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ABSTRACT 

 

 

DEVELOPMENT OF IMMUNOAFFINITY BASED DETECTION 

PLATFORMS FOR FOOD PATHOGENS 

 

 

 

Çam, Dilek 

Ph.D., Department of Biology 

Supervisor: Prof. Dr. Hüseyin Avni Öktem 

March 2016, 164 pages 

 

 

Salmonella and E.coli, food pathogens, are among the very important pathogens 

threating the health. Rapid and easy detection of these pathogens is crucial. In this 

context, lateral flow assay (LFA) platform prepared by gold nanoparticles (GNPs) 

based on antibody for Salmonella and E.coli O157:H7 was developed in the first 

part of this study. In second part, single chain variable fragments (scFv) and SNAP-

Tagged full IgG (fusion protein) of se155-4 antibody specific to Salmonella were 

genetically produced. Target capturing potential of the antibodies was examined by 

conventional and immunomagnetic ELISA.  

HF180 and 36nm GNPs were ideal membrane and dimension, respectively in the 

developed LFA. The best recognized species were S. enteritidis and S. infantis. 

E.coli were also specifically captured by developed strips. 5x105 S. typhimurium 

and 3x104 E.coli cells were determined as limit of detection by strips. 

scFv captured 2.8x104 and 2.8x105 target cells alone and in bacterial mixture, 

respectively. To our knowledge, recognition of whole cells by scFv and fusion 



vi 

 

protein of se155-4 were the first records in the literature. Produced antibodies 

showed strong affinity to S. typhimurium LPS, live and killed S. typhimurium. With 

the recombinant production of se155-4 known as specific to serogroup B cells, its 

high affinity to Salmonella serogroup D LPS was indicated as the first, in this work. 

LPS was the best antigen with high affinity. 1.4x101 S. typhimurium cells were the 

minimum pathogens detected by immunomagnetic ELISA.  

 

Keywords: Gold nanoparticles, test strip, Salmonella, E.coli, scFv 
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ÖZ 

 

 

GIDA PATOJENLERİ İÇİN İMMÜNOAFİNİTE TEMELLİ TEŞHİS 

PLATFORMLARININ GELİŞTİRİLMESİ 

 

 

 

Çam, Dilek 

Doktora, Biyoloji Bölümü 

Tez Yöneticisi: Prof. Dr. Hüseyin Avni Öktem 

Mart 2016, 164 sayfa 

 

 

Gıda patojenlerinden Salmonella ve E.coli, sağlığı tehdit eden en önemli patojenler 

arasındadır. Bu patojenlerin hızlı ve kolay teşhisi büyük önem taşımaktadır. Bu 

kapsamda, çalışmanın ilk kısmında Salmonella ve E.coli O157:H7 için altın 

nanoparçacıklara (AuNP) dayalı, antikor temelli yatay akışlı test (YAT) platformu 

geliştirilmiştir. İkinci kısmında ise Salmonella’ya özgü se155-4 antikorunun tek 

zincirli değişken kısımları (scFv) ile SNAP-Tag içeren tam zincirli antikorları 

(füzyon protein) rekombinant olarak üretilmiştir. Bu antikorların hedef 

organizmayı yakalamaları normal ve immunomanyetik ELISA ile test edilmiştir.  

Geliştirilen YAT platformunda HF180 en ideal membran seçilmiş, 36nm AuNP’lar 

ideal boyut olmuştur. En iyi tespit edilen türler S. enteritidis ve S. infantis olmuştur. 

E.coli hücreleri geliştirilen stripler ile spesifik şekilde yakalanmıştır. Stripler, hedef 

organizmaları bakteri karışımları içerisinde de hassasiyetle yakalamıştır. 5x105 S. 

typhimurium ve 3x104 E.coli bakterileri stripler ile teşhis edilen minimum hücre 

olmuştur. 
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scFv’ler hedef organizmayı tek başına 2.8x104 hücre olarak yakalarken, farklı 

bakteri karışımı içerisinde 2.8x105 hücre olarak yakalamıştır. scFv’lerin tam bir 

bakteri hücresini yakalaması ve Se155-4 antikorunun füzyon protein şekli ilk defa 

bu çalışmada geliştirilmiştir. Üretilen bu antikorlar, S. typhimurium LPS’lerine, ölü 

ve canlı S. typhimurium hücrelerine yüksek affinite göstermiştir. Serogrup B 

hücrelerine spesifik olduğu bilinen se155-4 proteinin rekombinant üretimi ile 

Salmonella serogrup D LPS’lerine de yüksek afinite gösterdiği ilk defa bu 

çalışmada belirtilmiştir. LPS, en iyi afinite gösterilen antijen olmuştur. 

İmmünomanyetik ELISA ile 1.4x101 S. typhimurium hücresi teşhis edilen 

minimum patojen olmuştur. 

 

Anahtar kelimeler: Altın nanoparçacıklar, test strip, Salmonella, E.coli, scFv 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1. Food Pathogens 

Food safety is the most important issue for the public health throughout the world 

especially in developing countries. Because foodborne pathogens, e.g. viruses, bacteria 

and fungi cause not only serious damaging effects to food quality but also animal or 

human death (Mead et al., 1999, Oliver et al., 2005, Wallace et al., 2000). Infection of 

humans by those pathogens is occurred via contaminated sources such as drinking 

water and food (Dwivedi and Jaykus, 2011). Among 31 pathogens identified as 

causative agent for foodborne illnesses, Campylobacter, L. monocytogenes, S. aureus, 

Salmonella, B. cereus, E.coli O157:H7, C. perfringens, and T. gondii are the primary 

bacteria responsible for foodborne sickness, deaths and hospitalizations (Park et al., 

2001, Gandhi and Chikindas, 2007, Murphy et al., 2006, Velusamy et al., 2010, Wang 

et al., 2011a). According to the estimates from US Centers, foodborne pathogens are 

in charge of 76 million cases of diseases which are occurred annually, and the annually 

cost caused by major pathogens containing E.coli and Salmonella was reported as 

about $ 6.9 billion (U.S. Food and Drug Administration, 2002, Allos et al., 2004). 

Besides, foodborne diseases were resulted by 3000 death and 128000 hospitalization 

according to the estimates of Centers for Disease Control and Prevention (CDC) in 

2011 (CDC, 2011). Although foodborne illnesses might be increased via unhealthy 

nourishment, increased transportation and trade globalization (Käferstein et al., 1997), 

people have more awareness about foodborne pathogen contamination due to the 

increased facilities when compared to the past. In terms of the market, food sector has 

also remarkable potential for microbiological testing. Therefore, enhancing the quality 

of it or rapid detection of pathogens for food industry has become the priority in safety. 



2 

 

Thus, developing of cost effective, rapid, simple, disposable and easy to use assays 

without needed complex instrumentation with a high sensitivity is always the key issue 

in order to improve the food safety and public health. 

1.1.1. Salmonella 

Salmonella named from Salmon, American scientist discovered them, is widely 

distributed group of gram negative bacteria in nature and has about 2300 serotypes. 

The primary reservoirs of Salmonella are animals and humans. It invades the intestinal 

tract of hosts as a result of ingesting the contaminated foods and causes salmonellosis 

which might be resulted with death. Salmonella enterica subsp. enterica has almost 

1500 serotypes which show various antigenic differences in H (flagellar) antigens and 

lipopolysaccharide (LPS) O antigens. Among the subspecies of Salmonella enterica; 

typhimurium, typhi (choleraesuis), enteritidis, gallinarum, dublin and pullorum are the 

major agents for human and animal diseases. According to research in 2004, 56% of 

the infections were accounted by heidelberg, 5%, javiana, 7%, newport, 10%, 

enteritidis, 15% and typhimurium, 20% (CDC, 2005). Generally, septicemia, enteric 

fevers and gastroenteritis are main three diseases caused by Salmonella species. 

Typhoid fevers are also serious problem occured by S. typhi and S. paratyphi infection 

while septicemia is caused by S. choleraesuis. In addition to this, Salmonella infections 

might be ended with a major economic losses in food industry (Levy, 1974). Besides, 

some species including S. typhimurium that is the most common causative agent for 

gastroenteritis (Aserkoff et al., 1970, Hargrett-Bean et al., 1988) can also be used as a 

bioterrorism agent via bacterial culture contaminated food and water supplies (Roffey 

et al., 2002). Most of the Salmonella infections which are transmitted to humans by 

poultry, pork, meat, chicken and eggs are typically food-borne illness. It was reported 

that around 15% of salmonellosis cases is caused by pork and 70% of pork 

contamination originates from Salmonella-infected pigs (Borch et al., 1996). Food 

borne salmonellosis may also be thought as caused by turkey products and meat as an 

important sources (Eurosurveillance Editorial Team, 2012).  
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In the United States (US), the outbreak of waterborne salmonellosis in California and 

Salmonella caused contaminated milk which gave rise to 16000 cases of human 

salmonellosis (Bean and Griffin, 1990) and 1.4 million cases of infection occured by 

Salmonella annually were reported (Olsen et al., 2001, Voetsch et al., 2004). 

Additionally, almost half of the gastrointestinal infections in the US alone each year is 

accounted for Salmonella contamination in food, and S. typhimurium seems to be 

responsible for many of gastroenteritis every year (Chalker and Blaser, 1988). In 

Europe, foodborne diseases caused by S. typhimurium became significant (Tsang et 

al., 1991) and S. enteritidis was the most common species which causes the 80% of 

food borned salmonellosis (Cogan and Humphrey, 2003). According to the data shown 

by the European Surveillance System 2010, 99.020 cases were caused by Salmonella 

through 27 European Union member countries and notification rate was reported as 

21.5 cases/100.000 population (Eurosurveillance Editorial Team, 2012). Additionally, 

S. typhimurium or S. enteritidis were the cause of diarrheal patients in Korea (Kim, 

2010). Salmonella species can also be a potential threat in Turkey since poultry and 

meat based nutrition is very popular. For instance, S. corvallis was reported as 

predominant seroytpe in collected samples such as poultry meat parts and ground 

turkey in Ankara (Hargrett-Bean et al., 1988). One of researchs also showed that 8.6% 

of total isolates from the wing part of chicken meat was S. enteritidis (Goncagül et al., 

2005). Between the year of 1992 and 1993, S. typhimurium epidemics at the 

neonatology department (Ankara) was seen and resulted with 42 infected patients with 

meningitis, sepsis and gastroenteritis (Oral et al., 1995). According to the research in 

Diyarbakır, S. enteritidis caused foodborne outbreak in two private schools and four 

youth hostels and it was resulted with suffering of 346 people in 2009 (Dorman et al., 

2011). İnce et al., reported that 1.38% of 29,601 diarrheal issues was caused by S. 

enterica and the percentage of serogroup D was higher than serogroup B (İnce et al., 

2012). Figure 1 and 2 shows the distribution of gastroenteritis caused by Salmonella 

in Ankara/Turkey both yearly and monthly, respectively (İnce et al., 2012).  
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Figure 1. Distribution of gastroenteritis caused by Salmonella, yearly. (Taken from İnce et al., 2012) 

 

Figure 2. Distribution of patients by months. (Taken from İnce et al., 2012) 

 

It is also possible that epidemiology of waterborne diseases might be occured by the 

global distribution of pathogenic bacteria via contaminated water movement (Altuğ, 

2011) or some Salmonella carrier organisms in the sea. For instance, S. typhi was 

isolated in shellfish obtained from the contaminated region caused by slaughterhouse 

wastewater on the Aegean sea (Inal et al., 1979).  
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The outer membrane of Salmonella has three antigens including a) surface antigens, 

Vi antigens, which are occured in S. paratyphi C, S. typhi, and S. dublin. b) flagella 

antigens and c) somatic antigens, which are alcohol resistant and heat stable. The LPS 

structure is contained in somatic antigens and it may play a role as an endotoxin. LPS 

is also the major surface component of the outer membrane of gram negative bacteria. 

