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스마트폰 애플리케이션을 사용한 자동화된 다중 스텝 

측방유동면역분석기반의 식중독균 정량화 

 

파타라폰 펭위팓 

 

부경대학교 바이오메디컬공학과 

 

요약 

 

식중독은 세계에서 가장 자주 발생하는 감염성 질환 중 하나이다. 식중독 

발병의 방지를 위한 방법들 중 하나로 신선한 식물의 오염을 방지하기 위한 

신속한 검출 방법이 중요하다. 측방유동면역분석(LFIA)은 유해미생물 

검출에 가장 사용되는 방법 중 하나로 빠르고 간단하며 저렴하고 현장 검출에 

적합하지만 여전히 검출 한계가 좋지 않다는 주요 한계가 있다. 본 

연구에서는 스마트폰으로 다중 스텝 측방유동면역분석 자동화로 수행하도록 

설계된 회전 장치를 제어하기 위한 스마트폰 애플리케이션을 개발하고 

신선한 상추에서 식중독균을 간단하게 비색 검출하는 방법을 시연한다. 

블루투스 및 서보 모터를 통해 자동 회전 디바이스를 제어하는 스마트폰 

애플리케이션 개발했다. 또한 스마트폰 애플리케이션의 기능을 통해 

사용자는 탐지 결과를 정량화할 수 있다. 제안하는 디바이스는 두 부분으로 

설계되었다. 일회용 회전 부품과 커버 박스가 있다. 오염된 상추에서 

박테리아 Escherichia coli (E. coli) O157:H7 을 검출하고 회전디바이스로 

정량화했다. 박테리아 검출은 30 분 동안 수행하였다. 수행한 후에 오염된 

상추에서 정량화된 검출 결과는 한천 플레이트에서 콜로니를 세어 계산한 것과 

유사하여 자동 회전 디바이스와 스마트폰 애플리케이션이 매우 정확함을 

나타내다. 이 디바이스는 10g 당 5 × 104 E. coli O157:H7 로 상추의 오염을 

감지할 수 있다. 또한 특이도 검출에 대해서 다른 박테리아를 사용하였다. 본 

연구의 디바이스가 높은 특이도로 수행될 수 있음을 확인한다. 이 

연구는 Point-Of-Care (POC) 감지를 용이하게 하는 데 도움이 될 수 있는 

자동화되고 쉽고 저렴하며 신속한 감지를 위한 디바이스를 소개한다. 
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Automated Multistep Lateral Flow Immunoassay for the Quantification of Foodborne 

Bacteria Using a Smartphone Application 

 

Pattarapon Phangwipas 

 

Department of Biomedical Engineering, The Graduate School, 

Pukyong National University 

Abstract 

 

Foodborne disease or foodborne illness is one of the major health problems in 

worldwide. Thus, a rapid detection method to prevent fresh produce contamination is 

important to require. One of the most popularly used methods is the lateral flow 

immunoassay (LFIA) because it is rapid, simple, cheap, and suitable for on-site 

detection but still has the main limitation is the limit of detection is poor. The LFIA 

method can be improved by adding horseradish peroxidase (HRP) labeled antibodies. 

Additionally, the performance of the multistep assay is another way to improve the 

limitation of detection in LFIA. So, we choose this method to study in this work. In 

this study, we have developed a smartphone-operated device and the smartphone 

application for controlling the designed rotary device that automatically performs the 

multistep lateral flow immunoassay. This device demonstrates simple colorimetric 

detection of foodborne pathogens from fresh lettuce. The smartphone application was 

developed to control the automatic rotary device via Bluetooth and the servo motor. 

Additionally, the capabilities of our smartphone application allow the users to 

quantify the detection of pathogens. Our device was designed in 2 parts; a disposable 

rotary device and the cover box. The bacteria Escherichia coli (E. coli) O157:H7 

from contaminated lettuce was detected and quantified by the developed rotary device 

within 30 min. The quantified detection result from the contaminated lettuce is similar 

to that calculated by counting colonies from agar plates which indicated that 

automatic rotary device and smartphone application are highly accurate. The device is 

capable of detecting contamination in lettuces as low as 5 × 10
4
 E. coli O157:H7 per 

10 g. Additionally, the other bacteria were used to perform the detection of specificity 

that we confirm that our device can be performed with high specificity. This study 
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introduces a device for automated, easy, low-cost, and rapid detection, which can help 

in facilitating Point-of-Care (POC) detection. 



1 

 

1. INTRODUCTION 

 

 

1.1 Research Background 

Foodborne disease or foodborne illness is one of the major health problems in 

worldwide. Approximately 600 million people get sick yearly after eating or drinking 

contaminated food in 2010 [1, 2]. Bacteria, viruses, and parasites, including chemical 

substances that enter the body through contaminated food (such as raw or 

undercooked meat, poultry, seafood, fresh fruits, vegetables, etc.) are the leading 

cause of foodborne illness [3-6]. Many researchers continue to report the outbreak of 

foodborne diseases in each country, such as the United States [7, 8], Canada [9], 

Denmark [10], France [11], and Korea [12], et al. Because the consumption of fresh 

produce has been increasing over the years, one of the most dominant foodborne 

illnesses is the outbreaks from the consumption of fresh fruit and vegetables (fresh 

produce) [13-15]. Although many ways of preventing a foodborne, such as keeping 

clean, separating raw and cooked food, cooking food thoroughly, keeping food at safe 

temperatures, and using pure water and raw materials [16]. Thus, a rapid detection 

method is required to prevent fresh produce from the contamination. 

The detection method, which is the gold standard of traditional techniques for 

pathogen detection from fresh produce is a culture-based method [17], and the 

theoretical limit of detection (LOD) is 1 colony-forming unit (CFU) per portion of 

food sample [18]. This method involving the following process like stomaching, 

enrichment, bacteria culture, and the identification of target bacteria that need the 

long time for assay [19, 20]. First, the food sample is placed in a stomacher machine 

with bacteria growth media in a sterile plastic bag to remove bacteria. To enrich and 

increase the bacterial cells, the sample to be incubate for 18-25 h [21]. Then the 

enriched sample is streaked and incubated on an agar plate for colony analysis that 

the colonies need to be isolated to ensure purity and are incubated to be visible to the 

naked eye [19]. As mentioned before, the culture process requires 2-3 days for initial 
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results and confirmation of the specific pathogenic microorganism [22-24]. From the 

above, indicates that this method remains cumbersome and time-consuming. 

