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ABSTRACT: A fully integrated device for salivary detection with
a sample-in-answer-out fashion is critical for noninvasive point-of-
care testing (POCT), especially for the screening of contagious
disease infection. Microfluidic paper-based analytical devices
(μPADs) have demonstrated their huge potential in POCT due
to their low cost and easy adaptation with other components. This
study developed a generic POCT platform by integrating a
centrifugal microfluidic disc with μPADs to realize sample-to-
answer salivary diagnostics. Specifically, a custom centrifugal
microfluidic disc integrated with μPADs is fabricated, which
demonstrated a high efficiency in saliva treatment. To demonstrate
the capability of the integrated device for salivary analysis, the SARS-CoV-2 Nucleocapsid (N) protein, a reliable biomarker for
SARS-CoV-2 acute infection, is used as the model analyte. By the chemical treatment of the μPAD surface, and by optimizing the
protein immobilization conditions, the on-disc μPADs were able to detect the SARS-CoV-2 N protein down to 10 pg mL−1 with a
dynamic range of 10−1000 pg mL−1 and an assay time of 8 min. The integrated device was successfully used for the quantification of
the N protein of pseudovirus in saliva with high specificity and demonstrated a comparable performance to the commercial paper
lateral flow assay test strips.
KEYWORDS: microfluidic paper-based analytical devices, centrifugal microfluidic disc, salivary diagnostics, SARS-CoV-2,
point-of-care testing

SSaliva is a complex matrix that reflects the hormonal,
immunological, metabolic, and nutritional state of the

body. It is considered to be the most appropriate biological
fluid for scientific investigations in the diagnosis, prognosis,
and surveillance of diseases, alongside the noninvasive and ease
of collection properties.1 Many studies report diseases
signaling salivary biomarkers for local or systemic pathologies
like oral cancer, endocrine and immunologic pathologies,
infectious and neurological diseases, and so forth.2 The
successful rapid screening of salivary severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection has further
highlighted the importance of saliva in convenient/noninvasive
point-of-care testing (POCT). The need for fast, cost-effective,
and reliable methods for saliva investigation has led to high
technological advances in developing sensing tools.3 In most
cases, accurate salivary diagnostics still require a multiple-step
process to alleviate the matrix effects and interferences.4,5

However, the complex matrix with its non-Newtonian behavior
and high viscosity poses handling challenges. Several tedious
and long preanalytical steps, incompatible with the point-of-
need use, are required to liquefy and homogenize saliva
samples before protein analysis can be performed.6

Centrifugal microfluidics provide a lab-on-a-disc platform for
efficient biochemical analysis due to the simplicity, small size,
portability, low cost, and adaptability to various POCT

assays.7,8 Centrifugal microfluidics also play an important
role in the matrix sample preparation individually or in
integrated devices. Harrison and co-workers developed a
centrifugal microfluidic disc performing sample cleanup on
human serum samples for metabolite analysis.9 Veres and co-
workers reported an on-chip nucleic acid extraction assay to
separate plasma from a whole blood sample using a centrifugal
microfluidic platform, allowing for pneumatic actuation of
liquids during rotation. Recently, they integrated RNA
extraction with the active pneumatic pumping and developed
an automated sample-to-answer centrifugal microfluidic system
for rapid molecular diagnostics of SARS-CoV-2 with the
sensitivity of 0.5 copies per microliter, which is highly
competitive to quantitative reverse transcriptase polymerase
chain reaction (RT-qPCR).10 Lander’s group developed a
rapid, simple centrifugal microfluidic device for the isolation of
SARS-CoV-2 RNA that could prepare six samples within 15
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min. However, mixing the sample and nanoparticles was
conducted off-disc, leading to a reduced automation of the
setup.11 To conquer the challenges of salivary diagnostics,
Mitsakakis’ group introduced a magnet-beating method to
realize liquefaction and homogenization for POC protein
analysis.12 This system requires the insertion of a magnet bar
into the sample chamber and the setting of several external
permanent magnets, which result in increased costs and
equipment complexity.
Providing reliable, speedy, early disease diagnosis and timely

treatment are critical and essential for restraining the virus
spread, such as SARS-CoV-2.13,14 RT-qPCR and high-
throughput gene sequencing on the nasal and pharyngeal
swab specimens are the popular methods for the early
diagnosis of SARS-CoV-2.15 These molecular tests are highly
sensitive and specific at detecting viral RNA and are
recommended by WHO for confirming the diagnosis in
individuals who develop clinical symptoms.16 However, these
clinical and conventional approaches require expensive instru-
ments, trained personnel, and close contact between healthcare
workers and patients, posing a risk of transmission of the virus
and causing discomfort or bleeding. Hence, nasopharyngeal or
oropharyngeal swabs are not desirable for the sequential
monitoring of the viral load. The collection of saliva is
noninvasive and greatly minimizes the exposure of healthcare
workers to the virus. Saliva has a high consistency rate of
greater than 90% with nasopharyngeal specimens in the
detection of respiratory viruses, including coronaviruses.17

