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In recent years, paper-based nucleic acid sensors have been demonstrated for the ability to detect DNA and RNA
molecules extracted from viruses and bacteria. In clinical samples, these nucleic acids are mostly encapsulated in
lipid membranes and need to be released before being analyzed using paper-based sensors. For the nucleic acid
amplification tests (NAATS), it is also desirable to remove the interfering molecules that can inhibit the nucleic
acid amplification. To achieve a field deployable NAAT, we report a portable sensor system that combines the
thermolysis and paper-based NAATS to detect target RNA molecules carried by viral and exosomal nanoparticles.
The sensor cartridge includes a lysis chamber with a pressure-controlled diaphragm valve, paper flow channels,
and three paper-based NAAT reaction chambers to extract, transport, and detect nucleic acids respectively. A
compact instrument was prototyped to automate the assay, collect fluorescence images of the nucleic acid
amplification, and generate amplification curves for NAATs. The pump-free and paper-based sensor achieved
quantitative analysis of influenza A virus (IAV) RNA and exosome microRNA within 1 h, with the lowest detect
concentration of 10* TCIDso/mL and 10° EV/mL for IAV and exosome, respectively. Owing to the advantages of
easy storage, simple operation, and low cost, such as system has great potential to be used as a point-of-care test

for in-field diagnosis of viral and bacterial infections.

1. Introduction

Paper-based sensors are widely used as a point-of-care test (POCT)
for disease diagnosis in resource limited settings. Advantages of paper-
based POCTs include, but are not limited to, ease of use, low price due
to the use of disposable sensors, capability of reagent storage in paper,
and integration of sample loading, transportation, and separation step
for fast return of test results (Liana, 2012; Noviana et al., 2021; Yamada
etal., 2017; Kaur and Bhushan, 2018; Liu et al., 2019, 2020, 2021, 2022;
Gao et al., 2020). The later flow assay (LFA) built upon paper strips have
been successfully implemented for the detection of a variety of analytes,
such as antigens and drug compounds (Posthuma-TrumpieGeertruida
and KorfAart van Amerongen, 2009; Parolo et al., 2020; Carrell et al.,
2019; Zhao et al., 2016). The best-known application of LFA is the home
pregnancy test for human chorionic gonadotropin in urine samples
(Nguyen et al., 2020; Lee et al., 2013). More recently, during the
COVID-19 pandemic, the quick home tests of COVID infection pre-
dominately reply on LFA sensor for detection of SARS-CoV-2 antigens
(Hsiao et al., 2021; Roda et al., 2021; Oh et al., 2022; Grant et al., 2020).

In contrast to the micro-total analysis systems enabled by micro-
fluidic technologies with well-designed pumps, mixers, and valves, the
paper-based sensors’ capability of processing samples is still limited
(Cunningham et al., 2016; Mahato et al., 2017). For example, it is
challenging to detect nucleic acids carried by micro- and
nano-organisms using paper-based sensors, since the nucleic acids are
wrapped in lipid membranes. Upstream lysis and nucleic acid extraction
processes are required before the paper-based sensor can be imple-
mented to quantify the target DNAs or RNAs. Although some works
showed that the lysis step can be combined with the nucleic acid
amplification tests (NAATS), such as quantitative polymerase chain re-
action (qQPCR) or loop-mediated isothermal amplification (LAMP) assays
for the detection of SARS-CoV-2 viruses, the inferencing molecules cause
large variations in the test results (Vasudevan et al., 2021; Wee, 2020;
Thompson and Lei, 2020). It is highly desirable to lyse lipid membranes
and release nucleic acids from cells or viruses for quantitative analysis.

