Accepted Manuscript

A microfluidic biosensor for online and sensitive detection of Salmonella typhimurium
using fluorescence labeling and smartphone video processing

Siyuan Wang, Lingyan Zheng, Gaozhe Cai, Ning Liu, Ming Liao, Yanbin Li, Xibin
Zhang, Jianhan Lin

PII: S0956-5663(19)30398-7

DOI: https://doi.org/10.1016/j.bios.2019.111333
Article Number: 111333

Reference: BIOS 111333

To appearin:  Biosensors and Bioelectronics

Received Date: 12 March 2019
Revised Date: 10 May 2019
Accepted Date: 15 May 2019

Please cite this article as: Wang, S., Zheng, L., Cai, G., Liu, N., Liao, M., Li, Y., Zhang, X., Lin, J., A
microfluidic biosensor for online and sensitive detection of Salmonella typhimurium using fluorescence
labeling and smartphone video processing, Biosensors and Bioelectronics (2019), doi: https://
doi.org/10.1016/j.bios.2019.111333.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.bios.2019.111333
https://doi.org/10.1016/j.bios.2019.111333
https://doi.org/10.1016/j.bios.2019.111333

N

© 00 N oo Uu b~ Ww

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

A microfluidic biosensor for online and sensitive detection of Salmonella
typhimurium using fluorescence labeling and smartphone video processing

Siyuan Wangj Lingyan Zhenj Gaozhe C4j Ning Liu*, Ming Liac?, Yanbin Lf, Xibin Zhand,
Jianhan Lir

! Key Laboratory of Agricultural Information Acquigin Technology, Ministry of Agriculture and
Rural Affairs, China Agricultural University, Beijg 100083, China
2 College of Veterinary Medicine, South China Agtiatal University, Guangzhou 510642, China
% Department of Biological and Agricultural Enginiegr, University of Arkansas, Fayetteville,
Arkansas 72701, US
* College of Food Science and Engineering, ShanAgnigultural University, Taian 271018,
China

*Corresponding author: Dr. Jianhan Lin, Phone/R&6-10-62737599; Email:

jlanhan@cau.edu.cn

Abstract: Early screening of foodborne pathogens is a keanture food safety. In this study, we
developed a microfluidic biosensor for online amuhsitive detection ofalmonella based on
immunomagnetic separation, fluorescence labelind) smartphone video processing. First, the
immune magnetic nanoparticles were used to spaltjffiseparate and efficiently concentrate the
target bacteria and the magnetic bacteria wereddriihen, the magnetic bacteria were labeled
with the immune fluorescent microspheres and theréiscent bacteria were formed. Finally, the
fluorescent bacteria were continuously injectedointhe microfluidic chip on the
smartphone-based fluorescent microscopic systedhirenfluorescent spots were online counted
using the smartphone App based on inter-framerdifiee algorithm to obtain the amount of the
target bacteria. Under the optimal conditions, firisposed biosensor was able to quantitatively
detectSalmonella typhimurium ranging from 1.4xf@o 1.4x16 CFU/mL, and its lower detection
limit was 58 CFU/mL. This biosensor could be extxhdor detection of multiple foodborne

pathogens using different fluorescent materials.

Keywords: Microfluidic biosensor; fluorescence labeling; stpaone video processing; magnetic
separationSalmonella typhimurium
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1. Introduction

Foodborne pathogens are a main factor for the eakisrof foodborne diseases. According to
the World Health Organization (WHO), there are o¥B0 million diarrheal cases in the world
every year, 70% of which are related to foodborath@gens (World Health Organization 2018).
Among these foodborne pathogens, Salmonella wBB®serotypes receives the most concerns
(Malorny et al. 2009) since it is widely found imanous foods and can result in severe diseases
sometimes. At present, there are some existing odsttfor detection ofSalmonella. The
traditional culture plating is the gold standardtime based on bacteria growing in agar-based
growth medium. It has high accuracy and sensitiibyvever it takes a few days (2-4 d) to obtain
final results and is not suitable for in-field detten (Lee et al. 2015; Rohde et al. 2017).
Enzyme-linked immunosorbent assay (ELISA) is a meoended method based on the
immunological reaction between antigen and antibdidis rapid (2-4 h), high-throughput and
specific, however it has a low sensitivity and fiteio subject to cross contamination (Miller et al.
2011; Zhang et al. 2017). Polymerase chain rea¢B@R) is recommended for rapid detection of
Salmonella and featured with short time (2-4 h), high thromghand high sensitivity, but it
requires complex DNA extraction procedure and msifnal facilities (Jyoti et al. 2010; Lungu et
al. 2012). Thus, there is an urgent demand on rapitsensitive detection methods of foodborne
pathogens.