1.2 Related Research 

Due to the limitations of the culture-based method, such as a long time to 

analyze the results, many researchers developed several methods for rapid detection 

such as PCR-based methods (Polymerase chain reaction (PCR), Real-time PCR or 

quantitative PCR (qPCR) [25-30], Loop-mediated isothermal amplification (LAMP) 

[31, 32]). The PCR-based methods allow the detection of bacteria in food by 

detecting a specific target DNA sequence [33]. Moreover, the PCR is accurate and 

highly sensitive and quickly performed in 4-8 h. However, this method requires 

complicated PCR mix preparation, bulky instruments, and machinery fees [34]. 

Conventional PCR has some limitations, needs special equipment, expensive, and 

failed in samples with low copy numbers of the target [35]. Real-time PCR is a high-

sensitivity, specificity,  rapid, and reliable detection [36] but this method requires 

expensive detection equipment and consumables [37]. The advantage of LAMP is 

high sensitivity, specificity, and high predictive compared to PCR [38]. However, the 

LAMP needs to use a DNA polymerase which is difficult to do without an expert, 

requires laboratory, and has limitations for multiplexing [37]. 

As a more convenient alternative, an immunological-based method 

(immunoassay) is employed. Immunoassay is based on antibody-antigen interactions, 

in which antibodies bind or capture target-specific antigens [39], and enzyme-linked 

immunosorbent assay (ELISA) and also lateral flow immunoassay (LFIA) are widely 

investigated [40]. The researchers studied and demonstrated by using the detection of 

the ELISA process to detect pathogens in biofluids [41-46]. However, sophisticated 

techniques, antibody instability, and require expensive culture media, and trained 

technicians hinder its usage [47]. Also this method takes a long time to get results. 

The multiple washing steps and incubation time resulted in a long time of about 4-6 h 

for assay. Lateral flow immunoassay is rapid, simple, cheap, and suitable for on-site 

detection [39]. However, LFIA remain has main limitation that is relatively high limit 
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of detection. It’s  e     l  detect the high c  ce t  ti    f b cte i . The way to 

improve the LFIA method is by adding chemical reagent, for example, the gold 

nanoparticle (AuNPs) enhancer to AuNP labels [48, 49], fluorescent dye [50-52] 

include chemiluminescence substrates to enzyme labels [53] such as using 

horseradish peroxidase labeled antibodies and luminol as a chemiluminescence 

substrate to effectively improve the sensitivity of the detection. Additionally, 

performing a multistep assay is another way to improve the limit of detection [54].  

Researchers demonstrate that the ELISA was performed on LFIA to detect 

Escherichia coli (E. coli) O157:H7 and use a colorimetric signal in the process. This 

method uses a short time to analyze, inexpensive, and simple operation procedure. 

However, manual placement of the sample pads and absorbent pads is required. To 

improve this limitation, handheld devices developed using rotary-type devices were 

proposed [19, 55]. This device containing the multiple sample pads and absorbent 

pads is placed on a top layer, while the nitrocellulose (NC) test strip, which shows the 

result of analyzation with a test line and a control line, is placed on the bottom layer. 

When finishing each step of processing, the top layer is rotated 45° counterclockwise 

to align the subsequent pads and introduce subsequent reagents. This method 

demonstrates capturing and labeling the bacteria and employing a signal generation 

step. However, the main limitation of this method is requires manual rotation of the 

device and waiting during each reagent step, highlighting the need for the 

development of an automated detection system. 

Table 1. Comparison of the related research that using the different method for 

detection of foodborne pathogens or bacteria. 

Method 

Foodborne 

pathogens/ 

bacteria 

detection 

Limit of detection 
Assay 

time 
Reference 

Real-time 

PCR 

V. 

parahaemolyticus 
10

4
 CFU/mL 

Not 

mentioned 
[36] 
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Real-time 

PCR 

E. coli O157:H7 
1.69 × 10

2
 

CFU/mL 

2 h [27] L. monocytogenes 
1.31 × 10

2
 

CFU/mL 

S. Typhimurium 
1.30 × 10

2
 

CFU/mL 

Real-time 

PCR 

L. monocytogenes 

599 fg for L. 

monocytogenes 

DNA 
∼2 h [29] 

S. Typhimurium 

745 fg for S. 

Typhimurium 

DNA 

Multiplex 

PCR 

Lactic Acid 

Bacteria (LAB) 
Not mentioned 2 h [25] 

mPCR-LFA E. coli O157:H7 10
2
 CFU/mL 

100 min 

(1h 40 

min) 

[28] 

mPCR-LFA 

LAMP 

S. Typhimurium 

10
2
 CFU/mL 

10 c sts/35 g 

produce 

100 min 

(1h 40 

min) 

13–34  

min 

[28] 

[31] 
Giardia 

duodenalis 

LAMP 
S. aureus  

E. coli O157:H7 
10

1
 CFU/mL 70 min [32] 

LAMP 
influenza A 

(H1N1) virus 

3 2 × 10⁻
3
 

hemagglutinating 

units (HAU) per 

reaction 

40 min [56] 

LAMP 

LAMP 

S. aureus 
30 CFU per 

reaction 
40 min 

45 min 

[56] 

[57] 
E. coli O157 10 fg/μ  
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sandwich 

ELISA 
B. cereus 0.9 × 10

3
 cells/mL 

3 h 25 

min 
[42] 

sandwich 

ELISA 
S. Enteritidis 5 × 10

4
 CFU/mL 

3 h 15 

min 
[43] 

paper based 

ELISA 
T7 phage 100 pfu/mL 

3 h 16 

min 
[44] 

paper-based 

ELISA 
E. coli  H5α 1 × 10

5 
CFU/mL 4 h [58] 

paper-based 

ELISA 
E. coli DH-5α 10

5
 cells/mL <5 h [59] 

paper-based 

ELISA 
E. coli O157: H7 1 × 10

4 
CFU/mL 

2 h 55 

min 
[45] 

paper-based 

ELISA 
E. coli O157: H7 1 × 10

4 
CFU/mL 

2 h 30 

min 
[46] 

lateral flow 

immunoassay 
E. coli 10

2
 CFU/mL 45 min [49] 

fluorescence 

lateral flow 

assays 

(FLFAs) 

S. aureus 10
2
 CFU/mL 30 min [50] 

LFIA 

(fluorescein 

isothiocyanate 

(FITC)) 