Common lysis methods include thermal, chemical, lysozyme, or
bead-beating treatments that can disrupt the lipid membranes (Grigorov
and KirovMarin, 2021). The chemical and enzymatic treatments are

* Corresponding authorDepartment of Electrical and Computer Engineering, Iowa State University, Ames, IA 50011, USA

E-mail address: menglu@iastate.edu (M. Lu).

https://doi.org/10.1016/j.bios.2023.115114

Received 3 November 2022; Received in revised form 15 January 2023; Accepted 30 January 2023

Available online 1 February 2023
0956-5663/© 2023 Elsevier B.V. All rights reserved.


mailto:menglu@iastate.edu
www.sciencedirect.com/science/journal/09565663
https://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2023.115114
https://doi.org/10.1016/j.bios.2023.115114
https://doi.org/10.1016/j.bios.2023.115114
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2023.115114&domain=pdf

J. Qian et al.

simple but require additional steps to extract nucleic acids and remove
the chemicals that interfere with the downstream NAATSs (Al-Soud et al.,
2001; Svec et al., 2013). The mechanic disruption lysis processes require
a homogenizer and are not suitable for POCT applications. In contrast,
thermolysis is capable of lysing cells and viral nanoparticles by a simple
heating process without introducing potential PCR inhibitors. The use of
thermolysis in a paper-based POCT system can significantly simplify the
detection of RNAs encapsulated by lipid membranes, enable quantita-
tive analysis, and offer improved repeatability.

This paper reports the integration of pump-free nucleic acid extrac-
tion and a paper-based sensor for the detection of RNAs wrapped in lipid
nanoparticles, such as viruses and exosomes. The sensor cartridge, as
shown in Fig. 1, includes a thermolysis chamber with a pressure-
controlled diaphragm valve, a paper fluidic channel, and three paper-
based reaction pads, in which the assay reagents are stored. Users only
need to load samples into the thermolysis chamber, and an Arduino
microchip manages two heaters and acquires fluorescence images to
execute the entire assay. During a test, the samples in the thermolysis
chamber, were heated to release nucleic acids and evaporated through
the nozzle at the center of the diaphragm. The sample vapor is subse-
quently collected by the paper strip and transferred to the reaction pads
for the detection of target nucleic acids. Two isothermal amplification
approaches, LAMP and exponential amplification reaction (EXPAR),
were implemented for the detection of RNA in influenza A virus (IAV)
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and microRNA (miRNA) carried by macrophage-derived exosomes
(Fig. 1(f) and (g)), respectively. The pump-free and paper-based system
can extract nucleic acids and quantify their concentrations within 1 h.

2. Experiments and methods
2.1. Materials and reagents

All DNA oligonucleotides were ordered from Integrated DNA Tech-
nologies Inc.. The WarmStart LAMP master mix (E1700L), SYBR-green
fluorescence dye (B1700S), LAMP reaction buffer (NEBuffer™ 3.1,
B7203S), and nicking endonuclease (Nb.BsrDI, R0648S) were purchased
from New England Biolabs Inc.. Diethylpyrocarbonate (DEPC)-treated
water, Tris-EDTA (TE) buffer, trehalose, and bovine serum albumin
(BSA) were obtained from Fisher Scientific. The single strand binding
(SSB) protein and filter papers were purchased from Sigma Aldrich Inc.
and SteriTech Inc., respectively. The microcontroller (ESP32), CMOS
cameras (OV2640), blue LEDs (732-4966-1-ND), and a LED driver
(HV9803BLG-GCT-ND) were bought from Digi-Key Electronics. The
excitation (FGB25) and emission filters (FGL530) were obtained from
Thorlabs Inc..
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Fig. 1. Schematic diagram of the pump-free sensor
chip for nucleic acid extraction and detection. (a)
Assembled sensor cartridge attached to a thin-film
heater and TEC to for thermolysis and nucleic acid
amplification processes, respectively. (b) Exploded
view of the sensor cartridge with the paper-based
flow channel and NAAT reaction pads. (c) and (d)
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2.2. Design and fabrication of sensor cartridge