As an alternative for bacteria detection, fluoresdd@osensors have been often reported to
detectSalmonella in recent years. In most studies, fluorescentdrissrs were developed first
using immune magnetic nanoparticles to capturaaiget bacteria to form the magnetic bacteria,
then using fluorescent materials such as fluoraggaie et al. 2017) and quantum dots (Yang and
Li 2006) to conjugate the magnetic bacteria to fémenfluorescent bacteria, and finally measuring
the fluorescent signals to determine the amourtheftarget bacteria. The reported fluorescent
biosensors were often able to detect foodborneshiacas low as 1010° CFU/mL (Bayramoglu
et al. 2018; Li et al. 2018). Recently, an intargstluorescent biosensor was reported by Wang et
al. (Wang and Kang 2016) for bacteria detectiongisingle-stranded DNA aptamers conjugated
silica fluorescent nanoparticles to label the ta&gmonella cells, which then could be counted
on a fluorescent microscope to obtain quantitategults. Although immunofluorescent assays
have been widely used for bacteria detection duketio high sensitivity, good specificity and fast
speed (Duedu and French 2017), they are stildfagéh some challenges, such as non-specific
adsorption to proteins, cells, nucleic acids anlgetsubstances in real samples, resulting in
inevitable background noises and false positive® (&t al. 2014; Wang and Duncan 2017). Thus,
combination of immunomagnetic separation and imrflunpescent assays might be promising to
develop new rapid, sensitive and non-contact metfadbacteria detection.

In recent years, microfluidics has received extensittentions and been frequently used for
biological detection due to its outstanding advgesa such as small size, less reagent
consumption, high reaction efficiency, low costsyedntegration, automatic operation and

point-of-care diagnosis (Fang et al. 2010; Kulingtyal. 2013; Whitesides 2013). At present,
2
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optical detection and electrochemical detection @ften used with microfluidics to develop
microfluidic biosensors (Hassan et al. 2016; Madiet al. 2008; Nie et al. 2010; Stott et al. 2010)
An example is a microfluidic chip for ultrasensgivdetection ofSalmonella Typhimurium
reported by He et al. (He et al. 2013) using pesitielectrophoresis enrichment and fluorescent
nanoparticles label. It could detegimonella as low as 56 CFU/mL in 2 h. Another interesting
sample is a microfluidic chip with magneticallyiflized bed reported by Srbova et al. (Srbova et
al. 2017) for immune separation ilmonella in milk. This microfluidic chip had a separation
efficiency of up to 99% foSalmonella. Besides, Altintas et al. (Altintas et al. 2018ported a
microfluidic biosensor for real-time and automatitetection of Escherichia coli using
electrochemical amperometry to achieve a loweratiete limit of 50 CFU/mL. With more and
more popularity of smartphones, they have beemoéigplied to develop rapid and in-field
detection assays of foodborne pathogens due togbeability, low cost and easy operation (Jing
et al. 2014; Zangheri et al. 2015). Shrivastavaalet(Shrivastava et al. 2018) developed a
smartphone-based fluorescent biosensor for deteofi®aphylococcus aureus in a culture-free,
rapid and quantitative manner from minimally preess liquid samples using aptamer
functionalized fluorescent magnetic nanoparticke®] the lower detection limit of 10 CFU/mL
could be obtained by counting the bacteria on thticsfluorescence images. Cui et al. (Cui et al.
2018) proposed a digital standard plate count noetiesed on micro-droplet turbidity imaging
and it could detect living bacteria in infant mpkwder as low as 100 CFU/mL within 6 h. To the
best of our knowledge, all the existing smartphbased biosensing methods are based on static
image analysis, which are very difficult to realme-line detection of foodborne bacteria(\Wang et
al. 2016; Zheng et al. 2019).

Zhu et al. (Zhu et al. 2011)reported a similar rodthusing fluorescent labeling and
smartphone video processing for cell counting. &éhors used white blood cells in human
whole blood as research model and integrated adadl fluorescent microscopy and flow
cytometry on a smartphone. However, this proposesiesn could not be directly used for
counting bacteria since the size of human whiteodlgell (10-12um) is much larger than
foodborne bacteria (1-2im), which need higher resolution and larger magaifon. More
importantly, the video was post processed, indigathat this proposed system was not suitable
for online identification. Therefore, further studgsed on this method might provide a promising
way to detect single bacterium.

In this work, we developed a novel microfluidic ®émsor for on-line, rapid and sensitive
detection of Salmonella typhimurium combining immunomagnetic separatiohyofescence
labeling and smartphone video processing. As shiow&cheme 1, the magnetic nanoparticles
(MNPs) modified with the monoclonal antibodies (MAlagainsSalmonella typhimurium were
first used to separate the target bacteria fromstmple background to form the MNP-bacteria
complexes (magnetic bacteria), which then reactéd the fluorescent microspheres (FMSs)
modified with the polyclonal antibodies (PAbs) agsiSalmonella typhimurium to form the

MNP-bacteria-FMS complexes (fluorescent bacteridjter the fluorescent bacteria were
3
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magnetically separated to remove the unbound FEf8siently concentrated in small volume of
PBS and continuously injected into the microfluidibip, the smartphone based fluorescent
microscopic system was used with the LED light seuor fluorescent excitation to monitor the
flowing fluorescent spots and the amount of theriscent bacteria was calculated through

real-time video processing.
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Scheme 1. (a) The principle of the proposed microfluidic biosentw on-line, rapid and

sensitive detection @almonella typhimurium; (b) The structure of the smartphoaeda
fluorescent microscopic system.

