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ARTICLE INFO ABSTRACT

Keywords: Paper-based sensors can be exploited to develop low-cost, disposable, and rapid assays for the detection of a large
loT variety of analytes. We report a paper-based sensor system for a point-of-care (POC) nucleic acid amplification
Paper-based sensor test that can quantitatively detect multiple genes from different pathogens. The POC system combines a paper
E;:f;:;asl PCR sensor chip and a portable instrument, which is built on an Internet of Things (IoT) platform. The paper-based
Bacteria sensor provides the functions of reagent storage, sample transportation, and nucleic acid amplification. The IoT
instrument uses an Arduino microcontroller to control temperature, collect fluorescence images, and store the
data in cloud storage via a WiFi network. A compact fluorescence reader was designed to measure fluorescence
images of the amplicons during a loop-mediated isothermal amplification reaction in real-time. The real-time
detection capability enables the quantitative analysis of target genes. The results show that the paper-based
sensor cam distinguish multiple genes of the genomic DNA extracted from Escherichia coli and Campylo-
bacter jejuni, with the concentration as low as 2 x 10° copies/pL. The affordable instrument, in conjunction with

the disposable paper sensor chip, would have a great potential for POC detections of pathogens.

1. Introduction

There are substantial advantages to implement nucleic acid ampli-
fication tests (NAATS) in point-of-care (POC) testing systems for rapid
diagnosis of diseases, such as bacterial and viral infections (Kiechle and
Holland, 2009; Niemz et al., 2011). A patient-side NAAT technology
allows primary care physicians to obtain testing results and provide
specific treatment promptly (Cordray and Richards-Kortum, 2012; Lee
et al., 2010). For example, lab-on-a-chip systems have been successfully
developed by integrating DNA amplification and detection function on
the same chip (Burns et al., 1998; Lee et al., 2008). More recently,
isothermal polymerase chain reactions (PCRs), such as the
loop-mediated isothermal amplification (LAMP) and recombinase po-
lymerase amplification (RPA), have been investigated for the POC
diagnostic applications (Craw and Balachandran, 2012; Petralia and
Conoci, 2017; St John and Price, 2014). Since the isothermal PCRs can
be performed at a lower temperature and without temperature cycling,
the isothermal PCR assays are highly desirable in most POC platforms, in

particular, paper-based sensors.

The paper-based sensors have been studied as a low-cost alternative
to conventional microfluidics for POC applications (Bedin et al., 2017;
Chan et al., 2013; Choi et al., 2016; Chu et al., 2020; Hu et al., 2014;
Kaur and Toley, 2018; Li et al., 2011; Magro et al., 2017; Shah et al.,
2013; Syedmoradi and Gomez, 2017; Wang et al., 2020, 2019; 2017,
2016; Yan et al., 2012; Yetisen et al., 2013). The porous feature of paper
substrates offers the capability of capillarity-driven sample flow and
long-term storage of reagents in paper. Many molecular diagnostic as-
says, such as lateral flow assay, enzyme-linked absorbance assay, and
PCR assays, have been reported using paper-based sensors for the testing
of proteins, nucleic acids, and chemical compounds (Cheng et al., 2010;
Cinti et al., 2017a, 2017b; Ge et al., 2014; Hossain et al., 2009; Li et al.,
2013; Parolo and Merkoci, 2013; Yu et al., 2011; Zhang et al., 2015;
Zhao et al., 2013; Zhou et al., 2014). The assay output can be read using
colorimetric, fluorescent, Raman scattering, and electrochemical sig-
nals. The development of paper microfluidics further enriched the
paper-based assays. Lafleur et al. showed the paper-based bacteria lysis,
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DNA extraction, and detection using a paper microfluidic device (Lafleur
et al., 2016). Seok et al. demonstrated the paper-based LAMP assay,
which operated at 65 °C and measured fluorescence intensities at the
end of the LAMP amplification (Seok et al., 2017). Gootenberg et al.
developed the specific high-sensitivity enzymatic reporter unlocking
(SHERLOCK) technology that combined RPA and CRISPR-Casl3 to
detect RNA or DNA from clinically samples via fluorescence and color-
imetric readouts (Gootenberg et al., 2018).