E. coli O157: H7 

10
4
 CFU/mL by 

using a scanning 

reader 

Not 

mentioned 
[51] 

FLFIAs E. coli O157: H7 

178 CFU/g in 

minced beef 

133 CFU/mL in 

river water 

25 min [52] 

ELISA on a 

lateral flow 

strip 

E. coli O157:H7  10
5
 CFU/mL 22 min [19] 



6 

 

 

Nowadays, the smartphone is a necessity in the everyday life. The 

smartphone is small and suitable for a field-deployable instrument. The rapid 

development of smartphones has made them use of point-of-care testing such as 

infectious disease diagnostic, bacteria detection, virus detection, food technology, and 

deep learning for smartphone-based imaging devices [60, 61] including of 

smartphone based microscopy [62-64], lateral flow assays [65-68], paper-based 

microfluidic devices [69-72], and colorimetric tests [73-75] Thus, developed devices 

can be a potential application for detection of target analyze/ species, and analyzation. 

So, we use these capabilities and advantages of the smartphone to develop this work. 

Main advantage of smartphone for bacteria detection is faster, rapid, on-site detection, 

and also, increases the sensitivity of sensors. 

Table 2. The developed point-of-care testing device using smartphone 

Method Function of smartphone Reference 

Smartphone-based lateral flow 

assay 

application analysis and 

detection bacteria 
[67] 

Smartphone-based endpoint 

colorimetric 
result recorder [76] 

isothermal LAMP-based 

analysis 

measure the fluorescent 

emission from the on-chip 

LAMP 

[77] 

ELISA on a 

lateral flow 

strip 

ELISA on a 

lateral flow 

strip 

S. aureus 10
6
 CFU/mL 

22 min 

30 min 

[19] 

[54] 

S. Typhimurium 10
5
 CFU/mL 

B. cereus 10
5
 CFU/mL 

E. coli O157:H7 10
3
 CFU/mL 

ELISA on a 

lateral flow 

strip 

E. coli O157:H7 5 × 10
4
 CFU/mL 22 min [55] 
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Paper-Based Microfluidic 

(colorimetric) 
result recorder and analysis [71] 

smartphone-based 

microfluidic chip sensor 

smartphone application 

analysis 
[63] 

microscopy with ultraviolet 

surface excitation (MUSE) 

smartphone microscope, 

analysis 
[62] 

lateral flow aptamer assay 

smartphone-based device 

was used instead of a CCD 

camera to read the results 

[68] 

lateral flow immunoassays 
smartphone application 

analysis 
[66] 

paper-based microfluidic 

device 

application, capture the 

fluorescence assay images, 

analysis 

[72] 

paper-based microfluidic 

colorimetric sensor 
application, analysis [75] 

Sandwich ELISA 

fluorescence detection, 

detector, measurement and 

computation 

[78] 

test strip based on competitive 

immunoassay 

application, capture image 

and analysis 
[79] 

1.3 Research Purpose 

In this study, we propose to develop a smartphone-operated platform device 

and the smartphone application for controlling the rotary device that can automate 

bacteria detection and analysis. We use the capabilities of the smartphone in our study 

to developed a smartphone-operated platform device and the smartphone application 

for controlling the rotary device that can automate bacteria detection and analysis. 

The smartphone-operated platform device consists of two parts: a disposable rotary 

device that can automatically rotate by using a servo motor and Arduino board were 

controlled by a smartphone application via Bluetooth, and the cover box that allows 
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st ble i  gi g  f the sig  l  esult f    the test st ip usi g   c  e  ’s phone to 

quantify the bacteria and prevent the ambient light. The application was used to 

controlled the device and analyze the result. The calibration curve and calculation the 

unknown signal intensity to quantify the bacteria are the function in application.  

Herein, we reported the device and fabrication, perform the automate 

multistep lateral flow immunoassay, and demonstrate simple colorimetric detection of 

E. coli O157:H7 using the application in smartphone.  
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2. CONCEPTS AND THEORY 

 

 

This chapter describes the concept of the device and the theory related to the work 

developed in this study. 

2.1 Device Concept and Smartphone Application 

This study demonstrates the smartphone controlled automatic device based on 

LFIA for detecting bacteria and analysis. The inspiration behind this device is the 

handheld rotary device for multistep assays [19, 55]. To develop a sensor platform 

that can automate and perform complicated multistep assays the rotary device has 

added the part of the automatic controller by using the servo motor and smartphone 

application.  

 

Figure 1. Schematic diagram of the electronic components used for making the 

automatic device. 
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Figure 1 shows the schematic diagram of the electronic component used in 

the device's operating platform. The device was operated using a smartphone 

application that was connected via Bluetooth. When the application operation starts, 

the servo motor that connects with the Arduino will be rotated. This method helps the 

handheld rotary device to automatically rotate. 

 

Figure 2. Direction of rotation of the rotary pad and reagent flow direction. 

The rotary pad was designed to rotate counterclockwise. As shown in Figure 

2, the reagent pad used in our study was designed in a rectangular shape with two 

different-sized pads: one for the sample target and the other for other reagents. The 

larger pad size was used for adding the sample target, while the smaller size was used 

for other reagents. The patterned rectangular shape was designed to ensure that the 

volume of the reagents fits perfectly and does not overflow. This rotary device was 

designed in a way that only requires pipetting once to drop the reagent and target 

sample into the device, and the process is automated from that point onwards. 
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Figure 3. Screenshot of the designer editor part of MIT App Inventor. 

 

Figure 4. Screenshot of the block editor part of MIT App Inventor. 

The smartphone application used in this study is MIT App Inventor. This is 

an online platform that is designed to teach computational thinking concepts through 

developing mobile applications [80] The platform includes two main editors: the 

designer and the block editor, which are shown in Figure 3 and Figure 4, 

respectively. The designer editor allows users to design the screen of the application, 

and drag & drop the interface. The block editor is an environment in which app 

inventors can visually lay out the logic of their apps. 

To use the application on the smartphone, the users should utilize the connect 

function (Figure 5) and build function (Figure 6) of MIT App Inventor. With the 
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connect function, the users can use the application without installing it, and can edit 

the interface of the application at any time. On the other hand, the build function 

allows the application to be installed on the smartphone, but it cannot be edited. 

However, the users can edit the application and install it again by updating the 

application. In addition, users can also design application icons, as shown in Figure 7. 