2. Materialsand Methods
2.1. Materials

Salmonella typhimurium (ATCC 14028) was used as target bemteand Listeria
monocytogenes (ATCC 13932),E. coli O157:H7 (ATCC 43888) andlibrio parahemolyticus
(ATCC 17802) were used as non-target bacteria. MiAds (1 mg/mL) againstSalmonella
typhimurium from Meridian (Memphis, TN, US) and tRAbs (2.5 mg/mL) again&almonella
typhimurium from Fitzgerald (Acton, Massachusetl§) were used for immunological reaction
with Salmonella typhimurium. The biotin labeling kit from Elabsnoige (Wuhan, China) was used
for the modification of biotin onto the MAbs. Theeptavidin modified MNPs (1 mg/mL) with
the diameter of 150 nm from Ocean Nano (MHS-150{Qpedin, FL, US) were used for
immunomagnetic separation &ilmonella typhimurium. The carboxylate FMSs (10 mg/mL) with
the diameter of 150 nm from VDO Biotech (FR150Csi@tion wavelength: 535 nm, emission
wavelength: 610 nm, Suzhou, China) were used f®lliag Salmonella typhimurium as detection
signal. N-(3-dimethylaminopropyl)-N’-ethylcarbodiide hydrochloride (EDC-HCI) was used for
modifying the FMSs with the PAbs. Phosphate buffesaline (PBS, 10 times concentrated, pH
7.4) from Sigma-Aldrich (St. Louis, MO, US) was fd)d diluted with deionized water to prepare
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the buffer solution. Tween-20 from Amresco (Sol@H, US) was used for washing. Bovine
serum albumin (BSA) from Sigma Aldrich was used Ilidocking. Brain heart infusion (BHI)

medium from Remel (Lenexa, KS, US) and Luria-Beartaee et al.) medium (Aoboxing Biotech,
Beijing, China) fluorescen were used for bacteigalture. Deionized water produced by

Advantage 10 (18.2 K-cm, Billerica, MA, US) was used for preparingtht solutions.

2.2. Fabrication of the microfluidic detecting chip

The microfluidic detecting chip is the key componefithis proposed biosensor. It composed
of two parts: (1) a fan-shaped cylinder filter favoiding the blocking of the chip by the
large-sized particles in the sample and enhanbiaglispersion of the fluorescent bacteria, and (2)
a line-shaped microchannel for observing and cagritie fluorescent spots. As shown in Scheme
1(b), the cylinder filter had five rows of stagggnmmicro-cylinders with a diameter of 50n, a
height of 25um and an interval of 50m, and the straight microchannel had a width ofi@f a
height of 25um and a length of 50 mm. The mold of the microficiidhannel was fabricated
using SU8 photolithography. After the prepolymer athe curing agent from Dow Corning
(Sylgard 184, Midland, US) were mixed at the ratid0:1 and used to make the poly (dimethoxy)
silane (PDMS) microchannel, the microchannel amdgllass plate from Sail Brand (7101, Jinan,
China) were processed by surface oxygen plasmai¢idtlasma, Ithaca, NY, US) and bonded to

fabricate the microfluidic chip. The photo of thecrofluidic chip is shown in Figure S1.

2.3. Development of the smartphone based fluorescent microscopic system

The fluorescent microscopic system is another keyponent of this proposed biosensor. It
composed of three parts: (1) the light source faoréscent excitation, (2) the fluorescent
microscope for optical amplifier, and (3) the smphdne App for real-time video processing. The
structure of the fluorescent microscopic systeshiswn in Scheme 1(b). The light source with the
wavelength of 535 nm was obtained using a 5W whiE® from Rongcheng Microelectronics
(KB0603, Shenzhen, China) to provide the light betavo convex lenses with the focus length of
50 mm from Yajiamei optics (YIJM-50, Shenzhen, Chita focus the diverging beam, a
narrow-band optical filter with the central waveiém of 535 nm from Hoda lens optics
(D20-BPOD3-535, Shenzhen, China) to allow the pafiet of the light with the wavelength of
around 535 nm, and a 3D-printed holder to preciBelghese optical components.