To achieve a quantitative NAAT assay, the real-time detection of PCR
products plays a key role in generating the amplification curves during
an amplification process. To date, the real-time NAAT analysis using a
paper substrate is still an unfulfilled task. To address the challenge, this
work implemented an inexpensive and compact NAAT sensor system
that uses an IoT-based fluorescence detector to facilitate the paper-based
LAMP assay. To detect multiplex genes simultaneously, the paper-based
sensor chip was designed to store LAMP reagents and primers in paper
reaction pads and transport samples via paper fluidic channels. The
portable LAMP detector, consisting of a temperature controller, fluo-
rescent detector, and an IoT microprocessor was implemented for
automatic data collection, storage over the cloud, and analysis. The
system was successfully applied to detect genes from two Gram-negative
bacteria: Escherichia coli (E. coli) and Campylobacter jejuni (C. jejuni).

2. Material and methods
2.1. Materials and reagents

The cellulose filter paper (CFP1), polyethersulfone membrane
(PES509025), and glass microfiber paper (28297-984) were purchased
from Whatman plc, Sterlitech Corp., and VWR International, indepen-
dently. The transparent sealing film was obtained from Thermo Fisher.
The microcontroller (ESP32, Espressif Systems) and CMOS camera
(OV2640, OmniVision Technologies) were purchased from Digi-Key
Electronics. The LED board was custom-made with an array of 12 blue
LEDs (732-4966-1-ND) and LED drivers (HV9803BLG-GCT-ND, Digi-Key
Electronics). The excitation (FGB25) and emission filters (FGL530) were
obtained from Thorlabs Inc.. New England Biolabs Inc. supplied the
LAMP reagent kit (E1700S) containing Bst 2.0 DNA polymerase,
ddNTPs, SYBR green dye, and isothermal amplification buffer. Finally,
the genomic DNA purification kit and LAMP primers were ordered from
Promega Corp. and Integrated DNA Technologies, separately.

2.2. Paper microfluidics for LAMP

The paper-based LAMP sensor consists of two layers of papers sealed
in a plastic cassette, as illustrated in Fig. 1. To prevent sample evapo-
ration during a LAMP assay, the paper layers were sealed inside the
plastic case, as shown in Fig. 1(a). The plastic case was assembled using
a perforated acrylic sheet, two layers of papers, and clear sealing tapes.

<— Sealing tape
<— Acrylic frame

-— Glass microfiber
pads

<— PES channels

<— Sealing tape
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The acrylic sheet was 1.5 mm thick and punched with seven 3-mm-diam-
eter holes that were used as the sample inlet and reaction chambers. The
glass microfiber paper (top panel of Fig. 1(b)) with a pore size of 5 pm
and thickness of 1.5 mm was used to store the LAMP reagent and house
the isothermal amplification reactions. The glass microfiber paper was
punched to produce 3-mm-diameter pads, in which lyophilized LAMP
reagents and primers were stored. Compared to a cellulose paper sub-
strate, the glass microfiber paper exhibits low background fluorescence,
which is desirable for the fluorescence detection of PCR amplicons. The
400-pm-thick polyethersulfone (PES) membrane (bottom panel of Fig. 1
(b)) was chosen to connect the inlet to multiple glass microfiber pads
because of the relatively high sample flow rate. Table S1 in the Sup-
plementary Information compares the sample flow rate and background
fluorescence signals of three types of paper substrates. The PES micro-
fluidic layer was cut into 1-mm-wide channels using an electronic cut-
ting machine (CM350, Brother). The glass microfiber pads and patterned
PES membrane were placed inside the reaction chambers and below the
acrylic sheet, respectively. The top and bottom sides of the paper sensor
chip were sealed using clear plastic tape. While the sensor chip’s main
cost is on the LAMP reagents, the chip is considered a consumable that
can be disposed of after use.