Therefore, the development of POCT being reliable, sensitive,
selective, portable, and cost-effective for salivary diagnostics
has gained extensive attention in contagious virus screening.
As the most popular POCT platform, paper-based lateral

flow assay (LFA) has been widely used for screening COVID-
19 infection by the detection of virus antibodies IgG and IgM,
and also virus proteins, although it is less sensitive than
molecular tests.18,19 As a result, nitrocellulose (NC) mem-
brane, one of the most important raw materials for making
LFA test strips, is in high market demand, leading to short
supply and super-high price. Additionally, NC membranes are
hydrophobic, flammable, and toxic and might cause environ-
mental concerns.20 Filter paper is a cellulosic material that has
many unique and excellent properties for fabricating
biosensors, such as low cost (a simple μPAD typically can be
manufactured for under $0.01) and rich surface chemistry.
Cellulosic paper shows chiral structures at many levels, from
the chirality inherent in each sugar unit to chiral interactions
between nanocrystals, chiral twisting of microfibrils, and helical
organization of microfibrils in plant cell walls, which can be
modified with various functional groups to introduce proteins,
DNA, or small molecules. Further, the porous structure of
cellulosic paper provides a high surface-to-volume ratio and
increases the number of biomolecules to be immobilized,
leading to improved detection sensitivity.21 Its high flexibility
and deformability facilitate the complex 3D structural
formation and accommodate different printing techniques.22

The unique characteristics of cellulosic paper are its
ecofriendly nature with easy decomposition, impressive
biocompatibility, and potential to provide a strong contrast
to a colored substrate.23 Compared with LFA, μPADs
demonstrate superior performance in quantitative analysis
with various signal readout formats such as colorimetric
techniques, chemiluminescence, electrochemiluminescence,
fluorescence, and electrochemistry.24−26 Recently, we have

developed μPADs for the detection of salivary uric acid,3

human serum albumin,27 dopamine,28 food pathogens,29 and
other biomarkers.30 However, the development of a fully
integrated device for direct real sample analysis remains a
major bottleneck for μPADs to realize a lab-on-a-chip
approach in point-of-care scenarios.
This study integrates μPADs with centrifugal microfluidic

discs to realize the sample-in and answer-out POCT platform
for salivary diagnostics. To evaluate the performance of this
integrated device, the SARS-CoV-2 N protein is used as the
model analyte. This centrifugal microfluidic disc is prepared by
a commercial industry motor, a controller, and a charge supply
to realize the saliva treatment. This μPAD was designed with
sample zone, detection zone, control zone, and waste zone. NC
membranes have a general negative electric charge in neutral
and alkaline aqueous solutions.31 The adsorption of proteins is
caused mainly by multiple electrostatic attractions between the
numerous permanent dipoles (the protein molecule). How-
ever, since the cellulose paper is synthesized by esterification
with lots of hydroxylic groups on the surface, it is neutrally
charged. Thus, it lacks the ability to immobilize proteins.
Various reagents have been applied to treat the cellulosic paper
surface to change their physicochemical properties, like
chemical groups and surface charge, and to enhance their
performances in biosensing.22 Previously, the carboxylic acid
group-terminated silica was used to fabricate the cellulosic
paper, and the resultant μPAD was successfully used for the
detection of hCG with a performance comparable to that of
commercially available pregnancy test strips.20 Poly-L-lysine
(PLL), as a positively charged amino acid polymer, has a large
relative molecular weight and a high density of positive
charges, making it a desirable candidate to immobilize
negatively charged macromolecular proteins based on the
electrostatic interaction.32 Being different from LFA in which
the N protein antibody-labeled AuNP probes were deposited
in the conjugation pad, herein, the probes are premixed with
the sample before being added to the sample zone of μPADs.
The capture antibody against N protein was immobilized on
the PLL-treated detection zone, while the anti-IgG antibody
was fixed on the PLL-treated control zone. In the presence of
N protein, red color will develop on the test zone, and the
color intensity can be quantified by the a portable colorimetric
detector corresponding to the concentration of N-protein.