The fluorescent microscope was constructed usatefilld achromatic objective lens with
the magnification of 40 times, the numerical apernf 0.65 and the working distance of 0.53 cm,
a large flat-field coated eyepiece lens with theynifecation of 25 times, the focus length of 12.5
mm, the view field of®6.5 mm, a narrow-band optical filter with the cahtvavelength of 610
nm and a 3D-printed holder to precisely fix thepéaal components. Both the objective lens and
the eyepiece lens were purchased from Jiangnanxifoi@ptics (Nanjing, China) with the total
magnification of 1000 times. The optical filter wgmirchased from Hoda Lens Optics

(D20-BPOD3-610) and installed between the eyepieos and the objective lens to only allow
6
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the penetration of the light with the wavelengthaobund 610 nm, which was the same with the
emission wavelength of the FMSs. The fluorescerdgienor video were converged on the
smartphone's CMOS sensor. The light source, theoffudic chip, the fluorescent microscope

and the smartphone were precisely aligned fronobrotb top with appropriate spaces.

The smartphone App was developed under the Andopigrating system installed on a
low-cost smartphone (Honor 9, Huawei, Shenzhem&with 4 GB RAM, 2.4 GHz CPU and 20
million pixels camera. The light source was firged to continuously excite the fluorescent
bacteria to emit the fluorescent signals when titmyed through the microchannel. The video
stream of the microchannel was then obtained ftoencamera and extracted into a sequence of
grayscale frames. Finally, two adjacent frames wem@pared using the inter-frame difference
algorithm to obtain the binarized difference imagasd the flowing fluorescent spots could be
accurately identified in the difference images bitisg an appropriate threshold and counted to
determine the total amount of the bacteria. The Apphown in supplemental Video S1. The
detailed dimension of the fluorescent microscoggtemand the interface function description of

the App are shown iRigure S2 and Figure S&spectively.

2.4. Madification of the FM Sswith the PAbs

First, 20ug of the FMSs and 6gg of the PAbs againgalmonella typhimurium were added
into 3 mL of PB buffer (pH 6.0, 10 mM) and stirr80 min for better electrostatic adsorption.
Then, 40ug of EDC was added and stirred at room temper&bur80 min. This step was repeated
3 times to allow complete reaction between the Réizkthe carboxyl groups on the surface of the
FMSs. Finally, 80 mg of BSA and 12@ of EDC were added and stirred at room temperdture
60 min to minimize non-specific adsorption, follavey centrifuging at 10,000 rpm for 15 min to
remove the surplus BSA and resuspending in 1 nRBbuffer (pH 7.4, 10 mM) containing 5%
sucrose and 0.02% sodium azide. The immune FM3sthé concentration of 0.2 mg/mL were
stored in 4C for future use. To verify the successful synthedithe immune FMSs, the dynamic

light scattering analysis was conducted and thgtseare shown in Figure S2.

2.5. Separation and detection of Salmonella typhimurium in pure culture

The target bacteria were first separated with thenine MNPs and then labelled with the
fluorescent FMSs. Prior to test, the streptavidodified MNPs and the biotinylated MAbs were
mixed for 45 min to form the immune MNPs with thencentration of 1 mg/mL. Then, 2@ of
the immune MNPs were incubated with the bacter@ahpes with different concentrations
ranging from 1.4x1bto 1.4x16 CFU/mL for 45 min to form the magnetic bacteriespectively.
After magnetic separation for 2 min to remove thelkground and washing with 50Q of PBST
(PBS with 0.05% Tween 20), g4g of the immune FMSs were incubated with the magnet
bacteria for 45 min to form the fluorescent baetefinally, after magnetic separation for 2 min to
remove surplus FMSs and washing with 500 of PBST, the fluorescent bacteria were
concentrated in 50L of PBS.
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The fluorescent bacteria were detected using therofhiidic chip and the fluorescent
microscopic system. The fluorescent bacteria wendgimuously injected into the microfluidic chip
using a precise syringe pump (Pump 11 elite, Hdr#gparatus, Holliston, MA, US). The light
source with the wavelength of 535 nm was used titexhe FMSs on the fluorescent bacteria.
The smartphone App was used with the developeddtoent microscopic system to monitor and
count the fluorescent spots when they were flowthgough the microchannel, and the
mathematical model of this biosensor was estaldistyeplotting the number of fluorescent spots
with the concentration of the bacteria.

2.6. Detection of Salmonella typhimurium in applejuice

Apple juice was purchased from a local supermat&esimulate the real food sample.
According to China’s national standards on detaatibSalmonella in foods (GB 4789), 25 mL of
apple juice sample were first mixed with 225 mistdrile PBS and homogenized for 2 min. Then,
different concentrations of the target bacteriaensded into 1 mL of the mixture, respectively, to
obtain the spiked sample containing the targetectvith the concentration from 1.4X1®
1.4x10 CFU/mL. After that, each spiked sample was magakyi separated using the immune
MNPs to form the magnetic bacteria, followed bynigelabeled with the immune FMSs to form
the fluorescent bacteria. Finally, the fluoresdeatteria were detected using the microfluidic chip
and the fluorescent microscopic system under thienapconditions to obtain the concentration of
the bacteria.