 

Figure 5. Screenshot of the connect function of MIT App Inventor. 

 

Figure 6. Screenshot of the build function of MIT App Inventor. 
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Figure 7. Screenshot of icon of application that made by MIT App Inventor. 

2.2 Lateral flow immunoassay 

Currently, several methods are developed for the rapid detection of POC 

testing including the LFIA. LFIA is an assay platform that is ideally suited for POC 

diagnosis [81]. According to Koczula and Gallotta [82], LFIA is a paper-based 

platform used for the detection and quantification of analytes in complex mixtures, In 

this method, the sample is placed on a test device and the results are displayed within 

5–30 min. Mirica, et al also described LFIA as one of the most successful analytical 

methods for detecting various target molecules [83]. 

The standard lateral flow assay is composed of four parts, namely a sample 

pad, conjugation pad, membrane, and absorption pad as shown in Figure 8. The 

sample pad is the first stage of the assay that ensures the presence of the analyst in the 

sample and its capability to bind to the capture reagents of conjugates and on th 

membrane, A conjugation pad contains the conjugate labels and specific antibodies 

that bind to the target analyst. Commonly, Gold nanoparticles are used as a label for 

the process of LFIA. Additionally, enzymes have been as labels [84]. This part 

provides signal amplification. The Membrane or Nitrocellulose membrane allows the 

interaction of antibody or antigen and contains the test line and control line that 

displays the result of the detection. An absorption pad is the final section of lateral 
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flow to remove excess wastes and ensures that there is no backflow of the fluid. The 

reagents can flow from the sample pad to the absorption pad with the help of capillary 

forces.[82, 85-88] 

 

Figure 8. Schematic representation of a typical LFA strip. 

In a standard lateral flow assay, if the sample contains the target analyst, it 

will bind to the capture reagents on the conjugate pad and form a complex. This 

complex then migrates along the membrane, and if the target analyst is present, it will 

bind to the capture reagents on the test line, resulting in a visible signal. The lines 

appearing at different intensities could be interpreted through naked eyes of a 

dedicated reader, as shown in Figure 9. The control line confirms that the assay is 

working correctly by detecting the presence of the control reagents on the membrane. 

If both the test line and control line appear, it indicates a positive result. If only the 

control line appears, it indicates a negative result. The intensity of the signal on the 

test line can vary, depending on the amount of target analyst present in the sample. 

The results can be interpreted visually without the need for specialized equipment.  
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Figure 9. The schematic representation of test result obtained from LFIA 

strip. 

Type of lateral flow immunoassay currently there are 2 types; sandwich 

format and competitive format, as shown in Figure 10. The sandwich format is used 

for the detection of large analysts. The result in which the signal intensity is 

proportional to the amount of analyst present in the sample. A Competitive format is 

used for the small analysts. In this format, only the control line appears to indicate 

that the result is positive [86, 89, 90]. 
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Figure 10. (a) sandwich format lateral flow assay. (b) competitive format 

lateral flow assay (adopted from Reference. [91]). 
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There are several advantages of using LFIA in diagnosis field including fast 

responses, low cost, simple test procedure, easily scalable, low sample volume 

required, and user-friendly operation [82]. However, in the LFIA there is a limitation 

in sensitivity, accuracy of the test relies on the quality, and additional equipment may 

be necessary [85]. 

2.3 Horseradish peroxidase for Enzyme-Labeled Conjugates in 

LFIA 

Horseradish peroxidase (HRP) is a glycoprotein and belongs to a large class 

of peroxidases [92, 93], and is commonly  used as enzyme label [94]. HRP is useful 

for fluorescence microscopy, ELISA, and Immunoassay [95]. It is often used to label 

nanoparticles and amplify signal detection [96] in assays by catalyzing the conversion 

of a chromogenic substrate, such as 3,3',5,5'-Tetramethylbenzidine (TMB), 2,2'-

Azinobis [3-ethylbenzothiazoline-6-sulfonic acid] (ABTS), o-phenylenediamine 

dihydrochloride (OPD), and 3,3'-Diaminobenzidine (DAB) to detect the target [97, 

98]. HRP-labeled antibody conjugates have been used to detect Rabbit IgG [99]. In 

LFIA, HRP is used as the label in a conjugate pad. And also used as the detection 

reagent because of its stability, and the availability of a wide range of colorimetric 

substrate [100]. HRP has a smaller size and a higher turnover rate compared to 

AuNPs, which are commonly used for colorimetric labeling and signal amplification 

in conventional LFIA. In the comparison of the AuNPs-based immunoassay and 

HRP-based immunoassay, the limit of detection by using HRP as labels is lower than 

by using AuNPs as labels [101]. Additionally, HRP is small in size and the molecular 

weight of HRP is 40,000 [102] which decreases the probability of interference with 

the conjugated protein function, also the HRP has a high turnover rate [100]. 

2.4 DAB staining 

3 3’-Diaminobenzidine (DAB) is an organic compound with the formula 

(C6H3(NH2)2)2  [103]. DAB is oxidized in the presence of Horseradish peroxidase 

and hydrogen peroxide (H2O2) resulting in the generation of a brown color [103, 104]. 
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An advantage of DAB chromogenic (colored precipitate formed during the reaction 

between HRP and DAB) staining is not light sensitive and stored for many years 

[103]. 

 

Figure 11. The process of the HRP-catalyzed oxidation reaction of DAB by 

H2O2 (adopted from Reference. [105]). 
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3.  MATERIAL AND EXPERIMENTAL 

 

 

This chapter describes the materials and experimental parts to obtain the 

results of the study including materials and reagents, Bacteria preparation, Design and 

Fabrication of the device, Application development, Principle of Performing 

Automated Multistep LFIA, Preparation of bacteria target for Detection of Bacteria 

from Contaminated Lettuce, Detection of Specificity, and Sensor Stability. 