It is composed of i) an O-antigenic polysaccharides, which have protective role based 

on its length against the cationic peptides and bactericidal action of serum [Burns and 

Hull, 1998, Skurnik and Bengoechea, 2003), ii) an oligosaccharide core region and iii) 

the hydrophobic lipid A that anchors LPS to the outer membrane. Figure 3 shows the 

main LPS structure of S. typhimurium (Svenson and Lindberg, 1978, Hellerqvist et al., 

1968). 

 

 

Figure 3. Main structure of octasaccharide or O polysaccharide chain of S.typhimurium LPS. OAc; O-

Acetyl, Abe: Abequose, Gal: D-galactose, Rha: L-rhamnose, Man: D- mannose. (Adapted from 

Hellerqvist et al., 1968 and Svenson and Lindberg, 1978) 

 

The differences of O antigens are resulted from the variations comes from the sugar 

components, their orders in the oligosaccharides and covalent bonds between the sugar 

molecules. As a result tri-tetra-penta or oligosaccharides form various repeating units 

in the O antigens. Salmonella O antigens are consisted of 10 variable monosaccharides 

and 5 common monosaccharides (Luderitz et al., 1966). In S. typhimurium, O antigen 

is composed of six to three sugar repeating units which extend out from the surface 

while fatty acids and sugars are the components of Lipid A (Nikaido, 2003, Raetz and 

Whitfield, 2002). Additionally, its O antigen is built from the four-sugar repeating unit 
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{→2)[αD-Abe (1→3)] αD - Man(1→4) αL-Rha(1→3) αD-Gal(1→}. In these 

antigens, an Abequose (3,6 dideoxyhexose) residue forms a  branch point to the α-D-

Man residue and antibodies (Abs) specific to three serogroups A, B, and D use the 

dideoxyhexose as the principal site for binding (Lüderitz et al., 1966). The 

demonstration of O4 and O12 antigenic repeats of S. typhimurium LPS is also shown 

at Figure 3. Many kinds of monoclonal Abs specific to LPS O antigens including O5 

of B serogroup Salmonella are produced and tested by Enzyme Linked Immunosorbent 

Assay (ELISA) after reacting with S. typhimurium which has O1, O4, O5, and O12 

antigens (Jaradat and Zawistowski, 1996).  

A main-chain trisaccharide Mannose-Rhamnose-Galactose which is common to 

Salmonella serogroups A, B, D is the repeating unit of the Salmonella serogroup B-O 

antigen, but 3,6-dideoxyhexosyl group which binds to a Mannose in the repeating unit 

of the O polysaccharide by α 1→3 bond is the determinant group for those serogroups 

(Ekborg et al., 1977). It is known that the O antigens from S. enteritidis (serogroup D) 

(O:1,9,12) are similar to O antigens of S. typhi (serogroup D) (O:9,12), S. paratyphi B 

(serogroup B) (O:1,4,5,12) and S. typhimurium (serogroup B) (O:1,4,5,12).  Table 1 

indicates the O polysaccharide structures of some Salmonella serogroups (C, D, O66) 

which were also used in this study.   

 

Table 1. Structures of Salmonella O polysaccharides. Man: Mannose, Rha: Rhamnose, Gal:Galactose, 

Tyv: Tyvelose, Glc: Glucose, GlcNAc: N-acetyl-D-glucosamine, Abe: Abequose, GalNAc: N-

Acetylgalactosamine 

 



7 

 

1.1.2. E.coli 

E.coli bacteria which have many types of strains live in the gastrointestinal tract of 

humans and animals. Although lots of them are harmless some strains including E.coli 

O157:H7 can cause death. After outbreaks seen in the year of 1982, E.coli O157 was 

reported as a food pathogen (Riley et al., 1983). E.coli O157:H7 is known as the 

significant agent that leads to the haemorrhagic colitis and one of the most important 

foodborne pathogens transmitted from animals to humans (Altekruse et al., 1997, 

Slutsker et al., 1998). Besides, food and waterborne diseases are mainly caused by this 

strain. Transmission of this pathogen to the humans might be occurred by contacting 

with animals, eating contaminated foods especially ground beef or drinking 

contaminated water, and passing one person to another directly (Heiman et al., 2015). 

To highlight, the major reservoir of this pathogen is cattle (Dorn and Angrick, 1991, 

Slutsker et al., 1998, Wells et al., 1998). Infections of humans with E.coli O157:H7 

can be resulted with clinical issues containing haemolytic uremic syndrome, acute 

nonbloody diarrhea and thrombocytopenic thrombotic purpura. Furthermore, killing 

of intestinal cells, destruction of kidneys, paralyses or respiratory defects can be 

occurred by a few E. coli O157:H7 particles such as in a number of ten to a hundred 

(U.S. Food & Drug Administration, 2002). According to the outbreaks caused by 

E.coli O157:H7 which was seen at between 2003 and 2012, it was more compared to 

the previous years in the US (Heiman et al., 2015). Besides, hospitalizations and 

infections caused by E.coli O157 are still being continued according to the food safety 

news. 

Since pathogenic E.coli can contaminate the food and water easily (Liu and Li, 2002) 

and it causes severe defects in humans and animals, the sensitive and rapid detection 

of this bacteria has always become crucial for public health. There are numerous 

methods including Ab based microarrays (Gehring et al., 2006). However, traditional 

cultural technique involving the identification of bacteria according to their 

characteristics morphologically, biochemically and immunologically remains as 

routine method for detection even if it is time consuming and difficult to interpret the 

results (Sheridan et al., 1998). 
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1.2. Methods in Pathogen Detection  

To ensure the public health, early detection of pathogens contaminated the foods or 

consumption products is crucial issue especially for the government authorities. 

Therefore, many kinds of identification methods or microbiological tests are in use and 

new detection platforms are also being tried to develop for improving the sensitivity, 

selectivity of detection with a low cost and rapid tests.  

1.2.1. Standard culture methods  

Traditionally, the Salmonella diagnosis in the laboratory is based on selective 

enrichment and culture which is performed subsequently on selective medium (Stone 

et al., 1995) and then biochemical and serological confirmation tests are needed.  

Briefly, after growing of sample in the culture media for selection of Salmonella, it is 

needed to be isolated. After that ELISAs and enzyme immunoassays (EIAs) that are a 

kind of serological and biochemical tests are used in order to verify the presence of 

Salmonella (Waldmann, 1991, Plückthun, 1991). Although the detection of bacterial 

species and also of Salmonella in foods by conventional bacteriological culture method 

seems to a gold standard for sensitive detection (Andrews and Hammack, 2001), these 

steps require 5 or 7 days which is incovenient for food sector or industrial applications.  

1.2.2. Molecular methods 

Polymerase Chain Reaction (PCR) is commonly used technique in order to detect the 

microbes based on specific nucleic acid amplification. In some cases it has a potential 

to replace traditional methods for bacterial characterization and identification in foods. 

It has also been a popular approach compared to biochemical characterization for 

Salmonella, but conventional PCR techniques may suffer from having low sensitivity 

of accumulated DNA samples and only qualitative results can be provided by it. With 

the developing of new instrumentation and chemistries, real time observing of nucleic 

acid amplification continously is possible with real time PCR which enables to detect 

the Salmonella (Malorny et al., 2004) and E.coli O157:H7 (Fu et al., 2005). Time 

saving is the main advantage of real time PCR, and the detection of Salmonella is 
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possible with the commercially available real time PCR based assays. Multiplex PCR, 

another molecular method, is based on several primer sets and their combination into 

single PCR. It represents a rapid and reliable method to identify of lots of numbers of 

serotypes compared to the methods based on phenotypic serotyping. There are 

numerous studies that show the ability of the detection of different serogroups of 

Salmonella and E.coli O157:H7 by multiplex PCR (Wang et al., 2007) and real time 

multiplex PCR in chicken samples or other sources (Woods et al., 2008, Kim et al., 

2006, O'Regan et al., 2008, Rajtak et al., 2011).  

Reverse transcriptase PCR (RT-PCR) is also used for pathogen detection. The enzyme 

reverse transcriptase is used for reverse transcription of RNA into its complementary 

DNA (cDNA) in RT-PCR, and then cDNA is amplified by conventional PCR 

techniques. Although this method might improve the sensitivity, it has some 

limitations such as labor intensive, rapid extraction of RNA, cross contamination and 

DNase treatment. Although there are a few studies were reported for Salmonella and 

E.coli O157:H7 detection by RT-PCR technique (D'Souza et al., 2009, Park et al., 

2011, Yaron and Matthews, 2002), its application to the bacterial detection in the 

environmental samples or food is limited. Therefore, reliable extraction procedures or 

recovery are still in need. 

Nucleic acid or DNA hybridization assay based on the probes directed to specific 

nucleic acid regions of microbes might be used for the detection as a powerful tool, 

and commercial hybridization assays are also available (D’Aoust et al., 1995). This 

technique offers more sensitivity and specifity compared to the agarose gel 

electrophoresis or standard culture based methods (Manzano et al., 1998) and 

eliminates the cross reactivity with non target organisms and serological confirmation. 

For instance, PCR products of S. typhimurium was detected by hybridization technique 

(Maciorowski et al., 1998) and it can also allow targeting of multiple genes of 

Salmonella samples by DNA microarray technology.  

Phage based detection methods are also included in molecular methods. 

Bacteriophages are host-specific viruses that infect bacteria and have DNA or RNA 

genome encapsulated by proteins. Since they lack their own metabolism, they inject 
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their genome into the bacterial cytoplasm and then replicate. Therefore, virulent 

phages within the bacteria can be adapted for detection purpose since they cause the 

death of their host because of unabling to integrate into the genome Hagens and 

Loessner, 2007). It is known that Vidas Up Salmonella solution (Biomerieux) 

containing phage recombinant protein obtained from bacteriophage fibers is used for 

the detection of Salmonella in food within 18-24 hours. 

1.2.3. Immunological based methods 

Mass-Based immunosensors, thermometric and magnetic immunosensors, optical 

immunosensors are available techniques for the detection of bacteria but they are not 

in common usage. Immunomagnetic separation (IMS) is the most succesful 

approaches for the capturing or isolation of target organism rapidly and specifically 

(Shaw et al., 1998). Magnetic capture is based on magnetic bead from nanometer scale 

up to micrometer conjugated with Ab or oligonucleotide that will capture the agents 

and then magnetic separation via magnetic force, simply. It was reported that IMS is 

able to reduce the time needed for total culture analysis and it is more sensitive than 

common culture methods (Lynch et al., 2004). Disadvantage of this strategy is that it 

might cause target loss. IMS can be coupled with other methods including conductance 

microbiology, ELISA, electrochemical detection (Perez et al., 1998), PCR (Liébana et 

al., 2009), and fluorescence observation (Zhao et al., 2009, Yang and Li, 2006) in order 

to increase the analytical sensitivity (Fluit et al., 1993, Cudjoe et al., 1994, Cudjoe et 

al., 1995, Spanová et al., 2000). For instance, S. typhimurium was recognized by 

immunomagnetic nanospheres and immuno fluorescent nanospheres with 10 cfu/ml 

detection limit (Wen et al., 2013). It was also reported that very low cell numbers of 

E.coli O157:H7 was detected in aqueous sample by combined immunoliposome-

immunomagnetic bead based assay (DeCory et al., 2005). Although some kind of IMS 

beads for recovering the Salmonella from foods are available in commercially, 

DynabeadsTM anti Salmonella (Invitrogen) is found to be the most common. Magnetic 

beads like Captivate Salmonella (Lab M) and Tecra Salmonella Unique (3M) specific 

to Salmonella and Rapidchek Confirm  S. enteritidis IMS kit (SDIX) are the other 

commercially available detection tools.  
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ELISA technique is used to detect the presence of an antigen or Ab in a sample. It is 

easily adaptable to the technology used for microbiological testing and it is also highly 

sensitive, spesific and easy to perform.  The limitations of common ELISA are the high 

detection limit of bacteria, long testing time and cross reactivity. However, various 

kinds of ELISA based detection methods including gold nanoparticles (GNPs) 

(Ambrosi and Merkoçi, 2009) are being in develeped for further inceasing of 

sensitivity and decreasing the detection limit. In 1977, the first Salmonella detection 

assay by enzyme immunoassay was reported (Krysinski and Heimsch, 1977). 

