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ARTICLE INFO ABSTRACT

Keywords: Rapid and sensitive diagnostic methods for infectious diseases are critical for public health management. The
Paper-microfluidic device reliance of immunoassays on humoral immune responses results in lower detection rates during early infection
COYID'lg compared to nucleic acid tests. To address this limitation, we presented a paper-microfluidic platform for rapid
f/?i;aRNA and low-cost SARS-CoV-2 diagnosis that simultaneously detected viral RNA and proteins in saliva. The system
Antibody integrated a streamlined saliva processing protocol, a paper-based colorimetric reverse transcription loop-

mediated isothermal amplification (RT-LAMP) assay for viral RNA detection (LOD: 10 copies/pL; Dynamic
range: 10-107 copies/puL), and a paper-based ELISA (p-ELISA) assay for immunoglobulin titer quantification
(LOD: 0.5 ng/pL; Dynamic range: 0.5-60 ng/uL). Lyophilized reagents ensured operational simplicity and long-
term stability, while results were interpreted visually or via smartphone imaging. The entire assay was completed
within 60 min, with recoveries of 93 %-106 % in saliva samples. By facilitating non-invasive saliva analysis and
concurrent assessment of viral load and antibody titers, this platform will provide a comprehensive diagnostic
solution, particularly valuable in resource-limited settings.

Point-of-care testing (POCT)

1. Introduction

Rapid and sensitive diagnosis of infectious diseases is critical for
protecting public health [1]. Severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), the causative agent of coronavirus disease 2019
(COVID-19), has emerged as one of the deadliest viruses in human his-
tory since its identification in December 2019 [2-4]. Conventional
diagnostic approaches rely on invasive sample collection methods, such
as serum or nasopharyngeal swabs [5-7], which pose practical chal-
lenges. Recent research highlights saliva as a promising and less invasive
alternative for detecting SARS-CoV-2, thereby facilitating the develop-
ment of saliva-based diagnostic tools for COVID-19 [8-10]. Integrating
saliva-derived data with clinical testing could enhance the monitoring of
viral transmission dynamics. It’s noted that the timely identification of
viral nucleic acids and proteins in saliva is pivotal for tracking disease
spread and advancing epidemiological research [11-13]. Therefore,
there is an increasing demand for rapid, sensitive, and cost-effective
diagnostic platforms capable of detecting SARS-CoV-2 nucleic acids
and antibodies in saliva samples.

Nucleic acid amplification tests (NAATSs) enable rapid and sensitive
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viral detection, with quantitative reverse transcription polymerase chain
reaction (RT-qPCR) serving as the gold-standard method for large-scale
COVID-19 diagnosis [14-16]. However, RT-qPCR remains constrained
by its reliance on centralized laboratory infrastructure, expensive ther-
mocyclers, and specialized personnel, limiting its applicability for
point-of-care testing (POCT) [17]. In contrast, emerging isothermal
amplification techniques, such as loop-mediated isothermal amplifica-
tion (LAMP), offer a cost-effective and user-friendly alternative by
facilitating nucleic acid amplification under constant temperature con-
ditions [18-20]. The global rollout of vaccination programs has also
highlighted the need for efficient antibody detection and immune
monitoring [21]. Enzyme-linked immunosorbent assays (ELISAs) are
widely used to quantify anti-spike receptor binding domain (RBD)
immunoglobulin G (IgG) levels, providing insights into neutralizing
antibody trends [22]. However, their dependence on laboratory-based
microplate readers and long analysis times (up to 4 h) restricts their
utility in resource-limited settings.

Microfluidic technology offers a rapid and user-friendly approach for
diagnosis, yet conventional systems often rely on external liquid-driving
accessories, which increase cost and limit portability [23-25]. They also
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face limitations in manufacturing and scalability, primarily due to their
dependence on complex manufacturing process such as photolithog-
raphy. These requirements not only increase production costs but also
hinder large-scale implementation. In contrast, paper-based micro-
fluidics presents a low-cost alternative, enabling the integration of
multiple steps from sample preparation to detection on a single chip
[26-28]. These devices align with the WHO-ASSURED criteria (Afford-
able, Sensitive, Specific, User-friendly, Robust, Rapid, Equipment-free,
and Deliverable) for POCT [29,30]. By leveraging pre-designed
folding sequences to control fluid directionality, paper-microfluidic
devices can be engineered for simultaneous detection of viral RNA and
antibodies in saliva, thereby advancing non-invasive infectious disease
diagnosis.

In this study, we presented a paper-microfluidic platform for rapid
and low-cost SARS-CoV-2 diagnosis that simultaneously detected viral
RNA and proteins in saliva. The system integrated a streamlined saliva
processing protocol incorporating collection, dilution, and lysis, a paper-
based colorimetric reverse transcription loop-mediated isothermal
amplification (RT-LAMP) assay for viral RNA detection using glass fiber
nucleic acid extraction (LOD: 10 copies/pL), and a paper-based ELISA
(p-ELISA) assay for immunoglobulin titer quantification (LOD: 0.5 ng/
pL). The lyophilized reagent formulation enabled operational simplicity
and long-term stability, while colorimetric signals were readable either
visually or via smartphone imaging. The entire assay was completed
within 60 min, providing a faster turnaround compared to kit-based
methods while maintaining 93 %-106 % recovery in saliva samples.
By enabling non-invasive saliva analysis and evaluation of both infec-
tion status (viral load) and immune response (antibody titers), this
platform will provide comprehensive diagnostic capabilities, particu-
larly suitable for resource-limited settings.