The sensor cartridge consists of a thermal lysis compartment, a
channel for lateral sample transport, and three chambers for nucleic acid
amplification and detection, as shown in Fig. 1(a) and (b). These three
components are connected using a patterned paper strip (Fig. 1(e)). The
thermal lysis compartment relies on a diaphragm valve to control the
evaporation of samples. As illustrated in Fig. 1(c) and (d), the dia-
phragm seals the lysis chamber and a micro nozzle perforated at the
center of the diaphragm is designed to release vapors when the chamber
exceeds a given threshold. During a thermal lysis process, a thin-film
heater is used to heat up the lysis chamber, lyse the viruses or exo-
somes, and evaporate the lysed sample through the nozzle. The vapor
that passes through the nozzle is immediately absorbed by the paper
strip and transferred towards the reaction chamber. The dimension and
material of the diaphragm were carefully chosen and optimized using
simulation to achieve the chamber pressure of 10 kPa at 10 min. The
thickness and outer diameter of the diaphragm valve are 0.5 mm and 15
mm, respectively. The micro nozzle has a thickness of 1.2 mm and inner
diameter of 1 mm. The diameter and depth of the thermolysis chamber
are 20 mm and 4 mm, respectively. The paper strip channel has a length
of 15 mm and a width of 2 mm. The diameter of the nucleic acid
amplification reaction chambers is 5 mm. The disposable sensor car-
tridges were 3D-printed with a biocompatible nylon by Shapeways Inc.

2.3. Isothermal NAATs and reagents

The exosomal miRNAs and viral RNAs were detected using the
exponential isothermal amplification (EXPAR) and LAMP assays,
respectively. Both EXPAR and LAMP are well-established miRNA
detection assay and their amplification mechanism are summarized in
Fig. S1. The EXPAR assay amplify target miRNAs utilizing a single-
stranded DNA (ssDNA) template, whose sequence consists of two iden-
tical miRNA sequence (Qian et al., 2022). Briefly, the target miRNAs can
anneal to the 3’ end of the ssDNA template and be extended by a
strand-displacing DNA polymerase (Bst2.0) to produce a
double-stranded DNA (dsDNA) amplicon. After being restricted by the
nicking enzyme at the center, both left and right half of the replica can
function as a primer to produce more dsDNA amplicons, which is
quantified using a dsDNA binding dye (SYBR-green). Hongxia Jia et al.
demonstrated the EXPAR miRNA assay that can distinguish one base
difference such as let-7 family miRNAs (Jia et al., 2010). The EXPAR
reagent consists of the SSB protein (2 pM), RNase inhibitor (0.8 U/puL),
SYBR-green dye (0.4 pg/mL), WarmStart Lamp Master Mix, and nicking
endonuclease (0.4U/pL). The ssDNA template sequence for the detection
of exosomal miRNA223 is listed in Fig. S2. The ssDNA templates (0.2
pM) and reagents were mixed in the DEPC-treated water. The LAMP
assay uses six pairs of primers (Fig. S2) and the same displacement DNA
polymerase, to amplify a target sequence (Moranova et al., 2022). The
LAMP reagent consists of SYBR-green dye (0.4 pg/mL), LAMP master
mix, three pairs of primers. During a LAMP reaction, the reverse tran-
scriptase in the LAMP Master mix can generate complimentary DNA
from the viral RNA. The LAMP primer pairs were designed to amplify the
hemagglutinin (HA) gene of the influenza A virus (Manmohan Parida 1
et al., 2011; Diaz et al., 2013). Both EXPAR and LAMP reagent compo-
sitions were optimized based on our previous work (Liu et al., 2020;
Qian et al., 2022).