Currently Salmonella detection can be perfomed by ELISA plate based assays such as 

TRANSIA®PLATE Salmonella Gold (BioControl), RIDASCREEN® Salmonella 

ELISA (R-Biopharm AG) and Salmonella ELISA (BIO ART SA). Different types of 

LPS and Lipid A (Freudenberg et al., 1989) or bacterial cells can be used for coating 

the ELISA plate as an antigen. PBS, carbonate buffer in a different molarity can also 

be used for LPS or live&killed bacterial cell coating (Siragusa and Johnson, 1990, Wu 

et al., 2014) but Covalink plates are recommended for rough LPS coating [105]. The 

detection of E. coli O157:H7 comes from animal and human samples by ELISA is also 

commonly used technique (Kerr et al., 2001).  

Rapid agglutination assays are other immunological based methods. Several 

agglutination assays based on latex particles are in use for the identification of different 

Salmonella serogroups as commercial kit (OXOID Salmonella latex test, Microgen® 

Salmonella rapid test). However, these type assays are used as confirmative tests after 

selecting the Salmonella colonies on the selective agar plate for further identification. 

Test might be resulted with non-specific agglutination with some other organisms.  

Many of the mentioned techniques above require skilled personel, sterile working 

conditions, sensitive and costly equipment in order to perform sensitive and specific 

microbial analysis and also most of these systems can not be used in field (Sapparapu, 

2003) and they are not portable. However, in order to develop the sensitive and fast 

method for the bacterial antigens, many studies have been done to enhance each of 

these steps (Le Gall et al., 1998, Michael et al., 1996). For instance, MicroSnap-E.coli 

device which can be supplied by Hygiena was used for rapid detection of E.coli 

(http://www.hygiena.com/microsnap-e-coli-other.html). 
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1.2.4. Biosensors 

The combination of chemistry, biology, engineering and other multidisciplinary 

researches has created a biosensor technology which is classified based on the 

transduction devices and biorecognition principles. The first example of developed 

biosensor was for the detection of glucose level in serum and based on using 

immobilized enzyme (Clark and Lyons, 1962). The sensing of electrochemically active 

metabolites or respiration activity is also adapted for microbial biosensors (Yu et al., 

2006). On the basis of the biorecognition elements, biosensors can be categorized as 

bioaffinity and biocatalytic sensors. Besides, optical, thermal and magnetic sensors, 

piezoelectric and electrochemical (Tothill and Turner, 2003) biosensors are classifed 

according to the transducing element.  

Electrochemical biosensors have biorecognition element which can be an Ab, nucleic 

acid, enzyme, cell (Kerman et al., 2004, Wang, 1999, Wang, 1998, Wang et al., 2011b) 

and transducer to convert the recognition into a measurable equivalent electrical signal. 

Amperometric, potentiometric, impedimetric, conductiometric biosensors can be 

classified in electrochemical biosensors. However, immobilization of biological 

molecules on electrode substrates is the major challenge of this type of sensors. S. typhi 

(Rao et al., 2005), E.coli O157:H7 (Lin et al., 2008),  E.coli (Arora et al., 2007, 

Shiraishi et al., 2007), Salmonella species (Ma et al., 2014) including S. enteritidis 

(Zhang and Alocilja, 2008) and E.coli O157 were detected by either electrochemical 

biosensors or label free electrochemical immunosensor (Yang et al., 2004). 

Optical biosensors are another type of bioensors and they are desirable for label free 

detection of bacteria (Peng and Miller, 2011) such as E.coli (Baeumner et al., 2003, 

Rahman et al., 2006) Salmonella enterica (Zuo et al., 2013) and S. typhimurium (Seo 

et al., 1999). Surface Plasmon Resonance (SPR), Raman&FTIR, Fiber optic sensors 

are included in this type of sensors (Velusamy et al., 2010). SPR is the common base 

to detect the foodborne pathogens using reflectance spectroscopy. E.coli O157:H7 and 

S. typhimurium with a 102 cfu/ml (Waswa et al., 2007) and 1x106 cfu/ml (Laura et al., 

2011) detection limit, respectively were detected by SPR biosensor (Oh et al., 2005).  
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Microfluidic biosensors are also becoming attractive for improving the performance 

of bacteria biosensors (Mernier et al., 2010, Boehm et al., 2007, Bayoudh et al., 2008, 

Liu et al., 2007). Polydimethylsiloxane substrate is used for fabrication of the network 

of microchannels and superparamagnetic beads are used as a mobile solid support for 

developing microfluidics systems. 1-100 mm range is used as the critical operational 

length for microfluidics while 1–100 nm is for nanofluidics (Prakash et al., 2009, 

Yanik et al., 2010). Positive pressure gradient is used for the flow of fluidics and the 

flow of solution continuously is commonly performed up to 80 µl/min. The principle 

of biosensor is based on the hybridization of DNA/RNA and signal amplification using 

liposome. Shorting the analysis time up to 15 min (Zaytseva et al., 2005, Lui et al., 

2009, Mairhofer et al., 2009), reducing of reagents needed, increasing sensitivity and 

reliability in a single device are some advantages of microfluidics. Developing the 

disposable (Gottschamel et al., 2009) and low cost microfluidics are also new trends 

for improving this system. It has been reported that E. coli O157:H7 was detected using 

microfluidics systems as a detection limit of 1.2x103 and 1.6x102 cfu/ml in ground beef 

sample and pure culture, respectively (Varshney, et al., 2007), and S. typhimurium 

microfluidic nanobiosensor (Kim et al., 2015) was also developed. 

Although Ab and nucleic acid based sensors (Velusamy et al., 2010) are commonly 

used for foodborne pathogens detection, lectin and bacteriophage-based sensors can 

also be used. Lectin is a kind of glycoprotein and it can bind to the components of 

polysaccharide structures of bacterial cell surfaces. For instance, E.coli was reported 

with a label free detection by using lectin modified electrodes (Gamella et al., 2009). 

It was also shown that bacteriophage based biosensor was developed for E.coli by 

Gervais et al. (Gervais et al, 2007). 

S. typhimurium detection by wireless magnetoelastic (ME) biosensors (Chai et al., 

2012), nanobiosensor (Kim et al., 2013) and the recognition of S. enteritidis by GNP-

DNA biosensor (Alocilja et al., 2013) was also reported in the literature. E. coli 

O157:H7 recognition by piezoelectric biosensors (Wu et al., 2007, Su and Li, 2004), 

and the detection of E. coli O157:H7 and S. typhi with a 4.12x102 cfu/ml (Li et al., 
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2012) and 105 cells/ml (Singh et al., 2005), respectively by immunosensors are another 

examples of biosensor based pathogen detection.  

To say that biosensor based microarray technology is also offering advantages for 

sensitive microbial detection. Since the pathogen detection using biosensors is new 

concept, it has limitations such as the formation of sensor surfaces, sample preparation, 

renewability and reproducibility. To commercialize the biosensors, some requirements 

are also needed. They are specifity, sensitivity, stability, reproducibility, response 

linearity, short recovery and response time of biosensor devices (Thakur and Ragavan, 

2013). However, biosensors for pathogen detection seem to have potential to be a more 

powerful with the combination of new trend technologies involving nanotechnology 

as they can minimize the immobilization problem of molecules to obtain proper signal.  

Apart from the biosensors, future trends such as cell phone based sensing (Zhu et al., 

2012) are still in need. Because very low cell number, <100 cfu/g, (Hoorfar, 2011) of 

foodborne pathogens is present in the samples and it is hard to detect them among the 

other bacteria. Real time testing is one of the trends planning to be used in foodborne 

pathogens detection. If it is succeded to generate results within near real time, online 

monitoring or on-farm monitoring could be possible. Because being a mobile, virtual, 

digital and personal of diagnostic tools is crucial for diagnostic technologies. It can 

also enable to usage of them at the source of infection such as animal, field, etc. 

Metagenomics, culture-independent detection and typing might also be included in the 

new trends of pathogens detection (Hoorfar, 2011). 

1.3. Antibodies for diagnosis  

1.3.1. Antibody production 

In the development of new drugs and immunoassays for the treatment of human 

diseases or bacterial detection, Abs are valuable reagents because of having high 

specificity for their antigens. Hybridoma technology was developed by Milstein and 

coworkers in the early 1970s, and prepared for the first time monoclonal Abs (MAbs) 

which have been widely used in therapeutics and clinical diagnostics (Kricka, 1998) 
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of predetermined specificity (Köhler and Milstein, 1975). The generation of proteins 

is essential in appropriate quality and quantity at the present time. Therefore, 

engineering Abs with desired characteristics have become popular by the advancement 

in recombinant DNA technology, recently. For that purpose, the application of 

bacterial cells and mammalian cells for producing proteins is being progressed. 

Common structure of full length immunoglobulin G (IgG) Ab is shown in Figure 4. 

 

 

Figure 4. Schematic representation of typical full length IgG Ab. CDR: Complementarity determining 

region, Fab: Fragment, antigen binding, Fc: Fragment, crystallizable, VH: Variable domain, heavy 

chain, VL: Variable domain, light chain, CL: Constant domain, light chain, CH: Constant domain, heavy 

chain 

 

Expression system in E.coli is very common in order to produce the recombinant Abs, 

single chain variable fragments (scFvs) and Fab molecules while various bacteria are 

used as host (Sodoyer, 2004). E.coli is known as the basis for endeavours in protein 

engineering (Gordon et al., 2008) since it has efficient transformation capability, low 

cost fermentation possibility, greater ease of genetic manipulation and availability of 

many mutant host strains and cloning vectors. BL21 and K12 are the most frequently 

used E.coli strains for routine expression of protein (Terpe, 2006). Generally, 

overproduced recombinant proteins are accumulated into the periplasmic space or 
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cytoplasm. Although E.coli periplasm offers correct folding and processing to Ab 

chains, inclusion bodies known as insoluble disulfide proteins in cytoplasm come from 

overproduced proteins might be occurred. The formation of inclusion bodies can make 

easy to purify the protein but it is not guaranteed that refolding will give a biologically 

active yield. Because misfolded protein and affinity tags may cause decreased activity 

of product.  

Mammalian cells are also currently used hosts to generate the commercial proteins 

such as monoclonal Abs (Mohan et al., 2008, Melton et al., 2001, Chu and Robinson, 

2001, Andersen and Reilly, 2004). The expression of proteins in those cells may also 

be achieved by viral mediated transduction (Boyce and Bucher, 1996). Chinese 

hamster ovary (CHO) cells, mouse myeloma cells and HEK 293 cells are the most 

widely used host cells (Griffin et al., 2007). Calcium phosphate or polyethyleneimine 

can be used for transfecting those cells (Huh et al., 2007). Post translational 

modifications, product assembly and pertinent protein folding required for biological 

activity can be introduced by this espression system. Another advantage of it is that 

mammalian cells recognize the signals necessary for synthesis and secretion of 

proteins, efficiently (Khan, 2013). However, high cost, complicated technology of 

system and contamination risk are the some limitations of mammalian cell based 

expression (Yin et al., 2007), but it can be improved by using properly designed vector 

(Jalah et el., 2007). 

