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ABSTRACT 

Infectious diseases, to this day, remain a major health threat worldwide. Molecular diagnostics, based 

on nucleic acid (NA) amplification technologies, are in the forefront for the detection of pathogens in 

order to prevent the transmission of diseases. Polymerase chain reaction (PCR) is one of the most 

widely used methods for nucleic acid amplification. However, PCR requires thermocycling for the 

amplification process. The requirement for thermocycling causes challenges for implementing PCR in 

the lab-on-chip system at point-of-care (POC) settings. One of the major hurdles is the formation of 

bubbles during thermocycling in microchannels resulting in unreliable experimental results. These 

problems severely hamper the commercialization of such lab-on-chip systems. Isothermal 

amplification methods demonstrate a possibility of amplifying DNA under isothermal conditions, 

without thermocycling, which can overcome the difficulties of PCR in lab-on-chip systems at POC 

setting. The aim of this Ph.D. project is to develop, optimize and evaluate one of the isothermal 

amplification methods called loop-mediated isothermal amplification (LAMP), suitable for on-line or 

at-site rapid detection of pathogens toward POC diagnostics applications. This Ph.D. project includes 

two main parts. In the first part, conventional LAMP assays are developed and optimized for singleplex 

detection of pathogens (Chapter 2-5). In the second part, LAMP is developed in solid phase 

amplification for enhancing multiplex detection capacity (Chapter 6). 

In Chapter 2, a LAMP assay was developed, optimized and used for specific, sensitive, simple and 

cost-effective detection of Campylobacter jejuni (C. jejuni) and Campylobacter coli (C. coli) in the 

poultry production chain. By combining this LAMP reaction with a visual detection approach using a 

DNA intercalating dye, LAMP amplified product was observed directly by naked eyes under a small, 

low-cost portable commercial blue LED trans-illuminator. Under optimized conditions, a detection 

limit of 50 CFU/mL was achieved when testing for C. jejuni and C. coli in spiked chicken feces within 

60–70 min from receiving the samples to the final results (no enrichment step needed). The optimized 

LAMP assay was comparable to RT-PCR with 98.4% relative accuracy, 97.9% specificity , and 100% 

sensitivity. The study showed the potential of LAMP assay for rapid detection of C. coli and C. jejuni 

at poultry production to prevent transmission of foodborne disease. 

The visual detection method using a DNA intercalating dye is simple and does not require an optical 

detection part, but the requirement of adding a DNA intercalating dye after completing the reaction 

may cause carry-over contamination of LAMP products. To overcome this problem, in Chapter 3, a 

Cod-Uracil-DNA-Glycosylase real-time reverse transcriptase LAMP assay (Cod-UNG-rRT-LAMP) 

was developed. SARS-CoV-2 virus was chosen as the target in this assay. Using the Cod-UNG-rRT-

LAMP assay, a detection limit of 2 copies/µL (8 copies/reaction) of the SARS-CoV-2 virus was 

achieved within 45 min of amplification, and simultaneously 10-20 pg of contaminants were eliminated 

per reaction. Moreover, the investigation of different detection methods for POC diagnostics in Cod-

UNG-rRT-LAMP assay demonstrated the feasibility of using the Cod-UNG-rRT-LAMP assay for 

applications toward POC diagnosis of SARS-CoV-2 and on-site testing of other pathogens. 
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Besides the visual detection method, wherein the LAMP reaction was confirmed at the end of the 

reaction, another approach that can monitor LAMP reaction in real-time was developed using DNA 

intercalating dyes and is presented in Chapter 4. To select a suitable DNA intercalating dye for 

monitoring a real-time LAMP assay, an investigation was performed with twenty-three DNA dyes 

having different properties on real-time LAMP. Based on the LAMP inhibition effects, the dyes were 

classified into four different groups such as dyes with non-inhibition effect, medium inhibition effect, 

high inhibition effect, and very high inhibition effect. The performance of these dyes was compared 

under similar LAMP reaction conditions, under different LAMP reaction conditions, and also in 

different detection systems. Of the twenty-three  dyes tested, SYTO 9, SYTO 82, SYTO 16, SYTO 13, 

and Miami Yellow showed the best performance due to no inhibitory effect, possibility to achieve a 

low limit of detection, and high signal-to-noise ratio in the real-time LAMP reactions. This 

classification of the dyes will simplify the selection of fluorescence dyes in future aimed at developing 

real-time LAMP assays for POC setting. 

With the aim of developing technologies for POC diagnostics, a gelification strategy was investigated, 

in Chapter 5, in order to store all the reagents in a ready-to-use format. Storage of reagents through 

gelification strategy is easy and simple, and enables easy handling, testing, and transportation. The 

ready-to-use reaction tube with gelified reagents was stable at room temperature for 7 weeks and at 2-

8 oC up to 3 years.  

Besides studies of LAMP for singleplex detection of pathogens (Chapters 2-5), the multiplexing 

capacity of LAMP was investigated in this Ph.D. Since the conventional LAMP reaction exposed the 

challenges of developing multiplex detection of pathogens at POC setting, another approach, solid 

phase LAMP (SP-LAMP), was developed to study the multiplexing capacity of LAMP for detection 

of multiple pathogens in a single reaction (Chapter 6). SP-LAMP was developed successfully for 

singleplex detection of different pathogens (Campylobacter spp., Salmonella spp., C. coli, C. jejuni, 

avian influenza virus, and pan avian for internal control). The investigation of SP-LAMP reactions on 

heterodimers of different primer sets for multiplex detection on liquid phase was investigated. 

However, the multiplex detection of SP-LAMP on microchips remains challenges. 

In summary, different methods based on LAMP assay have been developed and optimized for the rapid 

detection of pathogens toward POC diagnostics applications in this thesis. The simple visual detection 

was suitable for rapid detection of C. coli and C. jejuni in the poultry production line. In addition, the 

Cod-UNG-rRT-LAMP was used for the elimination of carry-over contamination of LAMP products, 

not only in SARS-COV-2 but also in other targets. Moreover, the classification of dyes based on 

inhibition effects in LAMP would simplify the selection of dyes for monitoring real-time LAMP assay 

at the POC setting. Furthermore, the gelification of LAMP reagents in a ready-to-use format facilitated 

the use, storage and transportation. Finally, SP-LAMP was developed successfully and used for 

singleplex detection of different pathogens. However, multiplex SP-LAMP was still a challenge. The 

multiplexing capacity of SP-LAMP itself is not yet completely developed and, therefore, is one of the 

major research in the field. The initial promising results of SP-LAMP opens the way towards possible 

success for multiplexing of the SP-LAMP in the near future.  
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SAMMENDRAG 

Smitsomme sygdomme, er til dato stadig en stor sundhedstrussel over hele verden. Molekylær 

diagnostik, der er baseret på nukleinsyre amplifikations teknologier, er i for-front i påvisning af 

sygdomsfremkaldende mikroorganismer (patogener) for at forhindre transmission af sygdomme. 

Polymerase kæde reaktion (PCR) er en af de mest anvendte metoder til nukleinsyre amplifikation. PCR 

kræver imidlertid termocykling til amplifikations processen. Kravet om termocykling forårsager 

udfordring for implementering af PCR i lab-on-chip-system for POC anvendelser. En af de største 

forhindringer er dannelsen af bobler under termocykling i mikrokanaler, hvilket resulterer i upålidelige 

eksperimentelle resultater. Disse problemer hæmmer alvorligt kommercialiseringen af sådanne lab-on-

chip-systemer. Isotermiske amplifikations metoder giver en mulighed for at amplificere DNA under 

isotermiske forhold (uden behov for termocykling), som kan overvinde vanskelighederne ved PCR i 

lab-on-chip-system ved POC anvendelser. Formålet med dette Ph.D. projekt er at udvikle, optimere og 

evaluere en af den isotermiske amplifikations metode kaldet loop-medieret isoterm amplifikation 

(LAMP), der er egnet til online eller på stedet hurtig påvisning af patogener mod POC diagnostik 

applikationer. Ph.D. projektet omfatter to hoveddele. I den første del er konventionel LAMP analyse 

udviklet og optimeret til singleplex detektion af patogener (Kapitel 2-5). I anden del er LAMP udviklet 

i fast fase forstærkning til forbedring af multiplex detektions kapacitet (Kapitel 6). 

I Kapitel 2 blev en LAMP-analyse udviklet, optimeret og anvendt til specifik, følsom, enkel og 

omkostningseffektiv påvisning af Campylobacter jejuni (C. jejuni) og Campylobacter coli (C. coli) i 

fjerkræ produktionen. Ved at kombinere disse LAMP reaktioner med en visuel påvisningsmetode ved 

anvendelse af et DNA interkalerende farvestof blev LAMP amplificeret produkt observeret direkte 

med blotte øjne under en lille, billig bærbar kommerciel blå LED-transiluminator. Under optimerede 

betingelser blev en påvisningsgrænse på 50 CFU / ml opnået til testning af C. jejuni og C. coli i spiked 

kylling fækalier inden for 60-70 minutter fra modtagelse af prøverne til de endelige resultater (prøve 

berigelse unødvendig). Den optimerede LAMP analyse var sammenlignelig med RT-PCR med en 

relativ nøjagtighed på 98,4%, en specificitet på 97,9% og en følsomhed på 100%. Undersøgelsen viste 

muligheden for LAMP analyse til hurtig påvisning af C. coli og C. jejuni ved fjerkræ produktion for at 

forhindre transmission af fødevarebåren sygdom. 

Den visuelle påvisnings metode ved anvendelse af et DNA interkalerende farvestof er enkel og kræver 

ikke en optisk detektionsdel, men kravet om tilsætning af et DNA interkalerende farvestof efter 

afslutning af reaktionen kan forårsage overførselskontaminering af LAMP reaktionsprodukter. For at 

overvinde dette problem blev der i Kapitel 3 udviklet et Cod-Uracil-DNA-Glycosylase real-time 

reverse transcriptase LAMP assay (Cod-UNG-rRT-LAMP). SARS-CoV-2 virus blev valgt som mål i 

dette assay. Ved anvendelse af Cod-UNG-rRT-LAMP analysen blev der opnået en grænsedetektion på 

2 kopier / µL (8 kopier / reaktion) af SARS-CoV-2 virus inden for 45 minutter efter amplifikation, og 

samtidig blev 10-20 pg forurenende stoffer pr. reaktion elimineret. Desuden viste undersøgelsen af 

forskellige påvisningsmetoder til POC diagnostik i Cod-UNG-rRT-LAMP analysen klart muligheden 

for at anvende Cod-UNG-rRT-LAMP analysen til applikationer mod POC diagnose af SARS-CoV-2 

og on test af andre patogener på stedet. 
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Udover den visuelle detektions metode, hvor LAMP reaktion blev bekræftet ved afslutningen af 

reaktionen, blev en anden tilgang, der kan overvåge LAMP reaktion i realtid, udviklet ved hjælp af DNA 

interkalerende farvestoffer og blev diskuteret i Kapitel 4. At vælge et passende DNA-interkalerende 

farvestof til overvågning af LAMP assay i realtid blev der udført en undersøgelse med 23 DNA 

farvestoffer med forskellige egenskaber på LAMP i realtid. Baseret på LAMP inhiberings effekterne blev 

farvestofferne klassificeret i fire forskellige grupper, såsom farvestoffer med ikke inhiberende virkning, 

medium inhiberende effekt, høj inhiberende effekt og meget høj inhiberende effekt. Udførelsen af disse 

farvestoffer blev sammenlignet under lignende LAMP reaktions betingelser, under forskellige LAMP 

reaktions betingelser og også i forskellige detektions systemer. Af de 23 testede farvestoffer viste SYTO 

9, SYTO 82, SYTO 16, SYTO 13 og Miami Yellow den bedste ydeevne på grund af ingen inhiberende 

virkning, mulighed for at opnå lav detektionsgrænse og højt signal / støjforhold i realtid LAMP 

reaktioner. Denne klassificering af farvestoffer vil forenkle udvælgelsen af fluorescensfarvestof i 

fremtiden med det formål at udvikle realtids LAMP assays til POC indstilling. 

Derudover blev gelifikations strategi undersøgt i Kapitel 5 med det formål at udvikle teknologier til POC 

diagnostik for at opbevare alle reagenserne i et klar-til-brug format. Opbevaring af reagenser gennem 

gelificerings strategi er let og enkel, der muliggør nem håndtering, test og transport. Det klar-til-brug 

reaktionsrør med gelificerede reagenser var stabilt ved stuetemperatur i 7 uger og ved 2-8oC op til 3 år. 

Foruden studier af LAMP til singleplex påvisning af patogener (Kapitel 2-5) blev multiplexing 

kapacitet af LAMP undersøgt i denne Ph.D. Da den konventionelle LAMP reaktion udsatte 

udfordringerne med at udvikle multiplex påvisning af patogener ved POC indstilling, blev en anden 

tilgang, fast fase LAMP (SP-LAMP), udviklet til at undersøge multiplexerings kapaciteten for LAMP 

til påvisning af flere patogener i enkelt reaktion (Kapitel 6). SP-LAMP blev udviklet med succes til 

påvisning af singleplex af forskellige patogener (Campylobacter spp., Salmonella spp., C. coli, C. 

jejuni, fugle influenzavirus og panfugle til intern kontrol). Undersøgelsen af SP-LAMP-reaktioner på 

heterodimerer af forskellige primer-sæt til multiplex påvisning på væskefase blev undersøgt. Multiplex 

påvisning af SP-LAMP på mikrochips blev imidlertid ikke udviklet med succes. 

Sammenfattende er forskellige analyse metoder, baseret på LAMP, blevet udviklet og optimeret til hurtig 

påvisning af patogener mod POC diagnostik applikationer i denne afhandling. Den enkle visuelle påvisning 

var velegnet til hurtig påvisning af C. coli og C. jejuni i fjerkræ produktionslinje. Derudover blev Cod-

UNG-rRT-LAMP brugt til eliminering af overførselsforurening af LAMP produkter, ikke kun i SARS-

COV-2, men også andre mål. Desuden vil klassificeringen af farvestoffer baseret på inhiberings effekter i 

LAMP forenkle valget af farvestoffer til overvågning af realtids LAMP assay ved POC indstilling. Desuden 

letter gelering af LAMP reagenser i et brugsklar format brug, opbevaring og transport. Endelig blev SP-

LAMP udviklet med succes og brugt til singleplex detektion af forskellige patogener, men multiplex SP-

LAMP var indtil en udfordring. Multiplexing kapaciteten af selve SP-LAMP er endnu ikke fuldt udviklet 

og er derfor en af de største undersøgelser inden for området. De første lovende resultater af SP-LAMP 

åbner vejen mod mulig succes for multiplexing af SP-LAMP i den nærmeste fremtid. 
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Chapter 1. Introduction 

1.1. Point-of-care (POC) diagnostics for pathogen detection 

Infectious diseases remain a major public health threat worldwide. In 2019, infectious diseases caused  

4 out of 10 deaths worldwide1. Currently, a new infectious disease, COVID-19, is causing an ongoing 

pandemic in the whole world2,3. The pandemic has affected 223 countries, areas, and territories with 

more than 114 million confirmed cases and more than 2.5 million deaths (by the 3rd of March 2021)4. 

Besides the health effects, the pandemic has caused social turmoil and economic disruption5–12. Most 

foodborne diseases do not cause a high death rate as infectious diseases, but they have serious negative 

effects on health and cause substantial economic losses. In the United States, foodborne illness causes 

48 million cases every year, which results in an estimated 128 000 hospitalization and 3 000 deaths13. 

Conservative financial cost estimation for the Unites States due to foodborne diseases was around 55.5 

billion US dollar14. The severe effects of infectious diseases and foodborne diseases on health, 

economy, and society pose a high demand for point of care (POC) systems for on-line and at-site 

detection of pathogens to prevent the transmission of the diseases.  

A POC test is defined as a rapid and simple diagnostic test at or near the point of care, facilitating the 

disease diagnosis, monitoring, and management15. The POC diagnostics provides a fast and accurate 

result, which is valuable information to react to the current situation and thereby reducing health effects 

and economic losses16. The concept of POC testing originated from the 15th century when urine was 

sampled and tested at the home of the patient17. However, modern POC diagnostics have emerged in 

the last decades due to the high demands from clinical diagnostic markets. A POC device is a testing 

device that is sensitive, cost-effective, robust, portable, easy to handle, and offering rapid sample-to-

answer results17. The POC device can be used in resource-limited and non-laboratory settings which 

lack sophisticated laboratory infrastructure, and can also be managed by non-technical operators with 

minimal laboratory training. The POC device, therefore, can be used near to the patients, at home or 

on-site for rapid analysis to improve the outcomes of the patients18,19. Nowadays, the POC concept is 

not only applied in the field of clinical diagnostics but also in the fields of food safety and 

environmental monitoring17,18. In general, a POC device consists of two parts: bio-application and non-

bio-application for amplification, detection, and signal reading technologies. This thesis focuses on the 

development of bio-application for rapid detection of pathogens towards POC diagnostics.  

1.2. POC tests 

There are three different types of POC testing that include antibody/sera test, antigen test, and 

molecular test20. The antibody test can detect the presence of antibodies that are produced by the 

immune system of people in the blood who have been infected with virus or bacteria. However, it may 

take several days to weeks for the body to develop the antibodies in the blood after infection. Therefore, 

antibody tests cannot be used for the early detection of pathogens. The antigen test is based on the 

detection of a specific protein on the surface of the virus or bacteria. The antigen test is fast; however, 

the sensitivity is poorer than for molecular tests21, and varies from 50% to 90%22. The molecular tests 

based on nucleic acid (NA) such as polymerase chain reaction (PCR), reverse transcriptase PCR (RT-



2 

 

PCR), and isothermal amplification techniques are widely used in the field23,24. The molecular tests 

can detect an active infection with high accuracy20. The limit of detection of the molecular test is low 

(with few copies of RNA or DNA molecules per test25), and can be used to detect pathogens at the 

early stage of the infection. NA-based molecular testing, therefore, has become an important tool for 

detecting pathogens and has shown potential for integration in POC devices.  

1.3. POC based on the nucleic acid test 

The revolution of molecular analysis based on NA has focused on developing new miniaturized and 

easy-to-use technologies for POC. Ideally, such POC systems should allow rapid NA analysis in de-

centralized environments with all the steps necessary for sample preparation, amplification, and 

detection automated to make the test accessible at point-of-need and manageable by unskilled 

personnel24. To date, a number of molecular techniques based on NA have been integrated into POC 

systems to detect pathogens in food and clinical samples26–28. Polymerase chain reaction (PCR) was 

the first NA technique developed and is considered as a standard method in many labs29. In the past 

decades, microfluidic systems and POC devices that employed PCR have been extensively studied. 

However, PCR requires thermal cycling for denaturation, annealing and extension during the 

amplification process. The requirement of the thermal cycling in PCR leads to the formation of bubbles 

in microchannels30 and remains the main challenge for designing a simple and compact device for POC 

testing. Therefore, the attention of researchers to PCR has tended to go down since 1995 (Figure 1.1A). 

In the last decade, isothermal amplification techniques have drawn immense attention from diagnostic 

researchers as powerful techniques for rapid amplification and identification of nucleic acid31,32 (Figure 

1.1). Unlike PCR, which requires thermal cycling for its performance33, isothermal amplification 

methods are conducted at a constant temperature between 30-70 oC, therefore eliminating the use of 

thermal cycling apparatus27. In addition, the isothermal amplification methods are reported to be highly 

sensitive, specific, and tolerant to PCR inhibitors34,35. Owing to their simplicity and low energy 

requirement, isothermal amplification techniques have been considered as proper alternative methods 

to PCR for implementation in POC devices (Figure 1.1). Currently, several isothermal amplification 

methods such as Loop-mediated isothermal amplification (LAMP), Recombination polymerase 

amplification (RPA), Rolling cycle amplification (RCA), Strand Displacement Amplification (SDA), 

Nucleic acid sequence-based amplification (NASBA), Helicase-dependent amplification (HDA), etc., 

have been developed32. Isothermal amplification methods differ from each other in temperature of 

amplification, the number of primers and enzymes, and types of template used etc. Among the 

isothermal amplification methods available, LAMP has been studied the most as it is simple, sensitive, 

highly specific, fast, and tolerant to inhibitors36 (Figure 1.1, Table 1.1). Several POC platforms based 

on LAMP assay have been developed and some have been commercialized37. 
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Figure 1.1. Comparison of PCR and several common isothermal amplification technologies. The publications 

listed in Web of Science, refined search for appearance in title. In A, the number of publications in years from 

1985 to 2020. In B, percentage of publications in a period from 2018- 27th October 2020. 

1.4. LAMP mechanism 

LAMP primers 

In LAMP, a set of four specific primers, which can recognize six distinct regions on the target, is used 

(Figure 1.2a). Basically, the LAMP primers consist of two outer primers (F3 and B3) and two inner 

primers, termed forward inner primer (FIP) and backward inner primer (BIP). Each inner primer of 

LAMP includes two regions; F2 and F1c on FIP, and B2 and B1c on BIP; in which F2 and B2 are 

complementary to F2c or B2c on the target, while F1c and B1c have similar sequences to the target. 

The addition of F1c or B1c to the inner primers FIP or BIP, respectively, is to form a stem-loop with 

self-priming capability38. Outer primers F3 and B3 are designed outside of FIP and BIP, and used to 

release newly synthesized strands containing loop regions. These outer primers are used in the first 

step to generate loop structure and are not involved in the cycling steps. Two loop primers, termed loop 

forward (LF) and loop backward (LB), are not required for the LAMP process but can be used to 

accelerate the LAMP reaction. The loop primers LF and LB are designed in the loop region between 

F1 and F2 and B1 and B2, respectively. The LF and LB are only involved in the cycling steps of the 

LAMP process. Using these loop primers, the reaction time of the LAMP assay can be reduced to half 

of the original LAMP (without using LF and LB)39. 

LAMP process 

Unlike PCR, LAMP employs a DNA polymerase with high strand displacement activity, which enables 

synthesizing, displacing and releasing a single-stranded DNA. In principle, the LAMP process can be 

distinguished into two steps, the stem loop generation step (Figure 1.2b) and the cycling step (Figure 

1.2c). In the first step, two inner primers (FIP and BIP) and two outer primers (F3 and B3) are used to 

form a stem loop structure. Firstly, inner primer, FIP, anneals to F2c on target DNA (Figure 1.2b-1), 

then a new DNA strand complementary to the template is synthesized using DNA polymerase (Figure 

1.2b-2). The outer primer, F3, anneals to the F3c region outside of FIP on the target DNA (Figure 1.2b-
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2), and initiates strand displacement DNA synthesis, releasing the FIP-linked complementary strand 

(Figure 1.2b-3). This released single-strand forms a stem loop structure at the 5' end because of the 

complementarity between F1c and F1 regions (Figure 1.2b-4). The single-strand DNA also serves as a 

template for BIP, and subsequent B3 primes and extends the new strand (Figure 1.2b-4). Through this 

process, a structure with stem loops at both ends, which looks like a dumbbell structure, is formed 

(Figure 1.2b-5). The dumbbell structure consists of a unique self-prime at 3’-end, which enables self-

priming during cyclic amplification steps and is independent of primers (F3/B3 and FIP/BIP) and the 

target DNA strand. This dumbbell structure serves as the starting material for the LAMP cycling 

(Figure 1.2c-5). In the cycling step, only inner primers (FIP and BIP) are used. The F2 region of FIP 

and the B2 region of BIP anneal to the ssDNA regions in the stem loop structures and synthesize new 

strands, meanwhile releasing the previously synthesized strands. The released single strands form stem 

loop structures at the 3' ends and extend new strands by self-priming activity. When using loop primers 

in the LAMP process, LF and LB anneal to complementary sequences in stem loop regions, and new 

strands are generated. This process takes place continuously. As a result of this process, various 

structures with different sizes, which consisted of alternately inverted repeats of the target sequence, 

are formed. Due to the combination of non-requirement of a denaturation step and the self-priming 

activity at 3’-end of dumbbell structure, a huge amount of LAMP amplified products were produced, 

up to 109 copies of the target within an hour38.   
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Figure 1.2. LAMP process. (a) LAMP primers, (b) step1: stem loop structure generation, and (c) step 2: cycling 

step. This figure is reused from Norihiro T. et al., 2008 with permission, license number: 5004810625676, and 

license date: Feb 09, 2021. 
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1.5. Strand displacement DNA polymerase 

LAMP is performed at a constant temperature due to the non-requirement of denaturation step for 

dsDNA38. The LAMP process relies on the strand displacement activity of a DNA polymerase to 

separate dsDNA. Besides the typical character of a DNA polymerase such as containing DNA 5’-3’ 

polymerase activity, a DNA polymerase used in LAMP must have a high degree of strand displacement 

activity. Moreover, the DNA polymerase must act at a temperature so that primers can anneal to the 

target. Several DNA polymerases have those characteristics, but few of them, such as Bst DNA 

Polymerase, Large Fragment, Bst 2.0 DNA Polymerase, Bst 2.0 WarmStart DNA Polymerase, and 

Bst 3.0 DNA Polymerase contain the highest degree of strand displacement activity, have been selected 

for LAMP application (https://international.neb.com/tools-and-resources/selection-charts/dna-

polymerase-selection-chart). Moreover, the optimal temperature of these polymerases from 50 to 72 
oC are ideal for annealing of primers (https://www.neb.com/faqs/2013/10/24/which-dna-polymerase-

is-best-for-my-isothermal-amplification-reaction).  

