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Herein, an ease-of-use and highly sensitive origami-based “book” shaped three-dimensional
electrochemical paper microdevice based on nucleic acid testing (NAT) methodology was developed for
sample-to-answer detection of pathogens from whole blood and food samples. The whole steps of
NAT, including sample preparation, amplification and detection, were performed by alternately folding
the panels of the microdevice, just like flipping a book. The screen-printing electrodes were combined
with wax-printing technology to construct a paper-based electrochemical unit to monitor Loop-
mediated isothermal amplification (LAMP) reaction with an electrochemical strategy. After nucleic acid
extraction and purification with the glass fiber, the LAMP reaction was performed for 45 min to amplify
the extracted nucleic acid sequence, followed by the execution of the electrochemical interrogation

reaction based on methylene blue (MB) and double-stranded LAMP amplicons. Starting with whole blood
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Accepted 21st June 2020 and food samples spiked with Salmonella typhimurium, this microdevice was successfully applied to

identify pathogens from biological samples with satisfactory sensitivity and specificity. Therefore, the

DOI: 10.1039/d0ra03833d proposed origami-based “book” shaped three-dimensional paper microdevice has great potential for
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1 Introduction

The incidence and mortality of infectious diseases caused by
pathogens remains extraordinarily high and constitutes
a global health threat,'* especially in developing countries.*
With the increasing incidence of infectious diseases,” nucleic
acid testing (NAT) has played an essential role in controlling
and monitoring the worldwide infectious disease due to supe-
rior sensitivity and specificity.®® For example, loop-mediated
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disease diagnosis, food safety analysis applications in the future.

isothermal amplification (LAMP),"*** rolling circle amplifica-

tion (RCA),"* and recombinase polymerase amplification
(RPA)**'” have been reported to perform the detection of path-
ogens. However, these strategies require precise and specialized
laboratory equipment, such as qPCR thermocyclers, turbidim-
eters, centrifuges, fluorescent microscopes, and so on, which
impose restriction on their applications of rapid identification
of pathogens.*®*!

Recently, paper-based microfluidic technologies integrated
with NAT methodology have garnered much attention for
sample-to-answer detection of pathogens because they are cost-
effective, portable and disposable.””*” The paper-based micro-
fluidic technologies eliminate the requirement of pumps or
other fluid flow instrumentation due to paper's natural ability to
wick fluids through capillary action.”®**° For instance, White-
sides’ group has reported a “paper machine” for fluorescent
detection of E. coli cells by sliding the device.** Integrated
sample-to-answer paper-based microfluidic devices have been
developed to incorporate FTA card-based extraction, amplifica-
tion and lateral flow assay (LFA) to achieve colorimetric
readout.**?** Despite the attractiveness of these paper-based
microfluidic NAT systems, there are multiple limitations
render their applications. Most of these NAT systems involve
gray value, colorimetric, fluorescence and LFA detection, and
the sensitivity and specificity need to be further improved.
Besides, complicated assay procedures were also an obstacle for

This journal is © The Royal Society of Chemistry 2020
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researcher to complete sample-to-answer analysis. The electro-
chemical method with the distinct virtues of speed and sensi-
tivity has shown good promise to achieve the qualitative and
quantitative detection of the isothermal amplification products.
There are currently fewer NAT devices based on electrochemical
strategies for sample-to-answer detection of pathogens. Conse-
quently, there is a strong demand to develop a convenient
operating paper-based electrochemistry NAT device which can
achieve higher sensitivity and specificity.

