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Abstract

We focused on the development of a hand-held patidgtection device using smartphone-
embedded electronic elements combined with funatibed magnetic particles (MPs) and
sepharose. To perform affinity chromatography fealeating DNA amplicons, avidin-
conjugated MPs and succinimide-linked sepharose wsed with biotin-primers. To mimic
the centrifugal-based affinity ligand chromatognapihsmartphone-mountable low-power fan
was plugged into the charging port of a smartphd@he.charging port stably emitted electric
current at 3.0 V, and the fan blades were modife@duse as a portable rotor. Based on the
binding variation of MPs with DNA amplicons, thegion of MPs in sepharose changed
significantly during centrifugation. The changedistance was optically analyzed using the
illumination sensor of the smartphone with resgecthe altered transmittance due to the
MPs. Amplified genes frorischerichia. coli O157:H7 samples ranging from 1.0 x*16 1.0

x 1P colony-forming units could be rapidly and immedlgtdetected by the naked eye using
a simple smartphone-based optical device. The teegudicated that this novel biosensing
technique is suitable for use as a point-of-caséirtg device in both industrial and clinical

fields.

Keywords: Smartphone-based biosensing platform, Point-of-care testing (POCT), Pathogen

optical biosensor, PCR screening
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1. Introduction

The detection of pathogens in the food and otlenrcercial industries is a major issue,
since pathogenic microorganisms may lead to clitmatbreaks of foodborne illnesses
(Nyachuba 2010; Arora et al., 2011; Mortari and drmaellim 2014). To precisely identify
pathogens, microbiological and biochemical evatuatechniques have conventionally been
employed, such as culture and colony counting nustimvolving the counting of bacteria, or
immunological analysis methods related to antigatibady interactions (DeBoer and
Beumer 1999; Igbal et al., 2000; Gracias and MgKR004; Skottrup et al., 2008). Although
these methods are highly sensitive, inexpensivd, @ovide qualitative and quantitative
information regarding target microorganisms, theg eestricted by assay time or require
initial enrichment of a target for accurate pathogeentification. Recently, polymerase chain
reaction (PCR)-based molecular diagnostic techsiqueese been widely employed due to
their high sensitivity for the detection of singlepy of a target DNA sequence (Toze 1999;
Batt 2007; Kim et al., 2007; Perry et al., 2007).térms of specificity, sensitivity, rapidity,
and accuracy for analyzing small amounts of taj¢f, PCR methods demonstrate obvious
merits in comparison with culture- or immunologita@sed detection techniques. In
particular, fluorescence-based real-time polymecdsen reaction (RT-PCR) is employed as
golden method in the clinical and medical field dzh®n its high sensitivity and accuracy.
However, despite these various advantages, PCRiaseobial detection is still restricted
due to its high cost and complicated systems reguskilled experts to perform the tests
(Richards 1999; Yang and Rothman 2004; Smith anabMs2009; Velusamy et al., 2010;
Rahman et al., 2013). To fulfill the demand for PteRting, various optical instruments, such
as target-specific light sources, filters, prisansq visualization devices have been developed.

Nevertheless, the complexities of RT-PCR methodesstate a high cost and limitation in
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the target DNA detection to user (Toman 2004; Alsies et al., 2013). Furthermore, these
complex systems are limited when it comes to rapréening of PCR products in the field.

To effectively minimize the conventional apparatuseded for use in the molecular
diagnostic field as a point-of-care testing (PO@&Yyices, novel biosensing platforms have
been widely studied, leading to improvements in ickss and their availability by
illuminating and minimizing biosensing componemntsl @ystems (Park et al., 2015; Tiwari et
al., 2015; Hwang et al., 2016; Kim et al., 2016;kRzt al., 2017; Park et al., 2018; Park et al.,
2019; Yang et al., 2018). These platforms have Iseenessfully evaluated for the pathogen
detection employing the microfluidics, function&d: particles, or minimized devices with
optical and electrochemical analysis method. Pressiesearchers have employed the various
functionalities using detection principles such afinity chromatography (Hwang et al.,
2016), nano-patrticle functionalization (Park et aD15), capillary force-based fluidic assay
(Kim et al., 2016), or carbon-family substratesadii et al., 2015) for sensitive evaluation of
amplified gene. Although high-tech biosensing teghes and equipment allows for highly
reliable molecular diagnosis (Uys et al., 2009)shiw@ve tried to scale-down bench-top level
devices, such as fluorescence microscopy or eldetraical analysis systems, so that the
developed POCT devices could be used at the labgricility level. These highly technical
biosensors make them inaccessible to general patia users (Mabey et al., 2004; Peeling
and Mabey, 2010).