2. Materials and methods
2.1. Primer design and RNA synthesis

A plasmid DNA template containing a 601 bp region of the SARS-
CoV-2 ORFla gene (GenBank: NC045512.2) [31] was synthesized
(Thermo Fisher Scientific, USA). The template was amplified by PCR
using a forward primer encoding the T7 RNA polymerase promoter
sequence (5°’-TAATACGACTCACTATAGGG-3’) and a gene-specific
reverse primer (primer sequences are provided in Table S1). After the
resulting PCR amplicons were confirmed on 2 % agarose gel, they were
purified using a Zymoclean Gel DNA Recovery Kit (Zymo Research,
USA). Subsequently, in vitro transcription (IVT) was performed using a
HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs, UK). A
reaction volume of 20 uL (containing 1 ug of the purified PCR products)
was incubated at 37 °C for 2 h. The synthesized RNA transcripts were
then purified using a Monarch Total RNA Miniprep Kit (New England
Biolabs, UK). Both the PCR and LAMP primer sets targeting the ORFla
gene were designed using PrimerExplorer V5 and synthesized by Merck
(Sigma-Aldrich, USA).

2.2. RT-qPCR assay and RT-LAMP assay

The concentration of synthetic SARS-CoV-2 RNA was quantified
using a Qubit 4 fluorometer (ThermoFisher Scientific, USA). A stock
solution of 2.4 ng/uL, equivalent to 4 x 10° copies/uL, was serially
diluted to generate an RT-qPCR standard curve. RT-qPCR reactions were
performed in a 20 pL volume containing 5 pL. TagMan Fast Virus 1-Step
Master Mix (ThermoFisher Scientific, USA), 0.5 pL each of forward and
reverse primer (20 mM), 1 pL EvaGreen dye, 5 pL probe, 3 uL RNase-free
water, and 5 pL. RNA template. Amplification was performed on a
QuantStudio 3 Real-Time PCR system under the following conditions:
initial reverse transcription at 50 °C for 2 min, followed by denaturation
at 95 °C for 20 s, 40 cycles of denaturation at 95 °C for 3 s with
annealing/extension at 60 °C for 30 s, and a final hold at 60 °C for 30 s.
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RNase-free water was included as a negative control in each run.

RT-LAMP assays were performed in both fluorescence-based and
colorimetric formats. For the fluorescence assay, RT-LAMP mixture was
prepared using 12.5 pL. WarmStart LAMP 2 x Master Mix (New England
Biolabs, UK), 0.5 pL fluorescence dye (50 x), 2.5 pL LAMP primers
(Concentrations: 2 pM F3, 2 uM B3, 16 uM FIP, 16 pM BIP, 4 uM LF, and
4 pM LB), 7.5 pL RNase-free water, and 2 pL. RNA template. Reactions
were incubated at 65 °C for 40 min (1 min/cycle) with fluorescence
acquisition on a real-time PCR system. For the colorimetric assay, RT-
LAMP mixture consisted of 10 uL. WarmStart LAMP 2 x Colorimetric
Master Mix (New England Biolabs, UK), 2 pL. LAMP primers, 7 pL RNase-
free water, and 1 pL RNA template. Reactions were incubated at 65 °C
for 40 min in a heat block.

2.3. Microplate-based enzyme-linked immunosorbent assay (ELISA)

Serum levels of IgG antibodies were quantified using an indirect
ELISA format. Recombinant SARS-CoV-2 Spike RBD antigen (Ag; 50 pL
at 1.6 pg/mL in phosphate-buffered saline (PBS)) was immobilized by
coating onto a microplate, which was subsequently incubated at 4 °C
overnight. Control wells were coated with an equivalent volume of
deionized water. Following incubation, the coating solution was dis-
carded, and the wells were washed three times with 200 uL. PBS con-
taining 0.1 % TWEEN-20 (PBST). To block non-specific binding sites,
100 pL blocking buffer (10 % w/v milk concentrate in PBST) was added
to each well and incubated at 37 °C for 1 h.

After another washing step (3 x 200 uL PBST), 100 pL of serially
diluted primary antibody (5-80 ng/mL in PBST) was added to the wells
and incubated. The plate was then washed again (3 x 200 uL PBST), and
100 pL horseradish peroxidase (HRP)-conjugated species-specific sec-
ondary antibody (diluted 1:10,000 in blocking buffer) was dispensed
into each well. Following a final wash (3 x 200 uL PBST), the enzymatic
reaction was initiated by adding 75 uL 3,3’,5,5’-tetramethylbenzidine
(TMB) substrate and incubating the plate in the dark for 15 min. The
reaction was terminated by the addition of 50 pL of 1 M sulfuric acid
(H2SO4). Absorbance was measured at 450 nm using a Varioskan LUX
multimode microplate reader (Thermo Fisher Scientific, USA).