In this study, we develop an origami-based “book” shaped
three-dimensional electrochemical paper microdevice with
simple operation and high sensitivity, which realizes the
detection of pathogens from sample-to-answer by using elec-
trochemical strategy. This electrochemical paper microdevice
was composed of wicking panels (Fig. 1a, panel 1 & 2), extraction
panel (Fig. 1a, panel 3), amplification pad (Fig. 1b), and paper-
based electrochemical unit panel (Fig. 1a, panel 4 & 5). As shown
in Fig. 1, all panels were stacked and stapled into a “book”-like
structure so that the sequential steps of sample preparation,
LAMP reaction and electrochemical detection could be accom-
plished with simply flipping the panels. The filter paper was
first printed with wax and heated to melt the printed wax to
form hydrophobic pattern of channels and vias. The glass fiber
was selected to perform sample preparation due to its proper-
ties of high flow rate, high nucleic acid loading and low protein
adsorption. After nucleic acid extraction and purification, the
LAMP reaction was conducted directly within the sealed
amplification chamber via a commercial hotplate. At the end of
LAMP reaction, the electrodes of paper-based electrochemical
unit were connected to potentiostat and the redox current was
measured. The electrochemical interrogation based on a redox
active molecule methylene blue (MB) and double-stranded
LAMP reaction products was executed to monitoring the
LAMP reaction. The electrochemical strategy has distinct virtues
of speed and sensitivity compare with colorimetric and fluo-
rescence methods. Using screen printing electrodes combined
with wax printing technology, we constructed a paper-based
electrochemical device to perform electrochemical monitoring
of the LAMP reaction. With Salmonella typhimurium as
a template, our microdevice has achieved satisfactory sensitivity
and specificity. Besides, the detection results of our microdevice
consistent with the benchmark PCR, which demonstrated that
our microdevice could be an attractive substituted tool for the
determination of pathogens in the future.

2 Material and methods
2.1 Chemicals and materials

10x Isothermal Amplification Buffer, Bst 2.0 DNA polymerase
and dNTPs were obtained from NEB (New England Biolabs).
The electrophoresis regents, TE buffer, betaine, DNase-free and
methylene blue (MB) were purchased from Sigma-Aldrich
(Shanghai, China). Carbon ink (ED423ss) and Ag/AgCl ink
(CNC-01) were purchased from Acheson. The glass fiber and
fiber paper were purchased from Whanman (Beijing, China).
The drinking water and milk were purchased from local
supermarkets. The clinical serum samples used in here were
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obtained from Shandong Tumor Hospital under the prior
approval from serum donors. All experiments were conducted
following national laws and relative regulation and permitted by
Shandong Tumor Hospital. The LAMP primers for the S. typhi-
murium were ordered from Takara Biotechnology Co., Ltd
(Dalian, China) with HPLC purification, and the sequences of
primers were shown in ESI Table S1.t

2.2 Bacteria culture

S. typhimurium was cultured on a Luria-Bertani (LB) plate at
37 °C overnight. A single colony was pricked and grown at 37 °C
overnight in 10 mL of LB medium, with agitation at 110 rpm.
The turbidity of bacteria suspension at a wavelength of 600 nm
(OD 600) and the colony counting method was combined to
determine the concentrations of bacteria.

2.3 Design and fabrication of the “book” shaped three-
dimensional electrochemical paper microdevice

The shape for wax-printing of this microdevice was designed
using Adobe Illustrator CS4. The fabrication process was per-
formed without specialised facilities or a clean room by simply
using a wax printer and a hotplate (the latter can also be used to
carry out the LAMP reaction). In order to assemble the micro-
device, the filter paper was first printed with wax using an office
printer, then heated at 120 °C for 1 min on the hotplate to melt
the printed wax, which diffused through the paper to form the
same hydrophobic pattern of channels and vias on both sides.
The paper-based electrochemical unit was manufactured using
screen printing electrodes combined with wax-printing tech-
nology. The circle hydrophilic zone of panel 4 was designed for
screen-printing carbon counter electrode and Ag/AgCl reference
electrode, and the circle hydrophilic zone of panel 5 was
designed for fabricating gold nanocomposite modified paper
cathode electrode (Au-PCE). The SEM images of bare paper and
Au-PCE was showed in Fig. S1.1 The detailed manufacturing
process was shown in ESIL.1** All panels were stacked and
stapled into a “book” as shown in Fig. 1c. Subsequently the
glass fiber spots were manually positioned to glass fiber spot
(panel 3) and amplification chamber (Fig. 1b) so that appro-
priate folding manipulations allowed the easy transfer of
reagents and sample. Finally the device was then sealed using
two acetate films or cling film, preventing liquid evaporation
during the amplification.