3.1 Materials and reagents 

 A total of 1 mg/mL of goat anti-rabbit IgG (R5506; Sigma-Aldrich, St. Louis, 

MO, USA) and 1 mg/mL of mouse E. coli O157 antibody (MBS568193; My 

BioSource, San Diego, CA, USA) was dispensed as the control line the test line on 

the NC membrane (NCPF-SN12, mdi Membrane Technologies, Inc., Camp Hill, PA, 

USA), respectively, and then allowed to dry at room temperature (RT). Horseradish 

peroxidase (HRP)-conjugated anti-E. coli IgG (ab20425; Abcam, Cambridge, UK) 

was diluted to 10 ng/mL in Phosphate-buffered saline (PBS) containing 3% bovine 

serum albumin (BSA) and 0.05% Tween-20 and used as a labeling agent. Wash 

buffer was prepared with PBS containing 3% BSA and 0.05% Tween-20. Preparation 

of the 3 3′-diaminobenzidine (DAB) (D4293; Sigma-Aldrich Korea, Seoul, Republic 

of Korea) solution can be done by dissolving and mixing in 5 mL of deionized water 

(DI water) by using Vortex-Genie 2 (Scientific Industries, Bohemia, NY, USA) to use 

this solution as a substrate. E. coli O157:H7 (ATCC 35150) was used as a bacteria 

target. S. aureus (ATCC 12600), and S. Typhimurium (ATCC 14028) were used to 

observe the detection specificity test. In addition, 1 mg/mL goat anti-rabbit IgG 

containing 1% trehalose and 1 mg/mL mouse E. coli O157 antibody containing 1% 

trehalose were dispensed onto an NC membrane. The NC membrane with 

immobilized antibodies was stored at 4 °C in a box to prevent exposure to light. This 

was prepared for the strip stability test. 
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3.2 Bacteria preparation 

For the experiment of bacteria detection, we used the E. coli O157:H7 as the 

target bacteria. E. coli O157:H7 was cultured in 5 mL Luria Bertani (LB) broth and 

shaken at 200 rpm in a shaking incubator (SHI1; Labtron, Seoul, Republic of Korea) 

overnight. The optical density (OD) was measured at a wavelength of 600 nm using 

the Ep ch ™ Mic  pl te  pect  ph t  ete    d w s c lcul ted to quantify the 

concentration of bacteria based on the growth curve. The cultured bacteria were 

diluted by 2% BSA in PBS to 5×10
0
 – 5×10

7
 CFU/mL. For the experiment of 

specificity detection, we used E. coli O157:H7, S. aureus, and S. Typhimurium for 

this experiment. After the bacteria were cultured, measured the OD and calculated to 

find the concentration as same as the above, the three different bacteria were diluted 

by 2% BSA in PBS to 5×10
7
 CFU/mL. 

3.3 Design and fabrication of the device 

The device was divided into two main parts: the operating platform 

(electronics) and the disposable rotary devices, as shown in Figure 12. The operating 

platform was designed in CAD file using SOLIDWORKS software and printed using 

the Sindoh 3D Printer (3DWOX 1, Sindoh, Republic of Korea). This part consists of 

the operating platform box (electronics box) and the cover box. Inside the operating 

platform box contains a Bluetooth (HC-06 Bluetooth Module, P0000PKG; Anyang, 

Republic of Korea), Arduino board, and servo motor that allows the device to rotate, 

as shown in Figure 1. The cover box was designed like a dark room to be responsible 

for preventing variations in ambient light during capturing the resulting image. To 

position the smartphone in the same place when during the experiment, a jig is 

included in the cover box (Figure 13). The rotary parts consist of the bottom piece 

and the top piece, which are made from 3 mm thick poly methyl methacrylate 

(PMMA) plates, and were patterned and etched by using a laser cutter (KL-900L; 

KISON, Seongnam, Republic of Korea). The top piece is the rotating part and the 

bottom part was fixed with the electronic box. 
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Figure 12. Schematic of the operating platform and the disposable rotary 

devices showing the cover box and the electronic box with the rotary device placed 

inside. 
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Figure 13. A jigs inside the cover box to position the smartphone. 

The diameter of the rotary pad (top piece) was 67 mm, which contains eight 

channels for 4 sample pads and 4 absorbent pads, as shown in Figure 14a. The 

through-holes were patterned on the OHP Transparency film with a laser cutter and 

attached to the top piece with double-sided tape to fix the sample pads and absorbent 

pads with the channels, and prevent falling, as shown in Figure 14b. The center of 

the bottom piece was placed with the NC strip. To fix the NC strip on the bottom 

piece, the NC strip holder was patterned and cut on the OHP film, and attached to the 

bottom piece, and then the NC strip was inserted under the NC strip. The top piece 

has four circular holes, which are used for fixing the prongs and connected to the 

servo motor. The bottom piece has an arc-shaped cut-out. Therefore, the top piece can 

be rotated by the servo motor without rotating the bottom piece, which is fixed by the 

key slots, as shown in Figure 15. The servo motor rotates and then the prongs will 

rotate together the top piece, waits for a specified duration for reagent flow, and then 

rotates again to introduce a subsequent reagent to the NC strip. The series of rotation 

movements -and- waiting allows the user to perform an automated multistep assay on 

the LFIA strip. 
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Figure 14. The rotary device (a) Photo of the rotary device with the NC 

membrane, glass fiber pads, and absorbent pads installed in it. (b) Exploded view of 

the rotary device showing each layer and its components. 

 

Figure 15. Photo of the operating platform showing the assembly of the 

electronic box (a) without the rotary device. Red arrows show the location of the key 

slots and prongs. (b) with the rotary device. The key is placed into the key slot to fix 

the bottom piece and the prongs penetrate the four holes of the top piece so that the 

servo motor can rotate the top piece only. 
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3.4 Application Development 

The application was developed using the MIT App Inventor and operates by 

using the Samsung Galaxy S20 +5G (Samsung, Republic of Korea), which consists of 

3 functions: Setting and Run, Calibration, and Calculation, as shown in Figure 16.  

 

Figure 16. Screenshot of the first page of the application; the user can select 

the Setting and Run, Calibration, and Calculation menus. 
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Figure 17. Screenshot of the Setting and Run, which is a page used for 

inputting flow durations. 

The first function is Setting and Run, as shown in Figure 17. On this screen, 

the user can connect the application to the device via Bluetooth. The assay starts with 

the user setting the duration for the assay step. In this study, we used 10, 5, 5, and 10 

min for the assay step sequence, and the timer begins counting down upon clicking 
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the Start button. During the countdown, the reagents are delivered from the sample 

pad to the absorbent pad via capillary force. The device is automatically rotated 45° 

counterclockwise to the next step of the assay when the set time or the countdown 

timer reaches zero. When the last step assay is finished (countdown timer reaches 

zero), the smartphone application will capture the NC strip in the second function. 