2.3. IoT-based LAMP detector

During a LAMP reaction, the target sequence can be amplified at a
constant temperature using two or three sets of primers. The amplifi-
cation produced can be measured using the fluorescence signal gener-
ated by intercalating dyes, such as SYBR green, whose emission intensity
can be correlated to the concentration of the amplicon. To facilitate the
real-time measurement of SYBR green emission during a LAMP reaction,
we designed a portable LAMP detector, as shown in Fig. 2(a). The
compact system offers three main functions, including temperature
management, fluorescence detection, and data transmission to a cloud
storage. The fluorescence detector, consisting of the blue LED array
(Pout = 360 mW), CMOS camera, and optical filters, was built to measure
the emission of SYBR green dye, which is specific to double-stranded
DNAs (dsDNAs). As shown in Fig. 2(b), the excitation and emission fil-
ters were cut to donut ring and circular disk, respectively, and then
joined using an optical adhesive. The filter set was placed in front of the
assembly of the camera and the LED array. The fluorescence detector
was controlled using the ESP32 microcontroller, which can turn on/off
the LEDs, acquire images from the CMOS camera, and transfer the im-
ages to the cloud data storage. A Google Apps Script was developed to
upload the images to Google Drive via a WiFi network. The temperature
control unit consists of a thermoelectric cooler (TEC) and a thermo-
couple (K-type, Omega Engineering). The TEC was powered using a DC
power supply, which was switched by the ESP32 microcontroller. Dur-
ing LAMP experiments, the temperature was maintained at 65 °C, and
fluorescence images were captured every 1 min and transmitted to the

(€)

Sample inlet

Fig. 1. Design of the paper-based LAMP chip. (a) Schematic of the sensor chip with one inlet and six reaction chambers. (b) Scanning electron microscopy (SEM)
images of the glass microfiber (top panel) and PES membrane (bottom panel). (c) Assembled LAMP sensor cassette consisting of six sample chambers and an inlet
hole. Each sample chamber contains a paper reaction pad and the inlet. The reaction chambers and inlet are connected by a paper-based liquid flow channel.
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Fig. 2. IoT-based LAMP detector. (a) Schematic design illustrating the housing,
temperature management component, microcontroller, and fluorescence
detection optics. (b) Photograph of the setup and installed optical and elec-
tronic components. The dimension is 1.2”x1.2”x3”. The total weight is less
than 300 g.

Google Drive folder. The housing for the fluorescence image and tem-
perature was built using a 3D printer to block unwanted ambient light.

2.4. Data collection and processing

A Python script was developed to calculate the SYBR green emission
from each reaction pad. The script can extract the green channel of RGB
images, filter background noise, identify the reaction pads using the K-
means clustering algorithm (Likas et al., 2003). For each image, the
average fluorescence intensities within the reaction chambers were
calculated and subtracted by the background intensities. The average
fluorescence intensity was plotted as a function of time to generate the
LAMP amplification curve for each chamber. The amplification curve
was analyzed to determine the value of time to threshold (T), which is
commonly used to quantify the genomic DNA concentration (Nixon
et al., 2014). The T; value is defined as the time when the fluorescence
intensity reaches 10% of the maximum fluorescence value. To calculate
the T value, the LAMP amplification curve was fitted using a four pa-

%Jrlo, where I(t) is the fluo-

rameters logistic function, I(t) =
rescence intensity as a function of time, I, represents the initial
fluorescence intensity, Iyax denotes the final fluorescence intensity, t; /2
is the time when the half of Iy« — Iy is reached, and 1/k corresponds to
the amplification rate. The T, value was subsequently calculated using I
(T) = 0.1 x (Imax — Io) + Io, which corresponds to the 10% increase of

fluorescence intensity during an LMAP reaction.

2.5. Preparation of genomic DNAs and LAMP reagent

E. coli (DH5« strain) was cultured at 37 °C in lysogeny broth (LB).
C. jejuni (IA3902 strain) was cultured on Mueller-Hinton (MH) agar at
42 °C. The bacterial cells were collected by centrifugation for genomic
DNA extraction. The genomic DNA was extracted through cell lysis,
precipitation, and purification using a genomic DNA purification kit
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(Promega). The concentrations of purified genomic DNAs were
measured using the NanoDrop (Thermo Fisher Scientific). The genomic
DNA os were diluted to the desired concentration for LAMP tests. Three
sets of LAMP primers for the malB and tuf genes of E. coli and the cj0414
gene of C. jejuni were previously reported (Hill et al., 2008; Kumar and
Mondal, 2015; Yamazaki, 2013). The primer sequences were listed in
Table S2 of the Supplementary Information. The primers were dissolved
to the desired concentrations and mixed with the LAMP reagent kit. The
final concentrations of out forward primer (F3), out reverse primer (B3),
forward loop primer (LF), reverse loop primer (LB), forward inner
primer (FIP), and reverse inner primer (BIP) were 0.2 pM, 0.2 pM, 0.4
uM, 0.4 pM, 1.6 pM, 1.6 uM, respectively.