2.4 General operation of the electrochemical paper
microdevice

The whole procedure for sample-to-answer assays was illus-
trated in Fig. 2. After flipped the panel 3 and 4 (Fig. 2a), the
samples and washing buffer were continuously added onto the
glass fiber spot (panel 3) enable the first steps of the assay,
involving cell lysis and DNA extraction, to yield purified DNA on
the glass fiber spots (Fig. 2b). The panel 1 and 2 were used to
absorb cell lysates through capillary action. To transfer the
extracted DNA from the glass fiber spot to amplification
chamber, the panel 3 was flipped onto the panel 4 (Fig. 2¢) and
elution buffer was added into the glass fiber spot (Fig. 2d). After

RSC Adv, 2020, 10, 25808-25816 | 25809
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Fig. 1 Schematic of the "book” shaped three-dimensional electrochemical paper microdevice. (a) Foldable paper fluidic device: dark and gray
areas are printed with hydrophobic wax. The device consists of five panels (1-5) and a plastic plate (b) for LAMP processing to avoid evaporation.
(c) An image of the prototype device. (d) Schematic illustration of the electrochemical interrogation based on a redox active molecule methylene

blue (MB) and double-stranded LAMP reaction products.

eluting DNA, the panel 3 was flipped on the opposite side
(Fig. 2e) and the panel 4, plastic plate and panel 5 were sealed by
an acetate film to prevent evaporation during amplification
(Fig. 2f). Before starting the LAMP reaction, the electrodes of
paper-based electrochemical unit (panel 4 & 5) were first con-
nected to a potentiostat for three per-LAMP electrochemical
measurements at room temperature. At the end of LAMP reac-
tion, the microdevice was removed from the hotplate, and the
currents were measured three times as the microdevice cooled
down to room temperature (Fig. 2f).

2.5 Paper-based extraction procedure

Paper-based nucleic acid extraction eliminated the need of
centrifuges or other sample treatment equipment. 10 uL of
blood or food samples was mixed with 70 uL lysis buffer (L6 -
1.20 ¢ mL ™" of GuSCN, 0.1 M Tris-hydrochloride, 0.04 M EDTA,
adjusted with NaOH to pH 8.0, 26 mg mL ™' Triton X-100),
before heating at 95 °C for 5 minutes. The mixtures were

25810 | RSC Adv,, 2020, 10, 25808-25816

dispensed onto the glass fiber spot (Fig. 1, panel 3) and absor-
bed by capillary action into the panel 1 & 2 (Fig. 1). The DNA was
drawn in the flow of liquid from panel 3 to panel 1 and captured
by the glass fiber. Subsequently, 50 puL washing buffer con-
taining 70% ethanol and 30 mM NaOAc was introduced to wash
cell residues and other inhibitors away. After washing, 20 pL
elution buffer (10 mM TE buffer, pH 8.0) was used to eluted the
nucleic acid from the glass fiber onto the amplification
chamber where the LAMP primers and reagents were previous
deposited (Fig. 1b).

We compared the DNA recovery rate of paper extraction with
traditional centrifuge extraction using serially diluted genomic
DNA from 0.04 to 5 ng pL~'. The diluted DNA was put through
the extraction process on the paper device and the traditional
centrifugation extraction methods, respectively. After elution, 1
uL of liquid of paper extractions and traditional centrifugation
extractions was analysed by Quantitative Real-Time PCR (qRT-
PCR) to determine the extraction efficiency, respectively,
compared to the original dilutions.

This journal is © The Royal Society of Chemistry 2020
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acetate film to prevent evaporation during amplification; (f) measuring current three times after LAMP reaction.