There are numerous proteins produced against to Salmonella, E.coli and other bacteria 

using hybridoma or recombinant technologies (Köhler and Milstein, 1975, Siegel, 

2002). Many of produced Abs are specific to LPS structure of bacteria but some Abs 

were developed against outer membrane proteins (OMPs) of bacteria including S. 

typhimurium (Zhang et al., 2006a). Although some of them react with LPS O4 antigens 

specifically, others cross reacted with serogroup A (Tsang et al., 1991).  

1.3.2. Se155-4 antibody specific to Salmonella 

Se155-4 is IgG1/ʎ1 mouse hybridoma Ab and it is known as specific to Salmonella 

serogroup B in the literature. It offers several advantages as a model system for 
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producing Ab. These include well clarified crystal structure (Cygler et al., 1991), a 

detailed description of binding thermodynamics (Sigurskjold et al., 1991, Sigurskjold 

and Bundle, 1992), and an efficient E.coli expression system for Fab (Anand et al., 

1991a) and scFv (Anand et al., 1991b). In comparison to other carbohydrate binding 

proteins, its binding site is unusual. For instance, lipophilic interactions, Van der 

Waal's and hydrogen bonding are provided merely by a phenylalanine, two histidines 

and three tryptophans that line the base of the binding pocket (Cygler et al., 1991). The 

Ab binding sites of se155-4 are constructed from six segments, three from each chain, 

termed as CDRs (complementary determining region). It is generally known that 

aromatic amino acids are included in the CDR of Ab in a high frequency (Padlan, 

1990). se155-4 Ab binding site has this characteristic and Abequose of the 

trisaccharide epitope of LPS structure is buried in it, while the galactose and mannose 

residues are partly solvent exposed and also both of them make hydrogen bond with 

Ab (Zhang and Bundle, 2000, Cygler et al., 1991, Bundle et al., 1994a, Zdanov et al., 

1994). It also shows pH dependence of antigen binding (Bundle et al., 1994b) 

attributable to a fifth His situated in the antigen-binding pocket. The structures of 

ligands for the Se155-4 Ab are shown in Figure 5 (A, B). The studies related with 

protein engineering of Fab and scFv of se155-4 implicated that this Ab has a notable 

tolerance for mutations which close to the binding pocket (Brummell et al., 1993, Deng 

et al., 1994, Deng et al., 1995). For instance, the modification of se155-4 Ab’s Cys94L 

in scFv version had a slightly reduced binding profile to its antigen (Young et al., 

2014). 
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Figure 5. Schematic  representation  of  structures  of  the ligands for the  antibody  Se155-4 (A, B). 

Methyl glycoside of  Salmonella  serogroup B 0-antigenic  trisaccharide epitope bound  by  antibody  

Sel55-4 (A), Tetrasaccharide  repeating  unit  of  the  0-antigen (B). The  glycosidic linkages  are  (→3)-

α-D-Galp(l→2)-[α-D-Abep(l→3)]-α-D-Manp(l→4)-α-L-Rhap(1→). Abe: Abequose (3,6-dideoxy-

xylo-hexose), Rha: Rhamnose (6-deoxymannose). (Taken from Sigurskjold et al., 1991) 

 

Van der Waals interaction and Hydrogen-bond contacts between the Fab fragment and 

oligosaccharides was also given in Table 2 and Table 3, respectively (Cygler et al., 

1991).  

 

Table 2. Van der Waals contacts between the Fab fragment and oligosaccharide. Numbers in 

parentheses: Atom-atom contacts <4.2 A˚. (Taken from Cygler et al., 1991)  

Sugar  Fab residues or ordered water 

Gal  His 32L1 (7), Trp 91L3 (15), Asn 94L3 (2), His 97H3 (1) 

Man  Trp 33H1 (3),  is 97H3 (7), Ser 202H* (2) 

Abe  

 

Trp 91L3 ( 9 ) , Trp 96L3 (6), Trp 33H1 (13), His 35H1 (4), Phe 58H2 (2), Gly 96H3 

(4), His 97H3 (4), Gly 98H3 (5), Tyr 99H3 (1) Wat 1 (7) 
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Table 3. Hydrogen-bond connections between the oligosaccharide and Fab fragment and ordered water. 

(Taken from Cygler et al., 1991)  

Antigen atom  Contacting atom Distance (Aᴼ)   

Gal, O-2 0-1, Abe  3.00 

Gal, O-2 0-2, Abe  2.68 

Gal, O-3 Nє2, His 32L1 3.01 

Gal, O-4 Nєl, Trp 91L3 3.04 

Man, O-4  Nδ1, His 97H3  3.21 

Abe, O-2 N, Gly 98H3  2.68 

Abe, O-4 Nєl, Trp 96L3 2.86 

Abe, O-4 O, Wat 1  2.84 

Abe, O-5 O, Wat 1  3.11 

 

 

In terms of the binding constant, the affinity of se155-4 anti Salmonella Ab to BSA-

O-polysaccharide conjugate was reported as 2x105 M-1 (Brummell et al., 1993). 

Another study also demonstrated that the dissociation constant (KD) value of Fab is 

similar to scFv monomer which is 6.5x10-6 M while it is 1.4x10-7 M for se155-4 IgG 

and 7.2x10-8 M for scFv dimer (MacKenzie et al., 1996). Additionally, 10 µM of scFv 

(Young et al., 2014), 7.5 µM of IgG (MacKenzie et al., 1996), 8x10-8 M-1 of dimeric 

form Ab and 4x10-6 M-1 of the monomer Ab (Svenson and Lindberg, 1978) were 

among the reported KD values of different forms of se155-4 Ab.  

Some kinds of Abs were produced against to different O antigenic structures of 

Salmonella. To give an example, monoclonal Abs specific to LPS O antigen of B 

serogroup Salmonella were generated. Their binding was tested with commercially 

available LPS from S. typhimurium and IgG MAbs exhibited lower avidity than the 

IgM (Jaradat and Zawistowski, 1996). Deng et al., has developed the scFv of Se155-4 

with some mutations by chemical and error prone PCR methods and it was reported 

that only the variable heavy chain (VH) libraries yielded clones with improved binding 

to serogroup B LPS (Deng et al., 1994). Wang et al., (2001) developed fusion protein 

between an anti Salmonella scFv and the photo-protein aequorin (scFvLAEQ). They 

demonstrated that it maintained the Ab binding affinity toward the Salmonella antigen 
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and the detection limit of antigen was 10 µg/ml. Anand et al., (1991b) investigated the 

effects of peptide linker design and variable light chain (VL)-VH orientation on 

expression, secretion, and binding to a Salmonella 0 polysaccharide antigen. 

According to the results, main order and linker sequence affected antigen binding and 

the thermodynamic binding parameters of intact and cleaved scFvs were similar to 

those of bacterially produced Fab and mouse IgG. scFv of se155-4 Ab was also 

generated by modifying the free Cystein residue in parental Ab and the binding affinity 

of it was    ̴10 µM (Young et al., 2014). Morever, it was shown that the bacterially 

produced Fab of se155-4 was as active as purified mouse Fab (Anand et al., 1991a). 

Selected scFvs for Salmonella enterica from an immunized scFv library was also used 

for the detection of this pathogen (Cannon and Heinhorst, 2010). 

1.3.3. Single Chain Variable fragments (scFv) 

scFv (Wannlund et al., 1980, Matveev et al., 1999,  Brichta et al., 2003, Dolezal et al., 

2003, Knight, et al., 2008) that comprises of a single polypeptide chain with similar 

antigen binding affinity as its parent Ab is an example of attractive recombinant protein 

technology. The creation of scFv is based on the linking the variable domains of the 

VL and VH through a flexible linker polypeptide region which is generally (GGGS)x3. 

The hydrophilicity of the peptide backbone is enhanced by glycine and serine residues 

included in linkers and they provide flexibility of protein (Dolezal et al., 2003). The 

length of the linker affects the molecular association of produced scFv. For instance, 

while the length is longer than 12 residues, monomeric scFv is occured (Hudson and 

Kortt, 1999, Kortt et al., 1994) and shorter linkers enhance the occurence of multimeric 

or dimeric scFvs (Plückthun and Pack, 1997, Atwell et al., 1999). However, when the 

linker length is under three residues it improves the assembly of scFvs into triabodies 

or trimers (Hudson and Kortt, 1999, Atwell et al., 1999). It is worth noting that the 

solubility and stability of expressed scFv are affected by the length and amino acid 

sequences or composition included in peptide linker (Robinson and Sauer, 1998). As 

a flexible linker (G4S)3 has been widely used as common polypeptide linker. Karsunke 

et al., (2012) reported that VH has major role for binding to antigen and VL might 

increase the final sensitivity for target or it may provide cross reactivity.  
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A variety of scFvs are desirable for in vivo diagnostic and wide medical applications 

in clinical immunoassays [Luo et al., 1998, Reiter and Pastan, 1998) in vitro imaging 

(Lizano et al., 1997), signaling (Yang and Li, 2006), immunotoxin therapy (Nedelman 

et al., 1993), radio-immunotherapy (Yokota et al., 1992, Nieroda et al., 1995) and chip 

technology (Wang et al., 2006). In addition to this, scFvs have potential advantages 

compared to whole Abs. a) They are resulted in faster clearance from the body&tissue 

(Colcher et al., 1990) when they are intravenously administered. Because they are 

about one fifth the size of full length IgG Abs (Holliger and Hudson, 2005) with a 

molecular weight of about ca. 30 kDa. b) They can retain full antigen binding capacity. 

c) scFv Abs do not contain the Fc region, therefore they are not able to trigger 

potentially harmful immune responses (Holliger and Hudson, 2005) unlike whole Abs. 

d) scFvs are available in recombinant form and they can be generated in non-

mammalian systems (Tolner et al., 2006a, Tolner et al., 2006b) with site-specific tags 

for purification. Although it is known that the binding affinity of scFv has almost the 

same with parental full length IgG Abs (Pleckaityte et al., 2011), Wels et al., (1992) 

showed that the binding affinity of original monoclonal Ab is 9 fold higher than of 

produced scFv to whole cell. There are lots of poduced scFv fragments such as anti 

2,4-dichlorophenoxyacetic acid (2,4-D) herbicide hapten (Brichta et al., 2003), scFv 

which recognizes Cry1C in food samples (Wang et al., 2012), anti-MUC1 scFv for 

tumor cells (Wu et al., 2014) and scFv specific to complement receptor 1 in S. gordonii 

(Knight et al., 2008). scFvs can also be used for developing lateral flow 

immunochromatographic assay (LFIA) using GNPs as conjugate, but it may be failed 

to detect the target like M. tuberculosis cell extracts (Fuchs et al., 2014).  

Typically, the generation of scFv is based on small scale expression but it can also be 

performed by large-scale production (Miethe et al., 2013). While the E.coli expression 

is very common for the production of recombinant scFv proteins, mammalian cells 

(Jäger et al., 2013), wheat germ (Kawasaki et al., 2003) and transgenic tobacco plants 

(Makvandi-Nejad et al., 2005) were also reported. Cloning of scFv genes or 

recombinant proteins is commonly achieved by pET system since it is the most 

powerful sytem for expression of recombinant proteins using E.coli bacteria. Briefly, 



22 

 

bacteriophage T7 controls the cloning of target genes in pET plasmids, expression is 

achieved by T7 RNA polymerase (pET System Manual, Novagen).  