The first generation of strand displacement DNA polymerase used in LAMP was a wild-type Bst DNA 

Polymerase, Large Fragment. This polymerase is the portion of the Bacillus stearothermophilus DNA 

Polymerase protein that contains the 5´→3´ polymerase activity and a high degree of strand 

displacement activity. The Bst DNA polymerase is quite robust and exhibits greater tolerance to 

inhibitors found in diagnostic samples compared to the polymerases used for PCR, which makes it 

useful for diagnostic application. However, this polymerase does not efficiently incorporate dUTP in 

the LAMP reaction and causes false positive results at a low temperature of 25 oC40. To overcome the 

limitation of wild-type Bst DNA polymerase, Bst 2.0 DNA Polymerase, an in-silico designed, has been 

engineered (New England Biolabs). The Bst 2.0 DNA Polymerase displays an improvement in 

amplification speed, yield, salt tolerance, and thermostability in comparison to the wild-type Bst DNA 

Polymerase. Bst 2.0 warmstart has a similar performance to Bst 2.0 DNA polymerase in speed, yield, 

and salt tolerance (New England Biolabs). Moreover, this polymerase has a unique feature, “warm 

start”, which enables to set up the LAMP reaction at room temperature and increases the reproducibility 

of the results (New England Biolabs). The Bst 2.0 WarmStart is designed with a reversibly-bound 

aptamer, which inhibits polymerase activity at temperatures below 45°C. The aptamer gets rapidly 

released above 45°C, and therefore no activation step is required. This feature facilitates the 

development of a diagnostic test for the POC setting. Recently, a new version, Bst 3.0 DNA 

Polymerase, was designed and reported to improve the amplification performance and increase reverse 

transcription activity (New England Biolabs). However, this polymerase does not have as strong 

thermostability as Bst 2.0 WarmStart and requires cold conditions (ice) while setting up an experiment. 

Therefore, Bst 2.0 WarmStart DNA polymerase is until now considered as the best candidate for the 

development of LAMP for POC testing. 

1.6. Advantages and limitations of LAMP for POC 

Advantages of LAMP 

https://international.neb.com/tools-and-resources/selection-charts/dna-polymerase-selection-chart
https://international.neb.com/tools-and-resources/selection-charts/dna-polymerase-selection-chart
https://www.neb.com/faqs/2013/10/24/which-dna-polymerase-is-best-for-my-isothermal-amplification-reaction
https://www.neb.com/faqs/2013/10/24/which-dna-polymerase-is-best-for-my-isothermal-amplification-reaction
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LAMP has several advantages that are ideal for the integration into POC devices. The advantages of 

LAMP compared to other isothermal amplification methods are shown in Table 1.1. Firstly, the 

amplification, which occurs at a constant temperature between 60–65 °C, eliminates the requirement 

of thermal cycling. Secondly, the dumbbell structure, containing ssDNA at stem loops and the self-

priming at 3’-end, provides a high speed amplification process leading to the detection of targets within 

a short time. Thirdly, a huge amount of amplicons is generated during the LAMP process, which can 

be easily detected by different detection methods.  Fourth, the use of 4–6 primers, which recognize 6-

8 distinct regions on the target DNA, makes LAMP highly specific. Moreover, LAMP has been shown 

to be very sensitive with a limit of detection (LOD) of few copies per reaction25. Finally, the use of 

high strand displacement polymerase and the formation of stem loops containing self-priming 

capability provide LAMP with a higher tolerance to PCR inhibitors. Owing to these advantages, LAMP 

shows great potential for its integration into a simple, robust and user-friendly miniaturized POC 

device.  

Limitations of LAMP 

Despite its brilliant advantages, LAMP shows some limitations. Firstly, the use of 4-6 primers for 

detecting a particular target can be a challenge for defining four to six priming positions on the target, 

especially for the short target sequence containing high mutation points such as RNA viruses or micro 

RNA. Secondly, the use of 4-6 primers with long sequences and high concentrations may form primer 

dimers, potentially resulting in a false positive result in LAMP. Third, the high yield of dsDNA 

generated after amplification in combination with the high sensitivity of the assay may result in false 

positive results of LAMP assay due to carry-over contamination. Lastly, the requirement of 4-6 primers 

for each particular target of interest limits the multiplex detection capability of LAMP for use in POC 

diagnostic devices.  

Table 1.1. Comparison of LAMP to other isothermal amplification methods41. 

Assay Reaction 

temperature (oC) 

Reaction 

time (min) 

Detection 

limit (copies) 

Number of 

enzymes used 

Tolerance to 

inhibitors 

Primers 

required 

LAMP 60-65 15-60 1-10 1 Yes 4 

SDA 37 120 >10 2 Yes 4 

RPA 37-42 10-20 1-10 3 Yes 2 

HDA 60-65 60-120 100 2 Yes 2 

RCA 30-60 10-40 >10 1 No 1 

NASBA 37-42 60 1-10 2-3 No 2 

LAMP: Loop-mediated isothermal amplification; 

SDA: Strand displacement amplification; 

RPA: Recombinase polymerase amplification; 

HDA: Helicase-dependent amplification;  

RCA: Rolling circle amplification; 

NASBA: Nucleic acid sequence-based amplification. 
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1.7. Monitoring of LAMP reaction 

LAMP can be considered as a potential technique in future generations of POC devices due to its great 

advantages. An ideal POC system in the next generation, which is sensitive, specific, rapid, robust, 

simple to use, and portable, is the integration of three parts: sample preparation, amplification, and 

detection. The sample preparation step can be minimized due to the robustness and tolerance to 

inhibitors of DNA polymerase used LAMP reaction (New England BioLab). The amplification at a 

constant temperature38 can minimize the energy used and simplify the device, which results in a robust 

and inexpensive platform. To monitor the LAMP reaction, several detection methods have been 

developed and is still an ongoing research area. During the reaction, LAMP can produce a large amount 

of amplified product (dsDNA)38 and by-product (magnesium pyrophosphate)42, and both of them can 

be used to monitor the LAMP reaction in real-time or end-point by different detection technologies. 

The high amount of amplified products and by-products generated during the LAMP reaction facilitate 

the development of a variety of detection methods25,36. The various options of detection methods make 

it easier for development of an instrumentation suitable for POC testing. 

Turbidity detection  

Turbidity detection is a common method for monitoring the LAMP reaction. This method does not 

measure the amplified products but measures magnesium pyrophosphate, by-products that precipitate 

in the reaction. During DNA polymerization, DNA polymerase (1) catalyzes the synthesis of DNA 

molecules using deoxyribonucleotide triphosphates (dNTPs), and releases pyrophosphate ions as by-

products. When a large amount of these pyrophosphate ions are produced, they react with magnesium 

ions yielding white precipitates (Mg2P2O7) (2)42. In LAMP reactions, the amount of magnesium 

pyrophosphate formation is higher by several orders of magnitude compared to conventional PCR. The 

precipitate can be monitored in real-time using turbidimeter43 (Figure 1.3A), or observed directly by 

the naked eye at the end-point after amplification44 (Figure 1.3B). Turbidity detection has several 

advantages. First, this method does not require probes, indicators, or any other special reagent. As a 

result, the cost of the reaction is inexpensive. Moreover, integration of an optical detection part into an 

instrument using turbidity detection is simpler and cheaper than that of using fluorescence detection, 

which requires filters for both excitation and emission lights. However, turbidity detection has some 

limitations. The method cannot distinguish between specific amplification and non-specific 

amplification42. In addition, the sensitivity of the reaction has been reported to be 10 times lower than 

that of fluorescence-based detection45. Moreover, the addition of MgSO4 required in this detection 

method delays the amplification. Although turbidity detection possesses some limitations, this method 

has been widely used for monitoring LAMP reactions due to its great advantages. To date, several 

POCs have been developed, and two of them have been commercialized 

(http://loopamp.eiken.co.jp/e/products/la500/, https://www.bit-group.com/pf/meridian-illumipro-10/. 

However, these devices are the integration of amplification and detection, but not sample preparation. 

(DNA)n−1 + dNTP → (DNA)n +   P2O7
4−  (1) 

P2O7
4− + 2Mg2+  →  Mg2P2O7 (precipitate) (2) 

http://loopamp.eiken.co.jp/e/products/la500/
https://www.bit-group.com/pf/meridian-illumipro-10/
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Figure 1.3. Monitoring LAMP reaction (A) in real-time by a turbidimeter or (B) at end-point by naked-eye46. 

Visual detection 

The high degree of amplified product formation in LAMP opens the possibility for alternative detection 

methods, visual detection methods. To visualize LAMP reaction, metal indicators, DNA intercalating 

dyes, or gold nanoparticles have been added to the LAMP mixture. In a positive reaction, the color of 

the reaction mixture changes to another color while the negative reaction remains unchanged. The 

change in color of the reaction, which can be detected by the naked eye, is the simplest and most cost-

efficient method for monitoring a positive or negative LAMP reaction. In one method, metal indicators 

are simply added to the LAMP mixture during the preparation of the master mixture that eliminates 

the carry-over contamination issue from LAMP products. The change in color of the positive LAMP 

reaction depends on the indicators used. For example, the color of the LAMP mixture shifts from dark 

yellow to yellow when using calcein47, from purple to blue when using hydroxy naphthol blue48, or 

transparent to light blue when using malachite geen49 if the reaction is positive. Using these indicators, 

the color change of LAMP reaction can be observed by the naked eye without any aid that has no cost 

for the detection part. However, the addition of indicators and cofactors may interfere with the 

amplification efficiency. It has been reported that the sensitivity when using indicators is low, from 

100-1000 copies of target50. Moreover, the color shifts may be difficult to analyze and, in some cases, 

may require skills for assessing the result (Figure 1.4A). For better visibility of the color shift, a DNA 

dye has been added to the solution after reaction completion (Figure 1.4B). In the positive reaction, a 

color change is observed under ambient light, from orange to green (SYBR Green I51, PicoGreen52), or 

orange to light pink (Propidium Iodide53). The color change can be observed not only directly by the 

naked eye (SYBR Green I51, PicoGreen52, Propidium iodide53), but also under UV trans-illuminator 

(SYBR Green I51, SYBR Safe54). Similar to using metal indicators, colorimetric detection by DNA 

dyes is simple and requires no integration of optical detection. In addition, it is easier to discriminate 

between negative and positive reactions compared to using indicators (Figure 1.4B). The sensitivity of 

color change detection using DNA dye is comparable to real-time LAMP detection and gel 
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electrophoresis54. However, the addition of the intercalating dye after completion of the reaction is 

associated with an increased risk of carry-over contamination of subsequent LAMP reaction. Besides 

metal indicators and DNA dyes, visualization of LAMP reaction by using pH-sensitive dyes has been 

reported48. The result of the DNA polymerization reaction releases not only amplified products or by-

products (pyrophosphate ions) but also hydrogen ions. Besides the generation of a large amount of 

LAMP amplified products, the DNA polymerization reaction produces a similar amount of these 

hydrogen ions, which reduces the pH of the LAMP reaction. By using highly sensitive-pH indicators, 

the positive reactions could be identified by a change in the color in a low concentration buffer (Figure 

1.4C). For example, the color changes from red to yellow when using phenol red or cresol red, from 

light yellow to red when using neutral red pH-sensitive indicator, or from purple to yellow when using 

cresol purple pH-sensitive indicator50,55. Apart from being simple and without requirements for optical 

detection, the color changes using pH-sensitive indicators show the best visibility compared to using 

metal indicators and DNA dyes (Figure 1.4). Moreover, Nathan et al. 2015 reported they could detect 

<10 copies of target within 30 min by using pH sensitive indicator50. However, this approach requires 

extracted nucleic acid templates (New England Biolabs).  

 
Figure 1.4. Monitoring LAMP reaction by visual detection using metal indicator hydroxy naphthol blue (A), 

SYTO 24 DNA intercalating dye (B), and pH-sensitive dye (C). 

Real-time fluorescence detection using DNA intercalating dyes 

Similar to PCR, a simple way to monitor the real-time LAMP reaction is using DNA intercalating dyes 

(Figure 1.5A). The method requires the addition of DNA dye in the reaction during the preparation of 

the master mixture. In a LAMP negative reaction, DNA dye is in an unbound state and does not 

fluoresce due to the absence of amplified product (dsDNA). While in a LAMP positive reaction, DNA 



11 

 

intercalating dye intercalates to double-strand DNA (dsDNA) and fluoresces strongly (Figure 1.5B). 

The use of DNA dyes for monitoring real-time LAMP reaction is simple, and it can enhance the 

sensitivity of the LAMP assay compared to the turbidity measurement56. However, the requirement of 

filters in the optical setup makes the POC device more complicated and more expensive as compared 

to turbidity detection. Similar to turbidity detection, this method cannot differentiate between specific 

amplification and non-specific amplification as the DNA dye can bind to any dsDNA present in the 

mixture. To select a suitable dye for monitoring real-time LAMP amplification and for application in 

a cheap, small, and portable POC systems, it is necessary to investigate the inhibition effect and 

fluorescence intensity of the dyes to LAMP reaction, which may be affected by the use of small and 

cheap optical components. SYBR Green I is a common DNA intercalating dye used to monitor the 

PCR reaction and can be used in LAMP. However, the dye has a strong inhibition effect on the LAMP 

reaction. To date, most of commonly available DNA dyes that span a wide range of four groups of 

dyes with different optical properties, such as SYTO group, SYBR Green I, EvaGeen, Miami group, 

etc., have been investigated thoroughly for inhibition effect and fluorescence intensity in LAMP 

reactions57–59. These investigations facilitate the selection of dye to develop POC devices based on 

fluorescence detection using DNA dyes. 

 

Figure 1.5. Monitoring LAMP reaction by real-time fluoresce using DNA intercalating dyes. In A, real-time 

LAMP fluorescence detection and in B, the principle of DNA-dye. 

Fluorescence detection using specific probes 

Unlike sequence-independent detection methods such as turbidity detection, visual detection, and 

fluorescence detection using DNA intercalating dyes, fluorescence detection using specific probes can 

detect a specific amplified sequence of targets, which can eliminate false positive results in LAMP. In 

addition, the detection using specific probes enables the identification of multiple targets 

simultaneously in one reaction. Currently, a number of different techniques for specific sequence 

detection have been developed36 using single label techniques (fluorescence of loop primer upon self-

dequenching (FLOS-LAMP)60, HyBeacon probes61,62, Guanin quenching63, universal quenching probe 
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(QProbe)64, alternately binding quenching probe competitive LAMP (ABC-LAMP)65, graphene oxide 

based FRET (Go-based FRET)66, fluorophore-modified primer with ethidium bromide67), multiple 

label techniques (detection of amplification by release of quenching (DARQ)68,69, quenching of 

unincorporated amplification signal reporters (QUASR)70, one-step strand displacement (LAMP-

OSD)71, molecular beacon-LAMP72–74, light cycler-LAMP75, assimilating probes76,77, mediator 

displacement LAMP (MD-LAMP)78), or using enzyme restriction digestion techniques (Tth 

endonuclease cleavage LAMP (TEC-LAMP)79 and multiple endonuclease restriction real-time LAMP 

(MERT-LAMP)80). Multiplex amplification and detection using these technologies have been 

reported68,69,73,77. A sensitivity of 10 copies per reaction was achieved using Go-based FRET and 

DARQ-LAMP66,81. However, these techniques make LAMP more complicated when designing the 

assay. In addition, these methods require an additional indicator or optical platform for the detection 

of the fluorescence signal. 

1.8. Multiplex detection of LAMP 

Multiplex amplification and detection of clinical and foodborne pathogens are essential for DNA-based 

diagnostics. The use of conventional LAMP for multiplex detection of pathogens using specific probes 

has been reported68,69,73,77. However, to detect multiple pathogens in one reaction, multiple specific 

probes labelled with multiple fluorescent dyes were designed65. The use of multiple fluorescent dyes 

for multiplex detection causes challenges in designing a simple, cost-effective, and portable POC 

device due to the use of multiple channels for optical detection. Solid phase amplification can overcome 

such challenges of conventional LAMP by using a DNA oligonucleotide microarray technology. By 

this approach, each target is localized in a particular position on an array. It, therefore, does not require 

multiple fluorescent dyes, which simplifies the design of the POC device. 

Basically, solid phase LAMP (SP-LAMP) is a technology in which the LAMP amplification occurs on 

a solid surface. The SP-LAMP requires the immobilization of primers on the solid surface in an array 

format, and the immobilized primers will be amplified on the solid surface by LAMP. The principle of 

SP-LAMP is illustrated in Figure 1.6. The fluorescence dye is labelled in one of inner primers FIP or 

BIP. In the first step, the targets are amplified in the liquid phase as conventional LAMP to generate 

loop structures labelled with fluorescence dye (Figure 1.6A). Then solid phase primers immobilized 

on the surface synthesize new strands using these loop structures. As a result, fluorescence dyes are 

attached to the solid surface in the array (Figure 1.6B).  
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Figure 1.6. The principle of SP-LAMP. A) The target is synthesized in the liquid phase to generate loop 

structures labelled with a fluorescent dye. B) The labelled structures are used as the template for solid phase 

amplification. As a result of solid phase amplification, double-strands DNA labelled with fluorescent dyes are 

immobilized on the solid surface, which can be detected by the scanner. 

1.9. Inhibitors in clinical and food samples and sample preparation for LAMP 

LAMP inhibitors are present in samples or may be introduced into samples during sample processing. 

Different types of samples may contain different kinds of inhibitors. In clinical specimens, hemoglobin, 

IgG, lactoferrin, heparin, hormones from blood, serum or plasma samples, urea from urine, and 

polysaccharides, bile salts, glycolipids, etc. from the stool and fecal samples are considered as 

inhibitors82–84. In food samples, fats, glycogen, polysaccharides, certain minerals, or a high 

concentration of calcium in milk may inhibit the assay83. Similar to PCR, these inhibitors interfere with 

the LAMP reaction by partly or totally inhibiting the LAMP reaction, or decreasing the sensitivity of 

the assay. To limit the negative effects of inhibitors in LAMP assay, all or a certain amount of inhibitors 

are removed from the samples before adding the template to LAMP assays. Since the polymerase used 

in LAMP has a higher tolerance to inhibitors than that of PCR, it often does not require purified DNA 

or RNA sample for the reaction40. As a result, the sample procedure for NA (DNA and RNA) in LAMP 

is simpler than PCR. Using LAMP assay, a simple cell and virus lysis procedure using sodium 

hydroxide can be used for several types of samples, including the most dirty sample like stool 

samples85. Moreover, a simple boiling method that can be used for sample preparation in LAMP assay 

with various types of samples has been reported86–88.   
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1.10. Thesis outline 

This Ph.D. thesis includes two main parts: conventional LAMP and SP-LAMP. In the first part, 

different technologies based on conventional LAMP are developed and optimized with an aim to 

integrate the assay for POC diagnosis. In the second part, SP-LAMP is developed to enhance the 

multiplexing capacity of LAMP in the POC setting.  

Chapter 1 presents an overview of current POC diagnostics for detection of pathogens, the basic 

knowledge of LAMP and the possibility of LAMP for POC diagnostics. 

Chapter 2 describes the optimization of a rapid, cost-effective and sensitive LAMP reaction for rapid 

detection of Campylobacter in poultry production. This chapter also presents the use of a visual 

detection method based on DNA intercalating dyes for rapid and simple detection of LAMP reaction. 

Although this visual detection method does not require an optical detection part, the addition of DNA 

dye after completed amplification may cause carry-over contamination of LAMP reaction.  

Chapter 3 describes a method that can solve the problem of carry-over contamination in LAMP 

reaction, which appears in Chapter 2. 

Chapter 4 describes another approach that can be used to monitor LAMP reaction in real-time 

amplification using DNA intercalating dyes. To support the selection of DNA dyes used to monitor 

real-time LAMP, a wide range of DNA dyes with different optical properties has been investigated and 

presented in this chapter. 

Chapter 5 describes an easy and simple technology, gelification of reagents, to store all the LAMP 

reagents in a ready-to-use format that will be easy for handling, testing, storage and transportation.  

Chapter 6 presents the development of a new technology, SP-LAMP, which contains the multiplexing 

capability of LAMP in POC setting. 
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RESULTS AND DISCUSSIONS 

 

PART I: THE CONVENTIONAL LAMP 
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Chapter 2. A sensitive, specific, and loop-mediated isothermal amplification for rapid detection 

of Campylobacter spp. at broiler production. 

 

 

 

Abstract 

Campylobacteriosis is one of the most common foodborne diseases worldwide. Two Campylobacter 

species - C. jejuni and C. coli in poultry and poultry products are considered to be the main source of 

human campylobacteriosis. Therefore, studying Campylobacter status in poultry flocks is needed to 

prevent transmission of disease and reduce human risk, health cost, and economic losses. In this study, 

we adapted and used a Loop-Mediated Isothermal Amplification (LAMP) assay for specific, sensitive, 

simple, and cost-effective rapid detection of C. jejuni and C. coli in the poultry production chain. 

Amplified LAMP products were detected using a small, low-cost handheld commercial blue LED 

trans-illuminator, and a direct visual detection strategy was demonstrated. By using optimized 

conditions for amplification, a limit of detection (LOD) of 50 CFU/ mL was achieved for testing of C. 

jejuni and C. coli in spiked chicken feces without enrichment. The method took 60-70 min from 

receiving the samples to the final results (including 30 min for amplification). The optimized LAMP 

showed a relative accuracy of 98.43%, a specificity of 97.87%, and a sensitivity of 100% in comparison 

to real-time PCR method. Cohen's kappa index also showed an excellent agreement (0.94) between the 

two methods. The results showed that the method is specific, sensitive and is suitable to develop for 

rapid detection of Campylobacter spp. at poultry production. 
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2.1. Introduction 

Campylobacteriosis is one of the leading causes of bacterial diarrhea worldwide89,90. Two 

Campylobacter species, C. jejuni and C. coli, are accounted for the majority of human 

campylobacteriosis91,92. Poultry and poultry products are considered to be the main sources for disease 

transmission93,94. The prevalence of Campylobacter in broiler flocks remains high95. Data obtained 

from an electronically distributed survey in Denmark reported that 63% of the broiler farms tested 

positive for Campylobacter96. Thus, there is an urgent need for a fast and simple method suitable for 

the detection of Campylobacter within poultry production chains. 

Identification of C. jejuni and C. coli using conventional bacterial cultures in combination with 

biochemical-based assay are time-consuming (requiring more than 4 days) and laborious97. Therefore, 

several alternate methods have been developed and reported for the detection of Campylobacter spp. 

(Table S2.1). Although ELISA (enzyme-linked immunosorbent assay) (RIDASCREEN® 

Campylobacter, R-Biopharm AG, Darmstadt, Germany) and real-time polymerase chain reaction (real-

time PCR)98 could detect Campylobacter in much shorter time (within 2 hours) from fecal materials, 

the limit of detection remains high (Table S2.1). Moreover, real-time PCR requires sophisticated and 

expensive equipment to amplify and detect the presence of Campylobacter. Therefore, both PCR and 

real-time PCR are not suitable for rapid detection of pathogens in the production chains. LAMP has 

been used to overcome the drawbacks of the PCR. LAMP is faster than PCR41,99 and can be performed 

under constant temperature in a range of 60-65 °C, thus eliminating the need for sophisticated thermal 

control as in PCR44,59. LAMP has several advantages such as fast reaction, simple operation, low cost, 

high sensitivity and specificity100,101. Moreover, the LAMP reaction is more tolerant to inhibitors in 

comparison to PCR and real-time PCR assays34,102. The LAMP reaction produces large amounts of 

amplified products (dsDNA). It can, therefore, even be detected by naked eyes when using appropriate 

DNA staining techniques103. With these advantages, the LAMP may be suitable for rapid detection of 

pathogens in the poultry production chains. 

LAMP was developed for the detection of Campylobacter spp. in poultry samples such as meat, carcass 

swabs, and fecal samples99,104–107. To study the epidemiology of Campylobacter spp. and to prevent 

transmission in the production chain, the time taken for detection of Campylobacter is crucial. 

However, to detect the presence of the Campylobacter spp. in cloacal swabs, ceca, meat and 

environmental cleaning samples, an enrichment step of 22 to 24 hours is needed99,105,107. Consequently, 

it takes a total of at least 24 to 26 hours for sample enrichment, preparation, amplification, and 

detection. Moreover, Campylobacter grows slowly and requires specific microaerobic conditions to 

grow, which makes it difficult to apply this method for the detection of Campylobacter spp. in the 

production chains. In contrast, stool specimens may not require an enrichment step since 

Campylobacter infected chicken feces may contain up to 109 Campylobacter per gram108–110. However, 

the content of inhibitors in feces is frequently high, which could inhibit the LAMP reaction83. In one 

study, in order to detect Campylobacter spp. directly from poultry feces with a limit of detection (LOD) 

of 1.2-1.4 CFU per test, the stool samples had to be diluted 1:4000 to reduce the inhibition effects106. 
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Therefore, the method could not detect the fecal samples containing less than 1.2×106 CFU of C. coli 

or 1.4×106 CFU of C. jejuni per gram of stool specimen.  

In this study, in order to provide a simple, rapid, cost-effective and sensitive method suitable for rapid 

detection of Campylobacter spp. within poultry production chains, we have developed an optimized 

LAMP assay with a smaller reaction volume, a shorter reaction time, and higher sensitivity using a 

commercial LAMP kit. We also evaluated the use of a commercial mini UV trans-illuminator, which 

is small, simple, low cost and portable for LAMP detection. Moreover, for evaluation of the 

performance of the optimized LAMP method, a conventional real-time PCR was used in parallel to 

study the epidemiology of Campylobacter infection in a broiler farm.  