—_
(=)

=
(o]

f
o

84% 80%

S
(@)
1
-
—a—

78%
’ 76%

DNA Recovery
o
=

=
[\
1

= Paper Extractions
o Centrifuge Controls

5
o

0.04 0.2 1 5

Input DNA (ng / uL)
Fig. 3 The DNA recovery rates of paper extraction and traditional
centrifugation extraction. Error bars: standard deviation, n = 3.
Percentage values indicate the DNA recovery of paper extraction
compared to traditional centrifuge control.

2.6 On-chip LAMP amplification and detection

We based our LAMP system on previously published primer
sequences for Salmonella typhimurium (S. typhimurium).” The LAMP

This journal is © The Royal Society of Chemistry 2020

primers were ordered from Takara Biotechnology Co., Ltd (Dalian)
with HPLC purification, and the sequences of primers were shown
in ESI Table S1. The 20 pL. LAMP reaction mixture containing 1x
isothermal amplification buffer, 4 mM MB, 6 mM MgSO,, 1.4 mM
dNTPs, 1.6 uM of each inner primer (FIP and BIP), 0.2 uM of each
outer primer (F3 and B3), 0.8 pM of each loop primer (LF and LB),
0.8 U of Bst 2.0 DNA polymerase was preloaded in the LAMP
chamber. After nucleic acid extraction, the paper electrodes were
first connected to a potentiostat for three per-LAMP electrochemical
measurements at room temperature. After that, the LAMP amplifi-
cation was conducted at 65 °C for 45 min in a hotplate. Differential
pulse voltammetry (DPV) was selected for monitoring the electro-
chemical interrogation based on MB and double-stranded LAMP
reaction products. The DPV measurement was taken: the potential
ranges from —0.3 to —0.1 V, modulation amplitude was 0.05 V,
pulse width was 0.05 s, and sample width was 0.0167 s.

2.7 Determination of analytical sensitivity with purified
genomic DNA

The analytical sensitivity of “book” shaped three-dimensional
electrochemical paper microdevice was determined using

RSC Adv, 2020, 10, 25808-25816 | 25811
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Fig.4 Optimization of experimental parameters. (a) Effect of the volumes of washing buffer and elution buffer (p < 0.05). (b) Effect of number of
washes (p < 0.05). (c) Effect of the LAMP amplification time (p < 0.05). (d) Effect of the MB concentration.

purified genomic DNA of S. typhimurium. The concentration of
purified genomic DNA was confirmed by spectrometry using the
absorbance at 260 nm. After being serially diluted from 0.1 to
10" pg uL ", the purified genomic DNA were denatured at 95 °C
for 5 minutes and annealed at room temperature. 10 pL diluted
genomic DNA was applied to dry glass fiber spot, which had
been pretreated with 10 pL of human blood, 70 pL lysis buffer
and 50 pL washing buffer. The glass fiber spots were then dried
completely, and the general operations outlined above were
followed starting from the application of 20 pL elution buffer.

2.8 Integrated assay with biological samples

For a demonstration of the sample-to-answer capability of the
“book” shaped three-dimensional electrochemical paper
microdevice, the platform was investigated with S. typhimurium-
spiked human whole blood samples over a range concentration
of bacteria from 0 to 10° CFU mL ™. All the steps are as
described in the operation process of paper microdevice. To
further show the potential of the microdevice to be applied in
food safety analysis, the S. typhimurium-spiked drinking water

25812 | RSC Adv, 2020, 10, 25808-25816

and milk were also tested. The blood samples were obtained
from anonymous healthy donors, drinking water and milk were
purchased from local supermarkets.

3 Results and discussion

3.1 “Book” shaped three-dimensional electrochemical paper
microdevice

This electrochemical paper microdevice was designed to perform
DNA preparation, isothermal amplification and electrochemical
detection with minimal user steps. An overview of the “book”
shaped three-dimensional electrochemical paper microdevice is
schematically illustrated in Fig. 1a. Each microdevice contained
four components, namely: a filter paper based fluidic device
where the liquid was constrained by printed hydrophobic wax
(Fig. 1a); a plastic plate with a glass fibre spots (diameter 6 mm),
which form amplification chamber for LAMP reaction (Fig. 1b);
one glass fiber spot (panel 3, Fig. 1a) (GFF, Whatman) with
diameter 6 mm for absorbing nucleic acids from samples in the
presence of high concentration of the chaotropic agent,

This journal is © The Royal Society of Chemistry 2020
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guanidine thiocyanate (GuSCN); a paper-based electrochemical
unit (panel 4 and 5, Fig. 1a) for monitoring LAMP reaction.