1.3.4. Fusion proteins and SNAP-Tag technology 

Fusion proteins are becoming popular interest for developing new and functional 

proteins for imaging and detection technologies. It basically depends on attaching the 

functional tags to the C or N terminals of proteins. The SNAP-Tag is produced via 

engineering of AGT (O(6)-alkylguanine DNA alkyltransferase) which is included in 

the human DNA repair enzymes. It is known that this version of AGT has 52 fold 

increased activity towards BG (benzylguanine) substrate (Gronemeyer et al., 2006). 

The SNAP-Tag is used for producing fusion proteins and it seems that it is an ideal 

tool for specific protein labelling. SNAP-Tag labelled proteins or Abs can be used for 

detection of targets or antigens via magnetic beads which have the BG substrates 

(Figure 6). Green florescence protein (GFP) fused scFv fusion protein was reported 

and it was shown that fusion partners did not influence the behaviours of each others, 

and the binding affinity of fusion Ab was almost identical with scFv alone (Hink et al., 

2000). Photoprotein aequorin (AEQ) and scFv of se155-4 Ab was also fused [Wang et 

al., 2001) and both binding affinity of scFv domain and bioluminescence properties of 

AEQ were maintained.  

 

Figure 6. The coupling of SNAP-Tag substrate BG with highly stable 75-150 µm superparamagnetic 

particles (NEB) 
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1.4. Nickel Affinity Chromatography (Ni-NTA) 

Ni-NTA is a type of Immobilized Metal-Affinity Chromatography (IMAC). It is 

commonly used method for high throughput purification of produced Ab via binding 

of 6X-His tag residues available on the N terminus or C terminus of protein to Nickel. 

Nitroloacetic acid (NTA) beads are used to bind the Nickel to agarose beads. Simply 

Ni-NTA column chromatography is based on the absorbing of protein of interest onto 

the column by mixing the sample with the beads. In order to remove low affinity bound 

or unbound proteins, Imidazole and phosphate are added in a low concentration and 

the elution of protein of interest from the NTA beads is achieved by addition of 

Imidazole in a higher concentrations  

1.5. Gold nanoparticles 

Gold colloids have been used to stain glass since ancient times and it was investigated 

in detail by Michael Faraday in 1857 (Thompson, 2007). Currently the nanoscale 

properties of gold nanoparticles (GNPs) have attracted more attention and they are 

used in different fields like electronics (Rothenberg et al., 2005), optics (Yao et al., 

2000) and biosensors (Aslan et al., 2004, Stuart et al., 2004). GNPs under the influence 

of an interacting incident light, the surface phenomenon i.e., SPR has been related to 

their unique optical properties (Liz-Marzan, 2006). The nanoparticle surface related 

properties are easily affected by size, shape and their surrounding dielectric 

environment (Link and El-Sayed, 1999). In addition to their optical property, GNPs 

are resistant to oxide formation under ambient conditions. The  nature  of  their  surface  

chemistry  promotes  easy  and  controlled attachment  of  other  molecules  especially  

those  with  thiol  functionalities. Following their exciting properties and the 

controllable morphology, GNPs based bioconjugates are found to be good candidates 

for biomedical applications. Their  biocompatibility,  high  stability, ease  of  

characterization (Nie and Emory, 1997, Rosi et al., 2006, Sperling et al., 2008, 

Grzelczak et al., 2008) and non toxicity are  some  of  their special  properties  that  

promote  their  diverse  application. A number of diagnostic methods including 

selective cell and nuclear targeting, site-specific diagnosis and treatment of ailments 

involve the use of GNPs as labels and vectors. 
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1.5.1. Gold Nanoparticles for biosensing  

Enzyme labels have been used extensively in immunoassays such as microtiter ELISA, 

chemiluminescent assays, and flow-through or vertical flow membrane 

immunoassays. A primary advantage of using enzyme labels is that the potential 

amplification can be achieved. However, they are less popular in LFIA, especially self-

contained assays. Colloidal gold based tests can be completed in one step as compared 

to ELISAs (Nara et al., 2010). Gold probes do not require incubations, washing steps 

and enzymatic reactions to generate a signal. It was shown that signalling efficiency 

becomes higher by increased sized GNPs (Paek et al., 2000). These characteristics 

significantly shorten the analysis time and make it ideally suited for on-site testing by 

untrained personnel. Since Abs are labeled with colloidal gold particles instead of 

enzyme, the substrate is no longer needed in the reacting system for colloidal gold 

immunochromatography. This is the reason why colloidal gold particles have been 

gradually applied in immunoanalysis and biosensor developments (Deng et al., 2000, 

Sithigorngul et al., 2007). Biosensors using GNPs have been designed previously 

(West and Halas, 2003, Pavlov et al., 2004). The principle governing such methods is 

the interactions of biomolecule functionalized GNPs with their targets resulting in 

aggregation. This has been used as means of identifying analytes in solutions. 

Aggregation causes the changes in the optical absorption behavior of the particles. 

These changes could easily be monitored by naked eye. GNPs or GNPs-aggregation 

based immunoassays have been performed based on antigen-Ab interactions for 

protein detection (Dykman et al., 2005).  

LFIAs based on GNPs/Ab conjugates have become useful innovation in 

nanotechnology. An important advancement in the past was the replacement of the 

common organic dyes used in LFIA fabrication with GNPs. Colloidal gold is the most 

widely used label today in commercial LFIA for many reasons (Chandler et al., 2000). 

It is fairly easy and inexpensive to prepare in the laboratory. The color is intense, and 

no development process is needed for visualization. Unfortunately,  there  are  some  

basic  limitations  of  the  present  generation  of   LFIA kits.  For  instance,  assays  

have  varying  sensitivity  levels  with  respect  to  their  target  agents (Peruski and 

Peruski, 2003). Storage time of test results is limited due to poor stability of GNPs 
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conjugates used for the fabrication. In summary, the detection limit of analytes from 

µM to zeptomolar is achieved by GNPs based sensors (Saha et al., 2012) and it can be 

enhanced for the lower detection limit of different agents with nanoscale sensors. 

1.5.2. Synthesis of metallic nanoparticles  

A common synthetic route of GNPs is the aqueous reduction of HAuCl4 by sodium 

citrate at boiling point (Narayanan and El-Sayed, 2005, Frens, 1973). Other reducing 

agents like borohydrides and amines have been used (Wilson et al., 2002, Mayer and 

Mark, 1998). Particles synthesized by citrate reduction are nearly monodisperse 

spheres whose sizes could be controlled by the initial reagent concentrations (Hostetler 

et al., 1998, Pillai and Kamat, 2004). These particles’ surfaces  are  covered  with  

negatively  charged  citrate  layers  characterized  by  Zeta potentials. Figure 7 depicts 

the citrate molecules on spherical GNPs (Wulandari et al., 2008). They have  optical  

properties  characterized  by  their  plasmon  absorbance  band  in the visible region of 

the electromagnetic wave, i.e., 16 nm particles have absorption peaks at about 520 nm. 

Interactions between particles in a suspension greatly affect their stability. Such 

interactions could either be stabilizing or destabilizing in nature. For example, Van der 

Waals forces draw colloidal particles together while electrostatic forces cause 

repulsion of particles from one another.  If  the attractive forces between particles in 

suspension become greater than the repulsive forces which means that if  the  distance  

between  particles  is  smaller  than  the  sum  of  their  electric  double  layer distances, 

the particles will flocculate and precipitate. 
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Figure 7. Anchoring of citrate molecules on GNPs. (Taken from Wulandari et al., 2008) 

 

1.5.3. Bioconjugation of Gold Nanoparticles 

Metal colloidal particles are stable with their conjugated parts compared to the 

unbound forms. If the sodium chloride as an electrolyte presents in the solution, 

repulsive and attractive forces between the particles are imbalanced due to the masking 

of negative charge of colloidal solution (Derjaguin and Landau, 1941, Verwey and 

Overbeek, 1948). This is resulted with collapsing of gold particles after adsorbing of 

one particle onto another and visualization of this phenomenon is seen as color change 

of colloids. As an example, the red color of GNPs with different sizes is changed to 

blue or grey when agglomerated. However, in the presence of proteins, they adsorb 

onto gold particles and help preventing their aggregation by inhibiting the binding of 

other gold particles. The complex of colloidal gold-protein was studied by Johne et al., 

(1995) firstly, in the BIAcore biosensor. Adsorbing of the other components of the 

solution is the major disadvantage of the affinity of colloidal particles for proteins 

resulting with undesired labelling. Therefore, inert macromolecules, e.g. polyethylene 

glycol, gelatin or BSA must be used for stabilization of metal conjugates in a colloidal 

form.  

Several parameters must also be considered for preparing the stable GNPs-protein 

complex in a good quality. First, pI (the isoelectric point) of the protein, second, pH 

value of the reaction, third, the amount of the protein loaded onto colloidal particles. 
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To achieve the protein adsorption on metal surfaces optimally, pH value of the buffer 

systems should be close to the pI of the proteins as the adsorption is decreased if pH is 

away from pI (Thobhani et al., 2010).  

The coupling and functionalization of nanoparticles with proteins is done by a large 

body of protocols exists in the literature. These include electrostatic interaction, ligand 

recognition, metal-mediated complexation, chemisorption, and covalent binding 

through bifunctional linkers (Collings and Caruso, 1997, Rao, et al., 1998, Scouten et 

al., 1995). Abs and other proteins contain amino acid polymers with a number of 

reactive side chains which could be utilized for attachment. Alternative to these 

intrinsic reactive groups, specific  reactive  moieties  could  be  generated  or  

introduced  onto  the  molecule  by  chemical modification. These introduced groups 

are consequently used as "handles" for attaching other molecules or particles. 

1.5.3.1. Physical interaction  

This is a simple method to form GNPs-Ab conjugates through electrostatic interactions  

of Abs with charged particles’ surfaces. It  was suggested  that  electrostatic  interaction 

between proteins and GNPs depends on three separate but dependent phenomena, (i) 

ionic attraction between the negatively charged gold and the positively charged Ab. 

(ii) hydrophobic attraction between the Ab and the gold surface. (iii) dative binding 

between the gold conducting electrons and amino acid sulfur atoms of the Ab (Hayat, 

1989). 

1.5.3.2. Chemical interaction  

The problems facing electrostatic coupling method like conjugate instability and IgG 

inactivation could be solved by using covalent conjugation methods (Caruso, 2001). 

This is achieved in a number of ways like chemisorption via thiol derivatives and 

through the use of bifunctional linkers. The chemisorption of proteins onto a metal 

particle surface can be proceeded by through cysteine residues present in the protein 

and chemical way in the presence of 2-iminothiolane (Droz et al., 1996, Ghosh et al., 

1990). 
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1.6. Lateral Flow Immunochromatography (LFI) 

LFIA also known as immunochromatographic strip tests were described in 1960s 

(Kohn, 1968). They have been a popular platform for rapid immunoassays since their 

introduction in the mid-1980s and they are developed by Ab, aptamer and nucleic acids 

(Laderman et al., 2008, He et al., 2011, Ang et al., 2012). They are simple diagnostic 

test kits commonly based on a nitrocellulose membrane (NC) matrix.  They are used 

to detect the presence or absence of a target analyte in a sample. LFIAs are expressed 

in different forms, ranging from Immunochromatography Assay (IA), Lateral Flow 

Assay (LFA), Lateral Flow Device (LFD), Dipstick-Assay, Point of Care (POC) to 

Bed Side Test, depending on their formats. A common feature is that they are all based 

on accumulation concepts (Ijeh, 2011). The lateral flow (LF) format is so versatile that 

manufacturers of rapid immunoassay tests have developed LF assays for almost any 

situation where a rapid test is required. Today this technique has found growing 

applications in proteomics, therapeutic monitoring, infectious and chronic diseases, 

non-human applications such as animal health or veterinary, agriculture, biowarfare, 

environmental health, and safety and food industry (O’Farrell, 2009). In these 

circumstances, rapid tests are used to screen for pathogens and toxins in raw materials, 

the manufacturing environment and the finished product. Besides, water utilities test 

drinking water for chemical toxins, metals, and pathogens. Rapid test systems are also 

used to assess progress in environmental remediation of soil and ground water 

pollutants. For medical diagnostics they are often used for tests either at homes or in 

the laboratories to detect the analytes including pathogens and toxins (Ayong et al., 

2005, Delmulle, 2005, Mettler et al., 2005), and body fluids.  