Results and Discussions

3.1. Continuous counting of the fluorescent spots

Accurate counting of the fluorescent spots is @utd the development of this proposed
biosensor. The feasibility of this proposed fluoerg microscopic system for counting the
fluorescent spots was first confirmed. The resotut{d) of the microscopic system can be
calculated using the following equation:

d=0.61%/N, 1)
where, A is the wavelength of the emitting light, and ikl the numerical aperture of the objective
lens, i.e., the resolution of this microscopic systwas calculated to be around 572 nm, which
was much smaller than the size of the fluoresceawteia (1-3um). Thus, this fluorescent
microscopic system was able to identify a singleféscent bacterium.

To further evaluate the performance of this proddeerescent microscopic system, its field
depth was also confirmed. The field dephof this microscopic system can be calculatedgisin
the following equation:

t=(nxA)/(2xN&) + (10005n)/(MxNax7) 2)
where,n is the refractive index between the objective land the sample, ard is the total
magnification of the microscope, i.e., the fielgptieof this microscopic system was calculated to

be around Ium, indicating that this microscopic system was dbl®bserve and precise count
8
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1/25 of the total fluorescent spots when they wireing through the microchannel since the
total depth of the channel was @%:.

For online identification and counting of the flescent spots, the inter-frame difference
method was used to identify the flowing fluorescepbts in the difference images and the
threshold for image binarization plays an importemie. Thus, different grayscale thresholds
ranging from 10 to 60 were applied to identify fheorescent spots in a 2-min-long video of
Salmonella typhimurium at the concentration of 1.4RI0FU/mL in the microfluidic channel. The
exact number of the fluorescent spots was counyedaked eyes to be 62. As shown in Fig. 1,
when the thresholds were between 10 and 30, thétsder counting the fluorescent spots were
around 60 and very close to the actual number. KHeweavhen the thresholds were between 40
and 60, the results ranged from 17 to 1 and wekgoobly different from the actual number.
Besides, when the thresholds were less than 10luthvescent spots were not identified probably

due to the background noises and light field changhus, the optimal threshold of 20 was used

in this study.
75
62 L
@ 60 , 60 | =
© 60 +
& : :
& | :
g ! !
5 45 + | :
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5 : !
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g 071 ] :
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S . |
< 1 1 17
= 1 1
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1 : 4
: 1 1
0 : - — : — L e |
Naked eyes 10 ' 20 1 30 40 50 60

Thethreshold of the inter-frame difference method

Fig. 1. Optimization of the threshold for the inter-framéietence method.

3.2 Optimization of theimmune FM Ss

In this study, the immune FMSs were used to lahelltacteria for quantitative detection of
the target bacteria. The amount of the FMSs on dmdteria has great impact on accurate
identification of the bacteria. Therefore, differamounts of the immune FMSs were used to label
Salmonella typhimurium at the concentration of 1.4XXDFU/mL. After the fluorescent bacteria
were injected into the microfluidic chip at the vilarate of 20uL/h, they were continuously
monitored and counted for 15 min using the smariph&pp and the fluorescent microscopic

system. As shown in Fig. 2, when the amount ofRMSs increased from 049 to 4.0ug, the
9
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number of the fluorescent spots was counted fromt@ 450 and had only a little increase to 464
when the amount of FMSs was §.§. However, the theoretical number of the bacterda ~560,
which was around 100 more than the highest countedber. This probably was due to the
following reasons: (1) the fluorescent microscagistem could only focus on one focal plane, (2)
some target bacteria were lost during magnetic raéipa; (3) some target bacteria were not
labeled with sufficient FMSs resulting in unsucéekslentification of the fluorescent bacteria; (4)
some fluorescent bacteria were aggregated interdanges; and (5) some fluorescent bacteria were
not identified due to the relatively high flow raf€hus, the optimal amount of 4@ for the

FMSs was used in this study.

600
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300 |

200
N I
O L 1 L
05 1.0 20

The amount of the immune FM Ss (ng)

The number of fluorescent spots

8.0

Fig. 2. Optimization of the amount of the immune FMSs.

3.3 Optimization of the flow rate and the detection time

In this study, the flow rate of the fluorescenttieai@ and the detection time for counting the
fluorescent bacteria have great impact on the acguand sensitivity of this proposed biosensor.
Different flow rates ranging from flL/h to 100 uL/h were applied to inject the fluorescent
bacteria into the microfluidic chip for 15 min tount the amount of the target bacteria using the
smartphone App. As shown in Fig. 3(a), when the ftate changed from pL/h to 20puL/h, the
number of the fluorescent spots was counted teass from 272 to 870. However, when the flow
rate kept increasing to 1QQ./h, the number of the fluorescent spots did noti@lsly increase,
which might be mainly due to the processing linitatof the video stream using the smartphone.
Thus, the optimal flow rate of 20./h was used in this study.