As shown in Fig. 1c, this microdevice is small, only 3.5 cm long
and 3 cm wide. By alternatively flipping the panel (Fig. 2), the steps of
DNA release, isolation and purification was performed with this
microdevice. After sample preparation, the LAMP reaction was con-
ducted at 65 °C in the sealed amplification chamber via a hotplate.
Temperature calibration curve for the hotplate and the temperature
of the amplification chamber during amplification reaction was
investigated in the support material (Fig. S21). The electrochemical
interrogation based on MB and double-stranded LAMP reaction
products was executed through the paper-based electrochemical unit
to monitoring the LAMP reaction. Initially, the MB molecules are free
to encounter the gold working electrode and transfer electrons,
producing a high peak current (Fig. 1d, left). As the LAMP reaction
progresses, the MB intercalated into double-stranded LAMP reaction
products and thus reduced the free MB concentration, decreasing
the peak current (Fig. 1d, right). By combining the origami setting
like a flipping book and the electrochemical strategies, we con-
structed a sample-to-answer detection device with direct electro-
chemical readout, high sensitivity, and low detection limit.

3.2 DNA recovery rates of paper extraction

The DNA recovery rates of the paper extraction were compared
with that of traditional centrifuge (Fig. 3). The DNA recovery
rates of paper extraction and traditional centrifugation extrac-
tion (1 denotes a perfect recovery without loss) obtained by real-
time PCR with 1 : 5 serial diluted S. typhimurium genomic DNA
form 25 ng uL~'. Results from triplicate paper extraction
experiments show the DNA recovery rates for different concen-
trations were between 60-70%. The DNA recovery rates through
the glass fiber ranged from 75% to 85% compared to centrifu-
gation control. These results demonstrate that paper extraction
method is slightly lower than that of traditional centrifuge, but
satisfactory DNA recovery rates have also been obtained.

3.3 Optimization of experimental parameters

To achieve the optimum analytical performance of the platform,
the experimental parameters were investigated with the changes

View Article Online
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of current intensity between different peak current and back-
ground (Al) as an evaluation criterion (Fig. 4). Due to superior
extraction efficiency and simple processing steps, the glass fiber
was selected to complete cell lysis, nucleic acid extraction and
purification from biological samples. The washing buffer and
elution buffer were tested with volumes of 10 and 5 pL, 30 and 10
uL, 50 and 20 pL, 70 and 30 pL, respectively. As depicted in
(Fig. 4a), 50 pL washing buffer and 20 uL elution buffer produced
a higher change of current intensity (Al) as compared to others.
Therefore, 50 pL purification reagent and 20 pL TE buffer were
employed as the optimum volume of purification and washing
buffer. Furthermore, the effect of number of washes was also
compared under the optimum volume of two buffers (Fig. 4b).
There was no significant difference in the changes of current
intensity between one and two washes. However, due to the
excessive purification and washing buffer causes the loss of DNA,
the change of current intensity (AI) of the biological samples
washed for three times was almost half of the sample that is
washed for one times and two times.

Amplification time and temperature were crucial for the
amplification efficiency of the LAMP reaction. LAMP amplifi-
cation was performed on glass fiber with a range of incubation
time (15, 30, 45 and 60 min) at 65 °C to optimize the amplifi-
cation time. As depicted in Fig. 4c, the maximum AI reached at
the incubation time of 45 min, which indicated that the
optimum amplification time was 45 min. Additionally, a range
of amplification temperature (58, 60, 63, 65 and 68 °C) were also
evaluated at the optimum amplification time. With SYBR Green
I fluorescence staining, agarose gel electrophoresis was used to
verify the amplification efficiency of LAMP amplification at
different temperatures. We found that the bands of amplifica-
tion at 65 °C produce the most clearly visible light among all
temperatures tested (Fig. S47), which indicated that 65 °C was
the highest efficiency of amplification temperature.