2.4. Paper-based enzyme-linked immunosorbent assay (p-ELISA)

To accommodate the limited saturation capacity of the paper sub-
strate, a modified protocol was developed for the p-ELISA assay. The
paper device was first incubated in a Petri dish containing 5 % (w/v)
bovine serum albumin (BSA) for 30 min at room temperature for
blocking and was stored under the same conditions until use. Following
this pretreatment, 1.5 pL antigen (1.6 pg/mL in PBS) was immobilized
onto each detection zone for 20 min. Unbound antigen was then
removed by performing two washing steps, each using 5 pL PBST.
Subsequently, 2.5 pL primary antibody, followed by 2.5 plL. HRP-
conjugated secondary antibody, were applied to each detection zone.
The specific concentrations and dilutions for both antibodies were
identical to those used in the microplate ELISA described above. Each
incubation step was followed by a washing procedure with 5 uL. PBST to
remove unbound reagents. The device was placed on a piece of absor-
bent tissue to prevent direct contact with the bench surface and to
facilitate capillary action. Finally, colour development was initiated by
adding 2.5 uL. TMB-H,03 substrate solution to each detection zone.

2.5. Saliva treatment

Artificial saliva for pharmaceutical research was purchased from
Merck (Sigma-Aldrich, USA). To mimic saliva samples, 10 pL. SARS-CoV-
2 ORFla fragment (4 x10* copies/pL) was spiked into 90 pL saliva.
Before measuring with relevant assays, samples were pretreated based
on HUDSON (heating unextracted diagnostic samples to obliterate nu-
cleases) [32] as well as an adapted and optimized protocol [33]. A ratio
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of 8 uL Tris-EDTA (pH 8.0), 0.1 pL Rnase inhibitor and 1.9 pL protease K
were mixed to make a dilution buffer for saliva samples. The thermal
protocol used was as follows: initial incubation at room temperature
(20-25 °C) for 10 min, followed by a transition to 65 °C for 10 min, and
finally incubation at 100 °C for 12 min. Alternatively, an RNA purifi-
cation step was performed with an RNeasy Kit (Qiagen, Germany). A
follow-up RT-qPCR assay was performed to ensure the efficiency of
saliva treatment.

2.6. Data analysis

Result images were captured by iPhone 12 and analysed by Fuji/
Image J (National Institutes of Health, USA), and colour quantification
was evaluated using the formula presented Eqs. (1) and (2). Each
detection zone was cropped within a 17 x 17 circle (Image J scale) and
divided into Red (R), Green (G), and Blue (B) channels to measure the
mean grey values. A control (absence of HRP signal) was used as a
reference to estimate the background signal noise, which was subtracted
from the measurements. Herein, the mean grey value was calculated for
each detection zone as in Eq. (1) and Eq. (2):

NAAT: Likely positive

ELISA: Likely positive

IgM antibody IgG antibody

Viral load
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ARGB = \/(R—R0)2+(G—Go)2 + (B —By)* M
RGB = ARGBgs — ARGB¢ 2)

Where R, G, and B are the mean grey values captured for samples on the
detection zone, while Ry, Gy, and By are the mean grey values captured
on the control zone. Furthermore, the negative control (absence of pri-
mary antibody) signal (ARGBc) is calculated and subtracted from ARGB;
to obtain the final RGB intensity. ARGBs stands for the signal produced
by samples, while an ARGB is the signal generated by the control.

3. Results and discussion

3.1. Fabrication and optimization of paper-microfluidic devices
SARS-CoV-2 infection presents a specific diagnostic temporal win-

dow, wherein viral RNA is detectable by RT-qPCR assay within 24-48 h

post-infection, but neutralizing antibodies produced by the adaptive

immune response do not appear until 5-7 days later (Fig. 1a). Inspired

by this challenge, we presented a paper-based microfluidic platform for
rapid and low-cost SARS-CoV-2 diagnosis. This platform detected both
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Fig. 1. Paper-microfluidic platform for SARS-CoV-2 diagnosis. (a) Diagnostic temporal window. SARS-CoV-2 exhibits viral RNA detectable by RT-qPCR assay within
24-48 h post-infection. In contrast, neutralizing antibodies emerge only after 5-7 days via adaptive immune response. (b) Device architecture and fabrication,
including design, wax-printing, baking, and assembly. NAAT module comprised a glass fiber disk, lateral flow channels, and reaction chambers. p-ELISA module
comprised 6 radial detection zones around a central waste reservoir. (c) Operational workflow. Collected saliva underwent dilution and lysis (65 °C, 10 min; 100 °C,
12 min). NAAT detection involved sample application to glass fiber, wash buffer purification, origami folding, elution buffer transfer, and RT-LAMP assay at 65 °C
(40 min). p-ELISA detection involved surface blocking (5 % BSA), RBD antigen immobilization, sequential loading of IgG and HRP-conjugated secondary antibody,
colorimetric development (TMB/H;05), smartphone imaging and quantitative analysis (ImageJ).
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viral RNA and antibodies in a single saliva sample, offering a compre-
hensive solution across the critical early phase of infection.