Besides, different detection times were applieccdant the fluorescent bacteria using the

smartphone App when they were flowing through therofluidic chip at the flow rate of of 20
10
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uL/h for 15 min. The relative standard deviationtlufee parallel tests on the same concentration
of the fluorescent bacteria was used to optimized#itection time. As shown in Fig. 3(b), when
the detection time changed from 1 min to 15 mise, riblative standard deviation decreased from
4.8% to 1.1%, and when the detection time was asa@ to 25 min, the relative standard
deviation remained the same level. Thus, the optifatection time of 15 min was used in this

study.
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Fig. 3. (&) Optimization of the flow rate; (b) Optimizatioh the detection time.
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3.4 Detection of Salmonella typhimurium using the proposed biosensor

To detect an unknown concentrationSafmonella typhimurium in a sample, the calibration
curve of this biosensor was established. The tdvgeteria were first cultured in 5 mL of LB
liquid medium at 37C for 12-16 h. Then, each culture was seriallytddusing the sterile PBS to
obtain the bacteria with the final concentrationsnf 1.4x10 to 1.4x18 CFU/mL. Finally,
different concentrations dalmonella typhimurium ranging from 1.4xf(o 1.4x18 CFU/mL
were detected at the optimal conditions using tepgsed biosensor. As shown in Fig. 4(a), when
the concentrationd) of Salmonella changed from 1.4x1Qo 1.4x16 CFU/m, the numbeN) of
the fluorescent spots increased from 83 to 844.08dgexponential relationship between the
number and the concentration was found and coukkpeessed as:

N=40.97>C*?! ()

Based on three times of signal-to-noise ratio,ltheer detection limit of this proposed biosensor
was calculated to be 58 CFU/mL. The high sensjtiat this biosensor was attributed to the
following aspect: (1) the smartphone App based lon inter-frame difference algorithm for
accurate and online counting of the fluorescentssg@) the fluorescent microscopic system with
optical filters for significant amplification of éhfluorescent bacteria at a low background noise
level; and (3) the cylinder filter at the entry tbe microfluidic chip for better dispersion of the
fluorescent bacteria and less interferences fras#mple background.

To evaluate the specificity of this proposed biesenListeria monocytogenes, E. coli
0157:H7 andvibrio parahaemolyticus were used as non-target bacteria. Both the tdaeteria
and the non-target bacteria at the same concemtrafil¢ CFU/mL and three negative controls
were detected using the proposed biosensor. Asrshiowrig. 4(b), the number of the target
bacteria was 450, which was much larger than tbbbske non-target bacteria (70-90), indicating
that the proposed biosensor has a good specifidiig. is due to the good specificity of the MAbs
for separation ofalmonella typhimurium and the PAbs for labeling &ilmonella typhimurium.
Besides, as shown in Fig. 4(c)-(e), transmissicgctedn microscopy (TEM) was used to
characterize the MNPs and the FMSs and verify ticeesssful forming of the fluorescent bacteria.

Finally, the proposed biosensor was compared withmes previously reported

smartphone-based biosensors, and the result wasishdable S1.
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Fig. 4. (a) Calibration curve of this proposed biosen@oy;The specificity of the proposed

biosensor to the non-target bacteria; (c) The TEidde of the FMSs; (d) The TEM image of the

MNPs; (e) The TEM image of the fluorescent bacteria

3.5 Detection of Salmonella typhimurium in the spiked applejuice

To further evaluate the applicability of this prepd biosensor for Salmonella in real samples,
apple juice purchased from local supermarket wasl @d pretreated based on China’s food
safety national standards. The spiked samples prepared using the method described in section
2.6 and finally detected using this proposed bisserunder the optimal conditions. All the
samples were parallel tested three times, antialliata were the average of the three experiments.
The recovery of the spiked bacteria was calculatdhe ratio of the detected concentration of
bacteria to the concentration of the spiked baxteks shown in Table ,1the recoveries for
different concentrations of Salmonella in applecéuranged from 84.82% to 98.39% with an
average recovery of 92.64%, indicating that theppsed biosensor was applicable for detection
of Salmonella in real samples.

Table 1. Detection ofSalmonella typhimurium in apple juice using the proposed bitor.

The concentration ¢ The number of the  The detected

No. the spiked bacteria fluorescent spots in concentration of Recovery (%) CV (%)

(CFU/mL) spiked samples bacteria (CFU/mL
1 1.4x16 98 126 90.00 6.38
2 1.4x16 167 1257 89.79 2.97
3 1.4x10 269 13546 96.76 2.93
4 1.4x16 477 137746 98.39 2.86
5 1.4x16 875 1187480 84.82 2.17

4 Conclusions
In this study, we successfully developed a miciditu biosensor for online, rapid and

sensitive detection of Salmonella typhimurium usingnunomagnetic separation, fluorescent
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labeling, microfluidic chip and smartphone videmgessing. Under the optimal conditions, the
proposed biosensor was able to detect Salmonglkantyirium as low as 58 CFU/mL within 2 h,
and has shown great potential for on-line monigrai foodborne pathogens. At present, this
biosensor is mainly limited by the video processsmged and image capturing quality. The
sensitivity of this biosensor can be further immdwsing brighter fluorescent materials to label
the bacteria for amplification of the fluoresceignals and higher-performance smartphones or
devices with faster CPU speed and higher camermalutes to process the video for more
accurate and faster counting of the fluorescentebac Besides, online and accurate detection of
single bacterium can be expected to realize by a@ump this biosensing method with

microfluidics.