Many researchers have attempted to develop praandauseful POCT devices and systems
for use in resource-limited settings, accordingh® World Health Organization (WHO) AS-
SURED criteria (Affordable by those at risk of iof®n, Sensitive, Specific, User-friendly,
Rapid and robust, no Equipment, Delivered to thoke need it) (Drain et al., 2014). The
simple detection principle is essential in orderoteercome the critical issues around the

simplification of complex biosensing systems angta@duction (Tomazelli Coltro et al.,
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2014). In general, molecular analysis has conveatip employed fluorescence and
colorimetric techniques related to target-speaiftical instruments (Ahrberg et al., 2015;
Morbioli et al., 2017; Huang et al., 2017; Kudrakt 2017; Yin et al., 2017). However, these
methods require complex methods with lab-scalerunsnts, and are inconvenient for
detecting PCR products in the research and clifielals.

To develop a practically useful POCT system, weighesi a smartphone-based simple
analysis system for PCR screening by utilizing theltifunctional built-in electronic
components of smartphones. In our previous reseavehsuccessfully demonstrated the
magnetic particle (MP)-based naked-eye detectiancipte, which has high sensitivity and
reproducibility (Park et al., 2019). A colorimetngsualization with naked-eye detection for
molecular diagnosis during POCT has considerablet imeterms of minimization of color
development time, decreased washing proceduresstamder reaction times, although this
system still requires a bench-top-scale centrifufjbus, to successfully minimize the
analytical methods and techniques, a centrifugeautidal analysis system were developed
using a hand-held smart IT device. In general, d@leetrical power output of a smart IT
device can provide sustainable and stable low-palectricity via its charging port. By
using these electrical properties low-power elest® such as a smartphone-mountable fan,
in conjunction with a three-dimensional (3D)-pruhteevice, can be applied to create a
portable centrifuge system. Additionally, the lighgnsor embedded in smart devices can
rapidly detect ambient light, and light intensigncbe displayed on-screen via an application.
Therefore, the light sensor on a smart device wagla@yed as a light detector with a 3D-
printed holder. Based on this smart device-basesebising platform, we wanted to verify its
application for analyzing bacteria that cause fawdb illnessesEscherichia coli O157:H7
(E. coli O157:H7) was selected as a biomarker. By emplogungnovel sensing system, we

successfully simplified the PCR analysis platforyncbnverting the conventional high power,



1 gel electrophoresis, and UV-related detection ngédt® low battery power, visualized MPs,

2 and anillumination sensor. The details of thi$ &e reported here.
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2. Materialsand methods

2.1 Apparatus and materials

N-Hydroxysuccinimidyl Sepharose® 4 Fast Flow (H8R&@as purchased from Sigma
Aldrich (USA). Dynabeads® Myone™ Streptavidin C15061) was purchased from
Invitrogen (USA). HotStarTag® Plus Master Mix kB03643) was obtained from Qiagen
(Germany). The primer was modified and synthesizeBioneer (Korea). GelRed™ Nucleic
Acid Gel stain 10,000X (41002) was purchased frawtim (USA). A centrifuge (Combi-
514R) was obtained from Hanil Scientific (Gimpo-iprea). Test tubes (AXY-MCT-060)
were obtained from Axygen (USA). The UV exposureide (Slite 140) was purchased from
AveGene (Taiwan). QuickExtract™ DNA extraction gan 1.0 (QE09050) was purchased
from Epicentre (USA). The thermal cycler PCR Systgpi000 Touch™, 184100) was
purchased from Bio-Rad (USA). A tachometer (DT-ZB4vas obtained from BlueBird
(China). Smartphone-adaptable micro 5-pin-type giibet fans (DMF-1004) were purchased
from WiiX (China). The 3D-printed holder was falaied using a Kings 3035 3D printer

(Kings, China).