The foundational design of the paper-microfluidic device for RT-
LAMP assay was adapted from the work of Yang et al. [34]. The
modified paper device comprised five distinct components, each
patterned with hydrophilic (white) and hydrophobic (black) regions.
Rectangular hydrophilic channels (4 mm x 2 mm) were incorporated
for controlled fluid transport, paired with a circular waste absorption
zone (25 mm diameter). Fabrication was achieved via wax printing on
Whatman chromatography paper, followed by heating at 120 °C for
1 min on an isothermal hotplate to melt the wax and define fluidic
channels (Fig. 1b). The design incorporated a filter paper with
wax-defined hydrophobic barriers, a single sided adhesive acetate
film-sealed plastic plate housing five paper spots (3 mm diameter) as
LAMP reaction chambers, and a glass fiber disk (6 mm diameter) for
nucleic acid absorption.

In our optimized design, key modifications were implemented to
improve performance. Paper spots were reduced from 4 mm to 3 mm
diameter to minimize sample volume requirements while preserving
detection sensitivity. Glass fiber disk was enlarged from 4 mm to 6 mm
diameter to enhance nucleic acid adsorption capacity and reduce elution
losses. Channels were narrowed from 6 mm x 3 mm to 4 mm x 2 mm to
shorten the elution path, thereby minimizing nonspecific nucleic acid
adsorption and improving delivery efficiency to reaction chambers.
Waste absorption zone was expanded from 15 mm to 25 mm diameter to
increase waste capacity, reducing contamination risks and operational
complexity. These modifications reduced critical limitations of the
original design, improving nucleic acid recovery and operational
robustness, without compromising analytical performance.

Saliva presents a complex biological matrix containing inhibitors
known to compromise the efficacy of NAATs and immunoassays [35].
Key inhibitors relevant to this study include: mucins that bind RNA and
hinder primer accessibility [36]; nucleases that degrade RNA and reduce
sensitivity [37]; proteases capable of cleaving antibody conjugates in
p-ELISA assay [38]; and polysaccharides that chelate Mg?", a critical
cofactor for RT-LAMP reactions [39]. Furthermore, human genomic
DNA can compete with viral targets for binding sites on glass fibers.
Additional small molecules may interfere with nucleic acid hybridiza-
tion, while other contaminants contribute to nonspecific adsorption.
These inhibitors can diminish analytical performance by inhibiting
enzymatic activity or promoting nonspecific amplification.

Considering the above interfering factors, Fig. 1lc outlines the
streamlined sample processing workflow including saliva collection and
tissue lysis. The thermal protocol comprised an initial 10-min incubation
at room temperature (20-25 °C), followed by a 10-min heating phase at
65 °C, and a final 12-min denaturation step at 100 °C. To mitigate the
interference, saliva samples were subjected to dilution, reducing in-
hibitor concentrations below an interference threshold. The dilution
buffer, consisting of 8 puL Tris-EDTA, 0.1 pL RNase inhibitor, and 1.9 pL
proteinase K, was homogenously mixed to ensure complete sample lysis.
This formulation effectively disrupted mucin networks while concur-
rently preserving RNA integrity.

For the NAAT device, a glass fiber disc was positioned at the center of
panel 1 to serve as the sample application zone. A corresponding hole
was punctured in panel 2 to facilitate the introduction of wash and
elution buffers. A custom-fabricated plastic plate was used to form a
sealed reaction chamber. The assay started with folding and clamping
panels 2 and 3. The processed saliva sample was applied to the glass
fiber disc, followed by the addition of wash buffer (70 % ethanol).
Subsequently, panels 4 and 5 were folded to align panel 1 with panel 2.
Elution buffer (ddH,0) was introduced to elute the nucleic acids from
glass fiber. Finally, the eluted sample spots were affixed to the chambers
to initiate RT-LAMP reaction. This approach ensured a reproducible and
efficient workflow for downstream nucleic acid amplification.

Previous research has explored various designs to adapt ELISA for
paper-based platforms. For instance, Kasetsirikul et al. demonstrated the
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detection of SARS-CoV-2 antibodies on a paper device employing a
double-sided lamination to contain the entire process within a single
zone [40]. Although such mainstream developments may not represent
the optimal configuration, they inspired for our design. A principal
challenge in paper-based immunoassays is reducing non-specific bind-
ing. A novel design utilizing Whatman chromatography paper was
presented in Fig. 1¢, with parameters provided in Fig. ST and Table S2. A
central detection zone was connected via radial channels to a peripheral
waste zone.

Comparative fluid dynamics analysis revealed that a larger detection
zone diameter (Design 1) increased the time required for sample
dispersion to the periphery. This design delayed sample entry into the
channels and resulted in longer processing times, even with the same
channel length. In contrast, designs with identical and smaller detection
zone diameters (Designs 2 and 3) exhibited simultaneous sample arrival
at the periphery. However, the increased channel length in Design 2
increased fluid transport time to the waste zone. Design 3, with a 5 mm
detection zone diameter and a 10 mm channel length, was selected for p-
ELISA assay due to its minimal overall fluid transport time. The final
design consisted of a central waste zone (25 mm diameter) connected to
six smaller detection zones via 5 mm channels.