3. Results and discussion
3.1. Sample transportation via paper

The paper sensor chip was designed to measure multiple target genes
by connecting the sample inlet with multiple reaction chambers using
the patterned PES layer. During a test, the sample containing genomic
DNAs can be pipetted into the inlet (Fig. 1(a)) and flow to the glass
microfiber pads via the PES fluidic channels. The glass microfiber pads
function as the absorbent layer to enable capillary action to pull the
sample into the reaction chambers for LAMP reaction and detection.
Fig. 3(a) showcases the sample loading and flow processes using green
ink. As shown in Fig. 3(a), the green ink solution, with a volume of 40 pL,
started to wick into the reaction chambers after 2 min. It took approx-
imately 4 min for the liquid solution to fill the entire glass microfiber
pads. After the primers and LAMP reagents stored inside glass microfiber
pads were fully wetted, the ESP32 microcontroller can start LAMP re-
actions. The rapid sample transportation into different reaction cham-
bers facilitates the simultaneous detection of multiple target genes.

3.2. LAMP analysis on paper

3.2.1. Real-time measurement of isothermal amplification

For LAMP-based assays, the T; value is commonly used to determine
template concentration and enable a quantitative analysis. In order to
calculate the T; value, the amplicons produced by a LAMP reaction need
to be measured in real-time to plot the amplification curve. The IoT-
based fluorescence detector, as shown in Fig. 2, was developed to
facilitate the measurement and analysis of fluorescence emission from
SYBR dye, whose emission represents the concentration of the double-
stranded DNA (dsDNA) amplicons. As an example, the real-time LAMP
detection of the E. coli malB gene in the paper substrate was investigated.
Before the test, the LAMP reagents, three primer pairs, and E. coli
genomic DNA at a concentration of 1 x 10° copies/jL were mixed and
flowed into the reaction chambers. The paper sensor chip was
completely wetted by a sample volume of 50 pL. The sensor chip was
heated using the TEC and its temperature was measured using the
thermocouple to maintain the chip at the LAMP reaction temperature of
65 °C. During the LAMP assay, the fluorescence images were recorded
every 1 min and transferred to the cloud using a WiFi network. Fig. 3(b)
shows the sampled fluorescence images acquired at 10 min, 30 min, and
50 min, individually. The increase of the fluorescence emission from the
reaction chambers suggests the increase of dsDNA copies. The average
fluorescence intensity at each reaction chamber was calculated to
generate the amplification curve, as shown in Fig. 3(c). The data points
of the amplification curve were fitted with a goodness of fit R = 0.965.
Following the T; calculation equation, the T and I(T,) values were 24
min and 38 cts., respectively. As a reference, the same LAMP assay
exhibited a T; of 13 min when the assay was performed in a solution
using a benchtop thermocycler. The result shows that the paper-based
sensor in conjunction with the IoT-based isothermal PCR reader is
feasible for real-time LAMP analysis.
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Fig. 3. Paper sensor chip for LAMP detection. (a)
Photographs taken when the sample of green ink was
filled in the inlet and flowed to the reaction chambers
through the PES channels. (b) Fluorescence images
recorded during a LAMP test at t = 10 min, 30 min,
50 min, independently. (c¢) LAMP amplification curve
plotted by the fluorescence intensity as a function of
reaction time with the deviation of six samples.
Measured data points were fitted to determine the
fluorescence threshold for finding T; value, as shown
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3.2.2. Quantitative detection of the malB gene in E. coli

Following the demonstration of the real-time detection capability,
we proceeded to examine the paper-based LAMP platform for the
quantitative detection of a target gene. The genomic DNA sample
extracted from the E. coli culture was diluted to five different template
concentrations ranging from 2 x 10° to 2 x 107 copies/pL. A No Tem-
plate Control (NTC) sample was included to monitor potential contam-
ination or primer-dimer formation. The mixed solutions of the genomic
DNA sample, primer pairs, and LAMP reagents were directly pipetted
into the reaction chamber to soak the glass microfiber reaction pads
completely. The LAMP titration tests were repeated five times using five
different paper sensor chips. For each sensor chip, five chambers were
filled with DNA and LAMP reagents and the other one was filled with
only LAMP reagents as NTC sample.