2.2. Materials and methods 

2.2.3. DNA preparation 

Chromosomal DNA from all bacteria strains used in this study (listed in Table 2.1) was isolated using 

DNeasy Blood and Tissue kit (Qiagen, Germany). The DNA concentration was determined by 

NanoDrop (Thermo Scientific, USA). 

Table 2.1 Bacterial strains used in this study. 

No. Bacterial Strains Source 

1.  C. jejuni NTCC 11284 

2.  C. coli CCUG 11283 

3.  C. lari CCUG 18267 and CUUG 860115 

4.  C. larilio 56 CCUG 19512 and CUUG 920306 

5.  C.. larilio 34 CCUG 20575 and CUUG 870508 

6.  C. mucosalis CCUG 6822 

7.  C. sputorums subsp. spo CCUG 9728 

8.  C. upsaliensis CCUG 14913 

9.  C. upsaliensis CCUG 23626 

10.  C. fetus subsq. fetus CCUG 6823A and CCUG 940118 

11.  C. concisus CCUG 13144 and CUUG 950201 

12.  C. hyointestinalis CCUG 19512 and CUUG 920306 

13.  S. Typhimurium  DVI Jeo 3979 Jgt.110  

14.  S. Enteritidis 92243/nybol 3L 

15.  S. Dublin H64004 

16.  S. derby DVI SD1  

17.  E. faecalis ATCC 29212 

18.  E. faecium CCUG 47860 

19.  E. coli CCUG 17620 

20.  S. pneumoniae ATCC 49619 

21.  P. hauseri CCUG 36761 

22.  C. freundii CCUG 418 

23.  A. skirrowii CCUG 10374 and CCUG 910801 
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24.  A. cryaerophilus CCUG 17801 

25.  A. butlezi CCUG30485 

26.  Y. ruckerii ATCC 29473 

Preparation of DNA from fecal sock samples: Each pair of boot socks was placed in a stomacher bag 

containing 200 mL of saline (0.9 % NaCl). Fecal materials were released by gentle manipulation of the 

socks for 2 minutes. 1 mL of the suspension was collected and centrifuged at 5000g for 5 min. After 

discarding the supernatant, the pellet was used for DNA extraction by an automated KingFisherTM 

Purification system (Thermo Fisher, Copenhagen Denmark) or stored at minus 20 oC for later use. 

Further, the pellet was treated with 200 µL of lysis buffer consisting of 190 µL of magnetic lysis buffer 

and 10 µL of Proteinase K (20 mg/mL) followed by incubation in10 minutes at room temperature. 100 

µL of the treated sample was used to purify DNA by an automated KingFisherTM Purification system 

using the Magnesil KF Genomic DNA kit (Promega Denmark) described previously111. Finally, the 

supernatant was used as the template for real-time PCR and the LAMP assay. 

2.2.1. Real-time PCR 

A real-time PCR targeting the16S rRNA gene of thermophilic Campylobacters species (C. jejuni, C. 

coli) was used as a reference method to evaluate the performance of the LAMP112. Primer sequences 

used for real-time PCR were listed in Table S2.2. Each reaction contained 25 µL of master mixture 

consisting of 1X buffer, 2.5 mM of MgCl2, 2.5 U of Tth enzyme (Roche, Denmark), 6.96 % Glycerol 

(Merck, Germany), 0.6 mM of dNTPs, 0.01 mg/mL of BSA, 0.5 µM of forward primer OT-1559, 0.5 

µM of reverse primer 18-1, 0.076 µM of Campylobacter LNA probe, 0.06 µM of IAC probe, 0.24×10-9 

µM of IAC (primers used for the construction of internal amplification control) (Table S2.2) (Life 

Technology Europe, Roskilde, Denmark), 10 µL of DNA template and 2.22 µL of PCR grade water 

(Sigma-Aldrich, Denmark). The real-time PCR conditions were 95 oC for 3 minutes, followed by 40 

cycles of 95 oC for 15 seconds, 60 oC for 60 seconds and 72 oC for 30 seconds. The real-time PCR was 

performed on a MxPro-Mx3005P (Agilent Technologies ApS Glostrup, Denmark). 

2.2.2. LAMP assay 

The LAMP assay was carried out using a Loopamp Campylobacter detection kit (Eiken Chemical Co. 

Ltd Tokyo, Japan). The kit consists of a set of specific primers to recognize the oxidoreductase gene 

from C. jejuni and the aspartate kinase gene from C. coli. The kit does not specifically identify C. jejuni 

or C. coli but can detect both species. LAMP reaction contained 12.5 µL of the master mixture 

consisting of 6.25 µL of the reaction mixture, 1.25 µL of primer mixture Campylobacter, 0.5 µL of Bst 

DNA polymerase, 2.5 µL of distilled water and 2 µL of the template. In the LAMP reactions, PCR 

grade water was used as a negative control, and purified genomic DNA was used as a positive control. 

The LAMP reaction was performed on a Dri-Block ® DB-2TC (TECHNE, Staffordshire, UK) at a 

constant temperature of 65 oC for 30 or 60 minutes. The reactions were terminated by heating up to 80 
oC for 2 minutes.  

2.2.3. Preparation of Campylobacter-spiked fecal samples for testing the sensitivity of LAMP 
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Initially, fecal sock samples were pre-confirmed for the absence of C. jejuni and C. coli by both 

conventional culture and real-time PCR. Different dilutions of Campylobacter cells for spiking in the 

fecal sock samples were prepared from serial 10-fold dilution in saline water from stock culture (OD600 

= 0.3, spectrophotometer UV-1600PC) of a C. jejuni CCUG 11284 and a C. coli CCUG 11283 

separately. 100 µL of each dilution was used to spike in 1 mL suspension of the Campylobacter 

negative fecal sock samples. The mixtures were centrifuged at 5000g for 5 min, and the pellets were 

then used for DNA extraction as described above. The samples were analyzed by both LAMP and real-

time PCR methods. Further, 100 µL of each dilution from 10-1 to 10-8 were spread on blood agar plates 

for determining colony forming unit (CFU), and the plates were incubated at 41.5 oC in the 

microaerobic atmosphere. The CFU was determined by colonies counting after 48h of incubation. 

2.2.4. Data analysis 

Evaluation of assays precision between real-time PCR and LAMP was calculated based on relative 

accuracy, relative specificity, relative sensitivity and Cohen's kappa index as described previously113,114 

using the following formulas: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 𝐴𝐶(%) =  
(PA + NA)

N
× 100 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 𝑆𝑃(%) =  
NA

N −
× 100 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑆𝐸(%) =  
PA

N +
× 100 

𝐶𝑜ℎ𝑒𝑛′𝑠 𝐾𝑎𝑝𝑝𝑎 𝑖𝑛𝑑𝑒𝑥 =  
P(o) − P(e)

1 − P(e)
 

Where: 

PA: the positive agreement between the real-time PCR and LAMP methods; 

NA: the negative agreement between the real-time PCR and LAMP methods; 

N: total number of samples (NA+PA+PD+ND); 

PD: false positives in the LAMP method; 

ND: false negatives in the LAMP method; 

N-: total number of negative results (NA + PD); 

N+: total number of positive results (PA+ND); 

P(o): (PA+NA)/N; and 

P(e): {(positive recovery in real-time PCR / total number of tested samples (N)) x (negative recovery 

in real-time PCR / total number of tested samples (N))} +{(negative recovery in LAMP / total number 

of tested samples (N)) x (negative recovery in real-time PCR / total number of tested samples (N))}. 

2.2.5. Visual detection of LAMP products 
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LAMP products were visually detected by two different methods: direct visual detection under UV 

light by staining DNA using SYBR® Safe DNA intercalating dye and agarose gel electrophoresis.  

Direct visual detection using SYBR® Safe staining DNA: The SYBR® Safe (10 000X concentrate in 

DMSO, Life Technology, Denmark) was diluted 1:10, and 1 µL of diluted dye was added to each tube 

after LAMP reaction. The tubes were observed under UV light from a handheld DR22 blue LED 

transilluminator (Figure S2.1) (Clare Chemical Research, Inc., USA). 

Gel electrophoresis detection: After LAMP reactions, 5 µL of each amplified LAMP product were 

loaded on 2% agarose gel containing 1X of SYBR® Safe DNA Gel Stain (Invitrogen, Life 

Technologies, USA). Gel electrophoresis was carried out at 100 volts for 60 min, and the gel 

electrophoresis patterns were observed under Bio-Rad Gel Doc 2000 UV transilluminator (Bio-Rad 

Life science, Denmark). 

2.2.6. Study design and selection of poultry farm 

To evaluate the ability of the method for rapid detection of Campylobacter, an evaluation trial was 

conducted in a large broiler farm located in Jutland, Denmark. The farm comprises 16 houses that are 

placed in blocks of four. All four blocks have the same design with an entrance in the middle leading 

to a corridor from where there are doors to access to the 4 houses (Figure 2.1). During the poultry 

production period, fecal samples were collected from 16 houses, separately. Sampling was done on a 

weekly basis for four weeks by the boot sock sampling method as described previously115. Briefly, 

elastic textile bands (Qualicum Scientific Ltd/Solar Biological Inc, UK) moistured with tryptone buffer 

(SteriSox, SODIBOX Nevez, France) were placed on clean boots. Fecal samples were collected from 

the floor of each poultry house by a farmer walking around the house. The socks were then placed in 

zipper bags and sent to the laboratory. The samples were processed in the lab as described above. 

 

Figure 2.1. The design of the broiler houses. 

2.3. Results and Discussion  

2.3.1. Optimization of LAMP assay conditions 
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Different volumes of the LAMP reaction ranging from 3 µL – 25 µL were selected and tested using 2 

ng of C. jejuni DNA as a template. It is estimated that 2 ng DNA C. jejuli is corresponding to 1.13x106 

genome equivalents 116. We observed LAMP products in all the reaction volumes tested such as 25 µL, 

12.5 µL and 6 µL (Figure 2.2A). Even small reaction volumes of 3 µL and 5 µL were sufficient enough 

to generate good LAMP signals (result not shown). The results indicated that the reaction volume had 

no influence on the LAMP efficiency and assay principle. 

Different reaction times of 5 min, 10 min, 15 min, 30 min, 45 min and 60 min using 2 ng of 

Campylobacter DNA as a template were also tested to define a suitable reaction time for the LAMP 

assay. There were no visible LAMP amplifications for 5 min and 10 min reactions, but LAMP products 

were visible after 15 min (Figure 2.2B). More amplified LAMP products were obtained after 30 min, 

whereas the intensity remained the same as the reaction went on for 45 min and 60 min (Figure 2.2B). 

Hence, 30 min of incubation has been selected for further experiments. 

 

Figure 2.2. Optimization of LAMP for reaction volume (A) and amplification time (B). In A, lanes 4, 5 and 6: 

6 µL, 12.5 µL and 25 µL reaction volume, respectively. In B, lanes 4, 5, 6 and 7: 15 min, 30 min, 45 min and 

60 min, respectively. In both A and B: lane 1: negative control, lane 2: positive control, lane 3: 100bp ladder. 

It is intended to adopt this technique into the poultry production chains wherein the cost of each test is 

a primary concern. Many studies of LAMP assay were reported using different volumes (12.5 µL, 25 

µL, even 50 µL) for LAMP reactions106,107,117–120. However, until now, no study has addressed 

appropriate reaction volume for LAMP assay. The cost of one Campylobacter Detection Kit with 48 

reactions (25 µL per reaction as recommended by manufacture) from Eiken Ltd, Japan was 4456,50 

DKK. As a consequence, each reaction (25 µL as recommended by the manufacturer) cost 93 DKK, 

which was a rather high cost for screening pathogens at farms. Therefore, the result of this study 

showing reaction volume did not influence the efficiency of the assay will help reduction of the cost 

when using LAMP for the detection of pathogens at farms. Further, KingFisherTM Purification system 

used in this study concentrates the samples and provides good quality of DNA template. The cost of 
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DNA extraction and purification is 23 DKK per sample, and it is possible to process 24 samples at 

once in approximately 20 min. Besides, another system such as KingFisher flex purification system is 

ideal to set up at farm since it can perform 96 samples at once (in less than 20 min). Hence, in 

combination with LAMP, it has the greater advantage for processing a large number of samples in a 

shorter analysis time at farms. 

Diagnosis time of foodborne disease screening is considered to be vital for preventing transmission 

and decreasing economic losses in broiler production. Rapid detection strategies with high specificity 

and sensitivity are of much relevance for broiler production. In this study, after 30 min of the LAMP 

reaction, we were able to detect the presence of C. coli/C. jejuni in fecal samples as low as 50 CFU/mL 

without enrichment. The reaction time in this study was shorter in comparison to previous reports (35 

to 60 min)117–119,121–124. Zhuang et al. (2014) reported a LAMP reaction that can detect Salmonella in 

chicken feces within 25 min with a detection limit of 200 CFU per reaction that was 200 times higher 

than this study125. The total time from sample preparation to the final result in this study was 60-70 

min, and it is much shorter than the previous reports106,107,117,126,127.  

2.3.2. Comparison of the sensitivity of optimized LAMP assay at different reaction times 

To compare the sensitivity of the optimized LAMP assay, the reaction time of 30 min was compared 

with 60 min of amplification. A serial dilution of C. jejuni DNA ranging from 0.1 pg - 2 ng was 

prepared and used as a template for the LAMP reaction. Figure 2.3 shows that there were no LAMP 

amplified products when 0.1 pg of DNA template was used in both reaction times. In contrast, LAMP 

amplified products were observed with all other template concentrations tested. This result confirmed 

that the optimized LAMP has similar sensitivity at 30 and 60 min of amplification. 

 

Figure 2.3. Visual detection of LAMP products on 2% agarose gel electrophoresis and using SYBR® Safe 

staining DNA for the sensitivity of LAMP using pure DNA of C. jejuni in 30 min (A) and 60 min (B). In both 

pictures: lane 1: negative control, lane 2: positive control, lane 3: 100bp ladder, lane 4, 5, 6, 7, 8 and 9: 2ng, 

0.2ng, 20pg, 2pg, 1pg, 0.1pg DNA of C. jejuni, respectively.  
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2.3.3. Sensitivity of optimized LAMP assay in C. jejuni/C. coli cells spiked fecal samples 

The optimized LAMP assay was also tested with the whole cell of C. jejuni and C. coli spiked into 

chicken fecal samples as described above. LODs of 1 CFU/reaction (corresponding to 50 CFU/mL) 

were observed for both C. jejuni and C. coli within 30 min of amplification (Figure 2.4). The optimized 

LAMP assay, in this study, showed better performance with lower LOD and shorter reaction time than 

previous reports (1.2-1.4 CFU and 5 CFU per reaction within 60 min)104,106.  

 

Figure 2.4. Visual detection of LAMP products on 2% agarose gel electrophoresis and using SYBR® Safe 

staining DNA for the sensitivity of the spiked fecal sample with C. jejuni (A) and C. coli (B). In both pictures: 

lane 1: negative control, lane 2: positive control, lane 3: 100bp ladder, lane 4-12: 10-1-10-8 dilution. 

2.3.4. Application of the optimized LAMP assay to detect Campylobacter in poultry farm 

The efficiency of the optimized LAMP assay was also tested with real poultry fecal samples. A total 

of 64 boot-socks samples were collected and tested for the presence of C. jejuni and C. coli. Results 

showed that out of 64 samples tested, 17 samples were positive, and 47 samples were negative for C. 

jejuni and C. coli (Table 2.2). There was 100% coincidence between the gel electrophoresis-based 

detection method and the visual observation using a blue LED transilluminator (Figure 2.5). On the 

other hand, in the real-time PCR method, 18 samples were found positive, and 46 samples were found 

negative with C. jejuni/C. coli. Comparing the results of the two methods showed a relative accuracy, 

specificity, and sensitivity of 98.43%, 97.87%, and 100%, respectively for the LAMP method. Cohen's 

kappa index showed an excellent agreement between the real-time PCR and the LAMP (Cohen's kappa 

= 0.94) (Table 2.2). One sample tested positive with the real-time PCR but negative with LAMP assay 

was further confirmed by conventional PCR using a different primer set developed in our lab. Out of 

four tests performed with this sample, the results were negative for C. jejuni/C. coli in 2 attempts and 

positive only for C. jejuni in 2 other attempts (data not shown). This difference in the results between 

the two methods may be attributed to a low number of target concentrations in the tested sample. 
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Figure 2.5. Visual detection of LAMP products on 2% agarose gel electrophoresis and using SYBR® Safe 

staining DNA for chicken fecal samples: lane 1, 39, 42 and 70: 100 bp ladder; lane 40 and 71: positive control; 

lane 41 and 72: negative control; lane 2-38 and 43-69: samples from rotation 1, 2 and 3. 

Table 2.2 Comparison of real-time PCR and LAMP assay for detection of chicken feces from sock samples. 

Samples Real-time PCR LAMP 

Positive 18 17 

Negative 46 47 

Total 64 64 

Comparison of real-time and LAMP 

Relative accuracy (AC%) 98.43 

Relative specificity (SP%) 97.87 

Relative sensitivity (SE%) 100 

Cohen's kappa index 0.94 

2.3.5. Visual detection of LAMP products using commercial handheld DR22 blue LED trans-

illuminator 

LAMP products could be detected by gel electrophoresis after amplification. Figure 2.3 showed that 

positive amplification was observed in positive control and with DNA target from 1 pg to 2 ng. On the 

other hand, the products could also be observed directly by adding 1 µL of 1:10 SYBR® Safe. Under a 

commercial handheld DR22 blue LED transilluminator, both positive control and the reactions with 

DNA target concentrations ranging from 1 pg to 2 ng of DNA changed from transparent to yellow, 

while no color change was observed in the negative control and with 0.1 pg of DNA template (Figure 

2.3). This result showed that there was no difference in the detection limit between the gel 
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electrophoresis and color-change observation by the low-cost commercial DR22 blue LED trans-

illuminator. The coincidence of results of gel electrophoresis and direct visual detection was also 

observed in Figure 2.4 and Figure 2.5. 

2.3.6. Determination of specificity of the LAMP assay  

26 bacterial strains as listed in Table 2.1 were tested for the specificity of the assay. As one can see in 

Figure S2.2, LAMP positive reactions were observed only with C. jejuni and C. coli DNA templates, 

while no LAMP amplification was detected from the reactions using DNA from the other 24 bacterial 

reference strains that included 10 other Campylobacter species. The results showed that the LAMP 

assay was highly specific for C. jejuni and C. coli. 

2.3.7. Epidemiology of Campylobacter in broilers farm 

For this study, we have collected fecal samples weekly from sixteen broiler houses for testing 

Campylobacter through three rotations of poultry production (Table 2.3). After each rotation, the 

houses were cleaned and disinfected before starting a new rotation. The first rotation lasted 4 weeks. 

In the first and second week, Campylobacter was not detected in any of the sixteen houses. In the third 

week, Campylobacter was found in house number 2 in block 1 and house 16 in block 4. Only a week 

later, Campylobacter was detected in all the houses of block 1 and block 4. The second rotation lasted 

only 2 weeks. In the first week, Campylobacter was detected in house number 14 and 16 of block 4. 

One week later, Campylobacter was found in all the houses in block 4 and also house number 12 in 

block 3. The third rotation in this study lasted four weeks, and no Campylobacter was found in the first 

and second week. In the third week, Campylobacter was found in house number 12 in block 3. In the 

fourth week, all houses in block 3 were positive for Campylobacter. The results showed clearly that, 

once Campylobacter was introduced into the broiler houses, it was transmitted easily and quickly to 

other broiler houses and other broiler blocks. 

Campylobacter is abundant in the cloaca, cecum and large intestine of poultry,  up to 109 CFU/g of 

feces109,110. After excretion, Campylobacter survives from a minimum of two days up to fourteen days 

in the feces128. Therefore, feces may play a key role in the transmission of Campylobacter. Wild 

animals such as crawling insects, arthropods and flies have been shown to be vectors that can transfer 

Campylobacter from outside into broiler houses as well as from fecal materials inside broiler houses 

to other broiler houses129. A study carried out in Denmark showed that there were 8.2%  and 70.2% of 

flies caught outside a broiler house positive with Campylobacter as confirmed with conventional 

culture and PCR method, respectively130. This study suggests that flies may play an important role 

in Campylobacter infection of broiler flocks during summer. Besides, air and dust are also considered 

as a source of transmission131,132.  Bull et al. (2006) reported that approximately 6% of air samples 

were positive for Campylobacter once the broiler flocks were positive with Campylobacter133. Even 

more, in the early stage of the colonization, Campylobacter can spread into the air of the broiler 

house134.  
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Table 2.3 Screening of Campylobacter from rotations 

 House Rotation 1 Rotation 2* Rotation 3 

Week 1 Week 2 Week 3 Week 4 Week 1 Week 2 Week 1 Week 2 Week 3 Week 4 

Block 1 1 - - - + - - - - - - 

2 - - + + - - - - - - 

3 - - - + - - - - - - 

4 - - - + - - - - - - 

Block 2 5 - - - - - - - - - - 

6 - - - - - - - - - - 

7 - - - - - - - - - - 

8 - - - - - - - - - - 

Block 3 9 - - - - - - - - - + 

10 - - - - - - - - - + 

11 - - - - - - - - - + 

12 - - - - - + - - + + 

Block 4 13 - - - + - + - - - - 

14 - - - + + + - - - - 

15 - - - + - + - - - - 

16 - - + + + + - - - - 

-: negative; +: positive 

* Rotation 2 lasted only 2 weeks since once Campylobacter was introduced to the broiler houses; it is transmitted easily and quickly to other broiler 

houses. So producer decided to stop the production in order to reduce economic loss.
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In addition, water may also contribute as a source of Campylobacter transmission in broiler houses. 

Bull et al. (2006) reported that approximately 31% of water samples from drinkers were positive with 

Campylobacter once flocks were positive with Campylobacter133. Moreover, Campylobacter can 

persist for long periods in well water and can also survive under various conditions for days135, 

weeks136, and even months137,138 in different aqueous environment139.  

Although humidity in the broiler house is not a direct source of transmission, it can influence the 

transmission of Campylobacter. Line et al. (2006) showed that, at a low relative humidity (30%±10%), 

the colonization of Campylobacter was delayed compared with high relative humidity (80%±10%) 

since it has been shown that water can enhance the survival of Campylobacter in broiler flocks140. 

2.4. Conclusion 

In summary, the present study describes a simple and rapid LAMP assay for the detection of C. jejuni 

and C. coli in chicken feces. The assay conditions were optimized for low reaction volume and shorter 

time of reaction. With the optimized conditions, it was possible to detect C. jejuni and C. coli in spiked 

chicken feces as low as 50 CFU/mL within 60-70 min in total. The LAMP assay was compared with 

an in-house real-time PCR. Cohen's kappa index showed excellent agreement between the two 

methods. The optimized LAMP method was used to study the transmission of Campylobacter at a 

Danish poultry farm. The results confirmed the capability of the LAMP technique as a rapid screening 

method for the detection of Campylobacter spp. at poultry production.  
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Supplementary material 

Table S2.1. Detection methods of Campylobacter spp. 

Method Matrix Enrichment 

time (hours) 

Total analysis 

time (min) 

LOD Specificity (%) Reference 

ELISA Human feces No 50  104-105 CFU/mL 100 Food Campylobacter Antigen 

ELISA Test Kit, Diagnostic 

automation INC, USA 

Human feces No 60-105 1.9x104 - 1.1x106 

CFU/mL 

99.2 ELISA RIDASCREEN® 

Campylobacter (R-Biopharm AG, 

Darmstadt, Germany) 

Lateral 

flow* 

Food products 24 

 

 50 CFU/mL 

(detected by SERS) 

100 141 

 

Milk sample No  75 CFU/mL 

(detected by color 

mode) 

100 141 

 

qPCR Chicken meat No >115  103 CFU/mL 100 98  

 24 >115 1 CFU/mL 100 

Feces No >100 2.5x102 CFU/g 96.2 142 

 Feed No >100 1.3x102 CFU/g 96.2 

Environmental 

sample 

No >100 1.0×103 CFU/m2 96.2 

LAMP 

 

Poultry sample No 65  104 CFU/swab  - 104 

Chicken cloacal 

swab 

No 90 3.89-3.60 log CFU/g 100 105 

Chicken feces No 60 50 CFU/mL  100 This study 

*When using color mode, the intensity of the color in the positive reaction was very poor. Therefore, it is difficult to differentiate at LOD 

lower than 105CFU/mL. 
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Bacterial strains and culture condition 

26 Campylobacteriaceae and related organisms used in this study (listed in Table 2.1) were 

obtained from a culture collection of the National Food Institute, Technical University of Denmark 

(DTU-Food). The NCTC strains originated from the National Collection of Type Cultures, and the 

CCUG strains originated from the Culture Collection at the University of Gothenburg. All the 

strains were stored at -80 oC in the microorganism preservation system (Technical Service 

Consultants Ltd, Microbiology House, Fir Street, Heywood, Lancashire OL10 1NW, UK). The 

Campylobacter strains were resuscitated and selected on Charcoal Cefoperazone Deoxycholate 

Agar (CCDA (Thermo Fisher Scientific, Denmark) and grown on blood agar (BA) (Statens Serum 

Institute, Copenhagen, Denmark) at 41.5 °C for 48 hours under microaerobic conditions (5% O2, 

10% CO2, in 85% N2). Salmonella strains, Enterococcus faecalis (E. faecalis), and Enterococcus 

faecium (E. faecium), Escherichia coli (E. coli), Streptococcus pneumoniae (S. pneumoniae), 

Proteus hauseri (P. hauseri), and Citrobacter freundii (C. freundii) were grown on BA at 37 °C 

overnight in aerobic conditions. Arcobacter strains were grown on BA in aerobic conditions at 

15 °C or room temperature. 