Acknowledgments
This study was supported by the National Naturérg@e Foundation of China (31802219),
Walmart Foundation (SA1703161) and Walmart Fooe§atollaboration Center.

References

World Health Organization, 2018, https://www.wht/ém/news-room/fact-sheets/detail/food-safety
Altintas, Z., Akgun, M., Kokturk, G., Uludag, Y.,028. A fully automated microfluidic-based
electrochemical sensor for real-time bacteria dietecBiosensors & Bioelectronics 100, 541-548.
Bayramoglu, G., Ozalp, V.C., Dincbal, U., Arica, Y¥/. 2018. Fast and Sensitive Detection of
Salmonella in Milk Samples Using Aptamer-Functiored Magnetic Silica Solid Phase and
MCM-41-Aptamer Gate System. Acs Biomaterials Saée®dEngineering 4(4), 1437-1444.

Cui, X., Ren, L., Shan, Y., Wang, X., Yang, Z., 0,, Xu, J., Ma, B., 2018. Smartphone-based rapid
guantification of viable bacteria by single-cell amidroplet turbidity imaging. Analyst 143(14),
10.1039.C1038AN00456K.

Duedu, K.O., French, C.E., 2017. Two-colour fluoesxe fluorimetric analysis for direct
guantification of bacteria and its application iromitoring bacteria growth in cellulose degradation
systems. Journal of Microbiological Methods 135((@tete), 85-92.

Fang, X., Liu, Y., Kong, J., Jiang, X., 2010. Loblediated Isothermal Amplification Integrated on
Microfluidic Chips for Point-of-Care Quantitativeelection of Pathogens. Analytical Chemistry 82(7),
3002-3006.

Hassan, U., Watkins, N.N., Jr, R.B., Damhorst, 8ashir, R., 2016. Microfluidic differential
immunocapture biochip for specific leukocyte congtiNature Protocols 11(4), 714-726.

He, X., Hu, C., Guo, Q., Wang, K., Li, Y., Shanggud., 2013. Rapid and ultrasensitive Salmonella
Typhimurium quantification using positive dieleqifwresis driven on-line enrichment and fluorescent
nanoparticleslabel. Biosensors & Bioelectronicsl32460-466.

Jing, J., Wang, X., Ran, C., Ren, Y., Hu, C., Xu, @ang, L.L., 2014. Smartphone based portable
bacteria pre-concentrating microfluidic sensor angedance sensing system. Sensors & Actuators B
Chemical 193(3), 653-659.

Jyoti, A., Ram, S., Vajpayee, P., Singh, G., Dwiy&D., Jain, S.K., Shanker, R., 2010. Contamamati
of surface and potable water in South Asia by Sabktfiae: Culture-independent quantification with
molecular beacon real-time PCR. Science of thel Fataironment 408(6), 1256-1263.

15



424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467

Kulinsky, L., Noroozi, Z., Madou, M., 2013. Presdethnology and future trends in point-of-care
microfluidic diagnostics. Methods in Molecular Bigly 949, 3.

Lee, J.J., Jeong, K.J., Hashimoto, M., Kwon, AR\wei, A., Shankarappa, S.A., Tsui, J.H., Kohane,
D.S., 2014. Synthetic Ligand-Coated Magnetic Nantigas for Microfluidic Bacterial Separation
from Blood. Nano Letters 14(1), 1.

Lee, K.M., Runyon, M., Herrman, T.J., Phillips, Risieh, J., 2015. Review of Salmonella detection
and identification methods: Aspects of rapid emeecgeresponse and food safety. Food Control 47,
264-276.

Lee, S.C.,, Kim, M.S., Yoo, K.C., Ha, N.R., Moony.J.Lee, S.J., Yoon, M.Y., 2017. Sensitive
fluorescent imaging of Salmonella enteritidis aradn®nella typhimurium using a polyvalent directed
peptide polymer. Microchimica Acta, 1-10.