The concentration of MB was crucial for the sensitivity of
biosensor. We investigated the concentration of MB in a range
from 0.8 to 4.8 mM to optimize the sensitivity of biosensor
(Fig. S31). With increasing of MB concentration from 0.8 to
4.0 mM, the current response changed slowly, while suddenly
increased at the concentration of 4.8 mM (Fig. 4d). This could

AI=-0.0121 +0.0518 logGpya
r=0.9901

10 1 2 3 4
logGp\ s (Pg/ 1L)

Fig. 5 The analytical sensitivity of the "book” shaped three-dimensional electrochemical paper microdevice for the detection of pathogens was
tested by using purified genomic DNA of S. typhimurium. (a) DPVs of detection purified genomic DNA (GDNA) at different concentrations: 0-10°
CFU mL™t in whole blood. (b) The calibration plot of changes of current intensity vs. log Gpna.
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Fig.6 Assay integrated with electrochemical paper microdevice using spiked-human whole blood sample. (a) DPVs of detection S. typhimurium
at different concentrations: 0—10° CFU mL~t in whole blood. (b) The calibration plot of changes of current intensity vs. log Cs.

be attributed to MB concentration was supersaturated when MB
concentration reached 4.8 mM. Therefore, 4.0 mM was
employed as the optimum concentration of MB.

3.4 Determination of analytical sensitivity with purified
genomic DNA

The analytical sensitivity of the electrochemical paper micro-
device for pathogens detection was tested using purified
genomic DNA of S. typhimurium. The S. typhimurium genomic
DNA was isolated and purified from bacterial culture. By drying
S. typhimurium genomic DNA onto the glass fiber spot (panel 3,
Fig. 1a), which had been treated with whole blood, lysis buffer
and washing buffer. 10 pL serially diluted purified genomic
DNA (0.1-10" pg pL~") was introduced through the glass fiber
spot into amplification chamber, where the specific LAMP
primers for the target pathogens were preloaded. After incuba-
tion at 65 °C for 45 minutes, the electrodes of paper-based
electrochemical unit were connected to potentiostat, and the
redox current was measured.

As shown in Fig. 5a (red curve), the relatively large peak
current was measured due to the high concentration of free MB
in reaction mixture when S. ¢yphimurium genomic DNA was not
added. When the target sequence was added in reaction mixture
and triggered the LAMP amplification, the LAMP amplification
products could combined with MB and reduced the concentra-
tion of free MB in reaction mixture and thereby diminished the
peak current (Fig. 5a; purple curve). With the increase of genomic
DNA concentration, the amplicon produced by the LAMP reac-
tion also increases, more MB molecules are embedded in the
amplicon, and the intensity of the current also decreases
(Fig. 5a). Moreover, a linear correlation between the changes of
current intensity between different peak current and background
(AI) and the logarithm of the concentration of genomic DNA
(log Gpna) was obtained. The linear equation was AI = —0.0121 +
0.0518 log Gpna With a correlation coefficient of 0.9901 and the
detection limit (LOD) was calculated to be 42 fg uL.* (30, n = 11).

3.5 Integrated assay with spiked whole blood and food
samples

To demonstrate the potential use of the “book” shaped three-
dimensional electrochemical paper microdevice for sample-to-

25814 | RSC Adv, 2020, 10, 25808-25816

answer diagnostics of pathogens, the assays were challenged
with S. typhimurium-spiked human whole blood. The whole
blood samples were subjected to the whole procedure, in the
order as described in General operation of the electrochemical
paper microdevice, by alternately flipping the panels for appli-
cation of lysis buffer, washing buffer and elution buffer. As
depicted in Fig. 6a, with the increasing concentration of S.
typhimurium (Cs) from 10 to 10° CFU mL ™", the peak current
was synchronously declined. However, the current peaks at 10°
and 10" CFU mL™" were not significantly lower than the back-
ground due to the extracted genomic DNA concentration was
too low to trigger the LAMP reaction. The linear correlation
between AI and the logarithm of the concentration of S. typhi-
murium (log Cs) was also obtained and the LOD was calculated
to be 44.2 CFU mL ™' (Fig. 6b).