Table S2.2. Primer sequences for real-time PCR used in this study. 

Name Primer sequences (5’-3’) 

OT-1559 (forward primer) CTGCTTAACACAAGTTGAGTAGG 

18-1 (reverse primer) TTCCTTAGGTACCGTCAGAA 

LNA probe (6FAM)CA(+T)CC(+T)CCACGCGGCG(+T)TGC(BHQ1) 

IAC probe Joe-TTCATGAGGACACCTGAGTTGA-Tamra 

IAC CTGCTTAACACAAGTTGAGTAGGCAACTCAGGTGTCCTCATGA

ATTTGAAGACATAAACAAGGGACTGGTCTCCGTCCCAACCAA

GATCATCCATCTCCCGCTATTCTGACGGTACCTAAGGAA 

 

Figure S2.1. Testing the specificity of the primers by LAMP. Lane 1: negative control; lane 2: positive 

control; lane 3: 100bp ladder; lane 4 - 29: C. jejuni, C. coli, C. lari, C. lari lio 56, C. lari lio 34, C. mucosilis, 

C. sputorum ss.spo, C. upsaliensis, C. upsaliensis, C. fetus subsq. Fetus, C. concisus, C. hyointestina, S. 

typhimurium, S. enteritis, S. dublin, S. derby, E. faecalis, E. faecium, E. coli, S. pneunomiae, P. hauseri, C. 

freundii, A. skirrowii, A. cryaophilus, A. butlezi, Y. ruckerii, respectively.
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Chapter 3.  Simultaneous rapid detection and elimination of carry-over contamination of 

SARS-CoV-2 virus using Cod-Uracil-DNA-Glycosylase real-time reverse transcriptase loop-

mediated isothermal amplification in point-of-care testing  

 

 

Abstract  

Loop-mediated isothermal amplification (LAMP) is being used as a robust rapid diagnostic tool to 

prevent the transmission of infectious diseases. However, carry-over contamination of LAMP 

amplified products originating from previous tests has been a problem in LAMP-based bio-analytical 

assays. In this study, we developed a Cod-Uracil-DNA-Glycosylase real-time reverse transcriptase 

LAMP assay (Cod-UNG-rRT-LAMP) for simultaneous rapid detection and elimination of carry-over 

contamination in SARS-CoV-2 detection. Using the Cod-UNG-rRT-LAMP assay, 2 copies/µL (8 

copies/reaction) of SARS-CoV-2 virus could be detected within 45 min of amplification and could 

eliminate 10-20 pg of contaminants per reaction. Analysis of clinical SARS-CoV-2 samples using the 

Cod-UNG-rRT-LAMP showed an excellent agreement with a rRT-PCR with a relative accuracy of 

98.2%, sensitivity of 97.1%, and specificity of 100%. The results obtained in this study demonstrate 

the feasibility of the use of the Cod-UNG-rRT-LAMP assay for applications toward point of care 

(POC) diagnosis of SARS-CoV-2 and on-site testing of other pathogens. 
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3.1. Introduction 

The COVID-19 is an ongoing pandemic caused by a new severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2)2,3. The virus spreads very easily in the community through contact, 

droplets, airborne, fomite, fecal-oral, blood-borne, mother-to-child, and animal-to-human143. The 

disease was identified for the first time in December 2019 in Wuhan, China144, and quickly became a 

Public Health Emergency of International Concern on 30th January 2020145. On March, 11th 2020, the 

World Health Organization (WHO) declared the COVID-19 pandemic with more than 118 thousand 

infections and 4291 deaths in 114 countries146. By the 10th of December 2020, COVID-19 has affected 

220 countries, areas, and territories with more than 68 million confirmed cases and more than 1.5 

million deaths147. Besides the health effects, the pandemic has caused social turmoil and economic 

disruption5–12. Therefore, preventing the transmission of the virus will reduce remarkably the negative 

effects on the health, economy, and society. 

Currently, reverse transcript real-time polymerase chain reaction (rRT-PCR) is being used widely as a 

standard method in the laboratories to detect the presence of SARS-CoV-2 in the clinical samples148,149. 

However, rRT-PCR is a time-consuming assay that requires sophisticated laboratory facilities, well-

train personnel and may exhibit high inhibitory effect150. In the last decade, loop-mediated isothermal 

amplification (LAMP) has been demonstrated as a powerful alternative to overcome the drawback of 

PCR in clinical diagnostics88,151–153. LAMP, being an isothermal amplification technique, can perform 

at a constant temperature between 60-65°C. The LAMP has several advantages such as fast 

amplification, high sensitivity, specificity, and more resistance to inhibitors from clinical samples than 

PCR34,38,39,100–102,153–155. In addition, the LAMP reaction produces a huge amount of amplified products 

that are easily detectable by naked eyes based on color change50,103,156,157. Besides amplified product, 

the LAMP reaction also produces a large amount of the by-product (magnesium pyrophosphate) that 

allows visualization of results using a turbidimeter43 or even by nake-eye122. With these advantages, 

the LAMP may be considered as an alternative to PCR in rapid POC diagnostic applications59,158. 

Carry-over contamination has been a big problem in LAMP assays47,159,160. Aerosols with a high 

concentration of amplified products may easily be formed while handling reaction tubes, if not done 

carefully, leading to contamination of the surrounding area. As a consequence, carry-over 

contamination can take place through contaminated pipets, reagents, gloves, work surfaces, or 

clothes161,162, and might result in false-positive results in LAMP assays. Researchers have developed 

several methods to control the carry-over contamination in LAMP assay. Kil et al. (2014) used Uracil-

DNA-Glycosylase (UNG) to destroy an amplified product in LAMP reaction163,164. This method 

requires the incorporation of dUTP into the amplified product by a DNA polymerase during 

amplification and excision of those uracils in the amplified product by a UNG. Ma et al. 2017 reported 

another method to control carry-over contamination by designing recognition sites for restriction 

endonuclease Gsu I in primers165. In this approach, restriction enzyme Gsu I recognizes restriction sites 

and breaks the products that contained recognition sites. However, this approach requires high 

temperature to deactivate the restriction enzyme that may adversely affect LAMP efficiency. 

Moreover, the addition of restriction sites in LAMP primers also increases the complexity of the LAMP 

primer design. Recently, Bao et al. 2020 reported a novel CUT-LAMP method, which was based on 
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the CRISPR/Cas9 cleavage, to eliminate the carry-over contamination issue159. In the CUT-LAMP 

approach, the FIP primer was modified by the addition of CC bases to the linker between F2 and F1c 

region and generated GG bases in the LAMP amplified product. An NGG (N stands for any other base), 

called PAM (protospacer adjacent motif) site, is cleaved by the Cas9/sgRNA system. The CUT-LAMP 

could be performed at room temperature and require no inactivation step. However, the method has a 

lower efficiency of the elimination of carryover contaminants than the UNG 

(https://webshop.tataa.com/dokument/ArcticZymes_CodUNG_Flyer.pdf). The use of the UNG 

cleavage is, therefore, considered as the best method to control carry-over contamination of LAMP 

products so far. 

In this study, we developed Cod-UNG-rRT-LAMP for simultaneous rapid detection and elimination 

of carry-over contamination of SARS-CoV-2 LAMP products in a simple preparation step. We 

investigated the sensitivity of the assay and further evaluated the assay with 55 clinical samples. 

Furthermore, we also tested the Cod-UNG-rRT-LAMP reaction with different detection methods to 

detect SARS-CoV-2 for future applications toward POC diagnostics. 

3.2. Materials and methods 

3.2.1. LAMP primers and Cod-UNG-rRT-LAMP reaction 

LAMP primer set (Table 3.1) targeting gene N (Nucleocapsid phosphoprotein) of SARS-CoV-2 was 

selected for this study166. The real-time reverse transcriptase LAMP (rRT-LAMP) assay was carried 

out in 20 μL master mixture containing 0.2 μM of F3, 0.2 μM of B3, 1.6 μM of FIP, 1.6 μM of BIP, 

0.8 μM of LF, 0.8 μM of LB (Integrated DNA Technologies, Leuven, Belgium), 0.35 mM of dATP, 

0.35 mM dGTP, 0.35 mM of dCTP, various concentrations of dTTP and dUTP ranging from 0 mM to 

1.05 mM (ThermoFisher Scientific, Roskilde, Denmark), 0.25 M Betaine (Sigma-Aldrich, Denmark), 

6U of Warmstart® RTx Reverse Transcriptase, 8 U of Bst Warmstart® 2.0 DNA polymerase, 1× 

isothermal amplification buffer (New England BioLabs), 0.01 U of Cod-UNG, 2 µM of Syto 9, 

sterilized water, and RNA template. 

The Cod-UNG-rRT-LAMP reactions were performed on an Mx3005P system (Stratagene, AH 

diagnostics, Denmark) at 55 °C for 5 minutes and 65 °C for 60 minutes, then terminated by heating to 

90 °C for 5 minutes. The fluorescent signal was recorded at every minute of amplification. 

Table 4.1. Primer set used in this study was collected from previously166. 

Name Sequences (5’-3’) GC content (%) 

F3  ACCGAAGAGCTACCAGACG 57.9 

B3  TGCAGCATTGTTAGCAGGAT 45 

FIP  TCTGGCCCAGTTCCTAGGTAGTTCGTGGTGGTGACGGTAA 55 

BIP  AGACGGCATCATATGGGTTGCACGGGTGCCAATGTGATCT 52.5 

LF  CCATCTTGGACTGAGATCTTTCATT 40 

LB  ACTGAGGGAGCCTTGAATACA 47.6 

https://webshop.tataa.com/dokument/ArcticZymes_CodUNG_Flyer.pdf
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3.2.2. Simulating carryover contamination in Cod-UNG-rRT-LAMP reaction 

An amplified LAMP product incorporated with dUTP was used for simulating carryover contamination 

in the Cod-UNG-rRT-LAMP reaction. An amplified product from an rRT-LAMP reaction performed 

only with dTTP was used as control. A serial 10-fold dilution of the products was prepared and used 

as a template in the Cod-UNG-rRT-LAMP reaction. 

3.2.3. Analytical precision 

The sensitivity of the Cod-UNG-rRT-LAMP reaction was evaluated using a clinical SARS-CoV-2 

positive sample collected at Hvidovre Hospital, Danmark. The RNA sample was extracted and purified 

by MagNA pure 96 DNA and viral NA small volume kit (LifeScience, Roche, Denmark) following the 

manufacturer’s instruction. A serial 5-fold dilution of the extracted RNA was prepared in phosphate 

buffer saline (PBS), and 4 µL of each dilution was used as the template in the Cod-UNG-rRT-LAMP 

reaction. 

The method was used to test 55 throat swab samples (clinical SARS-CoV-2 samples) collected in 

Denmark, during the COVID-19 pandemic. RNA samples were extracted as described above. Four µL 

of the extracted RNA was used as the template in the Cod-UNG-rRT-LAMP reaction. 

The precision of the Cod-UNG-rRT-LAMP assay was evaluated based on relative accuracy, relative 

specificity, relative sensitivity and Cohen’s kappa index as described previously54 by comparing it with 

PCR. 

3.2.4. Detection of the Cod-UNG-rRT-LAMP product 

The products of the Cod-UNG-rRT-LAMP reaction were analyzed with four different detection 

methods: real-time fluorescence detection using DNA intercalating dye, real-time turbidity detection, 

end-point direct visual detection by the naked eye, and gel electrophoresis. 

Real-time fluorescence detection method: 5mM SYTO-9 (Invitrogen, United States) was diluted in 

sterilized water and used at a final concentration of 2 µM in the Cod-UNG-rRT-LAMP assay. The dye 

was added into the master mixture before the amplification57, and the fluorescence signal was measured 

by a real-time PCR system (Mx3005P) as mentioned above.  

Real-time turbidity detection method: 100 mM MgSO4 (New England Biolabs) was added to the 

reaction mixture at a final concentration of 1.5 mM in the Cod-UNG-rRT-LAMP reaction. The real-

time turbidity was measured by an in-house developed point-of-care device (VETPOD, European 

patent application no. 20173505.7-EPO, www.vivaldi-ia.eu). 

End-point direct visual detection method by the naked eye: For the end-point detection of amplified 

products, 5 mM SYTO-24 (Invitrogen, United States) was diluted in sterilized water and added directly 

to the Cod-UNG-rRT-LAMP amplified products at a final concentration of 100 µM. The change in the 

color of the reaction products was monitored.  

http://www.vivaldi-ia.eu/
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Gel electrophoresis detection: 8 μL of amplified LAMP products were loaded on agarose gel (2%) 

containing 1× of SYBR® Safe DNA Gel Stain (Invitrogen, United States). The gel electrophoresis was 

carried out at 110 volts for 60 min and observed under Bio-Rad Gel Doc 2000 UV trans-illuminator 

(Bio-Rad Life Science, Denmark). 

3.3. Results and discussions 

3.3.1. Effect of dUTP concentration on the rRT-LAMP reaction 

To investigate the effect of dUTP concentration on the LAMP assay, mixtures of different 

concentrations of dUTP and dTTP were tested while the concentration of dATP, dCTP, and dGTP 

were fixed in all the LAMP reactions. In general, the LAMP reactions are performed with 0.35 mM 

concentration of each dNTP. In this study, different of concentrations of dUTP and dTTP (0 and 0.35, 

0.25 and 0.1, 0.3 and 0.05, and 0.35 and 0 mM, respectively) were studied, when maintaining the total 

concentration of dUTP and dTTP at 0.35 mM. We observed increasing Tt (Threshold time) values in 

the LAMP reactions at increasing dUTP concentration while simultaneously reducing the 

concentration of dTTP in order to keep the total concentration of dUTP and dTTP mixture constant at 

0.35 mM (Figure 3.1). In the reaction containing 0 mM dUTP and 0.35 mM dTTP, Tt value was at 

11.0±1.0 min. In the reactions containing 0.25 and 0.1, and 0.3 and 0.05 mM of dUTP and dTTP, the 

Tt values increased to 20.5±1.4 and 25.6±1.9 min, respectively. In the reaction containing 0.35 mM 

dUTP and no dTTP, Tt value was at 32.7±4.1 min. The results indicated that dUTP had a partial 

inhibitory effect on the rRT-LAMP reaction. 

The efficiency of the elimination of carry-over contaminants depends on the incorporation of dUTP in 

LAMP amplified product by DNA polymerase. Bst 2.0 Warmstart® DNA Polymerase was used in the 

study since this polymerase exhibits not only several advantages such as increased amplification speed, 

higher yield, higher salt tolerance,  but also has high efficiency of dUTP incorporation in the LAMP 

reactions167. In general, it is recommended to use 50% dUTP and 50% dTTP in the reaction mixtures 

in order to obtain the highest efficient incorporation of dUTP without significant inhibition of the 

reaction. However, at this ratio, the efficiency of the elimination of carry-over contaminants may not 

be significant since the polymerase prefers to use dTTP than dUTP. Although there was a delay in the 

amplification when a higher dUTP concentration was used, the elimination of the carry-over 

contaminant would be expected to be better than the use of 50% dUTP and 50% dTTP. Kil et al. 2014 

studied the effect of dUTP concentration on the LAMP reaction, but they could not observe any 

inhibitory effect since their reaction was observed at the end-point, after 60 min of incubation.  
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Figure 3.1. The effect of dUTP concentration on rRT-LAMP reaction. 

3.3.2. Elimination of carry-over contamination by the Cod-UNG-rRT-LAMP reaction 

The elimination of carry-over contamination also depends on the hydrolysis of uracils incorporated in 

contaminants by UNG. Among different UNGs, Cod-UNG was selected for this study because its 

activity was at a wide range of temperatures from 20oC to 40oC, and above 42 oC the activity was lost. 

This is a great advantage since using Cod-UNG in combination with Bst 2.0 Warmstart® DNA 

Polymerase, the experiments can be performed at room temperature as the Bst 2.0 Warmstart gets 

activated at a temperature above 45oC. As a result, the experimental setup is simple and fast. 

To evaluate the effect of elimination of carry-over contamination of the Cod-UNG in rRT-LAMP 

reaction, two concentrations of dUTP and dTTP, such as 0.3 and 0.05 mM and 0.35 and 0 mM, were 

selected and tested. The LAMP amplified products of the two reactions (containing 0.3 and 0.05 mM, 

and 0.35 and 0 mM dUTP and dTTP) were compared with an amplified LAMP product performed in 

the absence of dUTP as a control. The Cod-UNG-rRT-LAMP assay (performed under both 0.3 and 

0.05 mM, and 0.35 and 0 mM dUTP and dTTP conditions) gave positive amplification with templates 

containing only dTTP in the dilutions ranging from 101 to 1012 within 40 min (Figure 3.2A and Figure 

3.3A). However, when using templates containing 0.3 and 0.05 mM dUTP and dTTP in the reactions, 

the Cod-UNG-rRT-LAMP could eliminate contaminants from 106 dilutions onwards (Figure 3.2B). 

Similar results were also observed when using templates incorporated with 0.35 mM dUTP in the Cod-

UNG-rRT-LAMP reaction (Figure 3.3B). It was estimated that, after LAMP amplification, 10-20 µg 

of amplified products could be generated33,168. This infers that the Cod-UNG-rRT-LAMP reaction 

could eliminate ~10-20 pg of undesirable contaminant products in the reaction. The elimination of 

contaminant DNA observed using the Cod-UNG in this study is better than UNG (10-4 pg/reaction)164 

or CUT-LAMP (10 pg/reaction)159 reported previously. 
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Figure 3.2. The elimination of carry-over contamination in Cod-UNG-rRT-LAMP reaction containing 0.3 mM 

dUTP and 0.05 mM dTTP. A) Using Log10 dilution of an amplified product from an rRT-LAMP reaction 

(containing only dTTP) as control template and B) Using Log10 dilution of an amplified product from a Cod-

UNG-rRT-LAMP reaction (containing 0.3 mM dUTP and 0.05 mM dTTP) as template. 

 

Figure 3.3.  The elimination of carry-over contamination in Cod-UNG-rRT-LAMP reaction containing 0.35 

mM dUTP and 0 mM dTTP. A) Using Log10 dilution of the amplified product from the rRT-LAMP reaction 

(containing only dTTP) as control template and B) Using Log10 dilution of the amplified product from the Cod-

UNG-rRT-LAMP reaction (containing 0.35 mM dUTP and 0 mM dTTP) as template. 

3.3.3. Sensitivity of the Cod-UNG-rRT-LAMP reaction for detection of SARS-CoV-2  

The sensitivity of the Cod-UNG-rRT-LAMP assay was investigated with two different combinations 

of dUTP and dTTP concentrations of 0.3 and 0.05 and 0.35 and 0 mM using a serial 5-fold dilution of 

RNA sample with an original concentration of  ̴ 29176 virus RNA copies/µL. A sensitivity of ̴ 2 

copies/µL or 8 copies/reaction (15.625 times dilution) was observed within 27 min when using the 

Cod-UNG-rRT-LAMP reaction containing 0.3 and 0.05 mM dUTP and dTTP (Figure 3.4A). The 

similar LOD was archived for the Cod-UNG-rRT-LAMP reaction with 0.35 and 0 mM dUTP and 

dTTP. However, the Tt of the reaction (containing 0.35 and 0 mM dUTP and dTTP) was delayed 11 

min (Tt at 38 min) comparing to the reaction containing 0.3 and 0.05 mM dUTP and dTTP (Tt at 27 

min). The delay of Tt value in the Cod-UNG-rRT-LAMP containing 0.35 mM dUTP and 0 mM dTTP 

may be due to the effect of incorporation of dUTP to amplified products by the Bst polymerase. Since 

the elimination efficiency of the contaminant of Cod-UNG-rRT-LAMP assay was similar with both 
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0.3 and 0.05 mM, and 0.35 and 0 mM dUTP and dTTP concentrations, the Cod-UNG-rRT-LAMP 

reaction containing 0.3 and 0.05 mM dUTP and dTTP was selected for further study because with this 

combination of dUTP and dTTP, the assay was faster.  

 

Figure 3.4. Sensitivity of the Cod-UNG-rRT-LAMP assay containing (A) 0.3 mM dUTP and 0.05 mM dTTP 

and (B) 0.35 mM dUTP and no dTTP. In both A and B, a serial 5-fold dilution of a SARS-CoV-2 positive 

clinical sample was prepared. 1: 5 times dilution, 2: 25 times dilution, 3: 125 times dilution, 4: 625 times dilution, 

5: 3125 times dilution, 6: 15625 times dilution, 7: 78125 times dilution, NC: negative control. 

3.3.4. Detection of SARS-CoV-2 by the Cod-UNG-rRT-LAMP using clinical samples 

The efficiency of the Cod-UNG-rRT-LAMP assay containing 0.3 and 0.05 mM dUTP and dTTP was 

further evaluated using clinical samples and adapted for SARS CoV-2 rapid diagnostics. A total of 55 

clinical SARS-CoV-2 samples that included 35 positive and 20 negative RNA samples were selected 

and tested in parallel with PCR as control methods. The results showed that out of 55 samples, 34 

samples were positive, and 21 samples were negative in the developed method (Table 3.2). In 

comparison, the Cod-UNG-rRT-LAMP showed 98.2% accuracy, 100% specificity, and 97.1% 

sensitivity to PCR. Cohen’s kappa index showed an excellent agreement (0.97) between the Cod-UNG-

rRT-LAMP and rRT-PCR (Table 3.2). 

Table 3.2. Comparison of the Cod-UNG-rRT-LAMP assay to PCR for detection of SARS-CoV-2 in 55 clinical 

samples. 

Samples Cod-UNG rRT-LAMP  PCR 

Positive 34  35 

Negative 21  20 

Total 55  55 

 Comparison of Cod-UNG rRT-LAMP and rRT-PCR 

Relative accuracy (AC%)  98.2 

Relative specificity (SP%)  100 

Relative sensitivity (SE%)  97.1 

Cohens Kappa index  0.97 
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3.3.5. Effect of the Cod-UNG-rRT-LAMP reaction on different detection principles 

The Cod-UNG-rRT-LAMP reaction was investigated with different detection principles: real-time 

fluorescence detection, real-time turbidity detection, direct visual detection by naked eyes, and gel 

electrophoresis detection. For the real-time fluorescence detection principle, a LOD of  ̴ 2 copies/µL 

(or 8 copies/reaction) was archived by the Cod-UNG-rRT-LAMP assay and that was comparable to 

rRT-LAMP (Figure 3.5A and Figure S3.1A). Similar LOD (̴ 2 copies/µL) was observed for the direct 

visual detection approach or gel electrophoresis detection (Figure 3.5C-D). While for real-time 

turbidity detection, a LOD of  ̴ 10 copies/µL (60 copies/reaction) was observed for both Cod-UNG-

rRT-LAMP and rRT-LAMP (Figure 3.5B and Figure S3.1B). This LOD was 5 times higher compared 

to the real-time fluorescence detection principle (Figure 3.5A-B). The higher LOD probably due to the 

addition of MgSO4 for turbidity generation in the reaction, which partly inhibited the LAMP 

amplification in our experience.  These results inferred that Cod-UNG had no effect on the Cod-UNG-

rRT-LAMP reaction and could adapt to various detection principles in POC testing.  

 

Figure 3.5. The effect of Cod-UNG-rRT-LAMP assay in different detection principles. A) Fluorescence 

detection method, B) turbidity detection method, C) direct visual detection method (in a positive reaction, under 

normal light, the orange color changed to green without any eye-aid, while in a negative reaction, the color 

remains similar, orange), and D) gel electrophoresis method. In A, B, C, and D, a serial 5-fold dilution of a 

positive clinical sample was prepared. 1: 5 times dilution, 2: 25 times dilution, 3: 125 times dilution, 4: 625 

times dilution, 5: 3125 times dilution, 6: 15625 times dilution, 7: 78125 times dilution, NC: negative control. 

   

Figure S3.1. The sensitivity of rRT-LAMP assay which containing only dTTP (no dUTP) (A) using 

fluorescence detection method and (B) using turbidity detection method. In both A and B, a serial 5-fold dilution 

of a positive clinical sample was prepared.1: 5 times dilution, 2: 25 times dilution, 3: 125 times dilution, 4: 625 

times dilution, 5: 3.125 times dilution, 6: 15.625 times dilution, 7: 78.125 times dilution, NC: negative control. 
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3.4. Conclusion 

We have developed Cod-UNG-rRT-LAMP assay to overcome the carry-over contamination problems 

in LAMP-based POC diagnostics and demonstrated with SARS-CoV-2 diagnostics. The developed 

Cod-UNG-rRT-LAMP assay was sensitive and could detect SARS-CoV-2 at  ̴ 2 copies/µL (8 

copies/reaction) within 45 min by real-time fluorescence detection method or end-point direct visual 

detection method, or  ̴ 10 copies/µL (60 copies/reaction) within 60 min by real-time turbidity detection 

method using in house POC devise. Simultaneously, the reaction can eliminate 10-20 pg of 

contaminants in the reaction. Results of the Cod-UNG-rRT-LAMP assay were comparable with PCR 

as the assay had a comparable analytical precision and clinical sensitivity, and accuracy. The results 

obtained in this study showed the greater potential of the Cod-UNG-rRT-LAMP assay for applications 

toward POC diagnosis. 
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Chapter 4. Classification of multiple DNA dyes based on inhibition effects on real-time loop-

mediated isothermal amplification (LAMP): Prospect for point of care testing  

 

 

 

Abstract 

LAMP has received great interest and is widely utilized in life sciences for nucleic acid analysis. To 

monitor a real-time LAMP assay, a fluorescence DNA dye is an indispensable component, and 

therefore the selection of a suitable dye for real-time LAMP is a need. To aid this selection, we 

investigated the inhibition effects of twenty-three DNA dyes on real-time LAMP. Threshold time (Tt) 

values of each real-time LAMP were determined and used as an indicator of the inhibition effect. Based 

on the inhibition effects, the dyes were classified into four groups: 1) non-inhibition effect, 2) medium 

inhibition effect, 3) high inhibition effect, and 4) very high inhibition effect. The signal-to-noise ratio 

(SNR) and the limit of detection (LOD) of the dyes in groups 1, 2 and 3 were further investigated, and 

possible inhibition mechanisms of the DNA dyes on the real-time LAMP are suggested and discussed. 