On the other hand, the p-ELISA device was first incubated in 5 % BSA
for 30 min to block non-specific binding sites and subsequently stored at
room temperature. Following this blocking step, 1.5 pyL antigen was
immobilized onto each detection zone for 20 min. Unbound antigen was
then removed via two sequential 5 uL. washes with PBST. Subsequently,
2.5 pL primary antibody and 2.5 uL secondary antibody were sequen-
tially loaded onto their respective zones, with each immunoreaction step
followed by a PBST wash to remove unbound reagents. Finally, 2.5 pL
TMB-H50, substrate solution was added to each detection zone to
facilitate colorimetric development. The resulting blue colour intensity
was captured using a smartphone camera and quantified using Fuji/
Image J software.

3.2. Sensitivity of fluorescent RT-LAMP assay

The RT-LAMP assay was designed to target a specific region of
ORF1la gene (GenBank: MN908947), with the primer binding locations
detailed in Fig. 2a. A schematic illustrating the molecular mechanism of
LAMP reaction was presented in Fig. 2b. The target sequence was
detected by both RT-qPCR and RT-LAMP assays, confirming the effi-
ciency of IVT reaction (Fig. S2). Furthermore, agarose gel electropho-
resis analysis confirmed the absence of non-specific amplification,
thereby demonstrating the high specificity of RT-qPCR assay.

To validate the compatibility of RT-LAMP assay with paper-
microfluidic device, RNA samples were first analyzed on a thermo-
cycler to establish analytical sensitivity. Serial dilutions of RNA
(4-4 x10° copies/jL) were tested using a FAM-based fluorescence
readout (Fig. 3a). Robust amplification was detected down to 40 copies/
uL, equivalent to 80 copies per 25 pL reaction volume (3.2 copies/uL).
The feasibility for complex biological matrices was further assessed
using spiked saliva samples. For absolute quantification, a standard
curve was generated by RT-qPCR assay for the calculation of recovery
rates. No amplification was observed in untreated saliva samples,
highlighting the necessity for a sample pretreatment protocol to remove
inhibitors. The standard curve exhibited a strong linear relationship
(Fig. 3d). The calculated recovery rates for pretreated saliva samples fell
within an acceptable range of 80-120 % [41], confirming the efficacy of
our sample treatment process.

3.3. Colorimetric RT-LAMP assay on paper-microfluidic device

Fluorescent RT-LAMP assay was adapted for colorimetric RT-LAMP
assay on a paper-microfluidic device to facilitate simple colorimetric
readout visible to the naked eye. All device components were subjected
to UV decontamination for 30 min to maintain sterility. The workflow
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Fig. 2. SARS-CoV-2 genome and molecular mechanism of LAMP assay. (a) Genomic organization of SARS-CoV-2, indicating the location of ORF1a gene. The position
and length of RT-LAMP amplicons are denoted by a dashed arrow. (b) Schematic illustrating the molecular mechanism of LAMP reaction. The process involved auto-
cycling strand displacement DNA synthesis to achieve amplification of the target sequence. The final products consisted of a mixture of stem-loop DNA structures and
targeted inverted repeats, forming a cauliflower-like structure with multiple loops.

involved applying the pre-treated saliva sample to the sample inlet,
where it migrated through the microfluidic channels via capillary action
to elute nucleic acids. The reaction mixture was introduced to initiate
RT-LAMP reaction within the sealed device. Initial validation was per-
formed using higher concentration spiked saliva samples, achieving an
LOD of 200 copies/uL (Fig. S3). Colorimetric analysis revealed no sig-
nificant difference in the colour ratios among positive samples. A sta-
tistically significant difference was observed only between these
samples and a negative control. The detection zone exhibited a defini-
tive color transition from red to yellow within 35 min. ImageJ was
employed to quantitatively assess the correlation between the observed
colour shift and viral load.

The tolerance of RT-LAMP assay to inhibitors in complex matrices
allowed for the omission of purification when testing mimic saliva
samples. However, salivary constituents could still potently inhibit RT-
LAMP amplification. Using a colorimetric readout, the assay success-
fully detected SARS-CoV-2 RNA across a range of 12-276 copies/pL,
yielding an LOD of 28 copies/uL (Fig. 4a). A visible color change from
red to yellow was observed in all positive samples, including the lowest
concentration, while the negative control remained unchanged. This
transition was attributed to the gradual acidification of the reaction
environment caused by proton accumulation during RT-LAMP

amplification [42]. The optimized colorimetric protocol enabled rapid
detection, with results achievable within 35 min.

A critical finding was that a pretreatment method comprising pro-
teinase K and RNase inhibitor (in Tris-EDTA, pH 8.0) significantly
enhanced RT-LAMP sensitivity in saliva, even without RNA purification.
When this pretreatment was applied prior to RT-LAMP assay in tubes,
the LOD was significantly improved to 28 copies/uL. Although the
sensitivity of the device was lower than that of laboratory-based
equipment, its LOD remained clinically relevant for rapid diagnosis, as
the viral loads in most infected individuals far exceeded 200 copies/uL.
A comparable colorimetric saliva assay also reported an LOD of 200
copies/uL [43]. However, that platform employed a lateral flow test
(LFT) format, which was limited to single-plex analysis and suffered
from a longer 60-min incubation time. Successful validation with clin-
ical samples would establish this device as a rapid and less invasive
testing tool.