For further to verify the versatility of our electrochemical
paper microdevice, S. typhimurium were spiked into water and
food samples, e.g. drinking water and milk, with a serial
concentration from 10° to 10° CFU mL™". As illustrated in
Fig. S5,1 it is found that the detection limit of S. typhimurium
was 1.57, 5.51 CFU mL ™" in drinking water and milk, respec-
tively. The detection limit in drinking water and milk were lower
than that in human blood. This could be attributed to the whole
blood contains more polymerase inhibitors may potentially
blocking subsequent amplification process. These results indi-
cated that our electrochemical paper microdevice is capable of

Table 1 The detection accuracy for "book” shaped three dimensional
electrochemical paper microdevice against reference laboratory
diagnosis (using PCR as a benchmark)

Paper
microdevice

Benchmark PCR Positive Negative Sensitivity Specificity

Whole blood Positive 14 3 82% 91%
Negative 4 39

Drinking water  Positive 17 2 89% 98%
Negative 1 40

Milk Positive 22 4 85% 94%
Negative 2 32

This journal is © The Royal Society of Chemistry 2020
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Table 2 Comparison with other works for the pathogens diagnostics from biological samples

Pathogen Biological samples Methods LOD Ref.
Salmonella spp Milk Fluorescence 170 CFU mL ™" 25

S. typhimurium Artificial urine Fluorescence 200 cells per pL 22

E. coli Human plasma Grayscale 0.5 cells per pL 31

P. falciparum Whole blood Fluorescence 0.5 parasites per L 6

P. falciparum Whole blood Fluorescence 5 parasites per mL 29
Escherichia coli Whole blood LFA 10> CFU mL™* 36

S. typhimurium Whole blood Electrochemistry 14.2 CFU mL ™" This work

target analysis in whole blood, drinking water and milk, which
offering great potential for clinical diagnosis, food and water
safety control.

3.6 Analytical sensitivity and specificity in electrochemical
paper microdevice

To demonstrate the specificity and sensitivity of our electro-
chemical paper microdevice for sample-to-answer detection of
pathogens, sixty biological samples were tested using our method
and benchmark PCR. Our method showed satisfactory specificity
and sensitivity for identifying S. typhimurium in blood, drinking
water and milk samples (Table 1), when compared against the
benchmark PCR. Three biological samples all have a sensitivity of
over 80% and exhibit high specificity (>90%). In addition, this
work was compared with the existing proposals reported in
previous literatures (Table 2). The ability of electrochemical
strategies to detect 44.2, 1.57, 5.51 CFU mL " bacterial in whole
blood, drinking water and milk was comparable or even more
sensitive than other methods (fluorescence, LFA, grayscale).

4 Conclusion

In summary, a single-use format and highly sensitive electro-
chemical paper microdevice was developed by integrating
electrochemical strategy, paper-based nucleic acid extraction
and LAMP reaction. We combined wax-printing technology and
screen printing electrodes to construct a paper electrochemical
unit, and successfully applied the electrochemical strategy to
the sample-to-answer detection of pathogens. This electro-
chemical paper microdevice was successfully applied to identify
pathogens from whole blood, milk and water samples with
satisfactory sensitivity and specificity.

Moreover, the microdevice could be easily modified to
analyze multiple samples or analyze multiple indicators of the
same sample at the same time. Our next work will improve the
multiple detection capability of the microdevice. The origami-
based “book” shaped three-dimensional electrochemical
paper microdevice exhibited great potential for various sample-
to-answer diagnostics in the future.
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