Additionally, this screen also has the Stop button and Reset button to stop and reset 

the operation of the device, respectively. When the Stop button was clicked, the 

device will stop, and when the Reset button was clicked, the device will return to the 

initial position and the number of countdown timers was set to zero. 
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Figure 18. Screenshots of the first page of the Calibration screen, show the 

image of the NC strip, and the user can specify the known concentration. 
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Figure 19. Screenshots of the second page of the Calibration screen, show 

the Calibration curve. 
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Figure 20. Screenshots of the last page of the Calibration screen, show a 

Linear fit curve that shows the slope and the equation of the curve. 

The second function is Calibration, which is used to make a calibration curve 

from known bacteria concentrations. In this study, we used the bacteria E. coli 

O157:H7 with a concentration ranging from 5 × 10
0
 to 5 × 10

7
 CFU/mL for 

performing the automated multistep LFIA. After the result or a signal from the test 
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line appears on the NC membrane (countdown timer reaches zero in the function of 

Setting and Run), its image of the result is captured using the smartphone by clicking 

the Take picture button, as shown in Figure 18. On this screen, we selected the area 

of the test line to quantify the signal intensity. The Get the values button was clicked 

to store the values of each bacteria target. Additionally, this screen also has the 

Choose picture button, which the user can insert the resulting image from the 

s   tph  e’s g lle ies t  quantify the signal intensity. The values of signal intensity 

of each sample target were used to make the calibration curve based on a regression 

equation, as shown in Figure 19 and Figure 20, in which Figure 21 shows the values 

of signal intensity received from the first page of this function and was used to make 

the curve, and Figure 20 shows the linear fitting curve of the relation between 

bacteria concentration and signal intensity. 

Lastly, the Calculation function is shown in Figure 21. This function was 

used to calculate the concentration of bacteria in a liquid sample that we called the 

unknown sample based on the calibration curve from the Calibration function. When 

the signal from the unknown sample, which is the intensity of the signal on the test 

line of the NC membrane is quantified and input into the application, the user can 

calculate an estimated bacterial concentration based on the calibration curve. 
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Figure 21. Screenshot of the Calculation, showing the image of the test result 

of an unknown sample, and the calculated bacteria concentration based on the 

calibration curve. 
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3.5 Principle of Performing Automated Multistep LFIA 

As shown in Figure 22a, the rotary pad consists of four sample pad channels. 

The first sample pad (S1) was designed to contain 90 µL of the sample for bacteria 

capturing assay step, and the other sample pads (S2–S4) were designed to contain 40 

µL of the assay reagents for labeling, washing, and signal generation step respectively.  

Before loading the sample into S1, S2 was loaded with HRP-conjugated anti-

E. coli IgG, wash buffer was loaded into S3, and prepared DAB solution was loaded 

into S4. The assay commenced by loading 90 µL of E. coli O157:H7 suspended in 2% 

BSA into S1, then allowing the sample to flow for 10 min. While the sample 

containing the bacteria is delivered through the NC membrane, the target bacteria are 

captured by the antibodies immobilized at the test line, as shown in Figure 22b. After 

10 min of sample flow, the rotary device (top piece) automatically rotates 45° 

counterclockwise to deliver HRP-conjugated anti-E. coli IgG, which was in S2. In 

this step, the HRP-conjugated anti-E. coli IgG binds with the captured bacteria at the 

test line and anti-rabbit IgG at the control line is shown in Figure 22c. After 5 min of 

the HRP-conjugated anti-E. coli IgG flow, the rotary device automatically rotates to 

deliver the wash buffer for 5 min to eliminate non-specific bacteria from the NC 

membrane, as shown in Figure 22d. Lastly, after finishing the washing step, the 

rotary pad rotates again to perform the last step. In the last step, the DAB solution 

flows through the NC membrane to generate the signal for 10 min. The DAB is 

oxidized by hydrogen peroxide to change the color to brown, which allows the signal 

to be appeared on the NC membrane, as shown in Figure 22e. The assay can be 

automatically finished in 30 min using the smartphone application and the device. 

The advantage of this method is required pipetting only one time for loading the 

sample and reagent, after that the device will do the assay automatically. 
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Figure 22. Schematics of each step of strip-based multistep immunoassay 

showing (a) loading the reagent for assay on the rotary pad, (b) bacteria capturing step, 

(c) HRP-IgG labeling step, (d) washing step, and (e) signal generation was using 

DAB steps. 

 

Figure 23. Diagram of performing Automated Multistep LFIA. 



34 

 

3.6 Preparation of bacteria target for Detection of Bacteria from 

Contaminated Lettuce 

To support our device can actually be used to detect bacteria from fresh 

vegetables. E. coli O157:H7 was incubated in the shaking incubator overnight, and 

then the optical density (OD) of the bacteria was measured using a spectrophotometer 

and a growth curve to quantify the concentration, which was then diluted to 5 × 10
7
 

CFU/mL by adding PBS. The solution containing the bacteria was centrifuged at 

3000 × g (gravity) for 20 min, and the bacteria were re-suspended in PBS. Then, the 

bacteria were further diluted to the target bacteria concentrations of 5 × 10
4
, 5 × 10

5
, 

and 5 × 10
6
 CFU/mL. In total, 10 µL of each solution containing bacteria were log-

diluted and dotted on an agar plate to measure the actual concentration, the 

experiment was done in the CleanBench to prevent danger from used bacteria. The 

colonies on agar plates were counted in the next day to compare with the LFIA result. 

A total of 100 µL of each bacteria target was dropped onto the lettuces at different 

spots and allowed to dry for 5 min before being placed in a plastic bag. The 45 mL 

volume of PBS was poured into each plastic bag with lettuce. Then, the bags were 

shaken for 2–3 min to retrieve the bacteria from the lettuce. The solution from the 

plastic bag was poured into two 50 mL conical tubes and centrifuged at 3000 × g for 

20 min. After removing the supernatants, the samples (the infranatant) were re-

suspended in 300 µL of PBS in a micro-centrifuge tube. A portion of the sample was 

mixed with BSA to reach the final concentration of 2% BSA. A 90 µL volume of the 

sample was loaded into the device for the detection. 

3.7 Detection of Specificity  

Herein, E. coli O157:H7, S. aureus, and S. Typhimurium were used as the 

sample. The concentration of the target bacteria is 5 × 10
7
 CFU/mL of each sample. 