■ EXPERIMENTAL SECTION
Materials and Methods. Phosphate buffer saline tablets

(Cat#P1000) and D-trehalose anhydrous (IT0870) were purchased
from Solarbio (China). Sucrose (S112231-500g) and potassium
carbonate were purchased from Aladdin (China). Polyvinylpyrroli-
done (ST1614-50g) was obtained from Beyotime (China). Nov-PS-
Ag6 N protein, COV19-PS-MAb2, and COV19-PS-MAb15 were
obtained from Fapon Biotech (China). Goat antibody against mouse
IgG (A102-Ab1) was purchased from Arton (China). Bovine serum
albumin (B2063-50g), polyethylene glycol (PEG, 8210371000),
tris(hydroxymethyl)aminomethane (T3253-250g), chloroauric acid,
Nonidet P 40 (I3021-50 mL), proclin 300 (48912-U), poly-L-lysine
(P5899-5 mg), Triton X-100 (93443-100 ML), and Tween20
(P9416-50 mL) were purchased from Sigma-Aldrich (United States).
Grade 4 qualitative filter papers (Whatman, CAT No.1004-150),
sample pad and conjugation pad (Kinbio, China, RB65), backing pad
(Kinbio, China, SM31-25), and absorption pad (Kinbio, China,
CH37) were used to make μPADs. Nitrocellulose membrane (JJ140)
was purchased from Parabio (China). Instruments for making the
LFA test strips include a guillotine cutter (ZQ2002) and dispenser
(HM3035), which were purchased from Shanghai Kinbio Tech. Co.,
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Ltd., China. UV−visible spectroscopy (UV-1900i, Shimadzu Co., Ltd.,
China) and scanning electron microscopy (FIB/SEM-TESCAN/
SOLARIS GMH) were used to characterize the nanomaterials. SARS-
CoV-2 pseudovirus and commercial YHLO SARS-CoV-2 N protein
test strips were provided by Shenzhen YHLO Biotech.
Preparation of the AuNP Probes. The monodisperse

suspension of AuNPs (40 nm) was prepared, referring to the
bottom-up strategy.33 The prepared AuNPs were stored at 4 °C
before use. AuNPs were fetched out from the refrigerator in advance
and dispersed in Milli-Q water. Potassium carbonate (0.25 M, 16 μL)
was used to adjust the pH of the AuNP solution to 8.4. The anti-N-
protein antibody CoV19-PS-MAb2 (15 μg) was added to the AuNP
solution (1 mL) and incubated in the rotational incubator for 15 min.
After incubation, a 1% BSA solution was applied to block the
unbinding sites on AuNPs and incubated for another 15 min. The
mixture was centrifuged at 4 °C for 15 min with 8000 rcf. The
supernatant was discarded, and the AuNP probes were resuspended
using the resuspension buffer (2 g of sucrose, 2 g of D-Trehalose
anhydrous, 10 mg of PVP, 10 mg of BSA, 50 μL of Tween20, and 10
mL of 0.01 M PBS). The antibody-labeled AuNP probes were stored
in 4 °C before usage.
Fabrication of the Centrifugal Microfluidic Motor System.

The centrifugal microfluidic platform was built and modified with a
commercial industry motor, controller, and charge supply (Figure S1).
A brushless direct current motor (CAN&RS485) with a maximum
rotation speed of 4500 rpm and the corresponding controller with an
operation panel were purchased from BBMOTOR, China. The charge
supply (S-250W-24 V) with an overload and short-circuit protection
was purchased from PHLTD, China. A custom cross-shaped cap was
3D-printed by a Desktop 3D printer (Form3+, Formlab, USA) using
resin (Black V4, Formlab) to adapt the disc to the motor spindle.
Meanwhile, each disc layer was designed with the same cross-shaped
center to fit the 3D-printed cap. The total cost of all parts was less
than US$80 which was much cheaper than a centrifuge. To void
turbulence during spinning, the motor was installed on an optical
table by a custom fabricated steel rack. Alternatively, a custom desk
clamp or a 3D-printed holder, which can be easily installed on the

bench edge, can be developed to hold this motor for point-of-care
detection. The safety shield was made of acrylic sheets.
Disc Manufacture and μPAD Integration. The microfluidic