2.4. Paper-based lateral flow channel and reaction pads

The evaporated sample was condensed and collected using a cellu-
lose paper strip (Fig. 1(c)) placed right above the nozzle. The 100-pm
thick cellulose paper was patterned using a cutter to the channel shape
as shown in Fig. 1(e). The vapor collection region has a diameter of 12
mm and the diameter of the reaction pads is 5 mm. The glass microfiber
filter is chosen as the reaction pad to reduce background fluorescence
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signal. The reagents required for the isothermal assays were lyophilized
in the glass microfiber reaction pads using a freezing dryer. In order
reduce non-specific absorption loss of EXPAR or LAMP reagents, the
reaction pads were treated using 1 mg/mL BSA for 1 h and dried over-
night. To improve the stability of the reagents, 10% of trehalose was
added prior to the lyophilization (Kumar, 2020). Each 5-mm reaction
pad was loaded with 7 pL reagents and lyophilized at —40 °C for 24 h.
Finally, the paper strip and three reaction pads were assembled and
sealed in the sensor cartridge. The unused reaction pads containing
assay reagents were stored in a vacuum-sealed bag under room tem-
perature ~23 °C. For the test performed during a two-month period, no
change was found in the RNA amplification capability. As reported in
(Kumar, 2020), the reaction pads should be stable for over a year.

2.5. Preparation of exosome and virus samples

Exosomes used in this study were secreted by murine macrophages
(J774.1 cell line, ATCC) and extracted using the conventional ultra-
centrifuge method (WangWang et al., 2018). In brief, the exosomes were
sampled from three macrophage phenotype cultures when macrophage
reached 90% confluency. The samples were filtered using a 0.22-pm
filter to remove cells and debris and then centrifuged at 120,000 xg for
90 min. The pellet of exosome was resuspended in PBS and transferred
into a 1.5 mL centrifuge tube for another 2 h centrifugation at 186,
000xg at 4 °C.

The IAV samples were propagated and isolated in MDCK cells (CCL-
34, ATCC) following a published protocol (Manmohan Parida 1 et al.,
2011). This IAV isolate stock had an infectious concentration of 107
median tissue culture infectious dose per mL (TCIDso/mL). The IAV
clinic samples, including oral fluids, nasal swabs, and lung tissue ho-
mogenates, were obtained from the Veterinary Diagnostic Laboratory of
Iowa State University. The clinic samples were analyzed using the
conventional RT-qPCR and paper-based LAMP assays to determine the
IAV concentrations. TEM images of exosomes and IAV samples are
shown in Fig. S3.

2.6. Compact and portable readout instrument

A compact reader, shown in Fig. 2, was prototyped to control the
sample lysis, nucleic acid extraction and detection processes. The sensor
cartridge, heaters, and fluorescence detector were installed in a 3D-
printed housing. In addition, a fixture (Fig. 2(b)) was also 3D-printed
to hold the lysis chamber and sensor cartridge together. The lysis
chamber was heated using a 9-W thin-film heater without a temperature
control. Because the reaction chambers require more a precise temper-
ature setting, we used a 30 x 30 mm thermoelectric cooler (TEC) and a
thermocouple  (K-type, Omega Engineering). A  proportio-
nal-integral-derivative control was implemented to maintain the
reactor temperature within £0.1 °C using an ESP32 microcontroller.

The fluorescence detector, consisting of the blue LED array (P = 360
mW), CMOS camera, ESP32 microcontroller and optical filters, was built
to measure the SYBR-green emission. The ESP32 microcontroller can
turn on and off the LEDs, acquire images from the CMOS camera, and
transfer the images to the cloud data storage via a WiFi network. During
a test, the fluorescence images were captured every 30s and transmitted
to a Google Drive folder and processed using a Python script to generate
the amplification curves.