This experiment was performed by automated multistep LFIA with our device and 

application. The result of three different target bacteria was compared with the 

negative control result that used 2% BSA in PBS as the sample. 
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Figure 24. Schematics of each step of performing the detection of Bacteria 

from Contaminated Lettuce 

3.8 Sensor Stability 

The NC membrane was immobilized by goat anti-rabbit IgG with trehalose, 

and mouse E. coli O157 antibody with trehalose on the control line and the test line, 

respectively. The NC membrane was allowed to dry and keep at 4°C with foil to 

prevent the light. In this study, we used the NC membrane with immobilize antibodies 

for 0 (immediately), 5, and 10 days to perform automated multistep LFIA with the E. 

coli O157:H7 as the bacteria target. 
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4.  RESULT AND DISCUSSION 

 

 

This chapter describes the result and discussion of our experiments in this 

study consisting of Calibration Curve using Smartphone Application, Detection 

Specificity, Sensor Stability, and Detection of Bacteria from Contaminated Lettuce. 

4.1 Calibration Curve using Smartphone Application 

The s   tph  e  pplic ti  ’s fu cti   w s used t     e the c lib  ti   

curve that is used to determine the concentration of an unknown sample, and to 

calculate the limit of detection. In this study the E. coli O157:H7 samples whose 

concentrations ranged from 5 × 10
0
 to 5 ×10

7
 CFU/mL were used as the target 

bacteria sample for making a calibration curve. The signal intensity of each bacterial 

concentration was calculated from the smartphone application.  

The result of the quantified signal intensity concerning the bacterial 

concentration is shown in Figure 19. The results of the signal intensity were 

calculated on the first page of the Calibration function of the smartphone and are used 

for making the calibration curve in Figure 20. The curve was fit among the data 

points within the linear range, in our study used the concentrations ranged between 5 

× 10
3
 to 5 × 10

7
 CFU/mL. Figure 25a, shows the picture of the NC strip from the 

rotary pad taken by the camera function of the application. On the NC strip, it is 

apparent that the signal intensity begins to increase at a bacterial concentration of 5 × 

10
4
 CFU/mL. When compared the bacteria concentration ranged between 5 × 10

1
 to 5 

× 10
3
 CFU/mL with the negative control, the signal intensity that appeared were close. 

Thus, based on this result, the LOD of the device by the naked eye is determined to be 

5 × 10
4
 CFU/mL. Additionally, by using the smartphone application and a formula 

3.3 × standard deviation / slope, the LOD is calculated to be 5 × 10
1.3

 CFU/mL 

(approximately 100 CFU/mL).  
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Figure 25. (a) Photos showing the signal generation on the NC strip of 

bacteria concentration 5 × 10
0
 to 5 × 10

7
 CFU/mL. TL and CL are the test line and 

control line, respectively. The red arrow indicates the location of signal on the test 

line. (b) Graph showing the calibration curve and the linear fit that was redrawn by 

the OriginLab software. 

The calibration curve made by our application was redrawn using the 

OriginLab software to clearly represent is shown as Figure 25b. Figure 25b shows 

the sensitivity of the sensor or the slope of the linear range (red line) of the calibration 

curve that was calculated to be 19.27 intensity (a.u) / (5 × 10
1
 CFU/mL). The 

condition of the experiment, such as flow duration, antibodies, enzymes, and 

substrates that the users use for the experiment will result in different calibration 

graphs. It is important to note that the calibration curve depends on each experiment 

condition. Thus, before performing the bacteria target detection in an unknown 
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sample, the users should make their own calibration curve. The equation of the 

calibration curve will be used to calculate in the experiment of bacteria target 

detection in an unknown sample. 

4.2 Detection Specificity 

To observe the specificity of the device that has the ability to detect specific 

bacteria; this study focuses on E. coli O157:H7 for detection. Two different genera of 

bacteria (S. aureus and S. Typhimurium) were used. Figure 26 shows their detection 

results on the NC strip. The result shows a significant difference between the signal 

intensity when detecting different bacteria of the same concentration which was 

compared by making the comparison bar graph as shown in Figure 27. when loading 

S. aureus and S. Typhimurium in the NC membrane that had the antibodies for E. coli 

O157:H7 immobilized, a weak signal appears on the NC membrane. Figure 26 and 

Figure 27 clearly show that the signal intensity that detects E. coli O157:H7 is strong, 

and the detection of signal intensity of S. aureus and S. Typhimurium remained 

closed to the signal intensity of the negative control. This indicates that the detection 

can be performed with high specificity due to the specificity of the antibody used in 

this experiment. 

 

Figure 26. Photos of the detection result of different bacteria; (a) E. coli 

O157:H7, (b) S. aureus, (c) S. Typhimurium, and (d) Nagative contol. 
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Figure 27. The bar graph of the detection intensity. 

4.3 Sensor Stability 

The stability test refers to the ability of reagent to retain its original 

performance and properties over a period of time when stored under defined 

conditions. This study demonstrate the stability test of the immobilized antibodies 

that performing the detection of the same concentration of E. coli O157:H7 bacteria, 

which concentration of E. coli O157:H7 is 5 × 10
7
 CFU/mL. In the same 

experimental conditions, we have done the experiment immediately after 

immobilizing antibodies onto the NC membrane at a room temperature, and 5 and 10 

days after the immobilization. The NC membrane that is immobilized for 5 and 10 

days was store in 4°C. 

The results of detecting bacteria target on the NC membrane immediately, 5, 

and 10 days of storage are shown in Figure 28a–c, respectively. With the naked eye, 

the results are not significantly different. The test line of the NC membrane calculated 

the quantified signal intensity using our application in the Calculation function. In 

addition, although looking with the naked eye will not be able to see a clear 

difference, our application can detect a little difference in the signal intensity of the 

test line of the NC membrane immediately, 5, and 10 days of storage is shown in 
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Table 3. However, the result is shown in Figure 29, which indicates that there is no 

statistically significant difference between the detection results for at least 10 days. 

The result of the stability test indicates that the antibodies used in our study can 

capture bacteria. 

 

Figure 28. Result of detecting 5 × 10
7
 CFU/mL E. coli O157:H7 on the NC 

membrane (a) immediately after immobilizing antibodies, (b) 5 days after, and (c) 10 

days after immobilization.  

 

Figure 29. Graph that showing the quantified signal intensity of the test line 

obtained from the stability. 
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Table 3. The quantified signal intensity of the test line obtained from the stability. 