cartridges used in this study were assembled using multilayer
lamination methods from three layers of poly(methyl methacrylate)
(PMMA) and two layers of pressure-sensitive adhesive (PSA,
Adhesives Research), as shown in Figure S2. The extruded part of
the top layer PMMA was designed to clamp the μPADs. Considering
the thickness difference, a spacer with a proper thickness was placed
before inserting the μPADs to help hold the μPADs in place. Also, the
spacer helped to cover the exposed adhesive PSA layer, making it easy
to insert or remove the μPADs. All disc design (140 mm in diameter)
was completed by Autodesk Fusion 360 software (Education
License). The CO2 laser (DY-33CO2, Dongying laser, China) was
used to create features in both the PSA (126 μm thick) and PMMA
(1.5 mm thick, 0.5 mm thick) layers, which resulted in microchannels
and other small features. Large structures, such as reservoirs for
reagent storage, were patterned in PMMA layers. These layers were
aligned on a custom assembly tool kit. To achieve the most resistant
bonding effect, 60 psi pressure was applied for 1 min by a hydraulic
press (QYYLJ2023, Shunjie (Dongguan) Electromechanical Tech-
nology Co.) for strengthening the bond between the layers. The disc
was constructed of five layers: (1) The base disc layer was a 1.5 mm
thick PMMA layer to provide support to the chambers and reservoirs.
(2) The second disc layer was a 126 μm thick PSA that serves as the
bonding layer between the first layer PMMA and the second layer
PSA. (3) Reagent chambers were configured on the 0.5 mm thick
PMMA layer. (4) Microchannels connected to the main chambers by
a siphon were fabricated on the second 126 μm thick PSA layer. (5)
The top disc layer was a 1.5 mm thick PMMA layer with vent holes
and sample collection reservoirs. Each sample collection reservoir was
covered by an office tape and removed once the collection was
completed. The sample collection reservoir only covered the sample-
spotting area on μPAD, which enables μPAD to be removed easily for
downstream readout in the dark box. The five layers were assembled,
with the alignment realized by alignment holes. Six pieces of μPAD
were inserted into the chamber in each unit reserved for embedding.

Scheme 1. (a) Components of the Centrifugal Microfluidic Disc Including Three Layers of PMMA and Two Layers of PSA; (b)
Photo of the Centrifugal Microfluidic Disc Integrated with μPADs; (c) Dimensions of the μPADs Assembled in the Centrifugal
Microfluidic Disc; (d) Top View of the Configuration of 1st PMMA, 1st PSA, and 2nd PMMA; (e) Bottom View of the
Configuration of 2nd PSA and 3rd PMMA; (f) Assay Process on μPADs for the Rapid Detection of Salivary SARS-COV-2
Nucleocapsid Protein
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Fabrication of μPADs. μPADs were prepared by using a wax
printer (Xerox ColorQube 8570) based on the structure and size in
Scheme 1. A bottom circular area was prepared for sample loading,
and the round shape and large area were suitable for liquid samples to
flow along the channel. The small circles in the middle of the device
were the test zone and control zone, respectively. The relatively
smaller circle compared with the sample area was used for absolute
reaction and concentrating the signal. The small circles in the straight
channel provided a cushion for the liquid to guarantee the chemical to
fully react with the capture antibody on the test zone and the control
zone. The signal carried by antibody-labeled AuNP probes on the test
zone and the control zone will concentrate in the area, providing
visual signal readouts. The absorption area with the largest size was to
ensure the sample to flow along the channel and pass through the test
zone and the control zone. The shape of μPADs was optimized to the
current design to ensure the good flow rate and efficiency. The wax
was printed on #4 Whatman filter paper in the black area, forming
hydrophobic boundaries after melting, confining the solution flow in
the white region. After printing, the filter paper was heated at 120 °C
for 4 min to melt the wax and let it soak into the filter paper, forming
the hydrophobic boundaries. After heating, the printed cellulosic
paper was stuck on the backing pad and stored in a dry and airtight
bag for the next step.

Surface Modification of μPADs. To allow the sample to flow
smoothly, the entire device was first run through a 15 μL of wetting
buffer (0.01 M PBS, 0.01% Triton X-100) and incubated at 37 °C for
10 min. The test zone and the control zone were loaded with 0.3 μL
of 0.0025% PLL in advance so that the capture antibody could be
stabilized in the area. The PLL-treated cellulosic paper absorbed the
capture antibody by the positive charge of the aminobutyl group.
After loading PLL, the μPADs were incubated in an oven at 37 °C for
10 min to evaporate the water on μPADs, followed by the antibody
attachment. COV19-PS-MAb15 (1.6 mg mL−1, 0.3 μL) and goat
antibody against mouse IgG (1.1 mg mL−1, 0.3 μL) were added to the
test zone and control zone, respectively; then μPAD was incubated in
an oven at 37 °C for another 10 min. COV19-PS-MAb15 in the test
zone could bind with the antibody-labeled AuNP probes carrying the
antigen from the sample and display the signal of antigen
concentration in the sample. The goat antibody against mouse IgG
in the control zone could bind with the antigen-free AuNP probe, so
that the signal in the control zone ensured the successful flow of the
sample solution and functionality of the device. To reduce the
nonspecific adsorption and improve the sensitivity of the assay, 15 μL
of blocking buffer (2%BSA, 0.25%Tween20, 2%sucrose, 0.01 M PBS,
pH 7.4) was added to the sample zone to screen out excess
adsorption, followed by the incubation at 37 °C for 10 min.