To explore the potential for semi-quantitative analysis, a reference
colour bar was established based on the hues observed at various target
concentrations and time intervals (Fig. 4b). While the current device
provided a semi-quantitative result, we propose that future iterations
could be engineered for quantitative measurement, potentially through
integration with smartphone-based colorimetry systems as reported
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pL. Data are presented as mean =+ standard deviation (SD) (n = 3). (b) Paper-based colorimetric RT-LAMP assay. Images showed colorimetric responses across
various target concentrations and time intervals. The bottom scale defined the range for positive (yellow) and negative (red) results. NC, negative control.
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elsewhere [44]. The development of a mobile application could enable
rapid and portable data interpretation. To minimize false positives from
amplicon carryover, dUTP and thermolabile uracil-DNA glycosylase
(UDG) were incorporated into the reaction mixture [45]. UDG enzyme
remained active at lower temperatures (25-37 °C), cleaving uracil bases
in any dU-containing amplicons and rendering them unamplifiable.
UDG enzyme was later inactivated at 60-65 °C, allowing the WarmStart
DNA polymerase to amplify the target nucleic acids with uncompro-
mised efficiency.

3.4. In-house indirect ELISA assay on microplate

To establish a quantitative serological assay, an indirect ELISA pro-
tocol was developed for the detection of anti-SARS-CoV-2 IgG (Fig. 54).
Microplate-based format was selected to enable the precise determina-
tion of optimal conditions, which could be translated to a paper-
microfluidic device. Optimization parameters consisted of immobi-
lized antigen concentration, serum dilution factors, and blocking buffer
composition. In Fig. S5, optimal conditions were determined to be an
antigen concentration of 1.6 pg/mL and the use of 10 % (w/v) milk
concentrate as an effective blocking agent. A standard curve relating
absorbance to IgG concentration demonstrated a linear relationship,
defined by the equation Y = 0.0126X + 0.0188 (R? = 0. 989) (Fig. 5a).
The calculated LOD (5 ng/mL) represented an improvement in sensi-
tivity over previous studies (LOD: 3.6 ug/mL) [46,47].

To evaluate the feasibility of using saliva as a diagnostic matrix, its
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potential inhibitory effects were assessed. An initial recovery study
revealed that untreated saliva significantly interfered with specific
antibody-antigen binding. In Fig. 5b, the recovery rates for spiked saliva
samples were outliers beyond the acceptable 80-120 % range [48], with
at least two concentrations exceeding the upper limit of quantification
(ULOQ), indicating substantial matrix interference. To overcome this
limitation, a simple pretreatment protocol was implemented, involving
a 1:1 dilution of saliva in buffer followed by centrifugation at 15,
000 x g and 4 °C for 20 min. This treatment effectively mitigated the
matrix effect, as confirmed by a sigmoidal four-parameter logistic (4PL)
curve fit and supported by quantitative RGB analysis (Figs. 5c, 5d). This
improvement established pretreated saliva as a viable matrix for accu-
rate detection.

To evaluate assay specificity, p-ELISA assay was challenged with the
antibodies against common respiratory viruses. They are considered to
cause cross-reactive symptoms or share structural homology with SARS-
CoV-2, including influenza A and B, Middle East respiratory syndrome
coronavirus (MERS-CoV), severe acute respiratory syndrome coronavi-
rus (SARS-CoV), and four endemic human coronaviruses (HCoV-OC43,
HCoV-229E, HCoV-NL63, and HCoV-HKU1). The assay exhibited high
specificity for SARS-CoV-2, as demonstrated by the negligible absor-
bance in the presence of non-target antibodies (Fig. S6). A known cross-
reactivity was observed with SARS-CoV IgG, due to shared epitopes
within the conserved nucleocapsid protein [49]. The critical need for
such a specific test was highlighted by the symptomatic overlap between
SARS-CoV-2 infection and common colds caused by other coronaviruses
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Fig. 5. Sensitivity of indirect ELISA assay in mimic saliva samples. (a) Standard curve for the indirect ELISA assay. The linear regression was defined by the equation
Y = 0.0126X + 0.0188 (R? = 0.989). (b) Assessment of saliva matrix effects. The reduced linearity and abnormal curve in saliva indicated substantial interference
with antibody-antigen binding (R < 0.8). (c) Validation of matrix interference mitigation. A 4PL curve fit demonstrated excellent recovery for the recombinant
antibody in pretreated saliva (R% = 0.99). (d) Quantification of colorimetric readouts. RGB analysis demonstrated a correlation between colour intensity and analyte

concentration. Data are presented as mean + standard deviation (SD) (n = 3).
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(e.g., cough, fever, and headache), which could lead to misdiagnosis
based on symptoms alone [50] . Our p-ELISA assay provided a rapid and
reliable approach to distinguish SARS-CoV-2 from other prevalent res-
piratory pathogens.