Stored period (days) 
Average of signal 

intensity (a.u.) 

Standard deviation 

(stdev) 

0  

(immediately after 

immobilizing antibodies) 

88.97 6.17 

5 72.98 3.62 

10 79.00 4.59 

4.4 Detection of Bacteria from Contaminated Lettuce 

The experiment of the detection of bacteria from contaminated lettuce was 

done to support that our device can actually be used to detect bacteria from 

contaminated fresh vegetables. The bacteria target concentrations ranging from 5 × 

10
4
 to 5 ×10

6
 CFU/mL were used in this experiment, based on the calibration curve 

(the linear range) and the limit of detection. The portions of the target bacteria sample 

were dotted on an agar plate that contained a growth medium solidified with agar for 

inoculation, in which each concentration was repeated 3 times to check the accuracy 

of the experiment. The target bacteria samples were incubated overnight to determine 

the number of inoculated bacteria in the lettuce via Colony Counting. Additionally, 

the bacteria target sample that was retrieved from the lettuce was diluted to the 

bacteria target concentrations ranging from 5 × 10
4
 to 5 ×10

6
 CFU/mL and then were 

loaded into the rotary device the was performed the multistep immunoassay (the 

Automated Multistep LFIA) with the same condition with the experiment of making 

the calibration curve and analyzed using our smartphone application. 

Table 4 shows the comparison of the number of bacteria inoculated to the 

lettuce that was calculated via Colony Counting (CFU/10 g), and the number of 

bacteria from the contaminated lettuce detected using LFIA (CFU/10 g), which the 

calculated concentration obtained from the smartphone application was combined 

with the re-suspension volume, inoculation volume, and dilution factor to calculate 

the number of bacteria retrieved from the lettuce in CFU/10g. 

The results in Table 4 indicate that the calculated concentration from the 

smartphone application is similar to the number of bacteria calculated via Colony 
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Counting. In trial 1, the target sample concentration at 5 × 10
4
 CFU/mL, also the 

target sample concentrations of 5 × 10
5
 and 5 × 10

6
 CFU/mL of trial 2 show the 

calculated concentration from the smartphone application is higher than the calculated 

via Colony Counting. This can be mentioned that there are some mistakes such as the 

area that was chosen as the test line because the intensity can be changed when the 

chosen area was changed. However, most of the results are indicating that the 

calculated via Colony Counting is higher than the calculated concentration from the 

smartphone application. The reason for this case is there can be some bacteria loss 

during the retrieval process when collecting bacteria from the contaminated lettuce, 

which can contribute to the discrepancy between the amounts of inoculated bacteria 

and the number of the detected bacteria using LFIA. 

Table 4. Comparison between the number of bacteria inoculated from counting 

colonies and the number of bacteria inoculated from the device performing multistep 

immunoassay on a lateral flow strip. 

Trial 

Number of Bacteria Inoculated 

to the Lettuce, calculated via 

Colony Counting (CFU/10 g) 

Number of Bacteria from the 

Contaminated Lettuce Detected 

using LFIA (CFU/10 g) 

1 

2.37 × 10
3 

3.33 × 10
3
 

2.66 × 10
4
 2.51 × 10

4 

3.16 × 10
5 

1.85 × 10
5
 

2 

1.31 × 10
3
 1.22 × 10

3
 

1.73 × 10
4
 1.98 × 10

4
 

2.13 × 10
5
 2.23 × 10

5
 

3 

1.85 × 10
3
 1.70 × 10

3
 

2.92 × 10
4
 1.33 × 10

4
 

3.49 × 10
5
 3.43 × 10

5
 

 

However, the results can be considered to be satisfactory when considering the fact 

that the order of the measured bacteria number (calculated via Colony Counting) and 
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the order of the calculated bacteria number (calculated concentration via the 

smartphone application) are the same for all cases. 
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5.  CONCLUSIONS 

  

 

In conclusion, we demonstrated the detection of bacteria on LFIA using a 

multistep immunoassay platform, which was adapted from a rotary handheld into an 

automated system. It is controlled and operated through a developed smartphone 

application. The operation of our automatic multistep immunoassay platform can be 

easily performed without the need for specialists. It also takes only 30 minutes to 

complete, is inexpensive, requires one-time pipetting, and most importantly is 

automation that makes it not difficult to experiment. The principle of the automatic 

device is to use Bluetooth to connect from a smartphone application to the device that 

we design. The device has two main components: an electronic part that connects the 

automatic device to a smartphone, and a rotary part that is an essential part of 

detecting bacteria because it is the part that performs the Automated Multistep LFIA. 

The electronic part is divided into two parts: an electronic box that is used to put 

electronic devices and a cover box that is important to control and prevent the 

variation in the ambient light from the external environment when using the 

s   tph  e’s c  e   t  i  ge the  FA st ip  The   t    device is desig ed with 8 

compartments for absorbent pads and sample pads, and the NC membrane to display 

the result of bacterial detection. For applications, it has three functions: Setting and 

Run, Calibration, and Calculation, all of which are easy to use and convenient to 

connect to the device as well as analysis. The detection results of E. coli O157:H7 

bacteria from performing automated Multistep LFIA of our automatic rotary device 

and smartphone application are highly accurate and specific. The limit of detection of 

our device is 5 × 10
1.3

 CFU/mL (approximately 100 CFU/mL) follow the calibration 

curve. We also present that the reagents that we used for detecting this target bacteria 

are specific to detection. In addition, our designed device satisfactorily detects 

bacteria from fresh vegetables. The above can indicate that the developed app and 

device are designed to support the automation of multistep assays requiring multiple 
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pipetting and incubation steps and to assist untrained personnel in detecting point-of-

care needs. 

Currently, our device was designed only for a specific smartphone (our 

smartphone) which means the size, and length of the device including a jig inside the 

cover box was used for our smartphone. The plate (smartphone holder) that has a jig 

was attached to the cover box and has important for positioning the smartphone. To 

improve the device can use with other smartphones, this part should be fixed to be 

compatible for other smartphones such as making the plates for the other smartphone 

and design the cover box to have the ability to change the plate. Furthermore, we 

always prepare the sample pad and add the reagents for each step before performing 

the bacteria detection. In the future, the added reagent in the sample pad (HRP-

conjugate antibody and DAB) should be developed to long-term dry stored. This will 

reduce the time to adding the reagent. 
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