Furthermore, a comparison of SYTO 9 in different LAMP reactions and different systems is presented. 

Of the 23 dyes tested, SYTO 9, SYTO 82, SYTO 16, SYTO 13, and Miami Yellow were the best dyes 

with no inhibitory effect, low LOD and high SNR in the real-time LAMP reactions. The present 

classification of the dyes will simplify the selection of fluorescence dye for real-time LAMP assays in 

the point-of-care setting.   

 

 

 

 

 

 

The work presented in this chapter is published in: 

Than Linh, Quyen; Ngo Anh, Tien; Bang, Dang Duong; Madsen, Mogens; Wolff, Anders (2019). 

Classification of multiple DNA dyes based on inhibition effects on real-time loop-mediated 

isothermal amplification (LAMP): Prospect for point-of-care setting. Frontiers in Microbiology, Vol: 

10, DOI: https://doi.org/10.3389/fmicb.2019.02234 

https://doi.org/10.3389/fmicb.2019.02234


 

 42 

4.1. Introduction 

Over the last 18 years, LAMP has been used widely in the laboratory and in point of care (POC) settings 

to analyze nucleic acid as well as to detect pathogens100,169,170. LAMP is faster than PCR171,172 and can 

be performed under simpler conditions, i.e. at a constant temperature in a range of 60-65 °C without 

the thermal cycling required for PCR59,169. LAMP has advantages such as being rapid, sensitive, 

specific, simple to perform, less expensive100,101, and less affected by inhibitors34,102. Therefore, LAMP 

has been considered an attractive method for POC systems59,171. The LAMP reaction produces large 

amounts of amplified product (dsDNA) and the by-product (magnesium pyrophosphate) that allow 

visualization of results using a real-time PCR machine45,173 or a turbidimeter43, and can even be 

detected by the naked eye when using appropriate DNA staining techniques103,156.  

Real-time LAMP has been employed since it is not only effective for DNA amplification under 

isothermal conditions but also simultaneously offers detection, which can be quantitative for e.g. the 

monitoring of specific gene expression43,45,56,174,175 or for detection of bacterial concentrations176.  

Measurement of turbidity has been used in real-time LAMP177, and a commercial detection device is 

available (Eiken Chemical, Co., Ltd, Japan). The real-time LAMP turbidity is based on the 

quantification of an increase of magnesium pyrophosphate precipitate as a by-product of the LAMP 

reaction43. However, the turbidity-based detection method is 10 times less sensitive than that of 

fluorescence detection45. Molecular beacon probes in the F1-B1 region and FRET-like fluorogenic 

probes in the loop region have been designed and tested, but the amplification efficiency of the assays 

was reported to be significantly reduced174. The use of DNA dyes is, therefore, considered as an 

excellent alternative detection method in real-time LAMP since it is simple and it can also enhance the 

sensitivity of the assay as compared to the turbidity measurement56. In addition, it has been shown that 

DNA dyes such as SYTO 82 could be used for real-time LAMP using a low-cost charge-coupled device 

(CCD) based fluorescence imaging system that could be comparable to a commercial real-time PCR 

instrument178. Yi Sun et al. (2015) also reported the use of SYTO 62 for real-time LAMP in an 

integrated LOC system. Those reports showed the potential of using DNA dyes in POC devices59.  

Several DNA dyes such as SYBR Green I179, SYTO 945,179, SYTO 82178, YOPRO-1180 and Pico 

Green181 have been utilized in real-time LAMP. However, none of these studies reported any further 

investigation on the inhibitory effects of dyes on the real-time LAMP assay. We previously 

investigated the inhibitory effects of six dyes (SYTO 24, SYTO 62, SYTO 82, SYBR Green I, Eva 

Green and SYBR Safe) at 5 µM concentration on the real-time LAMP assay59. Seyrig et al .(2015) and 

Oscorbin et al. (2016) demonstrated the inhibitory effects of fourteen dyes belonging to green dyes 

(SYBR Green I, Pico Green, Eva Green, Calcein, SYTO 9, SYTO 13, and SYBR Gold) and orange 

dyes (SYTO 80, SYTO 81, SYTO 82, SYTO 83, SYTO 84, SYTO 85 and SYTOX Orange) on real-

time LAMP58,182. However, these studies were performed on a narrow range of two groups of DNA 

dyes. Moreover, previous publications on the use of different dyes in real-time LAMP have not 

included detailed data of fluorescence signal strength or investigation of LAMP reaction efficiencies – 

a critical aspect of a real-time reaction. Furthermore, it is difficult to predict the behavior of different 

dyes in real-time LAMP due to the lack of detailed structural information of most of the dyes.  
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In this study, we thoroughly investigated the inhibitory effects and classified 23 DNA dyes that span a 

wide range of four groups of dyes with different optical properties in a real-time LAMP assay for 

detection of Salmonella Enteritidis. The dyes were used at various concentrations. All the dyes were 

further evaluated for their fluorescence intensity at different dye concentrations. Also, the detection 

limit of the real-time LAMP assay was investigated and compared when using different dyes from 

different groups. Furthermore, the inhibition effect of SYTO 9 using different LAMP reactions and 

different systems has been studied. The classification of the dyes into four groups based on the 

inhibition effect does not only suggest which dyes have the greatest potential for the development of 

real-time LAMP that can be integrated into a POC device, but also provides essential information for 

selecting DNA dyes for other applications in real-time LAMP detection. 

4.2. Materials and Methods 

4.2.1. DNA preparation 

Salmonella Enteritidis (S. Enteritidis) strain CCUG-32352 (originating from the University of 

Gothenburg Culture Collection) was obtained from the culture collection of National Food Institute, 

Technical University of Denmark (DTU-Food). S. Enteritidis genomic DNA was isolated using 

DNeasy Blood and Tissue kit (Qiagen, Germany) according to the supplier instructions. The DNA 

concentration was determined by Nanodrop 1000 (Thermo Scientific, USA) and the DNA preparation 

was stored at minus 20 oC before use. 

4.2.2. Primers and real-time LAMP conditions 

We designed a Salmonella LAMP primer set (Appendix 1) based on the HilA gene sequence alignment 

of S. enteritica (NCBI GenBank accession no. CP010.280.1) using the PrimerExplorer V4 (Eiken 

Chemical Co. Ltd, Tokyo, Japan). A Campylobacter primer set targeting the Cj0414 gene of 

Campylobacter jejuni was also selected for this study (Appendix 1)107.  

The LAMP assay was carried out in 10 µL master mixture containing 0.2 µM of F3; 0.2 µM of B3; 1.4 

µM of FIP; 1.4 µM of BIP; 0.8 µM of LF; 0.8 µM of LB; 1.4 mM dNTP mix (DNA Technology, 

Aarhus, Denmark), 0.5 M Betaine (Sigma-Aldrich, Denmark), 4 U of Bst 2.0 DNA polymerase (New 

England BioLabs), 1X isothermal amplification buffer (comprising 20mM Tris-HCl, 10mM 

(NH4)2SO4, 50mM KCl, 2mM MgSO4 and 0.1 % Tween® 20, pH 8.8), various concentrations ranging 

from 0.5 µM to 10 µM of each dye that included SYTO 9, SYTO 13, SYTO 16, SYTO 24, SYTO 60, 

SYTO 62, SYTO 64, SYTO 82, SYBR Green I, SYBR Gold, YOPRO1, TOTO1, TOTO3, BOBO3, 

POPO3 and TOPRO3 (Invitrogen, USA); Eva Green (Biotium, USA); Boxto (TATA Biocentre, 

Sweden); Miami Green, Miami Yellow, and Miami Orange (Kerafast, USA), Pico 488 (Lumiprobe, 

Germany) and Nuclear Green DCS1 (Abcam, UK), sterilized water, and DNA template. 

All the LAMP assays were conducted in a DNA engine thermocycler with a Chromo4 real-time 

detector (Bio-Rad Laboratories Inc., Hercules, CA, USA), in an Mx3005P (Stratagene, AH diagnostics, 

Denmark), and in a Piko real-time PCR system (Thermo Fisher Scientific, Finland). The reactions were 

performed at 65 oC for 60 min, and the reactions were then terminated by heating to 90 oC for 10 min. 



 

 44 

The fluorescent signal was recorded every minute of amplification. Excitation and emission 

wavelengths of all the dyes and the fluorescence recording channels used for the dyes in this study are 

listed in Appendix 2. The excitation and emission of each channel are shown in Appendix 3.   

4.2.3. Gel electrophoretic analysis 

After completion of real-time LAMP reactions, the LAMP amplified products were confirmed by gel 

electrophoresis. Five µL of each LAMP amplified product were loaded on 2% agarose gel containing 

1X of SYBR® Safe DNA Gel Stain (Invitrogen, Life Technologies, USA). The gel electrophoresis was 

carried out at 25 volts for 30 min and was visualized under UV light using a BioSpectrum® AC imaging 

system (AH diagnostics, Denmark). 

4.2.4. Sensitivity experiments 

The sensitivity of real-time LAMP was performed at an optimal concentration for each of the dyes 

SYTO 9, SYTO 13, SYTO 16, SYTO 64, Boxto, Miami Yellow, TOPRO 3, SYTO 60, SYTO 62, Eva 

Green, SYBR Green I and Nuclear Green DCS1. Ten-fold dilutions of S. Enteritidis chromosomal 

DNA ranging from 2000 pg to 0.02 pg were prepared. One microliter of each DNA concentration was 

used as a template for LAMP reactions in the sensitivity test. It has been estimated that 2000 pg of S. 

Enteritidis genomic DNA is corresponding to 3.86×105 copies of S. Enteritidis genome113. The 

sensitivity experiments were repeated four times. The lowest DNA concentration that gave a positive 

result in three experiments was considered as the limit of detection (LOD) of the assay. 

4.2.5. Data analysis 

Similar to the threshold cycle (Ct) in a real-time PCR183, the threshold time value (Tt) has been used to 

determine the real-time LAMP efficiency76. The Tt was defined as the time required for the 

fluorescence to reach a threshold value (Ft). Ft was determined using equation 4.1 (eq. 4.1), which was 

based on the starting fluorescence value (Fi) plus the average fluorescence value (∆F̅) and three times 

of the standard deviation of the fluorescence values (3s∆F) observed in triplicate negative reactions 

without DNA template76. 

𝐅𝐭 = 𝐅𝐢 + ∆�̅� + 𝟑𝐬∆𝐅 (eq. 4.1) 

Signal-to-noise ratio (SNR) was determined and used to analyze the fluorescence intensity of the dyes 

in real-time. The SNR was calculated by the fluorescence signal (arbitrary unit) (X) minus the average 

baseline signal in the first five points (µ) and divided by the standard deviation of the baseline signal 

at the first five points (σ) as in equation 4.2 (eq. 4.2)58. The fluorescence signal of a real-time LAMP 

reaction was analyzed at an optimal concentration of each dye.  

𝐒𝐍𝐑 = (𝐗 − 𝛍)/𝛔 (eq. 4.2) 

To evaluate the speed of the real-time LAMP reactions for rapid detection, we determined the doubling 

time (DT) for double-stranded DNA assuming exponential amplification77,184. The DT was calculated 

by multiplying the negative log (2) with the slope of threshold time versus log DNA concentration 

using equation 4.3 (eq. 4.3). 
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𝑫𝑻 = −𝒍𝒐𝒈 (𝟐) × 𝒔𝒍𝒐𝒑𝒆 (eq. 4.3) 

4.3. Results 

4.3.1. Inhibition effect of DNA dyes on real-time LAMP 

The inhibition effect of the dyes on real-time LAMP reaction was investigated using different 

concentrations of each dye in the real-time LAMP assay. The efficiency of a real-time LAMP was 

evaluated based on the Tt value, which was used as an indicator of the inhibitory effects because an 

increase of the inhibitory effects would raise the Tt value. To define the inhibitory effect, the Tt values 

were plotted against the dye concentrations. The slope of the plot based on a linear relationship was 

used for further indicating the degree of the inhibition. An optimal concentration for each dye was 

defined as the concentration that resulted in the shortest Tt value. In addition, besides the determination 

of the Tt values, agarose gel electrophoresis was performed to confirm the LAMP amplification in case 

the dye used did not give a fluorescence signal in the real-time LAMP reaction.  

In the real-time LAMP reactions using the 23 dyes, fluorescent signals were observed for 20 of these 

dyes including SYTO 9, SYTO 13, SYTO 16, SYTO 64, SYTO 82, Boxto, Miami Green, Miami 

Yellow, Miami Orange, YOPRO 1, SYTO 62, TOPRO 3, SYTO 60, EvaGreen, POPO 3, DCS1, SYBR 

Green I, BOBO 3, Pico 488, and TOTO 3. The Tt values of these 20 dyes were calculated and plotted 

against the dye concentrations at an initial DNA template concentration of 2 ng of DNA S. Enteritidis 

per reaction (Figure 4.1 and Appendix 4-23). In contrast, no fluorescent signals were observed with the 

remaining 3 dyes (TOTO 1, SYTO 24, and SYBR Gold) in the real-time LAMP reaction (Appendix 24-

26). According to the results of the real-time LAMP reaction and slopes of the linear relationship of all 

these dyes, the inhibitory effect of these dyes on the real-time LAMP reaction was classified into four 

different groups: 1) non-inhibition effect, 2) medium inhibition effect, 3) high inhibition effect, and 4) 

very high inhibition effect (Figure 4.1 and Table 4.3).  

Group 1 – non-inhibition includes SYTO 9, SYTO 13, SYTO 16, SYTO 64, SYTO 82, BOXTO, 

Miami Green, Miami Yellow, and Miami Orange dyes. In this group, the real-time LAMP 

amplifications were observed with dye concentrations ranging from 0.5 µM to 10 µM (Figure 4.1). 

These dyes have very small slope values varying from -0.41±0.14 to -0.01±0.04 (Table 4.1) indicating 

no inhibitory effect on the efficiency of the real-time LAMP assay. The Tt values obtained from the 

real-time LAMP using SYTO 9, SYTO 13, SYTO 16, Miami Yellow and SYTO 82, were constant at 

the dye concentrations of 2 – 10 µM. Moreover, the constant Tt values of the real-time LAMP were 

also observed with the dye concentrations ranging from 4 – 10 µM for BOXTO, Miami Orange, Miami 

Green and SYTO 64 (Table 4.3 and Appendix 4-12). These concentrations were considered as optimal 

concentrations of the respective dyes for the real-time LAMP reaction. In Group 1, the shortest Tt value 

of 9.24±0.26 min was observed when using SYTO 9 at an optimal concentration. Similarly, short Tt 

values were also achieved when using other dyes such as SYTO 64 (9.62±0.21 min), SYTO 16 

(9.88±0.23 min), SYTO 82 (10.20±0.29 min), SYTO 13 (11.01±0.01 min), BOXTO (11.04±0.22 min), 

Miami Orange (11.67±0.30 min), Miami Yellow (11.47±0.35 min) and Miami Green (13.67±0.30 min) 

(Table 4.3).  
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Figure 4.1. Comparison of Tt value against dye concentration for 20 dyes which exhibited fluorescence in 

real-time LAMP in the presence of 2ng DNA S. Enteritidis per reaction. The slope of the line indicates the 

degree of inhibition in a real-time LAMP reaction. 

Table 4.1. Dyes are grouped based on the slopes of each dye in real-time LAMP reactions. 

Dye/Group Slope (fig 1) 

Group 1: No inhibition 

Miami Orange -0.41 ± 0.14 

Miami Green -0.39 ± 0.18 

BOXTO -0.35 ± 0.26 

Miami Yellow -0.32 ± 0.13 

SYTO 64 -0.22 ± 0.07 

SYTO 9 -0.13 ± 0.09 

SYTO 82 -0.04 ± 0.08 

SYTO 16 -0.04 ± 0.07 

SYTO 13 -0.01 ± 0.04 

Group 2: Medium inhibition 

YOPRO 1 1.88 ± 0.53 

SYTO 62 2.17 ± 1.22 

TOPRO 3 3.02 ± 0.90 

Eva Green 7.30 ± 1.21 

SYTO 60 7.41 ± 1.33 

Group 3: High inhibition 

NG-DCS1 12.17 ± 1.03 

POPO 3 14.81 ± 2.15 

TOTO 3 17.09 ± 1.07 

SYBR Green I 25.42 ± 5.68 

Pico 488 52.99 

BOBO 3 71.6 
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Group 2 including YOPRO 1, SYTO 62, TOPRO 3, SYTO 60 and Eva Green presents a medium 

inhibitory effect on the real-time LAMP assay. The Tt values of the real-time LAMP when using these 

dyes increased gradually when the concentrations of the dye were increased from 0.5X to 5X or 0.5 

µM to 5µM, and a total inhibition effect on the real-time LAMP assay was observed at 10 µM  (or 10 

X) concentration (Figure 4.1 and Appendix 13-17). Moreover, the use of these dyes in the real-time 

LAMP reactions generated bigger slope values than the dyes in Group 1. The slope values varied from 

1.88±0.53 to 7.41±1.33 indicating a medium inhibitory effect of these dyes on the efficiency of the 

real-time LAMP assay (Table 4.1). The Tt values were 10.97 ± 0.17, 11.15 ± 0.19, 11.94 ± 0.23, 14.84 

± 0.38, and 15.83 ± 0.09 for TOPRO 3, SYTO 60, SYTO 62, YOPRO 1, and Eva Green, respectively, 

at an optimal concentration (Table 4.3).  

POPO3, DCS1, SYBR Green I, BOBO 3, Pico 488, and TOTO 3 had a high inhibitory effect. When 

using these dyes in the real-time LAMP reactions at a dye concentration above 3 µM, a total inhibition 

was observed (Figure 4.1 and Appendix 18-23). The plots of the Tt against the dye concentrations 

revealed very steep slopes ranging from 12.17±1.03 to 71.6 (Table 4.1). These dyes were therefore 

classified in Group 3 as dyes with a high inhibitory effect on the real-time LAMP (Table 4.3). The 

optimal dye concentrations for the real-time LAMP of this group were very low and were determined 

to be 0.5X for SYBR Green I and 0.5 µM for all the other dyes in this group. The Tt values at optimal 

concentration were 9.27 ± 0.18 min for DCS1; 14.24 ± 0.54 min for TOTO3, 15.22 ± 0.23 min for 

SYBR Green I; 15.67 ± 0.38 min for POPO 3, 16.49±0.41 for Pico 488, and 17.34 ± 0.40 min for 

BOBO 3 (Table 4.3). 

When using TOTO 1, SYTO 24, and SYBR Gold (Group 4) in the real-time LAMP assay, the 

fluorescence signal was observed only at the lowest dye concentration tested, i.e. 0.5 µM (TOTO 1 and 

SYTO 24) or 0.5X (SYBR Gold). From 1 µM (or 1X) concentration and higher, no fluorescence signal 

was recorded for dyes in this group.  Besides, the fluorescence signal at 0.5 µM or 0.5X was very low 

(Appendix 24-26). Results of gel electrophoresis analysis coincided with real-time fluorescence 

measurement as no LAMP product was observed with the dye concentration from 1 µM (or 1 X) to 10 

µM (or 10 X), accept 0.5 µM (or 0.5 X). These dyes in Group 4 were, therefore, classified as having a 

very high inhibitory effect. 

4.3.2. Fluorescence intensity during the real-time LAMP  

SNR is an important characteristic to monitor real-time DNA amplification (real-time PCR and real-

time LAMP). In this study, we therefore calculated SNR according to equation 4.2 (eq. 4.2) and 

evaluated the SNR for the nine dyes in Group 1, which showed no inhibition effect on the real-time 

LAMP assay. Figure 4.2 shows the SNR of these dyes in the real-time LAMP reactions. These real-

time LAMP assays were performed at 5 µM dye concentration in the presence of 2 ng of genomic S. 

Enteritidis. Of the nine dyes tested, SYTO 9 showed the highest SNR with a maximum SNR (SNRmax) 

of 2611 times the noise level, while SYTO 82 showed a SNRmax of 2403. SYTO 13, SYTO 16 and 

Miami Yellow showed SNRmax between 835 and 1108 (Figure 4.2). In contrast, the SNRmax of BOXTO, 

SYTO 64, Miami Orange, and Miami Green were lower, ranging from 49 to 372. The lowest SNRmax 

was observed from Miami Orange and Miami Green with SNRmax of 64 and 49, respectively. In 
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addition, the SNRs of some of the dyes in Groups 2 and 3 were also determined at optimal 

concentration. The SNRmax of these dyes were lower than that of SYTO 9, SYTO 82, SYTO 13, SYTO 

16 and Miami Yellow in group 1, ranging between 52 and 581 (Appendix 27). 

 

Figure 4.2. Signal-to-noise ratio (SNR) of nine dyes in Group 1 showed no inhibition effect. The reaction was 

performed at 5 µM dye concentration in the presence of 2 ng of S. Enteritidis DNA per test. 

4.3.3. Investigation of the sensitivity of real-time LAMP 

The limit of detection (LOD) of the real-time LAMP based on the amplification of the hilA gene for 

detection of Salmonella spp. was used to investigate and to compare the use of different dyes in the 3 

groups (1, 2 and 3). Figure 4.3 shows the sensitivity of the 6 dyes from Group 1 in the real-time LAMP 

assays.  
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Figure 4.3. The sensitivity of six dyes in Group 1 including SYTO 9, SYTO 13, SYTO 16, SYTO 64, BOXTO 

and Miami Yellow,  which had no inhibitory effect and SNR above 100. The sensitivity test was performed at 

5µM dye concentration for each dye. Figure 4.3A – F (from the left to the right): 1) Raw fluorescence signal 

(arbitrary unit), and 2) Standard curves.  

When using SYTO 9 (Figure 4.3A.1), SYTO 13 (Figure 4.3B.1), SYTO 64 (Figure 4.3D.1), BOXTO 

(Figure 4.3E.1) and Miami Yellow (Figure 4.3F.1), a similar sensitivity of the real-time LAMP assay 

was observed with LOD = 2pg (equivalent to 386 copies) of Salmonella genome per reaction in a short 

time (Tt = 17.46±2.63 min for SYTO 64, Tt = 18.08±1.93 for Miami Yellow, Tt = 19.26±0.91 min for 

SYTO 13, Tt = 21.85±2.87 min for BOXTO, and Tt = 24.51±2.79 min for SYTO 9) at 65 oC (Figure 

4.3A-B and D-F). Interestingly, a sensitivity 10 fold better than that of all the other dyes was achieved 

when using SYTO 16 with LOD = 0.2pg (equivalent to 38 copies) and with Tt = 9.88±0.23 and Tt = 

21.25±3.06 min for template concentrations of 2pg and 0.2pg, respectively (Figure 4.3C). We expected 

that all the dyes in Group 2 (medium inhibition) and Group 3 (high inhibition) could influence the 

sensitivity of real-time LAMP detection. Table 4.4 shows the LOD of the real-time LAMP when using 

the dyes in these two groups. As expected, when using these dyes, the LOD was 10-100 times higher 

than that of the dyes in Group 1 (no inhibition) (Appendix 28). Moreover, when plotting four or five 

different concentrations of DNA target per reaction against the Tt values, a good linear relationship 

was obtained (Figure 4.3A.2-F.2 and Appendix 28). When the DNA template concentrations per 
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reaction ranging from 2000 pg to 2pg were used, the Tt values ranging from 9.24 ± 0.26 to 24.51 ± 

2.79 min for SYTO 9, 9.88 ± 0.23 to 21.25 ± 3.06 min for SYTO 16; 11.01 ± 0.01 to 19.26 ± 0.91 min 

for SYTO 13, 9.62 ± 0.21 to 17.46 ± 2.63 min for SYTO 64, 11.04 ± 0.22 to 21.85 ± 2.87 min for 

BOXTO, and 11.47 ± 0.35 to 18.08 ± 1.93 min for Miami Yellow were determined (Figure 4.3A-F). 

In addition, to estimate the speed of the real-time LAMP reaction, a DNA doubling time (DT) was 

determined using equation 4.3, based on the Tt value against concentrations of the S. Enteritidis DNA 

template in the reaction for each dye. Lower DT values ranging from 0.62 to 0.73 min (when using 

SYTO 16, SYTO 13, SYTO 64, and Miami Yellow at 5µM) in comparison to 1.30 min for SYTO 9 

and 0.92 min for BOXTO were determined (Table 4.2). Similar DT values were obtained with two 

other dye groups (Groups 2 and 3) at a higher DNA concentration (20 pg) when using the dye 

concentration of 2 µM (Table 4.2). 