Compared with other analysis methods, the immunochromatography strip test has 

many advantages. The reasons for the continued popularity of LF tests are established 

mature technology, relative ease of manufacture, processes already developed, easily 

scalable to high volume production, stable shelf-lives of 12–24 months often without 

refrigeration, minimal operator dependent steps and interpretation, handling small 

volumes of multiple sample types, integration with onboard electronics, reader 

systems, and information systems, having high sensitivity, specificity, good stability, 

relatively low cost and short timeline for development and approval, market presence, 
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and acceptance minimal education required for users and regulators (O’Farrell, 2009). 

However, traditionally designed LFIAs have some drawbacks such as unclear patent 

situation, miniaturization of sample volume requirements below microliter level, 

integration with onboard electronics, sensitivity issues in some systems, and test to test 

reproducibility. Besides, the imprecision that is due in part to the subjective visual 

interpretation of test results in quality and performance of materials is another 

disadvantage. Despite issues of perceived or real performance limitations, LFIAs have 

achieved broad penetration in a variety of markets. Figure 8 lists the market segments 

in which LFIAs are already in production or known to be in development. 

 

 

Figure 8. Market segments for LFIA and other field use technologies. (Taken from O’Farrell, (2009) 

*includes applications such as QC, product identification, environmental monitoring, safety 

Some of the more common immunochromatographic LF strip tests currently available 

can be listed as for pregnancy and infections including Streptococcus,  Chlamydia, 

human  immunodeficiency virus (HIV) and Hepatitis C virus (HCV) (Zhang et al., 

2009). The newest LF test on the market is Inverness/Matritech’s BladderChek Test 

POC test for bladder cancer.  
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1.6.1. Manufacturing of Lateral Flow Test Strips 

The general manufacturing process for production of typical test strips includes the 

preparation of colloidal gold conjugates, application of reagents onto the membrane 

and pads, lamination of the strip membranes onto a support backing, cutting the 

prepared master cards into strips of defined length and width, and strip packaging 

(Figure 9).  

 

 

 

Figure 9. Represantation of a LF strip manufacturing process. (Taken from Zhang et al., 2009) 

 

The most common plastics used for LFIA tests are polystyrene and polyester. The test 

sample is applied onto the sample pad. Conjugate pad contains Abs, which are specific 
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to the target analyte and usually conjugated to coloured particles such as GNPs and 

latex beads. Anti target Abs are immobilised in a line across the membrane which is a 

hydrophobic nitrocellulose or cellulose acetate as a test line. It has an additional control 

line containing Abs specific for the conjugate Abs. The  components of the strip are 

usually fixed to an inert backing material and may be presented in a simple dipstick 

format or within a plastic casing with a sample port and reaction window showing the 

capture and control zones (Peruski and Peruski, 2003). After the test sample is applied, 

it flows along the nitrocellulose membrane via capillary action, on which it encounters 

a colored reagent, e.g. GNPs/Ab conjugates applied and continues through the zones 

containing immobilized Abs. Depending upon the analytes present in the sample the 

colored reagent can become bound at the test line. Providing that the test strip and the 

test procedure are correct, the control line is always visible. If no colored capture line 

or only a red color at the test line appears, the strip is invalid, and the test should be 

repeated using a new strip (Song et al., 2011, Tripathi et al., 2012). Besides, the test 

result is positive when both the test and control lines are red color (Figure 10). 

 

 

Figure 10. Schematic diagram of the immunochromatographic test strip principle for the dipstick assay. 

CSA Ab: Common structural antigenic antibody, GNPs: Gold nanoparticles 
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For the smaller analytes the competitive format of LF assay can be used (Zhang et al., 

2006b, Molinelli et al., 2009). Test procedure and principle of competitive format is 

that suitable volume of sample extract is added onto the sample pad, and the solution 

migrates toward the absorbent pad. When sample analyte is absent from the sample, 

all of the detection reagent would be trapped by capture reagent to form an easily 

visible test line. When sample analyte is present in the sample, it competes with the 

immobilized capture reagent for the limited amount of competitive detection reagent. 

Thus, it means that the more sample analyte in the sample, the weaker the test line 

color.  

1.6.2. Market Size and Trend of Lateral Flow Test Strips  

Immunoassays have been used in hospitals, laboratory medicine, and research since 

the mid-1960s. The  first  commercial  application  of  immunochromatographic strip 

tests is  a  pregnancy  test introduced  in  1988  (Posthuma-Trumpie et al., 2009). If the 

target analyte and necessary Abs are available, assay development costs can be as low 

as $30,000 or not higher than $100,000. Further, prototype test kits can be available 

for clinical trials in as little as 4 months. Once developed and tested, test kits can be 

manufactured for $0.10–$3.00 per test. 

The world market for LF based tests (Kalorama Information, 2006) was estimated at 

$2,270 million in 2005 with a compounded annual growth rate (CAGR) of 10%, and 

it was reached $3,652 million in 2012. This estimate included LF based tests used in 

human and veterinary medicine, food and beverage manufacturing, pharmaceutical, 

medical biologics and personal care product production, environmental remediation, 

and water utilities. Biowarfare agents and pathogens such as anthrax, smallpox, avian 

influenza, and other potential biological weapons are not included in this table since 

they are no use in routine and developmental process of them is still proceeding. The 

US market accounts for $1,005 million (50%) and the European market for 

approximately $804 million (40%) of the worldwide market for LF clinical tests. Japan 

and Asia represents 5% ($100 million) and the ROW accounts for the remaining 5% 

of the market (Rosen, 2009). Table 4 demonstrates the revenue of LF test sales. 
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Table 4. World Lateral Flow Test Sales Revenue (US$ Million). (Taken from O’Farrell, (2013) 

 2010 % 

Market 

2015 % Market % 

CAGR 

No. of 

Companies 

Clinical 2990 89 4100 89 7 At least 100 

Veterinary 280 8 420 9 8 At least 50 

Food and beverage 50 1 95 1 14 Approx. 20 

Pharma/biologics 20 0.6 35 1 12 Approx. 20 

Environment 10 0.2 12 0.2 4 At least 50 

Water utilities 10 0.2 13 0.2 5 Approx. 20 

 3360 100 4675 100 7  

1.6.3. Antibodies for Lateral Flow Strips   

Abs suitable for LFIA are available from a number of commercial sources (Linscott, 

2008). Various kinds of Abs generetad by different ways such as hybridoma or 

recombinant protein technology can also be adaptable to the LF assay. Although 

monoclonal or polyclonal Ab based immunochromatographic test strips are commonly 

in use, development of scFv based tests (Wemmer et al., 2010) is highly limited. 

Frequently, commercial Abs can be obtained prequalified by the vendor in pairs 

suitable for sandwich assays. These pairs are most readily available for relatively 

common and high volume assays, such as tests for pregnancy, infectious disease, 

cardiac markers and malignancies. Similarly, Abs suitable for use in competitive 

assays, such as hormones, therapeutic drugs, and drugs of abuse are available. Abs can 

be directly immobilized onto GNPs (Shen et al., 2007) and then they are applied to the 

developed strip assays. The first use of an Ab with colloidal gold reagent for a 

diagnostic immunoassay was reported in 1981 (Leuvering et al., 1981). It is also 

possible to obtain some of those Abs which are already conjugated to colloidal gold or 

latex particles.  

1.7. Aim of the Study   

Fast and sensitive detection of food pathogens by using commercial and engineered 

Abs has been proposed. One of the main objectives of this research was to develop the 

LF test strips based on GNPs in order to detect Salmonella and E.coli O157:H7 species. 

Second purpose of this study was to generate the scFv of Salmonella specific se155-4 

Ab and to test its binding affinity and specifity to target antigens by ELISA, and finally 
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to adopt the scFv to the LF strip technology for the purpose of making self produced 

Ab based detection platform for Salmonella. The last goal of this research was to detect 

Salmonella by engineeringly produced humanized full length IgG, fusion Ab, form of 

se155-4 Ab by common and magnetic based ELISA in a very low cell number as a 

detection limit. 
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CHAPTER 2  

 

MATERIALS AND METHODS 

 

 

2.1. Materials   

2.1.1. Chemicals, Kits and reagents  

Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Life Technologies); superior broth 

media (AthenaES); SeaKam GTG Agarose (Lonza); EDTA (Duchefa Biochemie); 

dialysis tube (Sigma D-30); formaldehyde (37%); SOC outgrowth medium and 2XYT 

medium, LPS from Salmonella enterica serotype typhimurium and Anti-

polyHistidine−Peroxidase antibody (Sigma); 1kb DNA ladder; affinity purified 

antibody to Salmonella common structural antigen (CSA) (01-91-99), S. typhimurium 

positive control cells (50-74-01), affinity purified antibody to goat IgG (01-13-06), 

affinity purified antibody to E.coli O157:H7 (01-95-90-MG) and E.coli O157:H7 

positive control cells (50-95-90) (KPL); His purTM Ni-NTA Resin, MES SDS Running 

buffer, Gelcode Blue Stain reagent, Costar 3590 ELISA microplate, Spectra BRTM 

multicolor broad range protein ladder, Ultra TMB_ELISA substrate solution, Slide-A-

Lyzer G2 Dialysis Cassettes and 10K MWCO (Thermo Fisher scientific); LB medium; 

Kanamycin (50µg/ml final); Ampicillin (0.1mg/ml final); pET28(+a) (Novagen); 

Salmonella ELISA Kit (Abnova); QIAprep Spin Miniprep Kit (Qiagen); Bis-Tris Gel; 

Accuprime Pfx DNA polymerase and Pfx Accuprime rxn mix (Invitrogen); Filters 

cups (Thermo scientific, Nalgene); sterile syringe filter (VWR); Cellulose 

sample&absorbent pad, roll (C083), Glass fiber conjugate pad (G041) and NC 

membranes (HF240MC100, HF180MC100, HF120MC100, HF075MC100) 

(Millipore); skim milk powder (OXOID); Laemmli sample buffer (Biorad) and of 2-

Mercaptoethanol (MP Biomedicals) were used and all the gene pieces including 

primers and geneblocks were purchased from Integrated DNA Technologies (IDT).  
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ExpiFectamine™ 293 Transfection Kits, Opti-MEM® I Reduced Serum Medium 

(31985-062), Expi293 Expression medium A14351-01, 1000ml (Invitrogen-Gibco by 

Life Tech.); ProMag™ 1 Series • COOH (Bang laboratories, Inc- PMC1N); SNAP 

capture magnetic beads (NEB-S9145S) and BG-GLA-NHS substrate (NEB S9151S); 

and S. typhimurium LPS factor 4 Ab (MBS219614, Mybiosource) were used. 