3.5. Viral RNA and antibody detection on paper-microfluidic platform

Although the optimized ELISA assay demonstrated high sensitivity, it
was imperative to align its dynamic range with the physiologically
relevant concentrations of antibodies in clinical samples. Based on the
serological profiles of vaccinated, convalescent, and seronegative in-
dividuals, IgG concentrations in biological fluids can vary significantly.
Reported levels range from 0.6-3.3 ug/mL in convalescent unvaccinated
individuals, rising to a mean of ~88 ug/mL post-vaccination [47]. In
contrast, seronegative individuals typically maintain a baseline IgG level
of ~0.2 pg/mL, irrespective of vaccination status. To ensure the clinical
relevance of our assay, the working concentration range was therefore
calibrated to 0.5-50 pg/mL.

Initial experiments in a microplate format indicated that a 1:1 dilu-
tion of saliva in buffer was sufficient to reduce matrix effects. However,
this dilution rate proved insufficient when transferred to a paper-
microfluidic device (Fig. S5). The salivary matrix continued to hinder
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antigen-antibody binding, likely due to increased viscosity and
nonspecific interactions within the porous fiber network. Quantitative
RGB analysis of the colorimetric output was employed to assess the
performance of different dilution ratios (Fig. 6a). The 1:4 dilution yiel-
ded a non-proportional signal response, particularly at lower antibody
concentrations, confirming its inadequacy for reliable quantification. In
contrast, a 1:10 dilution ratio produced a robust and proportional dose-
response relationship across a clinically relevant concentration range of
0.5-50 pg/mL (Fig. 6b). Higher dilution ratios (1:20, 1:40, and 1:50)
maintained this consistent trend but offered no significant analytical
changes.

These findings were supported by the previous studies. ELISA pro-
tocols for human serum usually employ 1:10 or 1:100 dilutions to sup-
press background interference [51]. Furthermore, our approach was
consistent with precedents for salivary immunoassays (1:10 dilution),
including SARS-CoV-2 Spike IgA detection [52] and autoantibody
diagnosis of autoimmune diseases [53]. Based on consistency for
cost-effectiveness, workflow simplicity, and optimal analytical perfor-
mance, the 1:10 dilution ratio was selected for p-ELISA assay. The
optimized p-ELISA assay exhibited excellent linearity, defined by the
equation Y = 0.41X + 11.07 (R% =0.97) (Fig. 6¢). The calculated LOD
was below 1 ng/pL, with a visually confirmable LOD of 0.5 ng/pL. This
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Fig. 6. Paper-microfluidic platform for saliva diagnosis. (a) RGB colorimetric analysis of SARS-CoV-2 IgG in saliva across six dilution ratios (1:1-1:50). (b)
Representative p-ELISA assay images for IgG detection at 1:10 dilution, tested at concentrations ranging from 0 to 50 pg/mL. (c) Linear regression of RGB intensity
versus IgG concentration (1:10 dilution; n = 3; error bars: mean + SD). (d) Comparative recovery analysis. Left panel: Heatmap of RNA recovery rates (10-10°
copies/pL) via paper-based RT-LAMP assay. Middle panel: Heatmap of IgG recovery (0.5-50 pg/mL) via p-ELISA assay. Right panel: Heatmap evaluating concurrent
RNA/antibody recovery in spiked saliva. 1-3, spiked artificial saliva; 4-6, spiked clinical saliva; RR, recovery rate.
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sensitivity was superior to that of many commercial serum-based ELISA
kits (LOD: 10 ng/pL) [54] and was sufficiently low to distinguish be-
tween immune and non-immune individuals based on salivary antibody
titers.

Compared with a colorimetric paper-based method for the detection
of SARS-CoV-2 antibodies (Dynamic range: 1.0-50 ng/pL; LOD: 9 ng/
pL) [40], we presented a wider linear dynamic range of 0.5-60 ng/pL
with a lower LOD of 0.5 ng/pL. However, antibody assays cannot ach-
ieve detection rates comparable to those of NAATs in the early infection
stages, as humoral responses require a time lag for development after
viral antigen stimulation. The immune response is individualized, as the
antibodies produced by the immune system only reach detectable levels
between 5 days and 2 weeks post-infection. ELISA assay alone was only
employed for confirming active cases of infection or identifying
SARS-CoV-2 immune cases. Therefore, we proposed combining
paper-based NAATs with p-ELISA assay to address the inadequacy of
serological immune-testing for early diagnosis.

To assess the accuracy of our paper-based microfluidic platform for
concurrent viral RNA and antibody detection, spike-and-recovery ex-
periments were performed using both artificial and clinical saliva
(Fig. 6d). For RNA quantification, the paper-based RT-LAMP assay
demonstrated recovery rates of 98.12-105.73 % in artificial saliva and
94.89-103.06 % in clinical saliva. Parallel evaluation of IgG via p-ELISA
assay yielded recoveries of 94.36-102.45 % (artificial saliva) and
92.48-99.67 % (clinical saliva). In addition, SARS-CoV-2 RNA and IgG
were spiked into the same clinical saliva samples to evaluate cross-
interference during co-detection. IgG recovery remained robust
(97.07-102.95 %) in the presence of RNA, while RNA recovery was
minimally affected (93.31-99.82 %) despite antibody coexistence.
These findings demonstrated the platform’s robust accuracy and reli-
ability in complex salivary matrices, while maintaining multiplexed
detection capability without cross-interference.