Table 4.2. The limit of detection (LOD) per reaction and doubling time (DT) of different dyes tested in this 

study at its optimal concentration.  

Dye/ group Optimal dye 

concentration   

LOD DT (min) 

Group 1    
SYTO 9  5 µM 2 pg 1.301181 

SYTO 13  5 µM 2 pg 0.736879 

SYTO 16  5 µM 0.2 pg 0.679079 

SYTO 64  5 µM 2 pg 0.636103 

Boxto  5 µM 2 pg 0.923431 

Miami Yellow  5 µM 2 pg 0.622603 

Group 2    
SYTO 62  2 µM 20 pg 0.614553 

TOPRO 3  2 µM 20 pg 0.698236 

SYTO 60  2 µM 20 pg 0.714618 

EvaGreen  1X 20 pg 0.742951 

Group 3    
SYBR Green I  0.5X 20 pg 0.660604 

DCS1  0.5 µM 20 pg 0.697222 

4.3.4. Comparison of SYTO 9 in different LAMP reactions and detection systems 

The use of SYTO 9 in different LAMP reactions and different systems showed slight differences in Tt
 

value. In the Mx3005P system, the Tt of Salmonella LAMP reaction is shorter (2.8 min) than for the 

Campylobacter LAMP reaction at a low dye concentration of 0.5 µM. However, when increasing the 

dye concentration, the Tt values of the two LAMP reactions became closer and almost similar at 10 

µM concentration of SYTO 9. The Tt values of Salmonella and Campylobacter LAMP reactions 

behaved in the same manner in the Piko system. Nevertheless, the gaps of Tt values between the two 

LAMP reactions from low (0.5 µM) to high (10 µM) concentration of SYTO 9 in the Piko system (8.2 

min to 2.8 min, respectively) were bigger as compared to the Mx3005P (2.8 min to 0 min, respectively) 

(Figure 4.4). 
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Figure 4.4. Comparison of Tt value against dye concentration of SYTO 9 in different LAMP reactions and 

different detector systems. 

Similarly, a small change of slope was also observed when using the same LAMP amplicon in different 

systems (Figure 4.4). The slope value of the Salmonella LAMP reaction was -0.13±0.09 in the 

Chromo4 system, -0.08 ± 0.05 in the Mx3005P system, and 0.01 ± 0.04 in the Piko system. In the 

Campylobacter LAMP reaction, the slope values were -0.56 ± 0.03 and -0.37 ± 0.05 using Piko and 

Mx3005P system, respectively (Table 4.4). Although there was a variation of slope values in the three 

tested systems, the change was very small. Comparing to the slope values of all dyes tested in this 

study, the slope values of SYTO 9 using Salmonella LAMP reaction (-0.13 to 0.01) and Campylobacter  

LAMP reaction (-0.56 to -0.37) are still classified in Group 1 without inhibition effect to the LAMP 

reaction. Furthermore, the melting curves of the two LAMP reactions were analyzed in the Piko system, 

and the results showed that the melting temperature was almost similar (83 oC for Salmonella amplicon 

and 80 oC for Campylobacter amplicon) with dye concentrations from 0.5 to 10 µM (Appendix 30). 

This result also indicated that SYTO 9 has no inhibition effect on the LAMP reaction. 

Table 4.4. The slopes of different LAMP reactions and different detection systems. 

Amplicons and systems Slope 

Salmonella - Mx3005P -0.08 ± 0.05 

Salmonella - Piko 0.01 ± 0.04 

Salmonella - Chromo4 -0.13 ± 0.09 

Campylobacter - Mx3005 P -0.37 ± 0.05 

Campylobacter - Piko -0.56 ± 0.03 

In contrast, detection limits of fluorescence were significantly different between the three tested 

systems. In the Mx3005P system, the saturation of fluorescence was observed at 3 µM concentration 

of SYTO 9 and higher (Appendix 31) while saturation was not observed at any of the tested 

concentrations ranging from 0.5 to 10 µM in the Chromo4 (Appendix 4) and Piko machines (Appendix 

32). 
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Table 3.3. Summary of the results obtained in this study and references.  

Dyes Inhibitory 

effect  

Optimal dye 

concentration* 

Tt value at 

optimal dye 

concentration 

(min)*
 

Maximum Tm shift  DNA binding affinity  

(Reference) 

Binding  selectivity 

(Reference) 

Group 1: No inhibition 

SYTO 9 No 2-10 µM 9.24±0.26 Low**185 Low186 dsDNA/ssDNA187  

SYTO 13 No 2-10 µM 11.01±0.01 Low**185 Low186 dsDNA/ssDNA188 

SYTO 16 No 2-10 µM  9.88±0.23 Low**185 Low186 dsDNA/ssDNA189 

SYTO 64 No 4-10 µM 9.62±0.21 Low**185 Low186 dsDNA/ssDNA190 

SYTO 82 No 2-10 µM 10.20±0.29 Low**185 Low186 dsDNA/ssDNA190 

Boxto No 4-10 µM 11.04±0.22 Low*** (Appendix 29) Lower than YOPRO191 dsDNA/very low affinity to 

ssDNA192 

Miami Green No 4-10 µM 13.67±0.30 Low*** ( Appendix 29) - DNA targeting193 

Miami Yellow No 2-10 µM 11.47±0.35 Low*** ( Appendix 29) - DNA targeting193 

Miami Orange No 4-10 µM 11.67±0.30 Low*** ( Appendix 29) - DNA targeting194 

Group 2: Medium inhibition 

YOPRO 1 Medium 1 µM 14.84±0.38 Medium**185 High186 dsDNA/ssDNA186 

SYTO 62 Medium 2 µM 11.94±0.23 Medium**185 Low186 dsDNA/ssDNA190 

TOPRO 3 Medium 2 µM 10.97±0.17 Medium**185 High186,  dsDNA/ssDNA31  

SYTO 60 Medium 2 µM 11.15±0.19 Medium**185 Low186 dsDNA/ssDNA190 

Eva Green Medium 1X 15.83±0.09 Low*** (Appendix 29) Lower than SYBR 

Green I196 

dsDNA>ssDNA196 

dsDNA/ssDNA188 

Group 3: High inhibition 

POPO3 High 0.5 µM 15.67±0.38 Low**185 Very high186 dsDNA/ssDNA186 

NG-DCS1 High 0.5 µM 9.27±0.18 High*** (Appendix 29) High197 DsDNA197 

SYBR Green I High 0.5X 15.22±0.23 High**185,198 Very high186 dsDNA>ssDNA186,199 

BOBO3 High 0.5 µM 17.34±0.40 Low**185 Very high186 dsDNA/ssDNA186 

TOTO 3 High 0.5 µM 14.24±0.54 Low**185 Very high186 dsDNA/ssDNA186  

Pico 488 High 0.5 µM 16.49±0.41 Medium (Appendix 29) Very high200 dsDNA200 

Group 4: Very high inhibition 
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Tm shift: Low (0-3 °C), medium (3-6 °C) and high (above 6 °C). 
*Optimal dye concentration experiment was performed in the presence of 2ng DNA per reaction; **Reference; ***This study

TOTO 1 Very high - - Low*** (Appendix 29) Very high186  dsDNA/ssDNA186 

SYTO 24 Very high - - High***198 (Appendix 29) Low186 dsDNA/ssDNA186,190 

SYBR Gold Very high - - High*** (Appendix 29) High195 Sensitive with 

dsDNA/ssDNA186,199 
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4.4. Discussion 

We have investigated a panel of 23 DNA dyes belong to four groups of dyes with different optical 

properties for use in real-time LAMP. By analyzing the Tt values against the dye concentrations in the 

real-time LAMP reaction in combination with gel electrophoresis analysis, we categorized the tested 

dyes into four groups: 1) non-inhibition effect, 2) medium inhibition effect, 3) high inhibition effect, and 

4) very high inhibition effect. The nine dyes in Group 1 (non-inhibition effect) showed real-time LAMP 

amplification in a wide range of dye concentrations (0.5 µM – 10 µM) with very small slope values (-

0.41±0.14 to -0.01±0.04). Among these nine dyes, the shortest Tt value of 9.24±0.26 min was observed 

for SYTO 9. However, testing the sensitivity of the real-time LAMP reaction revealed that when using 

SYTO 16, a tenfold lower LOD was achieved within 21.25±3.06 min. Therefore, for the development of 

a rapid real-time LAMP detection, SYTO 9 is the best candidate, while SYTO 16 should be used for a 

highly sensitive real-time LAMP.  

Gudnason et al. (2007) studied the effects of dye concentrations, sequence composition of DNA 

amplification, and melting temperature of several different DNA dyes for real-time PCR. Results from 

this study suggest that the inhibition mechanism of dyes on the increase in cycle threshold (Ct) value 

may depend on the binding affinity of each dye to dsDNA185. Similarly, the increase in Tt that we 

observed could be due to a high binding affinity of the dye to the DNA, thereby stabilizing the dsDNA 

and hindering the strand displacement activity of the Bst DNA polymerase in the real-time LAMP 

amplification. The dyes in Group 1, including SYTO 9, SYTO 13, SYTO 16, SYTO 64, SYTO 82 and 

Boxto, have low binding affinity186,191, and this could explain why they have no inhibition effect on the 

real-time LAMP reaction (There is no information on binding affinity for the Miami Green, Miami 

Yellow, and Miami Orange dyes) (Table 4.3). In contrast, dyes with higher binding affinity such as 

YOPRO 1, TOPRO 3 (Group 2) and Nuclear Green, SYBR Green (Group 3), SYTO 24, and SYBR Gold 

(Group 4)186,196,197,201 inhibited the real-time LAMP amplification (Table 4.3). The tightness of the dye 

binding to the DNA was also suggested as a reason for the increase in Ct that Gudnason et al. (2007) 

observed, as this could stabilize the dsDNA and negatively influence the extension of the new strand185. 

The tightness of the dye binding was evaluated through melting curve analysis. For some of the dyes, the 

melting temperature (Tm) of the PCR amplicon increased with increasing dye concentrations, whereas 

for others, the dye concentration had little or no influence on the Tm. The shift of the Tm value, i.e. the 

difference in Tm between low and high dye concentrations, indicated the dye’s stabilizing effect on 

dsDNA. The higher Tm shift, the stronger the stabilization effect of the dye on dsDNA. Most of the dyes 

in Group 1, including the dyes in Miami group, showed a low maximum Tm shift 185 (Appendix 29) and 

no inhibition effect in a wide range of dye concentrations (2-10 µM) (Table 4.3). Dyes in Group 2 

(YOPRO 1, SYTO 62, TOPRO 3 and SYTO 60) showed a medium maximum Tm shift185 and medium 

inhibition effect in a range of dye concentrations from 2-10 µM (Table 4.3). Another possibility to 

explain the inhibition effect of a dye could be the binding affinity of the dye to single-strand DNA 

(ssDNA) which may be more dominant than binding to dsDNA196. In this case, dyes with higher binding 

affinity to ssDNA may bind to primers and loop primers in the real-time LAMP reaction, which may 



 

 
55 

prevent the annealing of the primers to the DNA template and hinder the activity of Bst DNA polymerase 

as well as interfere with the extension step. For most of the dyes, the inhibition effect on real-time LAMP 

amplification could be explained as a combination of high binding affinity to ds/ssDNA and/or high 

stabilizing effect on dsDNA as indicated by the high shift in Tm (Table 4.3).  

In Group 1 all the dyes both had a low shift in Tm (low stabilizing effect on dsDNA) and a low binding 

affinity for ds/ssDNA, and these dyes had no inhibition effects on the LAMP reaction (Table 4.3). 

In Group 2 most of the dyes (YOPRO 1, SYTO 62, TOPRO 3, SYTO 60) caused a medium shift in Tm. 

In contrast, Eva Green showed a low maximum Tm shift (Appendix 29). The DNA binding affinity of Eva 

Green is lower than that of SYBR Green I. However, it is known that the DNA binding affinity for SYBR 

Green I is very high, so the binding affinity of Eva Green may still be sufficiently high to explain the 

medium inhibition effect observed for this dye (Table 4.3). Alternatively, Eva Green could be an 

exception to the general picture observed for all the other dyes. 

In Group 3, Nuclear Green DCS1 and SYBR Green I showed high or very high binding affinity to 

dsDNA186,197 and high maximum Tm shift to dsDNA185,198 (Appendix 29). Therefore, these dyes may 

stabilize the dsDNA resulting in a high inhibitory effect on the real-time LAMP (Table 4.3). In contrast, 

three other dyes in this group, the TOTO 3, POPO 3 and BOBO 3, showed a low maximum Tm shift of 

dsDNA185 but had a very high binding affinity to DNA186. So far, no data on the preferable binding to 

dsDNA in comparison to ssDNA of these 3 dyes have been reported. However, the low Tm shift in 

combination with a high DNA binding affinity indicates that these dyes could bind more strongly to 

ssDNA. In the LAMP reaction, the available free ssDNA are primers and loop positions, and strong 

binding of dye here could prevent the synthesis of new DNA strand in the real-time LAMP reaction and 

thereby inhibit the reaction. The binding of dyes in loop regions could explain the high inhibitory effects 

observed when using these dyes in the real-time LAMP reaction.  

In Group 4, all the dyes tested showed a very high inhibition effect (Appendix 24-26).  The three dyes in 

this group (TOTO 1, SYTO 24, and SYBR gold) showed a capacity to bind to both dsDNA and ssDNA 

at different levels186,190,199,201. However, the dyes also show different characteristics such as SYTO 24 

has a low binding affinity to DNA while both SYBR Gold and TOTO 1 have high or very high binding 

affinity to DNA186,201. In addition, both SYTO 24 and SYBR gold have a very high maximum Tm shift 

to dsDNA198 (Appendix 29), while TOTO 1 has a very low Tm shift (Table 4.3 and Appendix 29). Therefore 

one possible explanation for the very high inhibition effects for the dyes in this group is the capacity of 

the dyes in this group to bind to both the template (dsDNA) and the primers (ssDNA); as a consequence, 

this binding activity prevents the extension of new strand the real-time LAMP reaction (Table 4.3). 

We suggest that the DNA dyes have a similar effect when used to detect DNA in a normal LAMP reaction 

and detect RNA targets in reverse transcription LAMP (rtLAMP). Eva Green202 was demonstrated in 

real-time rtLAMP detection. In other work, we also used SYTO 9 for the detection of the RNA virus 

Avian Influenza Virus (AIV), and we did not see different behaviour comparing with DNA targets (data 

not shown). 
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Experiments to optimize the dye concentration in real-time LAMP revealed that the use of optimal dye 

concentration is an important factor in real-time LAMP detection. For the dyes with inhibition effects, 

the use of a dye concentration higher than the optimal concentration led to the result that the Tt was 

delayed due to the inhibitory effect of the dyes (Appendix 13-23). Moreover, when using dye 

concentration lower than the optimal concentration for the dyes without inhibition effects, the Tt was 

also delayed as illustrated in this study (Appendix 4, 7-12). For example, in the Chromo4 machine, when 

using different concentrations of SYTO 9 for real-time LAMP (ranging from 0.5 to 10 µM), the shortest 

Tt value of 9.24 min was observed at an optimal dye concentration of 2-10 µM. While the Tt increased 

up to 13 min when a lower dye concentration of 1 µM was used. However, the selection of dye 

concentration also depends on the detector of each system. E.g. in the Mx3005P system, 1 µM - 2 µM 

of SYTO 9 should be used since it resulted in the shortest Tt values and no saturation was observed 

(Appendix 31). While in the Piko system, a high concentration such as 5 to 10 µM should be used due to 

a high fluorescence signal and the shortest Tt recorded (Appendix 32). In POC systems, the detectors are 

often small, simple and cheap with a resulting limitation of fluorescence detection. Therefore, these 

systems may need higher dye concentrations than the lab-bench detector system. Besides, high 

background fluorescence should be taken into account when using high dye concentration (5 – 10 µM) 

(Appendix 33). Moreover, in POC assays, the stability of dyes in solution should be considered. Most of 

the stocks of dyes in this study are in DMSO (except Eva Green in water), which is stable for at least one 

year at -20 oC. However, when diluting in an aqueous solution, the stability of the dye is reduced and 

needs to be observed for each dye.  BOXTO is recommended to be diluted in MilliQ water, and the dye 

is stable in 4 oC for a month203. Eva Green stock is 20X in water which is claimed to be extremely stable 

both thermally and hydrolytically204. Another study has also reported that SYTO 9 and SYBR Green I 

were stable in PCR master mixture for 2-3 weeks205. 

Following an extensive screening of 23 fluorescent intercalating DNA dyes, we have found that SYTO 

9, SYTO 13, SYTO 16, SYTO 64, SYTO 82, BOXTO, Miami Yellow, Miami Orange and Miami Green 

(Group 1) are suitable for real-time LAMP. Using these dyes, non-inhibitory effects, high sensitivity, 

and good efficiency were achieved. To our best knowledge, this is the first study to investigate the 

inhibition effect of all these dyes systematically for real-time LAMP reaction. Among these dyes, SYTO 

9 showed a non-inhibitory effect, maximal SNR, high sensitivity and was not only considered as one of 

the good candidates suitable for the real-time LAMP amplification but also in real-time PCR185,205. 

However, concerning the speed of the real-time LAMP for rapid detection, SYTO 9 was not a perfect 

candidate since the doubling time of real-time LAMP using SYTO 9 was two times higher than that of 

all the dyes tested in Group 1 except BOXTO (1.4 times). Besides, SYTO 16 was also considered a good 

candidate for rapid real-time LAMP amplification. Although SYTO 16 showed intermediate SNR, it has 

no inhibitory effect, low DT and lowest LOD in all the dyes tested. Therefore, with the information of 

inhibitory effect, SNR, LOD, and DT of the 23 dyes provided by this study, users can consider selecting 

a dye suitable for their application in real-time LAMP.  
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4.5. Conclusion 

In conclusion, SYTO 9, SYTO 82, SYTO 13, SYTO 16 and Miami Yellow were found to have superior 

properties such as no inhibitory effect, high SNR, and high sensitivity in real-time LAMP assay. These 

dyes are therefore suitable candidates to apply for the development of new real-time LAMPs and for 

integrating the real-time LAMP technology in POC systems for rapid online or at site detection of 

pathogens. 
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Chapter 5. Optimization of gelification reagents for ready-to-use LAMP reaction 

 

 

 

 

 

The main aim of this Ph.D. thesis is to develop POC diagnostics for rapid detection of pathogens based 

on loop-mediated isothermal amplification (LAMP) assay. For POC diagnostics, storing all the reagents 

in a ready-to-use format is particularly important for on-line or at-site POC applications. In this chapter, 

we investigate a simple and efficient method for storing all LAMP reagents in a ready-to-use reaction by 

using gelification technology. In the gelification method, a liquid form is converted into a solid form 

with the help of a gelling agent. The reaction mixture containing all necessary reagents for LAMP is 

stabilized by the addition of gelifying and stabilizing agents. The gelified LAMP master mixture is under 

gelification form at room temperature, and it turns into liquid form at 37 oC. The gelified reaction mixture 

is stored on-tubes or on-chips and is considered as a ready-to-use product. The gelified ready-to-use 

reaction minimizes handling steps and is easy for testing, storing and transportation. 

In this chapter 5, an optimization of the gelification process that can prolong the storage of the gelified 

LAMP reagents will be presented. 
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5.1.  Materials and methods 

5.1.1.  Reagents 

Ultra Low Gelling agarose, D-(+)-Trehalose dehydrate, and Sucrose used in this study were of analytical 

grade and purchased from Sigma-Aldrich, Denmark. 

5.1.2.  Salmonella DNA preparation 

Salmonella Enterica serovar Enteritidis (S. Enteritidis, CCUG-32352) used in this study was obtained 

from the culture collection at the National Food Institute, Technical University of Denmark (DTU Food). 

S. Enteritidis DNA was isolated using DNeasy Blood and Tissue kit (Qiagen, Germany) according to the 

instruction of the supplier. The concentration of genomic DNA was determined by Nanodrop 1000 

(Thermo Scientific, USA) and was stored at minus 20 oC until use. 

5.1.3.  LAMP assay 

A LAMP primer set was designed using the PrimerExplorer V4 (Eiken Chemical Co. Ltd, Tokyo, Japan) 

based on the HilA gene (hyperinvasive locus A) sequence of S. enteritica (NCBI GenBank accession no. 

CP010.280.1). The primer sequences are shown in Table 5.1. 

Table 5.1. List of primers used in this study.  

Primers Primers’ sequences (5’-3’) 

F3 (Forward outer primer) CGC ATA CTG CGA TAA TCC CTT C 

B3 (Backward outer primer) ATT CTG TCG GAA GAT AAA GAG C 

FIP (Forward inner primer) CGC CGA ACC TAC GAC TCA TAC- 

TGC AGA CTC TCG GAT TGA ACC 

BIP (Backward inner primer) GGC GGA GAC ACC ACT ACG AC- 

CGT TAC ATT GAA ACA CTG TAC G 

LF (Forward loop primer) CTT CCT TTT CAG ATG CAG GAT CA 

LB (Backward loop primer) GGA CGA TTA AAC CGA TAG CCC T 

The LAMP assay was carried out in 20 µL master mixture containing 0.2 µM of F3, 0.2 µM of B3, 1.4 

µM of FIP, 1.4 µM of BIP, 0.8 µM of LF, 0.8 µM of LB, 1.4 mM dNTP mix (DNA Technology, Aarhus, 

Denmark), 0.5 M Betaine (Sigma-Aldrich, Denmark), 8 U of Bst 2.0 Warmstart® DNA polymerase (New 

England BioLabs), 1X isothermal amplification buffer, 5 µM of SYTO 9 (Invitrogen, USA), sterilized 

water, and DNA template. 

The LAMP reactions were conducted in a DNA engine thermocycler with a Chromo4 real-time detector 

(Bio-Rad Laboratories Inc., Hercules, CA, USA) and in an Mx3005P (Stratagene, AH diagnostics, 

Denmark). The reactions were incubated at 65 oC for 30-60 min and followed by a heating step to 90 oC 

for 5 min to inactivate LAMP reactions. The fluorescent signals were recorded every minute of 

amplification.  
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5.1.4.  Ready-to-use LAMP reaction 

Optimization of gelification condition for ready-to-use LAMP reaction 

To optimize conditions for ready-to-use reaction, different concentrations of agarose at 0%, 0.75%, 1%, 

1.5 % were investigated to select the best concentration for gelification process. The selected 

concentration of agarose was then further studied in the presence of different concentrations of trehalose 

or sucrose at 0%, 1%, 2%, and 3%. The best concentrations of mixture between agarose and trehalose or 

agarose and sucrose were used to investigate the stability of gelification reagents for long-term storage 

of gelified ready-to-used LAMP reaction. 

Ready-to-use gelified LAMP reaction 

Ready-to-use gelified LAMP reaction (Table 5.2) contained LAMP master mixture and gelification 

reagents, which including 1% Ultra Low Gelling agarose and 1% D-(+)-Trehalose dehydrate. A stock 

mixture (tube A) containing 2% agarose and 2% trehalose in sterilized water was autoclaved and stored 

at 2-8 oC. Before use, tube A was heated up to 95 oC for 5 min and incubated at 33 oC for 30 min. A 

LAMP master mixture (tube B) containing all components for LAMP reaction as mentioned above was 

kept at 33oC for 5 min after preparation. A gelified ready-to-use LAMP reaction tube was a mixture of 

10 µL of tube A and 8 µL tube B. The gelified ready-to-use LAMP reaction tube was stored at 2-8 oC 

and at room temperature (RT) (18-20 oC) for further use.  

Table 5.2. Components of ready-to-use LAMP reaction   

LAMP components 1X Final concentration  

F3  0.2 µM 

B3  0.2 µM 

FIP  1.4 µM 

BIP  1.4 µM 

LF  0.8 µM 

LB  0.8 µM 

dNTPs  1.4 µM  

Betaine 500 mM  

Buffer  1X 

Bst 2.0 Warmstart polymerase 8 units 

Agarose 1%  

Trehalose 1% 

Stability of ready-to-used LAMP reaction 

The stability of the ready-to-used reaction stored at both 2-8 oC and RT was tested from week 7th and up 

to 3 years. Before the LAMP amplification, fluorescence SYTO 9 was added to the gelified ready-to-use 
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LAMP reaction at a final concentration of 5µM, and the mixture was amplified in the Chromo4 real-time 

detector as mentioned above. 

5.2. Results and discussion 

5.2.1.  Optimization of agarose, trehalose, and sucrose concentrations for gelified ready-to-use LAMP 

reaction.  

The LAMP primer set targeting HilA gene of Salmonella enterica subspecies enterica was designed and 

used in this study. To define a suitable concentration of gelifying agents in LAMP reaction, several 

concentrations of agarose (0%, 0.75%, 1%, and 1.5%) were selected and tested in the presence of 2ng S. 

Enteritidis DNA per reaction. Figure 5.1 shows that there was a small delay in the Tt value when 

increasing the concentration of agarose (Figure 5.1). However, the delay was not significant between all 

the tested concentrations. In the reaction containing 0.75% agarose, the gelification state was soft and 

remained high percentage of water. In contrast, in the reaction containing 1.5% agarose, although the 

gelification state was good, it was rather difficult to handle during the preparation of the reaction due to 

the high viscosity of the master mixture. The use of 1% of agarose was the best since using this 

concentration, the LAMP master mixture formed a good state of gelification, and it is easy to handle. 