2.1.2. Bacterial strains  

SHuffle® T7 Express Competent E. coli cells, DH10B electrocompetent cells and 

C3029 cells were purchased from NEB. Salmonella enterica subspecies, serovar 

typhimurium 14028s & LT2 were a gift from Dr. Stephen Trent (Molecular Genetics 

and Microbiology, The University of Texas at Austin), S. bongori, S. ohio, S. newport 

were kindly provided by Dr. Shelley Payne’s lab (Molecular Genetics and 

Microbiology, The University of Texas at Austin). Dry soil bacteria sample was 

prepared from the common campus area of Middle East Technical University by 

collecting and culturing soil. Other used bacteria were given at Table 5.   

 

Table 5. Bacterial strains used for testing developed LF strips 

Strains issue Source 

S. typhimurium - NanoBiz R&D lab 

NanoBiz R&D lab 

NanoBiz R&D lab 

NanoBiz R&D lab 

METU campus, dry soil 

S. enteritidis - 

S. infantis - 

B. cereus - 

dry soil bacterial 

culture 

- 

S. enteritidis (1,2,3) isolate Ankara University Faculty 

Of Veterinary Medicine 

Ankara University Faculty 

of Veterinary Medicine 

S. infantis 

(1,2,3,4,5,6,7) 

isolate 

E.coli  - NEB 

E. coli O157:H7 heat treated positive control cells KPL 50-95-90 

V. chloreae heat treated positive control cells KPL 50-90-02 

S. typhimurium heat treated positive control cells KPL-50-74-01 

2.1.3. Instruments  

NanoDrop 2000 UV-Vis Spectrophotometer (Thermoscientific) was used for 

quantifying of either DNA or protein samples. UV-Vis Spectrophotometer 
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(Thermoscientific) was used to get spectra from GNPs and conjugates. Cell density 

meter (Biochrom WPA) was used for measuring the OD600 value of bacteria. Malvern 

Zeta Sizer was used for measuring both the size and Zeta potentials of GNPs and 

conjugates. Transmission Electron Microscopy (TEM) was used to analyze the size 

and shape of synthesized GNPs. Branson Sonifier 450 homogenizer was for the 

sonication of bacterial cells and Beckman coulter Avanti J26 XPI was for the spinning 

of cells. Fast protein liquid chromatography (FPLC) (Amersham, Frac 920) was for 

further purification of generated scFv and humanized fusion Ab. Microtiter plate 

reader (Tecan Infinite M200 PRO) was used for ELISA,  Multiscan plate reader was 

used to get spectra from gold conjugate, Incubator-Shakers were also for the bacterial 

growth.  

2.2. Experimental strategy  

This study comprises two main parts, developing immunochromatographic test strips 

based on full length and scFv Ab using GNPs for food pathogens detection and 

recognition of Salmonella with engineered scFv and fusion Ab by common and 

immunomagnetic ELISA (Figure 11).  

Developing the rapid detection tools for food pathogens is crucial to ensure the health 

of the organisms. LFIAs provide to users simplicity and point of care facility in a very 

short time without needed trained personel, and they are also popular in market trend. 

Since this technology have potential usage in almost every industries including 

medicine, veterinary, agriculture, etc. Ab based LFIA platform was developed in order 

to recognize the Salmonella and E.coli O157:H7 in the first part of the study. After 

synthesizing the GNPs with desired sizes, they were coupled with either commercial 

Abs against to Salmonella and E.coli O157:H7 or generated scFv specific to 

Salmonella. 

scFvs play a significant role in Ab based detection technologies. Because their 

production is possible with non-mammalian cells by time saving process and they 

retain antigen binding capacity in a recombinant form. Fusion Abs are also popular in 

the labelling process for imaging and detection technologies. Therefore, in the second 
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part of the study, common ELISA were performed in order to determine the binding 

efficiency of both engineered scFv and fusion Ab to Salmonella serogroup B&D, and 

immunomagnetic ELISA was also applied to make a very sensitive detection of S. 

typhimurium by produced fusion Ab. 

 

 

Figure 11. Overview of experimental strategies and methods for recognizing of food pathogens, 

Salmonella and E.coli O157:H7, in this study. LFIA: Lateral Flow Immunochromatographic Assay, 

GNPs: Gold nanoparticles, TEM: Transmission Electron Microscopy, UV-Vis: UV-Visible 

Spectroscopy, Abs: Antibodies, scFv: Single chain variable fragment 
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2.3. Methods  

2.3.1 Bacterial growth   

S. infantis (FE), S. paratyphi B, S.montevideo, S. telaviv, S. kentucky were cultured in 

BHI medium. S. typhimurium, S. enteritidis, S. infantis and dry soil bacteria were 

cultured in TSB medium and other remained bacteria were in LB medium. Their OD600 

value was measured with spectrophotometer. 

2.3.2. Generation of recombinant antibodies 

2.3.2.1. Production of Single Chain Variable Fragments 

The amino acid sequences of variable fragments of se155-4 Ab were obtained from 

the Genbank. Accession numbers are AAB30721.1 and AAB30722.1 (Bundle et al., 

1994b) for heavy and light chain variable regions, respectively. Aminoacid and 

nucleotide sequences of variable fragments were given at Table 6. The gene block of 

scFv with the linker sequences was also shown in Table 7.  
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Table 6. Aminoacid and nucleotide sequences of variable fragments of se155-4 Ab 

Heavy chain variable region of Se155-4 Ab 

EVQVQQSGTVLARPGASVKMSCKASGYTFTNYWMHWIKQRPGQGLEWIGAIYPGNSATF

YNHKFRAKTKLTAVTSTITAYMELSSLTNEDSAVYYCTRGGHGYYGDYWGQGASLTVSS

AK 

 

GAAGTTCAAGTGCAGCAGTCTGGAACCGTGCTTGCGAGACCAGGCGCAAGTGTTAAGA

TGTCCTGTAAAGCTTCCGGGTATACTTTTACGAACTATTGGATGCATTGGATAAAACAA

CGCCCTGGGCAGGGGCTCGAATGGATTGGCGCTATATACCCAGGGAACAGCGCGACTT

TTTATAATCACAAGTTTCGGGCGAAAACCAAACTCACAGCTGTCACAAGCACGATAAC

CGCTTATATGGAGTTGTCTAGCTTAACGAACGAAGACTCTGCCGTATACTATTGTACAC

GGGGAGGGCATGGTTATTATGGGGACTATTGGGGCCAGGGTGCGTCACTTACGGTCTC

GAGTGCCAAG 

Light chain variable region of Se155-4 Ab 

QAVVTQESALTTSPGETVTLTCRSSTGTVTSGNHANWVQEKPDHLFTGLIGDTNNRAPGVP

ARFSGSLIGDKAALTITGAQPEDEAIYFCALWCNNHWIFGGGTKLTVLGQPK 

 

CAAGCGGTGGTCACTCAAGAGTCCGCCTTGACCACCTCACCTGGCGAAACAGTCACTC

TGACATGTCGGAGCAGCACAGGGACGGTGACCTCAGGCAATCATGCAAATTGGGTCCA

GGAGAAGCCTGATCACTTATTCACCGGGTTGATCGGAGATACGAATAACAGGGCTCCA

GGAGTGCCTGCTCGCTTTTCGGGGAGTTTAATTGGAGACAAGGCAGCCCTGACAATTA

CCGGCGCACAGCCTGAGGACGAAGCCATATACTTTTGCGCCTTATGGTGCAATAATCA

CTGGATTTTCGGGGGCGGAACCAAGCTCACTGTGCTGGGCCAACCAAAG 
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Table 7. Gene block of scFv with linker sequences   

CTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATCATATGAAGAAAACGGCCATC

GCTATTGCCGTGGCGCTGGCTGGATTTGCAACAGTGGCACAGGCGGAGGTACAGGTCC

AGCAGTCCGGCACCGTCCTTGCGCGCCCGGGCGCTTCCGTGAAAATGAGCTGTAAAGC

GAGTGGGTACACATTTACTAATTACTGGATGCACTGGATTAAACAGCGTCCTGGCCAA

GGTTTGGAATGGATCGGAGCGATTTATCCTGGCAATAGCGCTACCTTTTACAATCATAA

GTTTCGCGCTAAAACCAAACTTACCGCCGTTACCAGCACTATCACAGCGTATATGGAA

CTGTCTTCGCTGACAAACGAAGACAGCGCTGTTTACTATTGCACCCGCGGCGGACACG

GCTATTATGGTGATTACTGGGGCCAGGGGGCCTCGTTGACGGTATCGTCCGGCGGGGG

AGGCAGTGGGGGCGGCGGTTCTGGTGGTGGTGGTTCCCAGGCAGTAGTGACACAGGA

GAGTGCCCTGACCACCAGCCCGGGTGAAACCGTAACACTCACTTGTCGCAGCAGCACA

GGTACTGTGACATCCGGTAACCATGCGAATTGGGTTCAGGAAAAACCGGATCACCTGT

TTACTGGCCTGATTGGAGATACGAACAATCGCGCGCCTGGCGTGCCAGCCCGCTTTAG

CGGCAGCCTGATCGGGGATAAAGCAGCTCTGACCATCACAGGCGCACAACCAGAAGA

TGAAGCAATCTATTTTTGCGCGCTGTGGTGCAACAATCATTGGATCTTTGGTGGTGGAA

CAAAACTGACCGTTCTGGGACAGCCGAAAGGATCCCACCACCACCACCACCACTGATG

A 
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The construction of pET-28a (+) vector (Figure 12) for inserting the scFv gene block 

was carried out in the Ellington Lab, The University of Texas at Austin. 

 

Figure 12. scFv construction of se155-4 Ab using pET28a (+) vector 

 

In order to build the Salmonella scFv, vector and geneblock PCR were done, initially. 

The amplified regions of both vector and gene block were carried out by designed 

forward&reverse primers (Table 8). Primer sets, reagents used for PCR and PCR 

cycling conditions were given at Table 9, Table 10, and Table 11 respectively.  
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Table 8. Primers used for scFv building 

JG.Sam.F CTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATCATATG 

JG.Sam.R TCATCAGTGGTGGTGGTGGTGG 

JG.pET28.NewHis.F GGATCCCATCACCACCATCATCACTGATGAGATCCGGCTGCTA

ACAAAGC 

JG.pBR322.R CGCCTTATCCGGTAACTATCGTCTTG 

JG.pBR322.F CAAGACGATAGTTACCGGATAAGGCG 

JG.lacI.R GCGTTGGTGCGGATATCTCGGTAG 

JG.lacI.F CTACCGAGATATCCGCACCAACGC 

JG.pET.Sam.R CATATGATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAG 

 

 

Table 9. Primer sets used for PCR rxn 

 

 

 

Table 10. Reagents used in PCR rxn 

 

* Pfx Accuprime rxn mix 

** pET28(+a) plasmid DNA 

*** Accuprime Taq DNA Polymerase 

 

Vector PCR Forward Reverse bp 

1 JG.pET28.NewHis.F JG.pBR322.R  1966 

2 JG.pBR322.F JG.lacI.R  2036 

3 JG.lacI.F   JG.pET.Sam.R  1287 

Gene PCR Forward Reverse bp 

G1 JG.Sam.F JG.Sam.R  871 

 

Reagent 

Stock 

concentration 

Final 

concentration 

Volume 

(µl) 

Buffer*  10 X 1 X 5 

Template**  1 µg/µl 10 ng 0.5 

JG.Sam.F primer 20 µM 0.4 µM 1 

JG.Sam.R primer 20 µM 0.4 µM 1 

Polymerase***  5 U/µl 0.05 U/µl 0.5 

dH2O   42 

Total   50 
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Table 11. Thermal cycling conditions used in PCR 

  Temperature (˚C) Duration Number 

of cycles 

Initial 

denaturation 

 95 3:00 1 

 

 

Amplification 

Denaturation 95 0:30  

 

20 
Annealing 60 (1)*, 65 (2)*, 58 

(3)*, 62 (G1)* 

0:30 

Extension 68 2:00 (1,2)* 

1:00 (3,G1)* 

Final extension  68  4:00 1 

* Codes coming from Table 9 

 

After PCR reaction, the resulted DNA fragments were obtained by gel extraction 

according to the Promega manual. The concentration of DNA pieces was quantified 

using NanoDrop 2000, and stored at -20◦C for further use.  