Fig. 4(a) shows the fluorescence images of the sensor chip with the
reaction pads labeled by circles, which corresponds to different genomic
DNA concentrations and the NTC sample. The images were acquired at t
=10, 20, 30, and 40 min after the sensor temperature was stabilized at

65 °C. It is evident that the fluorescence intensities from the reaction
pads with genomic DNA samples increased as a function of time. In
contrast, there was no change in the fluorescence signal from the NTC
sample. Before the amplification reached saturation after 40 min, the
chamber with a higher template concentration exhibited a stronger
fluorescence signal. Fig. 4(b) compares the amplification curves of the
genomic DNA titration, as well as the NTC sample. All samples with DNA
templates were successfully amplified and there was no amplification for
the NTC sample. The T; values are 25.5, 24, 21.5, 18.6, and 16.1 min, for
template concentrations of 103, 104, 10°, 106, and 107 copies/pL,
severally. Fig. 4(c) plots the T; values as a function of the genomic DNA
concentration. The sample pad containing a higher concentration of the
template DNA showed a shorter T; value. The T; data points were fitted
used a linear function with the R? coefficient of 0.995. To calculate the
limit of detection (LOD), six NTC samples were measured and their T
values were determined. The average (untc) and standard deviation
(ontc) of NTCs’ T values are 53.75 min and 9.23 min, respectively.
When the T; = pr¢ - 301t = 26.06 min, the LOD corresponds to the

(a) 107 copies/pl
o 106 copies/pl
o 105 copies/l
o 10% copies/ul
o 108 copies/pl
£=10 min £ =20 min ¢ =30 min £ =40 min NTC
(b) (c)
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200} ——107 #l « Time to threshold
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£ —— 105 &/l £ Eoxul ¥ = -2.4210g,(x) + 33.97|
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@ 100 1 20 J
5] o
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- 50 {1 €
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Time (min.)
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Fig. 4. Quantitative LAMP analysis. (a) Fluorescence images recorded every 1 min during a LAMP amplification. Reaction chambers were filled by samples with
different template concentrations. (b) Averaged amplification curves after 5 times experiment for the samples with different template concentrations and the NTC. (c)

T, values extracted from amplification curves with the data set range.
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template concentration of 2x 10> copies/jL based on the linear fit shown
in Fig. 4(c).

3.2.3. LAMP amplification using reagents stored in paper

To be able to detect multiple target genes simultaneously, the sensor
chip needs to store a specific set of LAMP primers in each reaction
chambers. In addition, the storage of assay reagents in the reaction pad
will also benefit the applications in resource-limited settings. We studied
and optimized the dehydration process to dry LAMP reagents, including
the LAMP primer set, DNA polymerase, SYBR green dye, dNTPs, and
MgCly, in the microfiber reaction pad. A stabilizer, trehalose, was added
to the LAMP reagents at 5% (v/v ratio) to protect the DNA polymerase.
Four different dehydration methods, including lyophilization, evapora-
tion, bake, and vacuum bake processes, were tested. As illustrated in
Fig. 5(a), the glass microfiber reaction pads were soaked with the LAMP
reagents and subsequently dehydrated using a freezing dryer, desic-
cator, hotplate (at 50 °C), and vacuum oven (at 50 °C), individually.
After the reaction pads were completed dried, they were stored at room
temperature (22 °C) for 24 h before testing. The E. coli DNA sample with
a concentration of 1 x 10° copies/jL was added into the inlet and flowed
into the reaction chambers to wet reaction pads and dissolve the dehy-
drated reagents.

Fig. 5(b) compares the LAMP amplification curves obtained with the
stored LAMP reagents for the malB gene. The curves are normalized in
Fig. 5(c) to calculate the Ty values. It is definitely obvious that the
dehydration method plays a key role in the LAMP assay performance, in
particular, the T; value. The end-point fluorescence intensities and T
values are compared in Fig. 5(d) and (e), respectively. As a reference,
the detection of the malB gene was also performed using the reagent in
wet conditions without any dehydration process. It can be seen from
Fig. 5 that the lyophilized sample showed the best performance among

Lyophilization

Evaporation bake
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these drying methods. The lyophilized sample’s T; value and fluores-
cence intensity are 32% longer and 22% lower, individually. On the
other hand, the evaporation and baking resulted in an increase of the T;
value by 247% and a decrease of the final fluorescence intensity by 52%.
These numbers suggest that the lyophilization process can preserve the
LAMP regents and keep DNA polymerase activity in paper. The capa-
bility of storing LAMP reagents and primers in paper enabled the
detection of multiple target genes from one or many pathogens.