2.2 E. coli O157:H7 preparation in broth and milk

E. coli O157:H7 were cultured for 16 h at 37°C in 10 mlriaaBertani (LB) medium with
1 g sodium chloride, 0.5 g yeast extract, and ygtdne in 100 mL deionized (DI) water. To
estimate the number of colony-forming units (CFt$lonies were counted using the colony
counting method. Suspendé&d coli O157:H7 samples were inoculated into broth and milk

solutions, and the prepared pathogen cells werallgediluted to prepare various
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concentrations of target cells, from 1.018"' to 1.0 x 16 CFUE. coli O157:H7 per 1 mL
broth or milk. The prepared samples were storetf@tuntil use. Prior to being inoculated
into samples, the pathogen cells were harvestéesirtubes by centrifugation at 13,000 rpm
for 10 min, and bacterial DNA was extracted frora tell pellets using QuickExtract™ DNA

solution 1.0 at 98°C for 15 min.

2.3 PCRfor E. coli O157:H7

E. coli O157:H7 genes at the various prepared concemnigiio broth and milk were
amplified using conventional thermal cycling PCRheques. The primer were designed
with stx2 DNA (Sharma et al., 1999). Theend of the forward primer was conjugated with
biotin to bind with streptavidin on the MPs. Thervard primer sequence was-5
GGGCAGTTATTTTGCTGTGGA-3 while  the reverse primer was -5
TGTTGCCGTATTAACGAACCC-3 PCR amplification was implemented using the
HotStarTaq® Plus Master Mix Kit including 2X masteix, 0.08uM each of forward and
reverse primer, LL extracted DNA, MgSO4, dNTP (dATP, dGTP, dCTP, d@idP), and DI
water. Thermal cycling PCR was performed underftlewing conditions: 5 min at 95°C
for pre-denaturation, 95°C for 30 s for denaturatd double-stranded DNA templates, 60°C
for 30 s for annealing of primers, 72°C for 30 s$gnthesizing DNA, and 72°C for 5 min for
the final elongation step. The thermal cycle waseated 35 times. The size of the biotin-

conjugated target DNA was 120-bp amplicons.

2.4 Manipulation of the smart IT device-based low-power rotor module and its operation

The low-power rotor based on a smart IT device isted of a 5-pin-type portable fan and
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the 3D-printed holder. The head of a portable fas wodified to join with the holder, as
shown in Fig. 2 (A)\ide infra). The 3D-printed test tube holder was joined & portable
fan head using a ring holder. The amplified PCRdpob evaluation was begun using the
portable rotor module as follows: after performiAGR, the cocktail mixture, including 10
uL biotinylated amplicons, 10L MPs (10 ng/mL), 1QiL, and 1uL GelRed, was loaded into
the sepharose-packed test tube; the test tube heascentrifuged using the portable rotor

module by connecting it to a smartphone for 2 min.

2.5 Optical analysis using the illumination sensor on a smart I T device

The MPs that aggregated duektacoli O157:H7 analysis were optically measured using the
illumination sensor of a smart IT device. To coustran optical transduction system, we
designed a smartphone-adaptable 3D-printed acgessosisting of a test tube holder, an
LED holder, and a smartphone holder. The white L&&s directly connected to a 3 V
external battery on the side wall of the accessamy, thus the LED could be turned on and
off by connecting the LED wire to the battery. T3i@-printed accessory, which included the
test tube containing precipitated MPs, was indadle the top of the smartphone to align the
light source with the illumination sensor. The op@ann light intensity as it passed through
the test tube was analyzed using the Lux Light Mapplication (Doggo Apps, free version)

on the Android operating system.