Figure 1. (a) Schematic diagram of on-disc saliva sample preparation procedures. (b) Time and rotation speed chart for on-disc operations,
including sedimentation in chamber 1, the first siphon prime, sample transfer and mixing in chamber 2, the second siphon prime, product transfer,
and product collection in chamber 3. (c) Photos for crucial on-disc steps including (i) precipitation, (ii) decanting, (iii) mixing, and (iv) sensing.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.3c01093
ACS Sens. 2023, 8, 3520−3529

3523

https://pubs.acs.org/doi/10.1021/acssensors.3c01093?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c01093?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c01093?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c01093?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c01093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Detection of SARS-CoV-2 N Protein. The AuNP probes were
mixed with the antigen (SARS-CoV-2 N protein) solution in a ratio of
1:4. A mixture of 25 μL was loaded into the sample zone and then the
solution flew to the adsorption pad. One of the binding sites of the N
protein in the mixture bound to the antibodies of AuNP probes.
When it flew to the test zone, another binding site on the N protein
bound with MAb15 stabilized on the test zone. Higher amounts of N
protein in the sample enabled more AuNP probes to stay on the test
zone, and the red signal at the test zone was more intense. The red
signal in the test zone was recorded by a smartphone in the black box
8 min after the sample solution was loaded. The color change was
observed with the naked eyes, and the color intensity was analyzed by
the software in the smartphone or ImageJ in the computer. All
measurements were conducted at room temperature.
Detection of SARS-Cov-2 N Protein Spiked in Human

Saliva. The developed device was used to quantify the N protein
levels in human saliva samples collected by using the passive drooling
method. The time for saliva collection was right after getting up in the
morning and before brushing the teeth. The saliva was collected in
front of the mouth; then, the head was tilted forward, and the saliva
was collected into the tube to the marked level. The saliva samples
were then stored at 4 °C until further use on the same day. Various
concentrations of N protein in the phosphate buffer saline containing
0.025% SDS were spiked into saliva samples. The mixed solution was
applied to the sample area of the μPADs, and after 8 min, the images
of the μPADs were taken by a smartphone to quantify the optical
signal on μPADs using ImageJ. The gray value was used as a signal
indicator in the measurement.
Preparation of LFA Paper Test Strips. The sample pad of

paper-based LFA test strips was treated with 0.01 M PBS (0.5% peg
2000, 5% sucrose, 1% BSA, 0.25% Tween-20, pH 7.4) and dried at 37
°C for 2 h. The conjugate pad was treated with 0.01 M PBS (10%
sucrose, 0.25% Tween-20, 0.01% proclin 300, pH 7.4) and dried at 37
°C for 2 h. The NC membrane was assembled on the backplate.
AuNP probes were dispensed on the treated conjugate pad at a rate of
5 μL cm−1 and subsequently baked at 37 °C for 2 h. Then, the goat
antibodies against mouse IgG (1.1 mg mL−1) and COV19-PS-MAb15

(1.2 mg mL−1) were scribed on the NC membrane at 0.5 μL cm−1 to
form the C line and T line, respectively, followed by drying at 37 °C
for 2 h. Finally, the treated sample pad, conjugate pad, and absorption
pad were assembled on the backplate, which was then cut into
individual test strips with 4 mm width. The antigen solution (65 μL)
was loaded on the sample pad, and the reading of LFA was taken after
15 min.
Design of a Smartphone-Adaptable Black Box. The black box

(Figure S3) was printed on a 3D printer with the dimensions of 10 cm
long, 15 cm wide, and 10 cm high. The front of the box has an 8 cm
wide by 1 cm high drawer, to hold the μPAD, and an opening of 3 cm
in diameter on the top for taking pictures by a smartphone.