Therefore, 1% of agarose was selected for further investigation on the gelified ready-to-use LAMP 

reaction.  

 

Figure 5.1. The effect of agarose concentration on LAMP reaction. A) Raw data of fluorescence intensity recording 

during LAMP reaction and B) Gel electrophoresis image after LAMP reaction. 

Sugars are known as a good stabilization agent of macromolecules such as enzymes, proteins, etc.206–209 

However, the use of sugars may have negative effects on a certain application. In this study, the effect 

of different sugars such as trehalose and sucrose on the stabilization of gelified LAMP reagents was 

investigated. Different concentrations of trehalose and sucrose ranging from 0-3% were selected and 

tested in the presence of 1% agarose. In the mixture containing 1% agarose and variable concentrations 

of trehalose, we observed a small delay in Tt value of LAMP amplification when increased the trehalose 

concentration from 0-3% (14.28 - 18.12 min, respectively) (Figure 5.2 and Table 5.3). Similarly, in the 
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mixture containing 1% agarose and variable concentrations of sucrose, Tt value was increased when 

increasing sucrose concentration from 0-3% (12.74 - 20.28 min, respectively) (Table 5.3). However, the 

gaps of the Tt value between tested concentrations of sucrose were bigger than that of the trehalose 

(Figure 5.3). Therefore we selected trehalose as the agent for stabilization of the gelified LAMP reaction. 

1 % of agarose and 1 % of trehalose were used for further study on the stability of the gelified ready-to-

use LAMP reaction. 

Figure 5.2. The effect of 1% agarose and different concentrations of trehalose to LAMP reaction. A) Raw data 

of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

Table 5.3. Tt value (min) of 1% agarose in different concentrations of trehalose and sucrose in LAMP reaction. 

Concentration (%) Trehalose (Tt value in min) Sucrose (Tt value in min) 

0 14.28 12.74 

1 15.43 15.36 

2 16.83 17.42 

3 18.12 20.28 

 
Figure 5.3. The effect of 1% agarose and different concentrations of sucrose on LAMP reaction. A) Raw data of 

fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP reaction. 

A B

A B
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5.2.2. Stability of ready-to-use LAMP reaction using gelification reagent 

Initiation for short-term storage, the stability of the enzyme used in the LAMP reaction (Bst 2.0 

warmstart) was tested without any gelification agents at 2-8 oC and at RT. Primary results showed that 

there was no loss of activity of the enzyme in LAMP reactions after 5 weeks of storage at both 2-8 oC 

and RT (Figure 5.4). Therefore, we investigated further the stability of gelification reagents in ready-to 

used LAMP reaction from the 7th week. Studying the stability of the gelified LAMP reagents, we 

observed that the enzyme activity of the gelified ready-to-use LAMP reaction remained stable up to 3 

years of storage at 2-8 oC (Figure 5.5A). However, when storage the gelified ready-to-use LAMP 

reagents at RT, the enzyme activity was stable for 7 weeks of storage. The enzyme activities were totally 

lost from week 8th of the storage (Figure 5.5B).  

Dry reagents have been used to store the reagents in POC to improve the stability of the reagents and 

simplify the use for on-line or at-site detection in order to omit the sample transportation. Freeze-drying 

of LAMP reagents has been reported, and commercial lyophilized LAMP kits are available 

(https://www.lucigen.com/LavaLAMP-DNA-Component-kits/). The freeze-drying method is based on 

the lyophilization of reagents by the addition of a suitable lyoprotectant. The mixture was frozen at -80 
oC and then lyophilized gently under pressure207. The technique could preserve enzyme activity from 3-

24 months at 4 oC or 28 days to 1 month at 25 oC210,211. However, the lyophilization procedure was time-

consuming and required several steps and special equipment. It is not suitable for a polymeric chip with 

small structures due to low temperature and high pressure. Another technique, gelification, was reported 

to gelify PCR reagents. The use of gelification technique for gelifying PCR reagents revealed that the 

gelified PCR reagents were stabilized for at least 3 months at RT212. To our best knowledge, no report 

for gelification of  LAMP reaction has been reported. The gelification technique described in this chapter 

is very simple. By the addition of gelifying agent with low cost (such as agarose) and a stabilizing agent 

(such as trehalose) in the LAMP mixture during the preparation of the master mixture, the LAMP reaction 

was stable at 4 oC for more than 3 years and 7 weeks at RT. Therefore, the gelification of the LAMP 

reactions will facilitate the use, storage, transportation, and suitable for POC tests. 

 
Figure 5.4. Short-term storage of LAMP reaction (containing no gelification reagents). A) at 2-8 oC and B) at RT. 

 

https://www.lucigen.com/LavaLAMP-DNA-Component-kits/
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Figure 5.5. Long-term storage of ready-to-use LAMP reaction (containing gelification reagents) at 2-8 oC (A) and 

at room temperature (B). 

5.3. Conclusion  

In summary, in this chapter, a gelification method for long-term storage of ready-to-use LAMP reaction 

was developed and optimized to detect Salmonella. By a combination of 1% agarose and 1% trehalose 

in LAMP reaction, the ready-to-use reaction was stable in RT for 7 weeks and at 2-8oC up to 3 years. As 

a result, the gelified ready-to-use LAMP reaction facilitated the use, storage, transportation, and suitable 

for POC applications. Moreover, the long-term storage of ready-to-use LAMP reaction plays an 

important role in the simplicity of POC applications not only in detecting Salmonella but also in detecting 

other pathogens in different fields of clinical diagnostic, food safety, and environmental monitoring. 
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PART II: SOLID PHASE LAMP 
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Chapter 6. Development of solid phase loop-mediated isothermal amplification for multiplex 

detection of pathogens 

 

 

 

 

 

With the aim toward POC diagnostic applications, LAMP assays were developed and optimized in the 

singleplex assay to detect selected pathogens in the first part of this thesis. In this part, an attempt was 

performed to extend the capacity of the developed LAMP assays for multiplexing in order to detect 

multiple pathogens in a single reaction. There are two possible approaches for the development of LAMP 

for multiplex detection of pathogens. The first approach included multiple sets of LAMP primers 

targeting different pathogens, and the use of specific probes targeting two to four different pathogens has 

been reported 68,69,73,77. However, this approach involved multiple fluorescent dyes labelled on the 

pathogen-specific probes, thus requiring multiple detector channels for collecting fluorescence of 

specific wavelengths from each probe. The use of multiple detector channels is a challenge for designing 

a simple, cost-effective, and portable POC device. In the second approach, a multiplexing LAMP assay 

could be performed on solid support (solid phase LAMP amplification) in a DNA microarray 

configuration where each target is localized at a particular position on the array. It, therefore, does not 

require either multiple fluorescent dyes or multiple detector channels. The use of solid phase LAMP 

amplification will overcome the above-mentioned challenges 

In this chapter, a solid phase LAMP (SP-LAMP) was developed and presented for multiplexed detection 

of pathogens. 
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6.1. Materials and methods 

6.1.1. Template DNA preparation 

Salmonella Enteritidis (S. Enteritidis), Campylobacter jejuni (C. jejuni), Campylobacter coli (C. coli), 

Avian influenza virus (AIV) were selected and used as target pathogens, while Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) gene of the pan avian was used as the internal control (IC) for 

development of the SP-LAMP reaction. Bacterial strains S. enteritidis CCUG-32352, C. jejuni NTCC-

11284, and C. coli CCUG-11283 were obtained from the culture collection at the National Food Institute, 

Technical University of Denmark. Genomic DNA of S. enteritidis, C. jejuni, and C. coli were isolated 

using DNeasy Blood and Tissue kit (Qiagen, Germany) according to the instruction from the supplier. 

Nanodrop 1000 (Thermo Scientific, USA) was used to determine the DNA concentration. Two ng/µL of 

genomic DNA was used as the template in the SP-LAMP reaction. For the AIV and the internal control, 

target genes were amplified by PCR using outer primers (F3 and B3) of respective LAMP primer sets 

and the amplified products (10-6 dilution) were used as the template in the SP-LAMP reaction.  

6.1.2. LAMP primers and solid support (SS) primers of the SP-LAMP 

Six LAMP primer sets were used for the development of SP-LAMP in this study. The sequences of 

LAMP primers are shown in table 6.1. Four primer sets targeting HilA gene of Salmonella spp.57, 16S 

rRNA gene of Campylobacter spp.213, gufA gene of C. coli106, oxidoreductase of C. jejuni106 were selected 

from previous studies. Two primer sets targeting M gene of AIV and the GAPDH gene specific to the 

pan avian as internal control (IC) (Reference no. NM_204305.1) were designed using the PrimerExplorer 

V5 (Eiken Chemical Co. Ltd., Tokyo, Japan). The primer sets for SP-LAMP of Salmonella, 

Campylobacter, C. jejuni, C. coli, and internal control include F3, B3, FIP, BIP-cy3 (BIP primer labelled 

with cyanine-3 fluorophore), and a modified FIP (ModFIP). The primer set for SP-LAMP of AIV 

consists of F3, B3, FIP-cy3, BIP, and a ModBIP primer. The ModFIP and ModBIP were designed by 

adding an oligo at 5’end of the FIP and the BIP primers, respectively.  

All the solid support (SS) primers used in this study were coupled with a poly (T)10-poly (C)10 tail 

(10T10C tail). The SS primers were designed based on the inner primers (FIP or BIP). The binding 

regions of the SS primers were complementary to the loop regions of LAMP products called loop 

structures. The sequences of the SS primers are shown in table 6.2. All the LAMP primers and SS primers 

were synthesized and purchased by LGC Biosearch Technology, Aarhus, Denmark.  

Table 6.1. Primers used in this study. 

Name Sequence 1 (5' - 3') 
Total length 

(bases) 

Concentration used 

in the reaction (µM) 

Primers targeting HilA gene of Salmonella spp. (Sal)57 

F3-Sal CGCATACTGCGATAATCCCTTC 22 0.2 

B3-Sal ATTCTGTCGGAAGATAAAGAGC 22 0.2 
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FIP-Sal 
CGCCGCAACCTACGACTCATAC-

TGCAGACTCTCGGATTGAACC 
43 1 

Cy3-BIP-Sal 
Cy3-GGCGGAGACACCACTACGAC-

CGTTACATTGAAACACTGTACG 
42 1.4 

ModFIP-Sal 

TCCCGCAGCTTGCCAGCACT-

CGCCGCAACCTACGACTCATAC-

TGCAGACTCTCGGATTGAACC 

63 0.6 

Primers targeting 16S rRNA gene of Campylobacter spp. (Cs)213 

F3-Cs CTGCTTAACACAAGTTGAGTAGG 23 0.2 

B3-Cs TTCCTTAGGTACCGTCAGAA 20 0.2 

FIP-Cs 
GGACCGTGTCTCAGTTCCAGTGTGAC-

GGATGAGACTATATAGTATCAGCTAG 
52 1 

Cy3-BIP-Cs 
Cy3-CGGGAGGCAGCAGTAGGGAATATTG-

CTAAGAAAAGGAGTTTACGCTCCG 
49 1.4 

ModFIP-Cs 

ATTTGTGCCCCCCTAGCA-

GGACCGTGTCTCAGTTCCAGTGTGAC-

GGATGAGACTATATAGTATCAGCTAG 

70 0.6 

Primers targeting gufA gene of Campylobacter coli (Cc)106 

F3-Cc TGGGAGCGTTTTTGATCT  18 0.2 

B3-Cc AATCAAACTCACCGCCAT 18 0.2 

FIP-Cc 
AAGAGATAAACACCATGATCCCAG-

TCATGAATGAGCTTACTTTAGC  
46 0.8 

Cy3-BIP-Cc 
Cy3-GCGGCAAAGACTTATGATAAAGC-

TACCGCCATTCCTAAAACAAG  
44 1.4 

ModFIP-Cc 

TTGCGCACGAAATGGTCG -

AAGAGATAAACACCATGATCCCAG-

TCATGAATGAGCTTACTTTAGC 

64 0.8 

Primers presumed targeting oxidoreductase of Campylobacter jejuni (Cj)106 

F3-Cj GCAAGACAATATTATTGATCGC  22 0.2 

B3-Cj CTTTCACAGGCTGCACTT  18 0.2 

FIP-Cj 
ACAGCACCGCCACCTATAGT-

AGAAGCTTTTTTAAACTAGGGC  
42 0.8 

Cy3-BIP-Cj 
Cy3-AGGCAGCAGAACTTACGCATT-

GAGTTTGAAAAAACATTCTACCTCT 
46 1.4 

ModFIP-Cj 

AGTGAAGTGCAACCCGAATT-

ACAGCACCGCCACCTATAGT-

AGAAGCTTTTTTAAACTAGGGC 

62 0.8 

Primers targeting M gene of avian influenza virus (AIV) 

F3-AIV GCAGGTAGATATTGAAAGATGAGTC 25 0.2 

B3-AIV CTCACTGGGCACGGTGA 17 0.2 

Cy3-FIP-AIV 
Cy3-GGCTTTGAGGGGGCCTGA-

TTCTAACCGAGGTCGAAACG 
38 1.4 
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BIP-AIV 
CTTGAAGATGTCTTTGCAGGGAAGAACA-

TAGTCAGAGGTGACAGGATTGG 
50 0.8 

ModBIP-AIV 

GAGTCCATAG- 

CTTGAAGATGTCTTTGCAGGGAAGAACA-

TAGTCAGAGGTGACAGGATTGG 

60 0.8 

Primers targeting glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene of the pan avian for 

internal control (IC) 

F3-IC CACGGAAAGCCATTCCAGT 19 0.2 

B3-IC TGGAGGGTCTTATGACCACT 20 0.2 

FIP-IC 
CAGAACATCATCCCAGCGTCCA-

AAGCTTCCCATTCAGCTCAG 
42 0.8 

Cy3-BIP-IC 
Cy3-CTGCCATCTCTCCACAGCTTCC-

CATGCCATCACAGCCACA 
40 1.4 

ModFIP-IC 

CTGTAAGGGAGAGGTGTCCG-

CAGAACATCATCCCAGCGTCCA-

AAGCTTCCCATTCAGCTCAG 

62 0.8 

Table 6.2. SS primers used in this study. 

Name Sequence 1 (5' - 3') 
Total length 

(bases) 

Binding length 

(bases) 

SS primers of Salmonella spp. (Sal) 

FIP 

TTTTTTTTTTCCCCCCCCCC-

CGCCGCAACCTACGACTCATAC-

TGCAGACTCTCGGATTGAACC 

63 21 

FIP21 

TTTTTTTTTTCCCCCCCCCC-

CGCCGCAACCTACGACTCATAC-

TGCAGACTCTCGGATTGAACC-

TGATCCTGCATCTGA 

79 36 

FIP22 

TTTTTTTTTTCCCCCCCCCC-

CGCCGCAACCTACGACTCATAC-

TGCAGACTCTCGGATTGAACC-

TGATCCTGCATCTGAAAAGGAAGTA 

88 46 

SS primers of Campylobacter spp. (Cs) 

Cs1 

TTTTTTTTTTCCCCCCCCCC-

GGACCGTGTCTCAGTTCCAGTGTGAC- 

GGATGAGACTATATAGTATCAGCTAG-

TTGGTAAGGTAATGGCTTACCAAGGCT 

99 53 

Cs2 

TTTTTTTTTTCCCCCCCCCC-

GGACCGTGTCTCAGTTCCAGTGTGAC- 

GGATGAGACTATATAGTATCAGCTAG-

TTGGTAAGGTAATGGCTTACCAAGGCTATGACGCT 

107 61 

Cs3 
TTTTTTTTTTCCCCCCCCCC-

GGACCGTGTCTCAGTTCCAGTGTGAC- 
120 74 
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GGATGAGACTATATAGTATCAGCTAG-TTGGTAA 

GGTAATGGCTTACCAAGGCTATGACGCTTAACTGG

TCTGAG 

SS primers of Campylobacter coli (Cc) 

Cc1 

TTTTTTTTTTCCCCCCCCCC-

AAGAGATAAACACCATGATCCCAG- 

TCATGAATGAGCTTACTTTAGC-CATCACCT 

74 30 

Cc2 

TTTTTTTTTTCCCCCCCCCC-

AAGAGATAAACACCATGATCCCAG-

TCATGAATGAGCTTACTTTAGC-

CATCACCTTTGCTGTAGTGG 

86 42 

SS primers of Campylobacter jejuni (Cj) 

Cj1 

TTTTTTTTTTCCCCCCCCCC-

ACAGCACCGCCACCTATAGT- 

AGAAGCTTTTTTAAACTAGGGC-TTTTAGGTGGT 

73 33 

Cj2 

TTTTTTTTTTCCCCCCCCCC-

ACAGCACCGCCACCTATAGT- 

AGAAGCTTTTTTAAACTAGGGC-

TTTTAGGTGGTTCTGTAGTAGCAG 

86 46 

Cj3 

TTTTTTTTTTCCCCCCCCCC-

ACAGCACCGCCACCTATAGT- 

AGAAGCTTTTTTAAACTAGGGC-

TTTTAGGTGGTTCTGTAGTAGCAGCTAGT 

91 51 

SS primers of AIV 

AIV1 

TTTTTTTTTTCCCCCCCCCC-

CTTGAAGATGTCTTTGCAGGGAAGAACA-

TAGTCAGAGGTGACAGGATTGG 

70 22 

AIV2 

TTTTTTTTTTCCCCCCCCCC-

CTTGAAGATGTCTTTGCAGGGAAGAACA-

TAGTCAGAGGTGACAGGATTGG-

TCTTGTCTTTAGCCATTCCATGAG 

94 46 

AIV3 

TTTTTTTTTTCCCCCCCCCC-

CTTGAAGATGTCTTTGCAGGGAAGAACA-

TAGTCAGAGGTGACAGGATTGG-

TCTTGTCTTTAGCCATTCCATGAGAGCCTCGAG 

103 55 

AIV4 

TTTTTTTTTTCCCCCCCCCC-

CTTGAAGATGTCTTTGCAGGGAAGAACA-

TAGTCAGAGGTGACAGGATTGG-

TCTTGTCTTTAGCCATTCCATGAGAGCCTCGAGATCGG 

108 60 

SS primers of the internal control (IC) 

IC1 
TTTTTTTTTTCCCCCCCCCC-

CAGAACATCATCCCAGCGTCCA-
78 38 
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AAGCTTCCCATTCAGCTCAG-

GGATGACTTTCCCCAC   

IC2 

TTTTTTTTTTCCCCCCCCCC-

CAGAACATCATCCCAGCGTCCA-

AAGCTTCCCATTCAGCTCAG-

GGATGACTTTCCCCACAGCCTTAGCAG   

89 47 

IC3 

TTTTTTTTTTCCCCCCCCCC-

CAGAACATCATCCCAGCGTCCA-

AAGCTTCCCATTCAGCTCAG-

GGATGACTTTCCCCACAGCCTTAGCAGCCCCAG 

95 53 

6.1.3. Cyclic olefin copolymer (COC) substrate for the SP-LAMP 

Cyclic olefin copolymer (COC) slides (25 mm x 75 mm x 1 mm dimensions) and COC microchips were 

used as an inert solid support in this SP-LAMP study. The microchip was designed with four chambers 

containing 32 (8x4) and 35 (7x5) cone-shape SAF (supercritical angle fluorescence) structures in each 

chamber (Figure 6.1). These SAF structures were around 140 µM and 485 µM wider in the top surface 

and at the bottom, respectively. The chamber had a depth of around 500 µM with a holding capacity of 

25 µL reaction solution.  Both the slides and the microchips were fabricated by injection molding (Engel 

Victory 80/45 Tech, York, PA) at National Centre for Nano Fabrication and Characterization, Technical 

University of Denmark (DTU Nanolab) using COC (Topas 5013-10, Topas Advanced Polymers GmbH, 

Germany). The fabrication of microchips was done as described previously214. In short, a hard aluminum 

(alloy 2017, Metal Centret, Denmark) was used to mill a molding insert using a computer controlled 

micromilling system (Folken Ind., Glendale, CA). The SAF structures in the molding insert were milled 

by using a 60 oC engraving tip (DIXI 7006, Le Locle, Switzerland). After polishing to get a smooth 

surface, the molding insert was inserted into the injection molding to fabricate the microchips. 

 
Figure 6.1. SAF structure (A) and polymer microchip with four reaction chambers (B) 
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6.1.4. Immobilization of SS primers on COC slides and microchips 

The SS primers were prepared in 0.004% Triton X-100 (Sigma- Aldrich, St, Louis, MO) and 5× saline 

sodium citrate (SSC) buffer (Promega, Madison, WI) at a final concentration of 60 µM. The SS primer 

solutions were spotted on cleaned COC slides using Nano-Plotter (Analytik, UK) with approximately 

600 pL/drop, and on COC microchips using a non-contact array system (sciFLEXARRAYER S5, 

Scienion AG, Berlin, Germany) with a PDC coating type 1 spotting tip, that could deposit 300-360 

pL/drop. After spotting, the slides and the microchips were dried at room temperature and exposed to the 

UV irradiation at 254 nm with a power of 3 mW/cm2 for 10 minutes in an UV crosslinker (Stratalinker 

2400, Stratagene, CA, USA). Subsequently, the slides and microchips were washed with 0.1× SSC for 5 

min, rinsed with Milli-Q water, and dried at room temperature. After drying, both COC slides and the 

microchip chambers were treated with bovine serum albumin (BSA) (2.5 mg/mL) for 30 minutes at room 

temperature. Further, the slides and microchips were rinsed with Milli-Q water, followed by drying at 

room temperature. On the slide, a gene frame (Life Technologies Europe BV, Danmark) with a liquid 

holding capacity of 25 uL was attached to cover the area spotted with SS primers, and SP-LAMP reaction 

was performed.  

6.1.5. Singleplex SP-LAMP reaction 

The singleplex SP-LAMP assay was carried out in 25 µL of master mixture containing target-specific 

primers (concentration of primers used for each target was shown in table 6.1), 1.4 mM dNTPs mix (LGC 

Biosearch Technology, Aarhus, Denmark), 0.5 M Betaine (Sigma-Aldrich, Denmark), 10 U Bst 2.0 

Warmstart DNA polymerase (New England BioLabs), 1× isothermal amplification buffer, sterilized 

water and DNA template. On the slide, the SP-LAMP master mix was pipetted into the gene frame and 

sealed by a coverslip. On the microchip, the SP-LAMP mixture was loaded into the chamber and sealed 

by a thermostable, PCR-compatible optical adhesive cover (Applied Biosystems, Waltham, MA). 

The SP-LAMP assays were conducted in a flatbed PCR thermocycler (MJ Research, Canada). The SP-

LAMP reactions were set up at 65 °C for 90 min. After completion of the reactions, the solution inside 

the gene frames and chambers was collected for post-amplification analysis through gel electrophoresis. 

The slides and chambers in microchips were washed with 1× SSC, followed by washing with 1× SSC 

containing 1% Tween-20 for 10 seconds, and two times with Milli-Q water for 20 seconds. After 

washing, the slides and microchips were dried at room temperature. For visualization of SP-LAMP 

results, the microchips were scanned by Cy3 filter at 200 ms exposer time in a BioAnalyzer 4F/4S 

scanner (LaVision BioTec GmbH, Bielefeld, Germany).  

6.1.6. Multiplex SP-LAMP reaction 

The multiplex SP-LAMP was tested initially with different combinations of 2 primer sets targeting 

targets such as 1) Campylobacter spp. and Salmonella spp., 2) C. coli and C. jejuni, 3) Campylobacter 

spp. and C. coli, 4) Campylobacter spp. and C. jejuni, 5) Salmonella spp.  and C. coli, 6) Salmonella spp. 

and C. jejuni, 7) Campylobacter spp. and internal control (IC), 8) Salmonella spp. and IC, 9) C. jejuni 



 

 
73 

and IC, 10) C. coli and IC, and 11) AIV and IC. The condition of the multiplex SP-LAMP reaction was 

similar to the condition in the singleplex SP-LAMP reaction, except two primer sets were used. The 

multiplex LAMP reaction was initially studied in the liquid phase (without the attachment of SS primers 

on the solid substrate) in tubes using a thermocycler (Mx3005P, Stratagene, AH diagnostics, Denmark) 

at 65 oC for 90 min. The multiplex SP-LAMP on microchips was performed with the attachment of SS 

primers similarly to singleplex SP-LAMP as described above.  

6.1.7. Effect of SS primer concentrations on the SP-LAMP assay 

Different concentrations of the SS primer targeting HilA gene of Salmonella ranging from 10 to 60 μM 

were spotted on COC slide by NanoPlotter with approximately 600 pL per droplet. The immobilization 

process and the SP-LAMP reaction were carried out as described above. After the SP-LAMP reaction, 

the slide was scanned by GenePix Pro 4200A, (Molecular Devices) with 500 gain. 

6.1.8. Data analysis 

The scanned image was analyzed using GenePix Pro 7.0 software (Molecular Devices). A circle was 

drawn and adjusted to the size of the spot. The mean fluorescent intensity value inside the circle was 

determined as the signal intensity of the spot. On the slide, the fluorescence intensity of an area between 

the spot and the area of the slide not immobilized with SS primers was used as the background. The 

standard deviations of the background were calculated based on background values from five areas. 