3. Results and discussion

3.1 Biosensing technique for amplified pathogen genes using a smart I T device
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The biosensing technique developed here is basedMP-based affinity chromatographic
analysis that involves a chemical binding reacbetween the mobile and stationary phases.
The visualized metal particle family could be enyeld for the proposed sensing system, and
MPs were selected for this study. The amine grdugvmin on the MPs reacts strongly with
N-Hydroxysuccinimide (NHS) on sepharose. The pressaction relied solely on the affinity
between MPs and sepharose, while the ampliconsigatgd with biotin could disturb this
chemical coupling by steric hindrance of the speaiéaction between biotin and avidin.
Using the utilized smartphone-based centrifugatesys the MPs with PCR product was
precipitated at the bottom of test tube by passimgugh the sepharose, while the MPs
without PCR product was aggregated at the top gifttdbe. Based on these properties, the
migration level of MPs in sepharose changed in @=zwe with the binding of amplicons
during centrifugation (Fig. 1 (A)). In a previousigdy, we successfully demonstrated these
MP-based affinity principles. However, the previaystem still required a bench-top scale
centrifuge, so the smart IT device-based POCT systas developed to effectively minimize
this complex system. In research conducted usingeMices up until now, the cameras on
smartphones have been mainly employed to makefuséeavice’s optical biosensing system.
In order to improve the conventional system, wedusemartphone as a power supply via its
charging port. This indicated that a portable faaswtable when operated at 3 V, making the
novel portable centrifuge system possible (Fig.A)).(The 3D-printed accessory was
connected to the portable fan to hold the testdulb@ accordance with the binding of
pathogen amplicons, the precipitated MPs could ibglg and rapidly detected by the
smartphone’s built-in optical detection functiotated to the illumination sensor.

In order to demonstrate the functionality of pragbsensing system, a feasibility test for the
smartphone-based rotor module was established.aBeghsolution (200 pL) was added to

the test tube, as shown in Fig. 1 (B). Next, MP$hwi.0 x 18 CFU E. coli O157:H7
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amplified genes were loaded into the sepharose pidyared test tube was inserted into the
3D-printed holder, and another test tube contairihg same volume was simultaneously
inserted into the opposite side to maintain theumed of the centrifugal force. Any smart IT
device with a micro-5-pin port, such as a smartghe@ntablet, or an external battery, could
act as a power supply. In this study, an LG G4 (fF=0nartphone was employed. As shown
in Fig. 1 (B), the rotor module was operated byrmmting it to the smartphone, allowing
stable rotation of the test tube. The MPs shousdigally migrate over time. As a result, the
migration of MPs clearly changed as they reactdtl Wie amplicons. Test tubes containing
precipitated MPs were sequentially analyzed ushmg itlumination sensor-based optical
analysis system, and the quantification in accardawith the concentration dE. coli
0157:H7 tested was immediately evaluated by theicgipn. Based on the proposed
technique, amplified pathogen genes were rapidijuasted by employing a smart IT device

and a simple method.

3.2 Use of the low-power electricity supply embedded in smart I T devices

The voltage of power inputs and outputs in smardévices varies with manufacturing
specifications. Therefore, the output voltage ekdse smart IT devices should be confirmed
for use with the low-power rotor module. In gengsshart IT devices contain a micro USB
B-type port with five pins, while portable low-powedevices have a USB A-type port with
four pins. Both USB type have four pins in commimejuding the ground (GND), a voltage
common collector (Vcc), Data+, and Data—, while U®B B-type additionally has a Sense
pin (Fig. 2 (A)). Of these pins, the GND and Vcagiare involved with the power supply,
while the Data+ and Data— pins are related to eafional data transmission. The Sense pin

works for the specific response of own smart ITides. Therefore, portable electronic
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devices usually operate using the GND and Vcc pimsorder to accurately confirm the
capability of the electrical power output, the agk of the smart IT device was measured
using a multimeter (Fig. 2 (B)). The electrical powof the smartphone was exploited by
connecting a USB A cable that was modified to eepgbge GND and Vcc wires. Three types
of smart IT devices, an LG G2, a Samsung Galaxya8d,an external battery were tested,
and the output voltage of each device was repgatadhsured by eliminating any residual
electricity. The output voltages were 4.9, 5.1, 4V for the LG G2, Samsung Galaxy S7,
and external battery, respectively (Fig. 2 (C))ohder to accurately evaluate the stability of
the output voltage, the tests were repeated at flegse times under same condition, and the
results are presented in the Fig. 2 (C) with elar The obtained standard deviation (SD) of
the output voltages were less than 0.01%, indigatilgh stability of electric supply. The
variation in output voltage is that they each hthair own characteristics, according to the
device model or manufacturer. Considering thatdperating voltage of commercial low-
power devices is approximately 3—3.5 V, all smartévices are potentially useful. Here the
Samsung Galaxy S7 was selected for the followiststewing to its relatively high voltage
power and stability. The test results obtained destrate the possibility for the manipulation

of low-power devices for various applications.