■ RESULTS AND DISCUSSION
Characterization of the Centrifugal Microfluidic Disc

with μPADs. Figure 1 shows the on-disc saliva sample
preparation procedures. Before starting the rotation of the disc,
5 μL of AuNP probe solution was preloaded on chamber ②,
and the saliva sample was loaded on chamber ① by a pipet. As
shown in Figure 1b,c-i, the solid matrix in saliva formed
sedimentation under centrifugation at 1500 rpm for 5 min.
Then, the rotational speed was slowed down to 5 rpm to make
the first siphon valve prime. The transfer of the supernatant in
chamber ① occurred under a rotation speed of 130 rpm and
was able to complete in 30 s. In chamber ②, the saliva
supernatant was mixed with the preloaded AuNP probes under
oscillation between −500 and 500 rpm for 3 min (Figure 1c-
ii). The saliva samples (25 μL) were fully transferred to the
small reservoir in chamber ③ in 30 s under a rotation speed of
130 rpm (Figure 1c-iii). After 8 min, the photo of the μPAD in
Figure 1c-iv was taken in the black box for the concentration
measurement.
Characterization of μPADs. The chromatic probe was

prepared by adding COV19-PS-MAb2 to AuNPs (40 nm, 0.24

Figure 2. (a) Zeta potential measurement of the AuNPs. (b) UV−vis spectra of bare AuNPs and anti-N protein antibody-labeled AuNPs at
different wavelengths. (c) Images of negative and positive on-disc μPADs. (d) SEM image of cellulosic paper at the detection zone of negative
μPADs. (e) SEM images of cellulosic paper at the detection zone of positive μPADs in different magnifications.
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nM) and then characterized using UV−vis spectroscopy and
the zeta-potential value. The zeta potential of AuNPs was −38
mV due to the presence of negative charge at the surface.34

The zeta potential of AuNPs after labeling with antibodies was
−30 mV, which was consistent with that in the literature35

(Figure 2a), suggesting the high stability of COV19-PS-MAb2-
AuNPs conjugates.36 Compared to the λmax value for bare
AuNPs at 527 nm, the λmax value shifted to 532 nm after the
binding of COV19-PS-MAb2 to AuNPs, which was consistent
with that in the literature37 (Figure 2b), suggesting the
successful binding of antibodies on 40 nm AuNPs. Without the
presence of the SARS-CoV-2 N protein in the sample, no
antigen could bind with the AuNP probe and be captured by
the antibody on the test zone. Further, no signal was present in
the test zone. An obvious red signal would appear in the test
zone in the presence of SARS-CoV-2 N protein in the sample
(Figure 2c). Many AuNPs were distributed homogeneously on
the filter paper surface, as shown in the SEM images (Figure
2e,f), demonstrating a sandwich immunosensor for N protein
detection formed on the test zone.
Factors Affecting the Performance of the μPADs. To

obtain the best chromatic signal from the μPADs, the effect of
various parameters (such as the concentration of antibody-
labeled AuNPs, concentration of antibodies deposited on the
test line, and PLL concentration) on the color intensity of the
test zone was optimized. The volume of the sample on μPADs
and the ratio of AuNP probes to the antigen (N protein
sample) were optimized. As shown in Figure 3a,b, the 25 μL
sample in total containing the volume ratio of 1:4 (AuNP
probes vs antigen) provided the highest signal. Therefore, we
finally determined that AuNP probes were premixed with the
antigen solution at a ratio of 1:4. A high concentration of PLL
may lead to nonspecific binding of the probe to generate a false
signal. A low concentration of PLL may lower the efficiency of
antibody binding in the test zone and then influence the
sensitivity negatively. Figure 3c shows the response of the
μPADs treated with different concentrations of PLL (0.00125,
0.0025, 0.005, and 0.01%). The ratio of 0.0025% yielded the
highest signal intensity, and therefore, it was chosen as the
optimal value in this study.
COV19-PS-MAb2 at different concentrations (4, 8, 12, 15,

and 20 μg mL−1) was used for the preparation of AuNP probes
(Figure 3d). The signal intensity (gray value) at a
concentration of 15 μg mL−1 was similar to that of 20 μg
mL−1, as most of the probes were connected to the test zone
and the control zone. Therefore, 15 μg mL−1 was considered
the optimal COV19-PS-MAb2 concentration. In addition,
μPADs with different concentrations of antibodies (0.4, 0.8,
1.2, 1.6, and 2 mg mL−1) encapsulated on the test zone were
prepared. The N protein samples (100 pg mL−1) were then
added to the prepared μPADs to study the effect of antibodies
on the signal intensity. It was observed that 1.6 mg mL−1