3. Results and discussion
3.1. Heat-driven lysis and transportation of lysate

The thermolysis chamber was designed to release nucleic acids and
deliver the lysate to the paper strip, as shown in Fig. 1(c-e). Before being

used to detect RNAs, the operation of the diaphragm valve and the
sample transportation were studied. The goal is to choose the diaphragm
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Fig. 2. Portable detection setup enabled by IoT technology. (a) Schematic of the 3D-printed housing for sensor cartridge, heaters, and fluorescence detector. (b)
Photo of the sensor cartridge placed inside of a fixture. (c) Photo of the assembled housing with the microcontroller, LED, and camera for fluorescence detection.

geometry that can support chamber temperature and lysis time to ach-
ieve a high lysis efficient. In the meantime, the heat generated at the
lysis chamber should not affect the assay reagents stored in the reaction
chambers. The paper flow channel used to connect the lysis and reaction
chambers was designed to ensure sufficient spatial separation, as well as
a rapid sample delivery between the chambers.

3.1.1. Simulation of diaphragm valve displacement

To determine the dimension of the diaphragm, the displacements of
diaphragm membrane with different geometries were simulated using
the finite element method (FEM) simulation (Solid Mechanics Model,
COMSOL MultiPhysics). The tensile modulus and tensile strength for the
nylon material are 1.6 GPa and 48 MPa, respectively. When the 1-mL
lysis chamber is filled with liquid sample and heated to 85 °C, the
vapor pressure in the chamber can reach approximately 10 kPa. Fig. 3
(a)-(c) shows the simulated displacement of a nylon diaphragm with the
thickness of diameter of 0.5 mm and 15 mm, respectively. A boundary
load pressure of 10 kPa was applied from the bottom side of the dia-
phragm and the other boundaries were fixed. At the center of the dia-
phragm, the maximum displacement of 0.27 mm along the y-axis can be
obtained (Fig. 3(b)). It can be seen from the cross-section view in Fig. 3
(a) that this displacement can lift the nozzle and allow the vapor to exit
the lysis chamber. Fig. 3(c) compares the simulated displacement as a
function of diaphragm thickness from 0.4 to 1 mm. The increase of
diaphragm thickness significantly reduces the displacement. On the
other hand, a diaphragm thinner than 0.5 mm can open the nozzle too
soon even before the sample is fully lysed. To maintain a high lysis ef-
ficiency, we designed the diaphragm with a thickness of 0.5 mm.

3.1.2. Temperature distribution around sensor cartridge

The sensor cartridge includes two heating zones for the lysis and the
reaction chambers, respectively. To avoid temperature interference,
these chambers should be well separated in space. However, a long
paper flow channel between these chambers requires excessive time for
sample transport. The paper flow channel was designed with a length of
20 mm. To evaluate this design, we measured the temperature distri-
bution in the sensor cassette using a thermal camera (FLIR One Pro)
when the lysis and reaction chambers were heated sequentially. Fig. 3(d)
shows the measured temperature distributions during different heating
steps. While the lysis chamber was heated to 85 °C, the temperature of
the reaction chamber can stay at room temperature of 25 °C. During an
isothermal amplification, the reaction chambers temperature was sta-
bilized at 58 °C using the TEC and thermistor.

3.1.3. Transportation of evaporated lysate and efficiency of thermolysis
To illustrate the sample lysis and transportation, we filled the lysis
chamber with a 1-mL exosome sample dyed with a blue ink (methylene
blue). The photos in Fig. 3(e) were taken during sample evaporation and
transportation along the 20-mm-long strip. It took up to 10 min for the
sample to be evaporated through the nozzle and another 5 min to reach
the reaction pads. The flow speed along the paper strip was approxi-
mately 10 mm/min. Whenever the reaction pads are fully wicked, the
isothermal amplification reaction can start by turning on the TEC heater.
To evaluate the lysis efficiency, the solution evaporated through the
diaphragm valve was collected and a nanoparticle tracker (Nanosight
LM10, Malvern Panalytical) was used to count the number of exosomes.
Fig. 4(a) shows the measured size histograms of exosome nanoparticles.
The lysis efficiency was calculated by comparing the concentrations of
exosomes before and after the 10-min lysis process. The nanoparticles
whose diameter is between 50 and 150 nm range were counted. The
exosome concentration decreased from 4.4 x 10° EV/mL to 3.0 x 10°
EV/mL, which represents a lysis efficiency of approximately 68.2%.