3.3 Feasibility testing of the smartphone-based low-power centrifuge system

To observe separated MPs following their reactiaih Whe PCR product, a certain physical
force is required for the MP migration. To succebgfestablish the simplification of a
rotational device to enable the practical use d?@CT device as a diagnostic tool for
pathogens, we designed and fabricated a portatie B schematic diagram of this battery-

powered portable rotor is shown in Fig. 3 (A). Théricated rotor consisted of a power
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connector, a scaffold, a motor, and a holder. Aifain that could be operated via a micro-5-
pin-type port was used. The selected fan performell at 3—3.5 V direct current (DC)
voltage. Thus, low-power sources, such as a snangphr an external battery are suitable, as
we previously revealed. The fan blades were remgueeithat the test tube holder, which was
fabricated using a 3D-printing method, could beahed. The fabricated holder included a
test tube holder and a ring linker to connect eorttotor head.

In this study, the efficiency of MPs migration inettest tube was directly related to the
velocity of the low-power fan. Therefore, by usihg rotor, the revolutions per minute (RPM)
of the fan could be tested to verify the perforneatthe embedded motor. The weight of the
test tube; volumes of 0 to 600 uL DI water wereduse provide a variety of weights.
Adhesive silver-foil tape was attached to the suddl of the test tubes, and a tachometer was
used to measure rotational speeds (RPM), as shovwigi 3 (B). The result of test was
recorded, and the data are presented in Fig. 3AG)eady rotational velocity of 2000 RPM
was recorded in the test using an empty tube. Ttienprepared DI water samples were
sequentially tested. In the 200 pL DI water testekcity of approximately 1900 RPM was
observed, and this velocity was also obtained wifl® pL DI water. The fan velocity
decreased when volumes of more than 600 pL wetedteimdicating that the rotor power of
the motor operated properly only with volumes afsléehan 400 puL. The velocity slowly
decreased with increasing volumes of solution, xy®eeed. Based on the test results, the
gravitational force (g-force) for each test wasakdted using the following equation:

g = (1.118 x 1073)R(RPM/1000)?

whereg is the g-force and is the radius of gyration (cm). The calculatedogz€ is also
shown in Fig. 3 (C). A force of 229 was achieved using the empty tube test, while
approximately 20@ was achieved in the 200 to 400 pL DI water tegte g-force decreased

with volumes of more than 600 pL. Based on thesertssults, a sample volume of 400 pL
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was determined to be ideal for separation of MPs.

3.4 Evaluation of E. coli O157:H7 using the novel sensing technique

Based on the newly established and optimized bg&sg platformE. coli O157:H7 genes
from cultures containing 1.0 x 1@ 1.0 x 16 CFU were evaluated. The prepatedcoli
0157:H7 was extracted and purified, and genes waerglified using a conventional PCR
technique. DI water was used as a negative comtrar to concentrating the preparedcoli
0157:H7 sample using the rotor module, amplifiethegewere firstly verified using gel
electrophoresis, and the resulting image is showig. 4 (A). The designed target gene size
was 120 bp, and a PCR band from the whole genecleasly present at the related PCR
marker band. In addition, band intensity graduadtyeased with increasing concentration of
the targetE. coli O157:H7 gene, while the band was not detectedhénniegative control,
indicating that the target gene was accurately gnegh The remaining target gene samples
were applied using the newly developed biosensystes under the same conditions as the
previous test. To verify reproducibility, the intrand inter-assays were performed under the
same conditions each time, such as reaction tilleapd humidity. Representative images of
the results are shown in Fig. 4 (A). MPs clearlygrated to the bottom of the test tubes
containing thekE. coli O157:H7 target genes, while changes in the leveMiBE were not
detected in the negative control. In the tube doirtg the 1.0 x 1DCFU sample, the MPs
moved only slightly related to the 1.0 x?1® 1.0 x 18 CFUE. coli 0157:H7 samples, the
assumption being that the amplified gene was imgefit to fully aggregate the particle
surfaces. However, the 1.0 x*10FU differed significantly from the negative castrand
thus we concluded that the limit of detection (LOIB)m repeated test results using the