provided roughly the same signal intensity as 2.0 mg mL−1 and
was therefore used as the optimal concentration (Figure 3e).
To find the optimal reading time for the analysis, 25 μL of
sample containing 100 pg mL−1 N protein was applied to the
μPADs, and readings were recorded using different time
intervals (2, 4, 6, 8, 10, and 12 min). As shown in Figure 3f, the
signal reached its highest value after 8 min, which was
determined as the optimal reading time for analysis. In order to
reduce the nonspecific adsorption and improve sensitivity,
wetting buffer and blocking buffer were used for processing
μPADs. It was obvious that after the wetting buffer and

blocking buffer processing, the difference between 0 and 50 pg
mL−1 gray values was much larger (Figure 3g,h). The signal-to-
noise ratio of the experimental group was enhanced
significantly compared to the control group.
Calibration Curve of SARS-Cov-2 N Protein Detec-

tion. After the N protein was loaded, the N protein bound to
the AuNP probes according to the antigen and antibody
interaction. The nanocomplex flew to the test zone and was
captured by antibodies located in the test zone with the
assistance of PLL. The N protein interacted with two types of
antibodies by two different binding sites and formed a

Figure 3. (a) Response of the device with different volumes of the
sample on μPADs. (b) Response of the device with different ratios of
probes to the antigen on μPADs. (c) Response of the device with
different concentrations of PLL on μPADs. (d) Response of the
device at various concentrations of antibody-labeled AuNP probes.
(e) Response of the device at different concentrations of antibodies
on the test zone of μPADs. (f) Assay time optimization. (g) Response
of the device treated with or without the wetting buffer. (h) Response
of the device treated with or without the blocking buffer (error bar is
the standard deviation, n = 3).
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sandwich structure. The red signal carried by AuNPs was
displayed on the test zone with the sandwich structure
nanocomposite, which was proportional to the amount of N
protein in the sample. Different concentrations of N protein
samples (0−1000 pg mL−1) (25 μL) were added to the μPADs
and incubated for 8 min to generate a calibration curve for the
detection of SARS-CoV-2 N protein. After incubation, the
μPADs were placed in the black box to obtain a photo, and the
color intensity was analyzed by ImageJ. Figure 4a shows the
images of μPADs for the detection of N proteins at different
concentrations (0, 10, 50, 100, 200, 300, and 1000 pg mL−1).
The gray value increased with the concentration of N protein.
The calibration curve demonstrated a clear positive propor-
tional relationship between the concentration of N protein and
the gray value, with the lowest detectable concentration of 10
pg mL−1 (Figure 4b), which is similar to that of LFA,

indicating that the assay demonstrated similar detection
performance to that of LFA (Figure 4c).
Specificity of the Integrated Device for the Detection

of SARS-CoV-2 N Protein. To investigate the specificity of
the on-disc μPADs, the device was tested in the presence of
several interference reagents, such as Streptococcus pneumoniae,
Escherichia coli, M pneumonia, respiratory syncytial virus,
influenza virus A (H3N2), and influenza virus B (Victoria),
respectively. The response of the device to different
interference reagents is illustrated in Figure 4d, and it shows
that the gray value of these signals generated by the
interference reagents was much lower than that of the target
analyte N protein (<mean of blank +3σ, σ is standard
deviation). Most of the interference showed an almost
negligible signal with respect to the signal of N protein. It

Figure 4. (a) Image of μPADs with different N protein concentrations. (b) Calibration curve for the detection of SARS-CoV-2 N protein with a
linear range on μPADs (0−1000 pg mL−1). (c) Calibration curve for the detection of SARS-CoV-2 N protein with a linear range on LFA (0−1000
pg mL−1). (d) Response of the device under different interference reagents. (e) Comparison of the response of the device and commercial YHLO
SARS-CoV-2 N protein test strips for the detection of pseudovirus (error bar is the standard deviation, n = 3).