The reproducibility of our paper-based RT-LAMP assay and p-ELISA
assay was evaluated using intra- and inter-assay coefficients of variation
(CV). Intra-assay CV was defined as the variability among replicate
measurements performed on the same sample within a single paper disc
[55]. Inter-assay CV was defined as the variability among measurements
performed on the same sample using different paper discs. RNA stan-
dards at low (10 copies/pL), medium (10° copies/pL), and high (10°
copies/pL) concentrations were used as analytes. Intra-assay CV values
ranged from 3.5 % to 4.6 %, while inter-assay CV values ranged from
41 % to 5.8%. Antibody standards at low (5ng/pL), medium
(25 ng/pL), and high (50 ng/pL) concentrations were used as analytes.
Intra-assay CV values ranged from 4.3 % to 6.5 %, while inter-assay CV
values ranged from 5.6 % to 7.4 %. These findings indicated that both
paper-based RT-LAMP assay and p-ELISA assay exhibited high
reproducibility.

The long-term stability of paper-microfluidic devices was investi-
gated at 4 °C and room temperature over one month. 10 % (w/v)
trehalose (a non-reducing disaccharide known for its protein-stabilizing
properties) and silica gel bead desiccants were incorporated during
storage to improve analytical performance. For the paper-based RT-
LAMP assay, devices stored at 4 °C exhibited superior stability compared
to those stored at room temperature (Fig. S7). Although stability
declined within the first 1-2 weeks, activity was preserved after one
month at both storage conditions. After 10 days, 93 % and 89 % of
stability were retained at 4 °C and room temperature, respectively.
Similarly, for the p-ELISA assay, devices stored at 4 °C demonstrated
greater stability than those stored at room temperature. After 10 days,
83 % and 76 % of stability were maintained at 4 °C and room temper-
ature, respectively.

Our results were consistent with prior studies, illustrating the storage
stabilizing effect of trehalose. For instance, in a paper-based colorimetric
assay, enzyme activity improved from 3 % to 10 % with trehalose.
Similarly, the half-life of paper-based glucose assay reagents increased
from 11 days to 40-50 days with trehalose [56] . The signal degradation
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during storage may result from protein denaturation during drying,
where evaporating water molecules disrupted the tertiary and quater-
nary structures. This phenomenon agreed with the findings of a 90 %
signal reduction after enzyme storage in paper-based assays [57].
Therefore, our paper-based microfluidic platform exhibited acceptable
stability, making them suitable for long-term storage and transportation,
particularly in resource-limited settings.

The paper-based microfluidic platform could effectively address
salivary inhibitor challenges through sample pretreatment, optimized
architecture, and strategic buffer. Consistent detection limits were
demonstrated for RNA detection (10 copies/pL) and IgG quantification
(0.5 ng/pL) in both saliva and buffer controls, which matched or
exceeded sensitivity of conventional RT-qPCR and ELISA assay. Our
platform also reduced the cost of nucleic acid and antibody detection by
70-80 % compared to standard laboratory-based methods (Table S3).
The dynamic range covered clinically relevant concentrations for RNA
(10-10° copies/pL) and IgG (0.5-50 ng/pL). Comparison with reported
methods (Table S4) revealed that our platform achieved comparable or
superior performance. For instance, a dual RT-LAMP assay achieved an
LOD of 100 copies/pL for SARS-CoV-2 RNA in saliva [58], while an
immunoassay employing variable fragments detected antigens with an
LOD of 3 pmol per assay [59]. Furthermore, a nanosensor utilizing
aluminum oxide reported an LOD of 1 ng/pL for IgG antibodies [60].

Despite the platform’s many advantages, it may suffer from some
limitations of the wax-printed paper substrate. The material properties
of paper, such as its porosity and fiber structure, are different from those
of PCR tubes or 96-well microplates. These differences can lead to non-
uniform fluid distribution following capillary-driven flow, which in turn
introduces variability into the colorimetric readout and complicates
RGB analysis. Future research should focus on several advancements,
including integration of pre-filtration modules to concentrate analytes
and remove inhibitors, investigation into the interactions between filter
paper fibers and protein structure, and exploration of advanced mate-
rials and surface modification techniques (e.g., functional coatings and
cross-linking agents) to improve device robustness.

4. Conclusion

In summary, our study validated a standardized saliva treatment
protocol that rendered this biofluid amenable to analysis on a paper-
microfluidic platform. We demonstrated the feasibility of employing
low-cost, rapid, and multiplexed paper-microfluidic devices to perform
RT-LAMP and ELISA assays for the detection of SARS-CoV-2 RNA and
antibodies in saliva. The sensitivity was comparable to standard RT-
gPCR and commercial ELISA kits, while the entire assay time was
reduced from 5 h to 1 h. These findings highlighted the significance of
adopting POCT strategies that combined NAATs with immunoassays to
improve diagnostic accuracy. Simultaneous analysis can facilitate
determination of the stage of infection and potential patient infectivity,
providing valuable information for classification and treatment. This
paper-microfluidic platform holds great potential for development into a
user-friendly diagnostic kit capable of comprehensively analyzing
infection and immune status, thereby strengthening future public health
management strategies.
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