newly developed sensing platform was 1.0 X@BUE. coli O157:H7.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

To verify the practical applicability of this apprch, an analysis was performed using real
samples. Artificially infected real food samplesrevprepared by inoculating 1@ milk with

1.0 x 16 CFUE. coli 0157:H7, adding stock solution that had been ked#uted 10-fold
into milk. Then, theE. coli O157:H7-inoculated milk samples were lysed andfigaki and
the prepared sample was analyzed using a convahf@R device. PCR bands were clearly
shown (Fig. 4 (B)), indicating that the sample \@masurately prepared. The same sample was
then analyzed using the newly developed rotor nedLihe tests were performed repeatedly,
under the same conditions, including pH, tempeeatand reaction time, and representative
test results are shown in Fig. 4 (B). The migrat@inMPs was clearly observed in the
positive test sample, while no movement of MPs watected in the negative control,
indicating the high sensitivity of the manufactutedsensing platform for real sample-based
E. coli O157:H7 evaluation. The results revealed thasthartphone-based low-power rotor
could provide sufficient centrifugal force to ared\E. coli O157:H7 in real milk samples,
and that 1.0 x 0CFU E. coli 0157:H7 was sensitively evaluated in broth andkmil
demonstrating the high sensitivity with LOD of xQ.0' CFU. Based on these findings, the
battery-powered portable rotor we developed for @halysis of PCR products could be
employed as an on-site inspection tool, as we sstady established that it is a reliable
molecular sensing platform based on significartt results showing high reproducibility and

sensitivity.

3.5 Use of the smart IT device-based optical bissgnplatform

In order to clearly detect the migration levelsMPs, we introduced a smart IT device-

based optical analysis system. In a previous stad®OCT optical device was successfully

established by using the illumination sensor omars IT device, which can sensitively and
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rapidly measure light intensity. Using these piphes, aggregated MPs could be rapidly
measured. The proposed sensing system consistslightasource, a test tube, and an
illumination sensor on a smart IT device (Fig. 5)(A'he intensity of light passing through
the bottom of the test tube changesHocoli O157:H7-positive samples, but is unchanged in
the negative test. The altered light intensity @@nrapidly analyzed by the illumination
sensor and associated software embedded in thetpbmae, and the light level is
numerically displayed on screen. The sensing lacivas based on transmittance levels
according to the amount of MPs and sepharose. &tyzm absorbance, 200 puL of each
material was loaded onto a 96-well plate, and thiecal density of each well was measured.
As shown in Fig. 5 (B), the maximum absorbance ¢&fsMvas about 2.5 A.U. at 500 nm,
while the optical density in the whole detectionge, from 400 to 1000 nm, was more than 2
A.U. However, the absorbance of sepharose wasthess 0.5 A.U. in the same detection
range. These results reveal that aggregated M&epimarose could be accurately detected by
the optical-based sensing system. Based on themdtsie MPs and sepharose were
sequentially tested using the illumination sensothe smartphone. Owing to the difference
in optical intensities in the whole detection ranigeluding visible and infrared, a white LED
was employed as the light source, and the testinyalemented in dark conditions to avoid
interference with ambient light. The MPs and sepbar(100 pL) were then loaded into a
transparent polydimethylsiloxane (PDMS) chip, arte tchip was placed over the
illumination sensor on the smartphone, as showkiga 5 (C). The white LED light that
passing through the PDMS was analyzed using theMeter application. In the test, lux
values of 308 and 1025 were recorded for MPs aptiasese, respectively; these results
were repeatedly and uniformly obtained under thmesaonditions. Taken together, these
results indicated that MPs and sepharose can heradely analyzed using the smart IT

device-based optical sensing system.
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3.6 E. coli O157:H7 evaluation using smart I T device