Figure 5. (a) Calibration curve of SARS-Cov-2 N protein spiked in saliva on μPADs with the adsorption pad on the waste zone (error bar is the
standard deviation, n = 3). (b) Image of the centrifuge microfluidic disc with μPADs applied with SARS-Cov-2 N protein at different
concentrations in saliva and the quantification results of six on-disc μPADs for the detection of SARS-Cov-2 N protein spiked in saliva.
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suggests that the on-disc μPADs has a high specificity for the
detection of SARS-CoV-2 N protein.
Validation of the Integrated Device by the Detection

of Pseudovirus. To assess the validity of the on-disc μPADs
for the detection of SARS-CoV-2 N protein, SARS-CoV-2
pseudovirus (20, 40, and 80 times dilution and blank control)
(25 μL) was detected by the integrated device. The high ratio
of signal-to-noise (S/N) indicates the functional validity of the
device (Figure 4e). Compared with the commercial YHLO N
protein test strips, μPADs showed a high degree of
differentiation from the blank control (Figure 4e). The device
could differentiate the SARS-CoV-2-inactivated virus and
present a color gradient with respect to the virus concentration
difference.
Calibration Curve of SARS-CoV-2 N Protein Detection

in Saliva. To assess the practicality and accuracy of the
prepared colorimetric LFA test strips, different concentrations
of N protein (0, 10, 20, 50, 100, 200, 500, and 1000 pg mL−1)
were added to the negative saliva, and the levels were then
measured (Figure 5a). Saliva contains protein and many ions
that make it very viscous.38 To demonstrate the efficacy of the
developed centrifugal microfluidic disc for saliva treatment, the
μPADs without being assembled on the disc were used to
study the flow of AuNP probes after adding saliva samples in
different dilutions (Figure S4a). It was observed that AuNP
probes after the addition of 100% saliva sample without N
protein could not move along μPADs and could move
smoothly with 25% saliva sample with the aid of an adsorption
pad in the waste zone. However, a significant nonspecific
adsorption was observed. However, 25% saliva containing
0.025% SDS could reduce specific adsorption while maintain-
ing a smooth flow on μPADs (Figure S4b). However, upon
removing the absorption pad from the μPADs, the flow of the
sample slows down, and nonspecific adsorption reoccurred in
the test zone, leading to a noticeable decrease in sensitivity
(Figure S4c). Thus, the additional adsorption pad and 0.025%
SDS together were able to decrease the nonspecific adsorption
on μPADs without the aid of a centrifugal microfluidic disc. In
order to realize the POCT, saliva treatment, addition of AuNP
probes, and automated mixing were combined to the
centrifuge microfluidic disc with μPADs (Figure 5b). Different
concentrations of the SARS-COV-2 N protein in saliva (0, 10,
20, 40, 80, and 160 pg mL−1) were tested on the centrifugal
microfluidic disc with μPADs. As shown in Figure 5b,
nonspecific adsorption was not observed on on-disc μPADs,
and the saliva flew smoothly without the addition of the
additional adsorption pad in the waste zone. A similar
sensitivity (10 pg mL−1) was achieved to that based on N
protein in PBS solution. The performance of the device is
compared with other methods for the detection of SARS-CoV-
2 N protein (Table S1). The integrated device shows the
shortest assay time while providing noninvasive POCT in a
sample-in-answer-out fashion. Saliva is treated as a mirror of
our body health, and thus the detection of biomarker in saliva
is essential in disease diagnosis. Saliva volume and biochemical
composition differ among individuals; these parameters are
influenced by age,39 sex,40 and diet.41 Thus, salivary sample
handling criteria need to be standardized. To obtain an
accurate and reliable comparison of salivary analysis in
different laboratories, the time point of saliva collection and
other factors need to be specified.42 To minimize variables, a
fixed method of saliva collection was used in this study, and the

effect of different factors on salivary diagnostics will be
reported in our next study.

■ CONCLUSIONS
Development of an integrated point-of-care device with the
function of both sample treatment and analysis is critical for
providing an overall strategy to control the COVID-19
pandemic or other contagious diseases with assured quality,
safety, affordability, and performance. Considering the high
cost and environment concerns of the NC membrane used in a
LFA, which is the main type of POCT device for early disease
diagnosis, we developed the cellulosic paper-based μPADs
which were integrated with a centrifugal microfluidic disc
system to enable rapid and efficient salivary daignostics.
μPADs as the second generation of LFA, replaced the NC
membrane with cellulosic paper to realize the comparable
sensitivity but with low cost and short assay time. Semi-
quantitative measurement by the analysis of the colorimetric
signal on the μPADs can be performed by accompanying a
black box and the smartphone photography with the lowest
detection limit of 10 pg mL−1. The integrated device was
specific to the detection of SARS-COV-2 N protein and
showed comparable performance to that of commercial LFA
test strips using the SARS-CoV-2 pseudovirus. Combining the
centrifugal microfluidic disc with the μPADs allows saliva to be
processed and tested for sample-in-answer-out results. This
fully integrated device for saliva treatment and analysis
provides massive potentials in noninvasive POCT for early
screening of contagious diseases, especially in the resource-
limited settings.
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