitivity compared
to single-miRNA testing, albeit at a higher cost, but it offers
superior confidence in distinguishing severe miRNA-associated
conditions. Differentiating between nonsevere and severe
samples is crucial for accurately assessing the severity of the
condition of children’s infection with SARS-CoV-2, which can
help in more effective treatment for disease detection in a POC
setting.

B CONCLUSIONS

This work presents an end-to-end portable platform that
enables multiplex femtomolar-level detection of salivary
miRNAs (miR-1273, miR-296, and miR-29) associated with
severe SARS-CoV-2 infection in children. We have developed
an isothermal ligation-RPA assay for multiplexed detection of
miRNAs, using a portable analyzer with a total assay time of 42
min: 2 min for annealing, 10 min for ligation, and 30 min for
RPA. We also developed an eight-channel hand-held analyzer
with eight sample wells to detect and resolve the miRNA at fM
concentrations and a portable extraction device, which is highly
reliable and unlikely to introduce errors. Our assay exhibited
100% specificity for target miRNAs, even in the presence of
interfering targets. Finally, we tested 154 pediatric saliva
samples (111 nonsevere and 43 severe) with internal controls,
revealing that the combined detection of each miRNA down-
regulated in severe cases yields an AUC = 0.98. In future work,
we will eliminate remaining manual liquid-handling steps by
lyophilizing reagents, specific probe design, enabling true one-
pot multiplexing, and integrating lysis, hybridization, ligation,
and amplification into a single “sample-to-answer” cartridge,
advancing toward a fully automated, low-cost, and field-ready
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miRNA diagnostic for point-of-care use. This integration
would simplify the workflow, making our portable analyzer a
powerful tool for the early detection of SARS-CoV-2 miRNAs
in children, particularly in POC settings.

B MATERIALS AND METHODS

Materials and methods are described in the Supporting Information.
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