Based on the reliability and feasibility of theepious result, we successfully demonstrated a
smartphone-based optical transduction system. A®@ed device, including a test tube
holder, smartphone holder, and light source holdag designed and fabricated, as shown in
Fig. 6 (A). A white LED was installed in front dfie test tube, and a 3 V external battery was
fixed to the side of the 3D-printed device, in eorgtion with the LED. The fabricated 3D-
printed accessory was installed at the top of thargphone, and the optical density of an
empty test tube was found to be 1570 lux. Then, MR E. coli O157:H7 samples which
were centrifuged using the smartphone-based ratatiodule were sequentially testds.
coli O157:H7 from the broth sample was loaded firsd, e results are shown in Fig. 6 (B).
For the DI water test, about 1400 lux was recordeldile approximately 600 lux was
recorded for the applied detection range from 1I0%to 1.0 x 16 CFU/mL samples oE.
coli O157:H7. Although the average values of the opsanal from each test result were
slightly different, the lux value across the whaletection range was less than 800 lux,
indicating that 800 lux could be used as a cutwaffue to determine the existence of
pathogens. Based on these results, the LOD was 1@ CFU/mLE. coli O157:H7. To
evaluate repeatability, the same test was repgateglemented at least three times under the
same conditions of pH, temperature, and reactime.tiThe SD is presented in the Fig. 6 (B)
as an error bar, and was 11% for the whole deteastimge. Based on these values, the
sensing system demonstrated high sensitivity apdodeicibility when testing foE. coli
O157:H7.

To verify the system’s practical application, reaimples were also tested. Milk samples

inoculated with 1.0 x 10to 1.0 x 16 CFU/mLE. coli O157:H7 were analyzed using the
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fabricated smartphone sensor. As shown in Fig.)6t@ optical signal of the milk test was
observed to be about 1200 lux, while the averagieapntensity from the range &. coli
0157:H7 samples was between 500 and 600 lux. Tteenall signals were relatively lower
than those of the broth test, due to the interfeeof various proteins in milk, such as
albumin, casein, and enzymes. Although milk cormstéivese various components, the affinity
chemical-based MPs reaction technique prefereptiafids with target pathogens, and also
migrates into sepharose sufficiently to be detecbedorder to verify the repeatability for
intra- and inter-signal variation, the same tesesemepeated three times under the same
conditions such as pH, temperature, and reactioe.tiThe calculated SD for the whole
detection range was 14%, demonstrating the higbatepility of the biosensing platform for
real sample-based pathogen determination. Thedsstts showed that the lux value ©f
coli O157:H7 concentrations ranging from 1.0 x* 16 1.0 x 18 CFU/mL was clearly
distinguishable from the negative control, and tiwesconcluded that the LOD when testing
real samples was 1.0 x 1CFU/mLE. coli O157:H7. Based on the obtained results, we
concluded that the utilized low-power rotor couldacrly analyze the whole detection range
of appliedE. coli 0157:H7 gene both in broth and real milk sammes| the 1.0 x TOCFU

E. coli O157:H7 was accurately determined, indicating high sensitivity of developed
smartphone-based biosensing platform (LOD withxL1®' CFU). The price for single assay
considering the consumable materials such as magraaticle, sepharose, PCR mixture, and
test tube was about $5 USD, making this assay yhatdessible to various user.

The smartphone-based biosensing system enables adgnmsed methodologies on a
portable apparatus for quick on-site PCR screerand,thus the developed sensing platform
was shown to be suitable for analyzing the divpathogen gene amplified by conventional
PCR method even in the food. We believe that thisag@ makes a significant contribution to

the principle of simplifying analysis of pathogetisat cause foodborne illnesses POCT
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device.