Li, X., Zheng, L., Zhang, H., Xiu, J., Lin, J., 2D1An ultrasensitive fluorescent biosensor usirghhi
gradient magnetic separation and quantum dotsafstr detection of foodborne pathogenic bacteria.
Sensors & Actuators B Chemical 265, S09254005183D49

Lungu, B., Waltman, W.D., Berghaus, R.D., Hofadgel.., 2012. Comparison of a real-time PCR
method with a culture method for the detection alihn®nella enterica serotype enteritidis in natyrall
contaminated environmental samples from integrptedtry houses. J Food Prot 75(4), 743-747.
Malorny, B., Huehn, S., Dieckmann, R., Krdmer, Nelmuth, R., 2009. Polymerase Chain Reaction
for the Rapid Detection and Serovar IdentificatmhSalmonella in Food and Feeding Stuff. Food
Analytical Methods 2(2), 81-95.

Martinez, A.W., Phillips, S.T., Whitesides, G.M.0B. Three-dimensional microfluidic devices
fabricated in layered paper and tape. Proc Natt/Aa U S A 105(50), 19606-19611.

Miller, N.D., Davidson, P.M., D'Souza, D.H., 201Real-time reverse-transcriptase PCR for
Salmonella Typhimurium detection from lettuce anthatoes. LWT - Food Science and Technology
44(4), 1088-1097.

Nie, Z., Deiss, F., Liu, X., Akbulut, O., GM, W.020. Integration of paper-based microfluidic desice
with commercial electrochemical readers. Lab onhipQ0(22), 3163-3169.

Rohde, A., Hammerl, J.A., Boone, I., Jansen, Whiém S., Klein, G., Dieckmann, R., Dahouk, S.A.,
2017. Overview of validated alternative methods tfor detection of foodborne bacterial pathogens.
Trends in Food Science & Technology 62(Complet&3-118.

Shrivastava, S., Lee, W.I,, Lee, N.E., 2018. Celinee, highly sensitive, quantitative detection of
bacteria from minimally processed samples usingréiscence imaging by smartphone. Biosensors &
Bioelectronics 109, 90-97.

Srbova, J., Krulisova, P., Holubova, L., PereitpBendali, A., Hamiot, A., Podzemna, V., Macak, J.
Dupuy, B., Descroix, S., 2017. Advanced Immunocaptf Milk-borne Salmonella by Microfluidic
Magnetically Stabilized Fluidized Bed. Electrophsise39(3).

Stott, S.L., Hsu, C.H., Tsukrov, D.l., Yu, M., Miyeto, D.T., Waltman, B.A., Rothenberg, S.M., Shah,
A.M., Smas, M.E., Korir, G.K., 2010. Isolation ofiralating tumor cells using a
microvortex-generating herringbone-chip. Proceeslin the National Academy of Sciences of the
United States of America 107(43), 18392-18397.

Wang, L.J., Sun, R., Vasile, T., Chang, Y.C., Li, [2016. High-Throughput Optical Sensing
Immunoassays on Smartphone. Analytical Chemist(¢@®&8 8302-8308.

Wang, Q.Y., Kang, Y.J., 2016. Bioprobes Based otafer and Silica Fluorescent Nanoparticles for
Bacteria Salmonella typhimurium Detection. Nanosdatsearch Letters 11(1), 150.

16



468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

Wang, Y., Duncan, T.V., 2017. Nanoscale sensor@$suring the safety of food products. Curr Opin
Biotechnol 44(Complete), 74-86.

Whitesides, G.M., 2013. Cool, or simple and chéaiy not both? Lab on A Chip 13(1), 11-13.

Yang, L., Li, Y., 2006. Simultaneous detection ofckerichia coli O157:H7 and Salmonella
Typhimurium using quantum dots as fluorescenceldaBaalyst 131(3), 394-401.

Zangheri, M., Cevenini, L., Anfossi, L., Baggiaf,, Simoni, P., Di, N.F., Roda, A., 2015. A simple
and compact smartphone accessory for quantitatiremiduminescence-based lateral flow
immunoassay for salivary cortisol detection. Bias®a & Bioelectronics 64, 63-68.

Zhang, G., Ali, L., Gill, V., Tatavarthy, A., Deng., Hu, L., Brown, E.W., Hammack, T.S., 2017.
Development and Validation of a Cultural Method fbe Detection and Isolation of Salmonella in
Cloves. Journal of Food Protection 80(3), 376.

Zheng, L., Cai, G., Wang, S., Liao, M., Li, Y., Lid., 2019. A microfluidic colorimetric biosensar f
rapid detection of Escherichia coli O157:H7 usimgdgnanoparticle aggregation and smart phone
imaging. Biosensors & Bioelectronics 124-125, 143-1

Zhu, H., Mavandadi, S., Coskun, A.F., Yaglidere, @zcan, A., 2011. Optofluidic fluorescent imaging
cytometry on a cell phone. Analytical Chemistry BBy, 6641-6647.

17



A w bR

Highlights
Smartphone video processing was first time used to count fluorescent bacteria.
A facile microscopic system was devel oped to amplify fluorescent signals.
This biosensor was able to detect Salmonella aslow as 58 CFU/mL in 2 h.

The mean recovery of Salmonella in spiked apple juice was ~93%.
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