3.2. Extraction of viral RNA for the quantitative detection of IAVs

The swine IAV, which is one of the top agents involved with porcine
respiratory disease complex in the US (Salvesen and Whitelaw, 2021;
Abhijeet et al., 2021), was chosen as an example to characterize the
sensor. Most lab-based tests for swine IAV infections include separated
steps of IAV  lysis, RNA  purification, and reverse
transcription-quantitative PCR (RT-qPCR) detection (Manmohan Parida
1 et al., 2011). Here, the RNAs released from swine IAVs were imme-
diately detected using the reverse transcription LAMP (RT-LAMP) assay.
The RT-LAMP assay was designed to amplify the hemagglutinin (HA)
gene using three set of primers listed in Fig. S2. The RT-LAMP reagents,
including the polymerase, primers, SYBR-green dye, were lyophilized in
the 5-mm-diameter reaction pads. The compact fluorescence reader can
record SYBR-green emission images and determine the RNA concen-
tration based on the time to-threshold value (Ty).

The IVA sample was pipetted into the lysis camber, evaporated
through the diaphragm valve for the subsequent RT-LAMP detection.
The paper-based RT-LAMP assay was performed at 65 °C and the fluo-
rescence images of the reaction pads were acquired every 30 s. Fig. 4(b)
compares the fluorescence images at 0 min, 25 min, 30 min, and 40 min
for a 108-TCIDso/mL IAV sample. Two reaction pads contained LAMP
primers and the other one was without the primers as the negative
control. The increase of SYBR-green emission indicated the production
of dsDNA amplicons. The average fluorescence intensity of each reaction
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pad was calculated and plotted as a function of time in Fig. 4(c), as the
amplification curve. The T; value, which represents the time when the
fluorescence intensity reaches 20% of the maximum fluorescence in-
tensity, was calculated. The T; value for the 108-TCIDso/mL IAV sample
is approximately 29 min.

To characterize the paper-based LAMP assay, a ten-fold dilution se-
ries of isolated IAV samples was prepared. The IAV concentration ranged
from 10* TCIDso/mL to 10® TCIDso/mL and each sample was tested
using one sensor chip. Fig. 5(a) compares the amplification curves
measured for these samples. It can be seen from the amplification curves
that the amplification started earlier for the sample with a higher IAV
concentration. Fig. 5(b) plots the T; values as a function of IAV con-
centration from 10 to 108 TCIDso/mL. The paper-based LAMP assay can
detect IAV with the lowest concentration of 10% TCIDso/mL.

Next, we tested three types of clinic samples, including swine lung
homogenate, oral fluid, and nasal swab, collected from pigs. After these
clinical samples were filtered using a 0.22 pm filter, each sample was
pipetted into the lysis chamber and analyzed using one sensor chip.
Fig. 5(c) shows the measured T values for lung homogenate, oral fluid,
and nasal swab samples, respectively. Clear gaps between positive and
negative samples in T; were found. For the IAV positive samples, the lung
homogenate, oral fluid, and nasal swab exhibited averaged T; value of
23, 34, and 36 min, respectively. The average IAV concentrations in the
examined oral fluid, nasal swab, and lung homogenate samples were 6.9
x 10'° 4.5 x 10° and 5 x 10* TCIDsp/mL. To verify the test results,
these clinic samples were also measured using RT-qPCR. The cycle
thresholds listed in Fig. S4 agree with the on-chip LAMP result on dis-
tinguishing positive and negative samples.