3.3. Multiplex LAMP detection on paper

With the LAMP primer sets stored in each reaction pad, it is possible
to detect multiple genes. In this study, the paper sensor chip includes six
reaction chambers and thus can measure up to six different genes by
dehydrating a specific LAMP primer pairs in each chamber. Here, the
malB and tuf genes from E. coli, and the C. jejuni were chosen. The primer
sets for these genes are mixed with LAMP reagents and stored in
different reaction pads using the lyophilization process. The sequences
for these primers are listed in Table S2 in the Supplementary Informa-
tion. The genomic DNA samples of E. coli and C. jejuni were extracted
from cell cultures and mixed to the concentrations of 1x10° copies/pL
and 8x10* copies/pL for E. coli and C. jejuni, respectively. The mixture
was pipetted into the inlet (Fig. 1(a)) and flowed to all six reaction pads
through the PES channels. Two nearby reaction chambers were used for
each gene.

Fig. 6(a) presents the fluorescence images captured during the LAMP
assay at t = 10, 20, and 40 min, independently. Evidently, the fluores-
cence intensities from all three reactions increased but at different
speeds. The tuf gene was first amplified and the ¢j0414 gene had the
longest T; value. Fig. 6(b) compares the amplification curves for all three
genes. The paper-based LAMP assays for the malB, tuf, and cj0414 genes

Fig. 5. Dehydration of LAMP regents in paper. (a)

(@) z z Schematics of four dehydration methods. (b) Ampli-
@ - @ = fication curves of the malB gene using the LAMP re-
@ @ — - agents stored in the reaction pad by four different
0kPa  -40°C 0 kPa a0°c dehydration methods. (c) Normalized amplification
@ @ Vacuum evaporation Bake in air curves. The end-point fluorescence intensities and T;
P - . values are compared in (d) and (e), severally. The wet
@ E @ E sample without dehydration is referred to show the
— = 3 = E effect of dehydration. Each dehydration method was
0ka  75°C 03kPa  25°C tested with one paper-based chip with six samples to
' extract the average and deviation of amplification
250 curves.
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Fig. 6. Simultaneous detection of multiple genes. (a) Fluorescence images captured by the compact device. (b) The amplification curves generated by the data

processing program.

exhibit T; values of 10, 20, and 23 min, respectively. The result shows
that the paper sensor chip can be used to develop multiplexed LAMP
assay for the detection of multiple target genes from different pathogens.

4. Conclusions

In summary, this work leveraged the advantages of the porous paper
substrate to develop the paper-based LAMP sensor chip that is compat-
ible with the compact detector for real-time detections and IoT-based
analysis. Two types of paper substrates were used to store LAMP re-
agents, host isothermal reactions, and transport genomic DNA samples,
respectively. The results demonstrated that the paper-based sensor chip
can detect multiple target genes from different pathogenic bacteria. The
paper-based LAMP sensor exhibited a detection limit as low as 2 x 10%
copies/pL and a dynamic range from 10° to 107 copies/pL. The real-time
analysis of fluorescence images, which were recorded via the IoT-based
fluorescence reader, enabled the quantitative analysis of multiple genes.
Such a POC LAMP system can be applied to identify pathogenic organ-
isms for rapid and early-stage diagnosis of infectious diseases. In addi-
tion to disease diagnosis, the system also has great potential in forensic
and environmental applications.

So far, the paper-based LAMP still has a few limitations. One of them
is the lack of DNA purification in situ. The LAMP analysis can be
significantly simplified by integrating the DNA extraction function into
the paper-based sensor chip. Filter papers, such as the fast technology
analysis (FTA) paper, have been successfully used to lyse cells or viruses,
denature proteins, and extract DNA/RNA molecules from various sam-
ples (Tian et al., 2018). The FTA paper can be inserted at the inlet of the
paper sensor chip and connected to the LAMP reaction chambers via the
PES fluidic channels. The nucleic acid extraction function would elimi-
nate extra user operation and achieve a fully automated LAMP assay.
The sensor chip can be further improved by patterning the paper sub-
strate using wax printing to reduce the reaction chamber size and in-
crease the number of genes to be tested. Besides the updates on sensor
hardware, a browser-based graphical user interface may be developed
based on the Google App Script to deliver test results, including the
amplification curves and T; values for each gene, to end-users without
the requirement of a specific device.
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