There were two backgrounds in the microchip. Background 1 was the mean value of the signal from five 

areas in the microchip without SAF structures. Background 2 was the mean signal value of five SAF 

structures without any immobilized SS primers. The background 1 subtracted from background 2 was 

considered as the background of the microchip. The signal-to-noise ratio (SNR) (eq. 6.1) was determined 

by the mean of the fluorescence intensity (�̅�𝐢) of the five spots (in the slide) or seven SAF structures (in 

microchips) after amplification, minus the mean background (�̅�), and divided by the standard deviations 

of the background (𝐒𝐃�̅�).  

𝐒𝐍𝐑 = (�̅�𝐢 − �̅�)/𝐒𝐃�̅� (eq. 6.1) 

6.1.9. Gel electrophoretic analysis 

After the SP-LAMP, the reaction solutions were collected and confirmed by gel electrophoresis. Eight 

µl of each LAMP amplified product were loaded on agarose gel (2%) containing 1X of SYBR® Safe 

DNA Gel Stain (Invitrogen, Life Technologies, USA). The gel electrophoresis was carried out at 50 volts 

for 30 min and was visual under UV light using a BioSpectrum® AC imaging system (AH diagnostics, 

Denmark). 

6.2. Results and discussion 

6.2.1. The solid phase LAMP (SP-LAMP) process 
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SP-LAMP is the amplification of a target nucleic acid on an inert solid surface under isothermal 

conditions. The dsDNA generated in SP-LAMP will eventually be localized on the solid surface, which 

induced by the immobilized SS primers (Figure 6.2). The SP-LAMP comprises of two main amplification 

steps: liquid phase (Figure 6.2A) and solid phase (Figure 6.2B). In the initial liquid phase amplification 

step, a loop structure (LP-1A) is generated by the combined activities of two outer primers (F3, B3) and 

two inner primers (FIP, and BIP-cy3). This loop structure contains a self-priming region at the 3’-end as 

conventional LAMP and a fluorescence dye (cy3) at 5’-end. Similar to conventional LAMP, the loop 

regions are the positions for primers (FIP and BIP) binding and synthesizing new strands in subsequent 

amplification cycles. In addition, in the liquid phase, the modified primer (ModFIP) binds to F2C region 

on LP-1A and synthesizes a complementary (LP-1B) strand, leading to the release of two other structures 

LP-2A and LB-3A. Continuously, BIP-cy3 anneals to LP-2A at B2C region (LP-2B) and extends a new 

strand, thereby releasing LP-4A and LP-5A structures simultaneously. The loop structure LP-4A 

contains a fluorescent dye at the 5’-end, but not a self-priming region at the 3’-end. This structure acts 

as a template for solid phase amplification. In the second step, F2 region of SS primer immobilized on 

the solid substrate anneals to F2C region on LP-4A and synthesizes complementary strand. As a result, 

a dsDNA labelled with the fluorescence dye cy3 is generated on the solid surface (SP-2).  

 
Figure 6.2. The scheme of SP-LAMP. The SP-LAMP includes two phases of amplification, a liquid phase 

amplification (A) and a solid phase amplification (B) 

6.2.2. Evaluation of solid support (SS) primers for SP-LAMP 

To evaluate the efficiency of SS primers for SP-LAMP reaction, three SS primers (FIP, FIP21, FIP22 SS 

primers), which have a difference in their length of the binding region, were designed based on FIP 

primer for specific detection of Salmonella spp. (Figure 6.3A). The binding region of FIP SS primer was 
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F2 (21 bases), while FIP21 SS primer was 36 bases (F2 plus additional 15 bases) and FIP22 SS primer 

was 46 bases (F2 plus 25 bases). All the SS primers used in this study contained a 10T10C tail at 5’-end 

that forms a covalent bond with unmodified COC surface during UV treatment. Figure 6.3B showed that 

the SS primer having a longer binding sequence gave better SP-LAMP efficiency than that of the shorter 

SS primer. This result was consistent with the previous reports116,215,216. The longer SS primers might 

have a higher probability of binding to the target than the shorter SS primers resulting, in general, in 

higher sensitivity than the shorter one216. In addition, the longer SS primers could extend farther away 

from the solid surface. Therefore, the longer SS primers are easier to anneal to the DNA target on the 

liquid phase215. 

 
Figure 6.3. Evaluation of SS primers in SP-LAMP. (A) The designing of SS primers and (B) The efficiency of 

SP-LAMP using different SS primers.  

6.2.3. The effect of SS primer concentration on the SP-LAMP 

To investigate the effect of SS primer concentrations in SP-LAMP reaction, different concentrations of 

FIP SS primer ranging from 10 to 60 µM were studied on COC slides. Since the efficiency of the UV 

immobilization method was around 50%116, the actual surface density of SS primers may vary from 

2.48x1010 to 1.49x1011 molecules/mm2. Figure 6.4 showed that the SNR was higher when the higher 

concentration of SS primer was used (Figure 6.4). 

In a previous study, the effect of SS primer concentrations on the efficiency of solid phase DNA 

amplification was studied and 60 µM was recommended in solid phase PCR (SP-PCR)116. At lower 

concentrations of SS primers, the efficiency of solid phase DNA amplification was low because of 

deficient SS primers used217. At higher concentrations of SS primers (>60µM), the efficiency of the solid 

phase DNA amplification was also reduced because of the molecular crowding effect. Peterson et al. 
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reported that, at a high density of SS primers, only 10% of SS primers were used for hybridization; thus, 

the binding kinetic will be lower217. The same effects might occur in SP-LAMP. Moreover, the loop 

structure was used as the template in SP-LAMP. The high density of SS primers may hinder the binding 

of this loop to SS primers on the COC surface. Therefore, in this study, we investigated the efficiency of 

SP-LAMP with concentration at 60 µM and below this concentration. 

 

Figure 6.4. The effect of SS primer concentrations on SP-LAMP efficiency. 

6.2.4. SP-LAMP for singleplex detection of pathogens 

The SP-LAMP for singleplex detection of different pathogens, including Campylobacter spp., C. jejuni, 

C. coli, AIV, and IC was studied. The SS primers of Campylobacter spp., C. jejuni, C. coli, and IC were 

designed based on FIP primers, and fluorescent dye Cy3 was labelled on BIP primers at the 5’-end. In 

contrast,  the SS primers of AIV were designed based on BIP primer, and the FIP primer was labelled 

with Cy3 at the 5’-end. For each target, several SS primers having different lengths of the binding region 

were designed and tested. We investigated the singleplex SP-LAMP on COC microchips containing SAF 

structures. Performing SP-LAMP on SAF structures gives several advantages. Firstly, undesirable 

interactions of amplicons were minimized since the amplicons were separated spatially on the solid 

surface. Secondly, the sensitivity of the assay was increased due to the emission of a fluorophore at the 

interface and the total internal reflection of the light at a supercritical angle in the SAF structure. It was 

reported that the fluorescence intensity enhanced 46 fold with truncated cone-shape SAF structures, 

resulting in an increase of 36 fold in sensitivity using a simple and inexpensive optical detection 

system218. Therefore, integration of SP-LAMP on SAF structures is an ideal technique for the 

development of POC devices. 

The control probes (Ctr) gave strong signals in the SP-LAMP reaction of Campylobacter spp., C. coli, 

C. jejuni, IC, and AIV, indicating a good immobilization of SS primers on SAF structures in all the 

reactions (Figure 6.5A). The SP-LAMP amplifications were positive for all the targets in this study. 

However, the efficiency of the SP-LAMP was different between the SS primers and targets (Figure 6.5). 
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For each target, the SS primers having a longer binding region gave higher SNR than that of the shorter 

SS primer (Figure 6.5B). Of the four targets tested, the AIV SS primer (AIV3 and AIV4) gave the highest 

SNR (from 158 to 163), followed by internal control (IC3, SNR 153), C. coli (Cc2, SNR 104), and 

Campylobacter spp. (Cs3, SNR 59). The SS primers for C. jejuni had the lowest SNR in all the three SS 

primers (from 6 to 21) (Figure 6.5B).  

The efficiency of the SP-LAMP might be affected by the length of the binding region of SS 

primers116,215,216. SS primers with a long binding region would facilitate better hybridization with the 

template in the liquid phase reaction. Therefore, we expected that all the SS primers with longer binding 

sequences would give a better signal than shorter ones. As expected, for each target, the SS primers with 

the longer binding region gave better SNR than the shorter (Figure 6.5B). However, this trend did not 

occur with SS primers for different targets, e.g. SNR of the AIV4 (60 bases in the binding region) was 

better than that of IC3 (53 bases in the binding region), Cc2 (43 bases in the binding region), Cs3 (74 

bases in the binding region), and Cj3 (51 bases in the binding region) (Figure 6.5B). This difference 

could be due to the overall efficiency of SP-LAMP primer sets of individual targets. The difference in 

the turnover rate of individual LAMP reaction resulting in the formation of primary loop structures might 

have significantly influenced on the outcome in SP-LAMP. Another probable reason could be the 

difference between the dominance of liquid phase reaction over the solid phase reaction among the 

different targets.  

 

Figure 6.5. The efficiency of SS primers in SP-LAMP with different targets. 
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6.2.5. Development of SP-LAMP for multiplex detection of pathogens 

In SP-LAMP, a set of 5 primers is required per target for its amplification. For a multiplexing SP-LAMP, 

at least 10 primers are required per reaction. Under such circumstances, the risk of the formation of 

heterodimers among primers is high due to the use of many primers with long sequences. A multiplex 

SP-LAMP of 2 different targets was first initiated on liquid phase using qPCR system. DNA intercalating 

dye, SYTO 9, was used to monitor the reaction. The signal intensity was normalized to the signal 

intensity observed in a positive reaction. Since the dye does not fluoresce in the absence of dsDNA and 

emit fluorescence strongly in the presence of dsDNA, the normalized signal (%) is presented to compare 

the primer dimers in singleplex and multiplex targets. 

Figure 6.6. shows the results of initiated experiments where single target and multiplex of two targets 

were tested on liquid phase using a thermocycler. The background fluorescence signal of SYTO 9 

without any target was used to compare with single target and multiple targets. In the mixture containing 

all LAMP reagents without primers and target, 9% of fluorescence signal was observed with SYTO 9 

(Figure 6.6). In the singleplex target, the fluorescence signal was 11-12% for IC, AIV, and C. jejuni; and 

22-23% for C. coli, Salmonella, and Campylobacter in comparison to positive reaction (Figure 6.6). In 

multiple target reactions, no false positive signal was observed. The fluorescence signal of multiple 

targets was 12% for C. jejuni and IC, 14% for AIV and IC, 22% for C. coli and IC, 23% for C. jejuni and 

Salmonella, C. coli and C. jejuni, and Salmonella and IC, 25% for C. jejuni and Campylobacter, 27% for 

C. coli and Salmonella; 29% for Salmonella and Campylobacter, and 31% for C. coli and 

Campylobacter. The fluorescence signals of these pairs were not significantly higher in comparison to 

their respective singleplex targets. The results indicated a low heterodimer of primers in each 

combination.  In contrast, a fluorescence signal was increased remarkably up to 75 % in the multiplex of 

Campylobacter and IC combination, and the normalized signal was 50 % higher than their singleplex 

targets (Figure 6.6). The fluorescence signals observed in this combination indicated the high 

heterodimer of different primers between Campylobacter and IC primers. 
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Figure 6.6. Multiplex detection of pathogens on liquid phase using qPCR system. 

For further investigation of the SP-LAMP multiplexing capacity, two combinations of targets that 

showed the lowest heterodimer, the AIV and IC, and the C. jejuni and IC, were selected and tested in the 

presence of SS primers corresponding to their targets. Figure 6.7 shows a small increase in the signal of 

less than 1% and 2% when using a single SS primer and both SS primers in the reaction, respectively. 

The primer dimers are a common issue in LAMP because of a number of primers being used with longer 

sequences in the reaction. The primer dimer (both homodimer and heterodimer) in singleplex reactions 

could be minimized by using LAMP primer design software (Eiken Chemical Co. Ltd., Tokyo, Japan). 

The heterodimer of primers of multiplex reaction (multiple primer sets) could adversely affect the 

multiplex LAMP reactions. The primer dimers could be amplified if primers hybridize at their 3’-end 

resulting in false positive results219. Besides, the amplification efficiency of the LAMP reaction might be 

reduced by the heterodimers. Therefore, it is important to check the primer dimers of different LAMP 

primer sets for multiplex LAMP. All the combinations for duplex targets tested in this study did not 

result in any false positive reactions. 
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Figure 6.7. Combination of primers and probes on liquid phase for multiplex detection of pathogens in qPCR 

system. 

The SP-LAMP for multiplex detection of AIV and IC was further tested on COC microchips (Figure 

6.8). In the negative control reaction (Figure 6.8A), no fluorescence signal was observed with both AIV 

and IC SS primers that confirmed the specificity of the multiplex SP-LAMP reaction. In contrast, the 

fluorescence signal was observed with AIV target (Figure 6.8B), with IC target (Figure 6.8C), and with 

both AIV and IC targets (Figure 6.8D) that confirmed the amplification of specific targets in the multiplex 

reaction of AIV and IC. However, the false positive signal was observed with AIV SS primers in the SP-

LAMP reaction with the IC target (Figure 6.8B). The false positive signal might be due to the non-

specific amplification of the AIV SS primer with IC product generated during the SP-LAMP reaction. It 

was reported that the SS primers with a longer binding region gave better sensitivity; however, they had 

lower specificity than the shorter SS primers215. The AIV3 SS primer used in this multiplex detection 

contained 55 bases (F2 plus 33 bases) in the binding region. The specificity of F2 region was confirmed 

during the development and optimization of conventional LAMP for AIV, but not for the structure with 

33 bases extension. This 33 bases extension in the binding region might be the reason behind non-specific 

binding with IC product. 

 

Figure 6.8. The SP-LAMP for multiplex detection of AIV and internal control (IC). 
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6.3. Conclusion 

In brief, this chapter details the development of the SP-LAMP assay as a novel technology for the 

detection of multiple pathogens. The assay was successfully tested with Campylobacter spp., Salmonella 

spp., C. coli, C. jejuni, AIV, and IC in singleplex conditions. Further, an attempt was also performed to 

extend the functional capability of SP-LAMP technology and demonstrated multiplexing SP-LAMP (as 

a preliminary concept) with AIV and IC targets. Initial studies with multiplexing SP-LAMP in this study 

give promising results, although the specificity of solid-phase amplification still remains challenging. 

The multiplexing capacity of LAMP itself is not yet completely developed and, therefore, is one of the 

major research fields in the contemporary scientific world. In this direction, initial promising results 

observed in this study for the SP-LAMP opens the way towards possible success shortly. This novel 

concept/technology requires further intensive research that may be considered in future.   
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Chapter 7. Conclusion and outlook 

In summary, in this thesis, several LAMP assays have been developed with different approaches toward 

POC testing for preventing the transmission of infectious and foodborne diseases.   

1. A simple visual detection strategy was developed and integrated with LAMP suitable for rapid 

detection of C. coli and C. jejuni in the poultry production. The method is sensitive (50 CFU/mL 

without enrichment step) and capable of rapid detection (~60–70 min from sampling to the final 

results) of C. jejuni and C. coli in spiked chicken feces. 

2. To address the problem of carry-over contamination in LAMP assays, the Cod-UNG-rRT-LAMP 

assay was developed with SARS-COV-2 as a model target. With this approach, it was possible to 

detect a very low concentration of SARS-CoV-2 virus (8 copies/reaction) within 45 min and 

simultaneously eliminate 10-20 pg of contaminants per reaction.  

3. The selection of suitable DNA intercalating dyes for real-time LAMP was explored by investigating 

twenty-three DNA dyes. The dyes were classified into four different groups: non-inhibition effect, 

medium inhibition effect, high inhibition effect, and very high inhibition effect. Based on the 

findings, SYTO 9, SYTO 82, SYTO 16, SYTO 13, and Miami Yellow were recommended to use in 

the real-time LAMP reactions due to having no inhibitory effect, the possibility of achieving low 

detection limits, and a high signal-to-noise ratio. This classification of the dyes will simplify the 

selection of fluorescence dye to develop real-time LAMP assays for the POC setting. 

4. Considering POC suitable for on-site testing and applications at low infrastructure laboratory 

facilities, a ready-to-use LAMP reaction mixture concept was developed based on gelification 

technology. The gelified ready-to-use LAMP reaction was stable at room temperature for 7 weeks 

and up to 3 years at 2-8 ℃.  The ready-to-use LAMP reaction will facilitate ease of use, long-term 

storage and flexible transportation conditions.  

5. For the development of multiplex LAMP assay, SP-LAMP was developed successfully and used for 

singleplex detection of different pathogens (Campylobacter spp., Salmonella spp., C. coli, C. jejuni, 

avian influenza virus, and pan avian for internal control). Initial results of multiplexing SP-LAMP 

are promising, however, the specificity of solid phase amplification remains challenging. The 

multiplexing capacity of SP-LAMP itself is not yet completely developed and, therefore, is one of 

the major research in molecular diagnostic fields based on the nucleic acid. The initial promising 

results observed in this study open the way towards possible success for multiplexing the SP-LAMP 

shortly.   

The findings in this Ph.D. have the potential for applications as rapid diagnostic tests at POC. These 

strategies can also be integrated into POC systems to improve the performance of POC testing. Therefore, 

they are able to contribute to the expansion of the rapid diagnostics business in the POC industry. The 

POC rapid diagnostics tests make it convenient for patients, provide quickly appropriate treatments, 
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improve outcomes, and can prevent the outbreak of infectious diseases. The robustness and simple of 

these diagnostics tests are easy to use, suitable for non-lab skilled users, and are useful in rural and remote 

areas with low infrastructure, therefore, facilitate health care and quality of life. The developed LAMP 

assays also have the potential for implementation in food quality control, in zoonotic diseases control in 

industrial livestock productions as well as in food transport regulation to ensure animal health, food 

safety and quality. As a result, it will minimize the negative effects of infectious and foodborne diseases, 

thereby reducing the economic burden on society. However, more efforts are required to bring all these 

techniques from the lab-scale studies to mass production for the achievement of the improvement in the 

field of POC testing. For scientific research, the development of SP-LAMP as a novel technology 

requires further intensive research in order to expand the multiplexing capability of SP-LAMP. Thus, the 

research strategy has the potential to open a new frontier area of research in the near future.  
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Appendix 

Appendix 1. The primer sequences of HilA gene of Salmonella and Campylobacter jejuni used in the study in 

Chapter 4. 

Salmonella primer Sequence (5’-3’) % GC 

Sal F3 CGC ATA CTG CGA TAA TCC CTT C 50 

Sal B3 ATT CTG TCG GAA GAT AAA GAG C 41 

Sal FIP CGC CGC AAC CTA CGA CTC ATA  

CTG CAG ACT CTC GGA TTG AAC C 

55.5 

Sal BIP GGC GGA GAC ACC ACT ACG ACC  

GTT ACA TTG AAA CAC TGT ACG 

53 

Sal LF CTT CCT TTT CAG ATG CAG GAT CA 43 

Sal LB GGA CGA TTA AAC CGA TAG CCC T 53 

LAMP product  53.7 

Campylobacter jejuni primer Sequence (5’-3’) % GC 

Cj F3 GCAAGACAATATTATTGATCGC 36.4 

Cj B3 CTTTCACAGGCTGCACTT 50 

Cj FIP ACAGCACCGCCACCTATAGT 

AGAAGCTTTTTTAAACTAGGGC 

45.7 

Cj BIP AGGCAGCAGAACTTACGCATT 

GAGTTTGAAAAAACATTCTACCTCT 

39.8 

Cj LF CTAGCTGCTACTACAGAACCAC 50 

Cj LB CATCAAGCTTCACAAGGAAA 40 

LAMP product  41.4 
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Appendix 2. Excitation, emission and filter setting of dyes used in the study in Chapter 4. 

Dyes Filter setting Ex/Em 

SYTO 9 1 485⁄498      

SYTO 13 1 488/509 

SYTO 16 1 488/518 

SYTO 64 3 599/619 

SYTO 82 2 541⁄560 

Boxto 2 515/552 

Miami Green 1 414/504 

Miami Yellow 2 502/558 

Miami Orange 3 535/640 

YOPRO 1 1 491/509 

SYTO 62 4 649⁄680 

TOPRO 3 4 642/661 

SYTO 60 4 652⁄678 

Eva Green 1 500/530 

dsGreen 1  454/524 

POPO3 2 534/570 

Nuclear Green DCS1 1 503/526  

SYBR Green I 1 497/520 

BOBO3 3 570/602 

TOTO 3 4 642/660 

Pico 488 1 503/526 

TOTO 1 1 514/533 

SYTO 24 1 490⁄515 

SYBR Gold 1 495/537 

Appendix 3. Fluorescence excitation and detection ranges of 4 channels used in Chromo4 system. 

 
Fluorescence excitation ranges  Fluorescence detection ranges  

Channel 1  450-490 nm  515-530 nm  

Channel 2  500-535 nm  560-580 nm  

Channel 3  555-585 nm  610-650 nm  

Channel 4  620-650 nm 675-730 nm  
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Appendix 4. Testing of real-time LAMP amplification efficiency of SYTO 9 at different concentrations: A) Raw 

data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 

Appendix 5. Testing of real-time LAMP amplification efficiency of SYTO 13 at different concentrations: A) Raw 

data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 

Appendix 6. Testing of real-time LAMP amplification efficiency of SYTO 16 at different concentrations: A) Raw 

data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 
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 Appendix 7. Testing of real-time LAMP amplification efficiency of SYTO 64 at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 
 Appendix 8. Testing of real-time LAMP amplification efficiency of SYTO 82 at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 
Appendix 9. Testing of real-time LAMP amplification efficiency of BOXTO at different concentrations: A) Raw 

data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 
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Appendix 10. Testing of real-time LAMP amplification efficiency of Miami Green at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 
Appendix 11. Testing of real-time LAMP amplification efficiency of Miami Yellow at different concentrations: 

A) Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after 

LAMP reaction. 

 
Appendix 12. Testing of real-time LAMP amplification efficiency of Miami Orange at different concentrations: 

A) Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after 

LAMP reaction. 
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Appendix 13. Testing of real-time LAMP amplification efficiency of YOPRO 1 at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 
Appendix 14. Testing of real-time LAMP amplification efficiency of SYTO 62 at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 
Appendix 15. Testing of real-time LAMP amplification efficiency of TOPRO 3 at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 
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Appendix 16. Testing of real-time LAMP amplification efficiency of Eva Green at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 
Appendix 17. Testing of real-time LAMP amplification efficiency of SYTO 60 at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 

Appendix 18. Testing of real-time LAMP amplification efficiency of DCS1 at different concentrations: A) Raw 

data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 
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Appendix 19. Testing of real-time LAMP amplification efficiency of POPO 3 at different concentrations: A) Raw 

data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 
Appendix 20. Testing of real-time LAMP amplification efficiency of TOTO 3 at different concentrations: A) Raw 

data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 
Appendix 21. Testing of real-time LAMP amplification efficiency of Sybr Green I at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 
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Appendix 22. Testing of real-time LAMP amplification efficiency of BOBO3 at different concentrations: A) Raw 

data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 
Appendix 23. Testing of real-time LAMP amplification efficiency of Pico 488 at different concentrations: A) Raw 

data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 

Appendix 24. Testing of real-time LAMP amplification efficiency of TOTO 1 at different concentrations: A) Raw 

data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 
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Appendix 25. Testing of real-time LAMP amplification efficiency of SYTO 24 at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

 

Appendix 26. Testing of real-time LAMP amplification efficiency of Sybr Gold at different concentrations: A) 

Raw data of fluorescence intensity recording during LAMP reaction and B) Gel electrophoresis image after LAMP 

reaction. 

   

Appendix 27. Signal-to-noise ratio of fluorescent dyes in Groups 2 and 3 which showed inhibition effect. The 

reaction was performed at optimal dye concentration (Table 3) in the presence of 2 ng of S. Enteritidis DNA per 

test. 
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Appendix 28. Sensitivity of six dyes in Groups 2 and 3 including TOPRO 3, SYTO 62, SYTO 60, Eva Green, 

SYBR Green I and Nuclear Green DCS1,  which had different degrees of inhibitory effect. The sensitivity test 

was performed at optimal concentration for each of the dyes. From left to right: Raw fluorescence signal (arbitrary 

unit), Standard curves and Gel electrophoresis images. 
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Appendix 29. Comparison of dye concentration versus Tm of UC amplicon. The primer sequences and PCR 

conditions are similar to Haurkur et al. 2007185. 

  

Appendix 30. Melting curves of SYTO 9 at different concentrations using Salmonella and Campylobacter jejuni 

LAMP amplicons. The melting curves were measured in the Piko system after LAMP amplification in FAM 

channel using 0.5 oC step with a holding time of 10 s at each step from 60-98 oC. 

 

    

Appendix 31. Comparison of fluorescence of Salmonella LAMP reaction using DNA samples on the Mx3005P 

system: A) With background subtraction turned off, B) With background subtraction turned on, and C) Gel 

electrophoresis image.    
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Appendix 32. Comparison of fluorescence of Salmonella LAMP reaction using DNA samples on the Piko system: 

A) With background subtraction turned off, B) With background subtraction turned on, and C) Gel electrophoresis 

image. 

   

   

Appendix 33. Background fluorescence of samples with different background DNA using varying concentrations 

of SYTO 9. An enrichment sample was prepared by inoculation of 647 CFU of Salmonella Typhimurium in 10 

grams of chicken fecal material containing 100 mL of Buffered Peptone Water and incubated at 37 oC for 17 hours. 

The enrichment sample had a very high concentration of background DNA (approximately 712 ng DNA/uL) due 

to the growth of the microflora from the sample in the enrichment media. 
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