3.3. Extraction of exosomal microRNA for the analysis of exosomes

Protected by lipid membranes, the exosomal miRNAs are more stable
than circulating miRNAs, and thus are considered as potential bio-
markers for disease diagnosis (Sun et al, 2018). Several
miRNA-detection assays have been successfully demonstrated for the
detection of exosomal miRNAs (Qian et al., 2022; Ouyang and Liu, 2019;
Chen et al., 2011; Jia et al., 2010). Most of these assays requires the lysis
of exosomes and extraction of miRNAs. Here, we implemented the
paper-based sensor to lyse exosomes and detect the released exosomal
miRNAs using the EXPAR assay (Fig. S1(a)). The miRNA-223, which
plays a role in regulation of differentiation and phenotype of macro-
phages, was chosen as an example to characterize the sensitivity of the
integrated exosomal miRNA analysis. The exosomes used in study were
extracted from murine macrophage culture (WangWang et al., 2018).

A ten-fold dilution of exosomes was prepared with the exosome
concentration ranging from 10° to 10'® EV/mL. The titration of

A
Q
~—
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exosomes was thermolyzed and the released miR-223 molecules were
measured using the paper-based EXPAR assay. The EXPAR reagents and
the ssDNA template (Fig. S2) were lyophilized in the glass microfiber
pads. The reaction pads without the ssDNA template served as the non-
template control (NTC) reference. When the reaction pads were fully
wet, the EXPAR tests were performed at 58 °C for 1 h. For each con-
centration, the amplification curves were measured and shown in Fig. 6
(a). The miR-223 sample with the highest exosome concentration (1010
EV/mL) started to be amplified at a T; value of 22 min. The NTC sample
also showed amplification due to the self-priming effect, but its T; value
was over 63 min. Fig. 6(b) shows the dose-response curve of the exo-
somal miR-223 by plotting the T; as a function of exosome concentra-
tion. The T; value decreases with the increase of exosome concentration.
When miR-223 is used as a marker for the macrophage-derived exo-
somes, the sensitivity of this method is approximately 10° EV/mL.

4. Conclusion

This work demonstrated the qualitative detection of viral and exso-
mal RNAs using the integrated thermal lysis and paper-based NAATs.
The RNA extraction process ensures the stability and repeatability of the
downstream RNA isothermal amplification tests. The pump-free opera-
tion and disposable paper-based sensor can reduce the testing cost and
simplify the testing process. Meanwhile, the compact readout instru-
ment with the microchip controller offers portable and automatic sam-
ple analysis for in-field applications. The sensor chip is capable of
measuring IAV and exosome nanoparticles with the sensitivities of as
low as 10* TCIDso/mL and 10°® EV/mL. The results showed that the
sensor system can achieve the qualitative detection of viral and exoso-
mal RNAs within 1 h. Compared to POCT sensor based on conventional
PCR, the hybrid system significantly reduces the time for cell lysis and
DNA purification, as well as the sample collection and transferring time.

Our future work will focus on improving the sensor design from the
following aspects. First, the paper-based NAATSs can be multiplexed by
adding more reaction chambers into the sensor cartridge. The multi-
plexed detection capability will allow users to detect different types of
viruses or multiple microRNAs carried by exosomes. Second, the sensi-
tivity of the assay can be enhanced by optimizing the reagents stored in
the reaction pad and reaction conditions. In addition, other nucleic acid
tests, such as the Cas9-based RNA detection assays (Olivier et al., 2020),
can be adopted with the paper-based sensor. Last but not least, the
system will be implemented for rapid identification of bacterial patho-
gens by lysing bacterial cells, extracting their genomic DNAs or highly
conserved 16 S rRNAs, and quantifying the target nucleic acid in the
same sensor cartridge.
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Fig. 5. Paper-based RT-LAMP for quantitative detection of RNAs released from swine IAVs. (a) Amplification curves generated for the LAMP test with a
titration of IAV samples ranging from 10 to 10® TCIDso/mL. (b) Calculated T; values versus IAV concentration. The error bars represent the standard deviation from
three replicated tests. (c) Measured T; values for homogenate, oral fluid, and nasal swab samples collected from pigs.
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