4. Conclusion

Here, MP-based pathogen amplicon quantificatiohriggie involving a centrifugal system
was effectively performed using a low-power elegitosmart IT device. Based on
colorimetric chromatography of the MPs using simgiemical affinity, the amplified PCR
product was easily visualized and evaluated usipgreable electronic device. The fabricated
biosensing system successfully reduced both caostsest times (to as little as three minutes)
for the accurate verification of a pathogenic strai E. coli O157:H7 in real food samples.
The smart IT device-based optical sensing systeso demonstrated high reproducibility
(10%) for pathogen genes in samples in the coratonrrange of 1.0 x 0o 1.0 x 16
CFU, with high sensitivity and a LOD of 1.0 x10FU. This minimized biosensor system,
based on the multifunctionalities of smart IT degicprovides an advanced analysis tool in
the commercial field owing to the high applicalyiliof low-power electronic devices in
various biosensor approaches, such as quick P@&ersng. The reliability of the findings in
this study exhibit significance for the developmehportable optical biosensing techniques

for POCT devices as useful tools for pathogen ssseist.
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Figure Captions

Fig. 1 Schematic diagram of the smart IT device-based-dower rotor module for
pathogenic strain assessment. (A) Magnetic pasti(MPs) were employed as the mobile
phase and sepharose as the stationary phase. he-rmodified MPs chemically reacted
with N-Hydroxysuccinimide (NHS)-sepharose. In ordercreate a minimized centrifugal
system, a portable fan was used as a rotor moudilieh was then operated by a smart IT
device. (B) The smart IT device-based test proceduMiPs with amplified genes &. coli
0157:H7 were loaded into sepharose-packed tess tUlie test tubes were centrifuged using
the portable rotor module for 2 min. MPs that redctvith amplicons aggregated at the

bottom of the tube, while pristine MPs remainethattop of the sepharose.

Fig. 2 Construction of the power unit using a portable U&ible and testing for output
voltage of different types of smart IT devices. @) illustration of micro USB B and USB A
type cable compositions and connectivity. Vcc, Dabatd, and GND were common to both.
(B) Voltage measurement of smart IT device outpugsg a multimeter with a modified
cable wire. (C) Woltage test results for (B). Eaebt was conducted three times; error bars

indicate standard deviations.

Fig. 3 (A) Construction of the portable rotor module. drfable USB-type fan was employed
as a minimized low-power motor. A 3D-printed acoegsvas produced to hold the test tube.
(B) The velocity of the test tube spinning in thertpble rotor was measured using a
tachometer. (C) The velocities of test tubes cairtgi DI water of volumes 200, 400, and 600

ML were recorded.
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Fig. 4 (A) A gel electrophoresis image for prepaiedcoli O157:H7 in the concentration
range from 1.0 x 10to 1.0 x 18 CFU cultured in Luria—Bertani (LB) broth, and test
result for MP-basedt. coli O157:H7 evaluation using the fabricated portablerrmodule.

(B) Test results ofE. coli 0157:H7 in a real milk sample using the same me#sogh).

Fig. 5 The illumination sensor-based optical analysibnepe and absorbance test using MP
and sepharose. (A) Changes in light intensity pasgiough magnetic particles (MPs) or
sepharose. (B) Absorbance evaluation of both MPd sepharose. (C) The optical
transmittance test of MPs and sepharose in the PEM8ber, using the illumination sensor
on the smartphone. The test was carried out in darklitions, and an external white LED

was employed and used at a fixed distance.

Fig.6 (A) The 3D-printed accessory for the smartphorgetaoptical sensing platform. The
accessory contains holders for a test tube, whi®,L3 V battery, and smartphone. (B)
Optical signals for MP-basdfl coli O157:H7 testing using an illumination sensor. Sasp
of 1.0 x 18 to 1.0 x 16 CFU E. coli 0157:H7 cultured in broth were analyzed. (C) Test
results ofE. coli O157:H7 in real milk samples under the same carditas (B). The same

test was repeated three times under the same wmglierror bars show standard deviations.
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Highlights

Smartphone-based |ow powered electronics were utilized for molecular diagnosis.
Amplified pathogen gene was simply evaluated by metal particle with portable rotor.
Smartphone-embedded illumination sensor was used for metal particle analysis.

Pathogen in food samples were sensitively identified using the hand-held device.
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