2.3.2.1.1. Transformation to E.coli cells  

Gibson assembly reaction (Gibson, 2011) was performed to overlap the DNA 

fragments obtained from gel extraction. Then transformation was done using NEB 10-

beta competent E.coli according to the protocol manufacturer supplied. In summary, 5 

µl of the Gibson rxn was added into competent E.coli in order to transform the ligated 

products. After incubation on ice for 30 min, heat shock procedure was applied and 

finally 100 µl of outgrowth culture was plated onto LB agar plate including antibiotics 

Kan and incubated at 37˚C for overnight. On the following day, a single colony of 

transformed E.coli cells were picked up and inoculated into 5 ml of LB media added 

with Kan and allowed to incubate at 37˚C for overnight. Plasmids were isolated from 

bacterial pellets using the QIAprep Spin Miniprep Kit. The verification of plasmid 

DNA sequences was done by both PCR and sequence analysis which was performed 

at The University of Texas at Austin, Department of Molecular Bioscience. Then 

plasmid DNA was stored at - 20˚C after quantifying with NanoDrop 2000 UV-Vis 

Spectrophotometer.  
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2.3.2.1.2. Isolated Plasmid PCR    

In order to make sure that synthetic scFv gene block is inserted in the plasmids, they 

were isolated firstly. Inserted gene block was amplified by PCR and then PCR products 

were loaded on 1% SeaKam GTG agarose gel with 6x orange loading dye and run in 

1X TAE about 40 min using 136 V power supply. 1kb DNA ladder was used for the 

correction of the band sizes. Reagents for PCR and PCR cycling conditions are shown 

in Table 12 and 13, respectively. 

 

 

Table 12. Reagents used in PCR rxn 

 

Reagent 

Stock 

concentration 

Final 

concentration 

Volume 

(µl) 

Buffer*  10 X 1 X 5 

Template**  50.5 ng/µl 0.5 ng 0.5 

JG.Sam.F primer 20 µM 0.4 µM 1 

JG.Sam.R primer 20 µM 0.4 µM 1 

Polymerase***  5 U/µl 0.05 U/µl 0.5 

dH2O - - 42 

Total   50 

* Pfx Accuprime rxn mix 

** Plasmid DNA 

*** Accuprime Pfx DNA polymerase 

 

 
Table 13. Thermal cycling conditions used in PCR rxn 

   

Temperature(˚C) 

 

Duration 

Number of 

cycles 

Initial 

denaturation 

 95 3:00 1 

 

Amplification 

Denaturation 95 0:30  

20 Annealing 62  0:30 

Extension 68 1:00 

Final extension  68  4:00 1 
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2.3.2.1.3. Expression of Single Chain Variable Fragments   

The expression plasmids were transfected into SHuffle® T7 Express Competent cells. 

In brief, 1 µl of 50.5 ng/µl plasmid DNA was added into ~50 µl C3029 strain without 

vortexing and incubated on ice for 30 min. After that mixture was allowed to incubate 

for heat shock in water bath at 42˚C for 30 seconds, and placed on ice immediately 

after for 5 min. Then 950 µl of SOC medium was added into cells and they were 

incubated and rotated for 1 hr at 30˚C at ~250 rpm using New Brunswick Incubator. 

100 µl of transfected cells were plated to LB agar plate containing Kan and incubated 

for 16 hr at 30˚C. On the following day five colonies were picked from the plate and 

grown in 5 ml of 2XYT (Sambrook et al., 1989) added with Kan separately, and they 

were incubated at 30˚C for overnight in the shaker. 10 ml of the overnight cultures as 

total volume was inoculated into 2 L of separate superior media added with Kan and 

incubated at 30˚C in a rotary shaker at 225 rpm. After the bacterial OD600 value reaches 

to 1.5, the anti-Salmonella scFv expression was induced by adding of 1 mM IPTG as 

a final concentration. After 24 hr growing period of cultures at 16˚C, 225 rpm, cultures 

were transferred into the centrifuge jars and pelleted at 4000RCF at 4˚C for 15 min. 

After discarding the supernatant the cell pellet was resuspended in 25 ml of ice cold 

equilibrate bufffer (pH: 7.4, 50 mM Phosphate, 300 mM NaCl, 20 mM Imidazole) on 

ice. The resuspended cells were transferred to sterile glass beaker for sonication. They 

were disrupted by 50% amplitude for 2 min as two times by 5 min time interval and 

then centrifuged at 40000x g at 4˚C for 30 min using Beckman coulter Avanti J26 XPI. 

The supernatant that is soluble fraction was filtered by 0.2 µm cellulose acetate into 

clean falcon tubes and held on ice for column purification after named as flow through 

(FT). 

2.3.2.1.4. Purification of Single Chain Variable Fragments  

All purification steps were done at 4˚C and buffers (Table 14) used for purification 

were autaclaved or filter sterilized. Briefly, 30 ml polyprylene columns were prepared 

with 2 ml of Ni-NTA solution and then prewashed with ultrapure water for two times. 

Firstly, columns were equilibrated with equilibrate or wash 1 buffer (W1) and the FT 

containing scFv comes from sonicated and centrifuged supernatant solution were 
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applied into columns. They were washed with wash 2 (W2) buffer and finally protein 

of interest was eluted with 5 ml of elution buffer (E).  As a result of this, 10 µl of 

column purified scFv was loaded onto 4-12% Bis-Tris SDS Gel. It was run in 1X MES 

running buffer about 1 h at 140 V after incubating the aliquots at 95˚C for 3 min with 

loading sample buffer. Gel was stained with Gelcode Blue staining reagent for 

overnight and destained with ultrapure water about 4-5 hours. Multicolor broad range 

protein ladder was used as marker for the gel image analyses. The further FPLC 

purified scFv Abs were concentrated using 3000 MWCO centrifugal filter tubes. The 

concentration of obtained scFv was quantified by using Nanodrop 2000, and then it 

was stored at -80˚C or -4˚C in PBS for long term and short term storage, respectively. 

 

Table 14. Buffers used for Ni-NTA column purification 

 Equilibrate-Wash1  

pH 7.4 
Wash2  

pH 7.4 
Elution  

pH 7.4 

Na2HPO4 (0.5M) 4.05 ml 4.05 mL 4.05 mL 

NaH2PO4 (0.5M) 0,95 mL 0,95 mL 0,95 mL 

NaCl (5M) 3 mL 5 mL 5 mL 

Imidazole (1M) 1 mL 2.5 mL 25 mL 

dH2O 41 mL 37.5 mL 15 mL 

Total volume 50 mL 50 mL 50 mL 

 

Final concentration 

50mM Phosphate 50mM Phosphate 50mM Phosphate 

300mM NaCl 500mM NaCl 500mM NaCl 

20mM Imidazole 50mM Imidazole 500mM Imidazole 

 

2.3.2.2. Production of Fusion Antibody   

Construction of pSNAPf vectors for the heavy and SNAP-Tagged light chain of se155-

4 Ab, transformation of them into the E.coli cells and plasmid isolation were performed 

in the Ellington Lab, The University of Texas at Austin. 

2.3.2.2.1. Transfection and expression of fusion antibody   

ExpiFectamine™ 293 Transfection Kit was used for transfection of mammalian cells. 

For that purpose final transfection volume was adjusted to 30 ml and the number of 

cells to transfect was 7.5 × 107 cells. The amount of plasmid DNA was determined as 

30 μg. The amount of ExpiFectamine™ 293 Reagent was used as 80 μl which means 
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the volume of 2.7 μl ExpiFectamine™ 293 Reagent was used for per 1 μg of plasmid 

DNA transfected. The ratio of Ab chains was adjusted to 3:1 for the SNAP-Tagged 

IgL and IgH, respectively. Initally, cultured cells were tripsinized and the total number 

of cells needed were counted either under the microscope using hemocytometer or 

cellometer on the day of transfection. The appropriate volume of cells was added to 

erlenmayer shaker flasks and volume was brought up to 25.5 ml by adding pre-warmed 

Expi293 ™ Expression Medium for each 30 ml volume of transfection and the cells 

were returned to the incubator. Lipid DNA complexes were prepared for each 

transfection as following that 30 µg of plasmid DNA was diluted in 1.5 ml total volume 

of Opti-MEM® I Reduced Serum Medium and mixed gently. 80 µl of ExpiFectamine 

™ 293 Reagent was also diluted in Opti-MEM® I medium to a volume of 1,5 ml and 

incubated at RT for 5 min after gently mixing. Then, the diluted DNA was added to 

the diluted ExpiFectamine ™ 293 Reagent in order to obtain a 3 ml of total volume. 

The mixture was incubated at RT for 20-30 min after mixing gently to form the 

complex of the DNA-ExpiFectamine ™ 293 Reagent. Then, 3 ml of complex was 

added to the each flask prepared by previously. Flasks containing a total volume of 

28,5 ml was allowed to incubate in a 37˚C incubator with a humidified atmosphere of 

8% CO2 in air as shaking at 125 rpm. After about 16-18 hr incubation time, 150 µl of 

ExpiFectamine ™ 293 Transfection Enhancer 1 and 1,5 ml of ExpiFectamine ™ 293 

Transfection Enhancer 2 were added to each flask, then waited for six days to obtain 

expressed SNAP-Tagged fusion Ab. 

2.3.2.2.2. Purification of fusion antibody   

The produced fusion Ab was purified with column purification as described in section 

2.3.2.1.4 with slight differences. Buffers used for purification were also given in Table 

15. All purification steps were performed at 4˚C and samples collected from columns 

were saved at each step for analytical gel. Briefly, 400 µl of Ni-NTA slurry was applied 

to the 5 ml columns, then they were equilibrated with 10 ml of cell culture medium. 

On the following, transfected cells were centrifuged at 500 RCF for 10-20 min at 4˚C. 

The supernatant was transferred to the clean falcon tube and added with 10X buffer 

(final 1X), then flew over to equilibrated columns and named as FT. The FT was 
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reloaded into column at least 3 times in order to increase the binding of protein onto 

Ni-NTA and washed with wash buffer once before applying 2-3 ml of elution buffer. 

20 µl of the eluted fusion Abs and collected samples from each steps were analyzed 

by 4-12% Bis-Tris SDS gel with using 1X MES Running buffer. The gel was stained 

with Gelcode Blue Stain reagent at overnight and destained with ultrapure water. After 

making sure that fusion Ab is obtained succesfully, dialysis of purified Ab was also 

performed against 900 ml of 1X PBS at 4˚C for overnight using 10K dialysis cassettes 

with two times buffer change. After this step, excess amount of Imidazole was 

removed until the concentration of it reaches to 1mM using 10000 MWCO spin 

column by centrifugation performed at 3000 xg for 20 min. Purified fusion Ab was 

stored at 4˚C for further use or immediately coupled with magnetic beads after 

quantifying the concentration by using Nanodrop 2000. 

 

Table 15. Buffers used for column purification of produced fusion antibody 

10X buffer 

pH 8.0  
Wash Buffer 

pH 8.0  
Elution Buffer 

pH 8.0 

500mM NaH2PO4 50mM NaH2PO4.H2O 50mM NaH2PO4.H2O 

1.5M NaCl 300mM NaCl 300mM NaCl 

100mM Imidazole 20mM Imidazole 300mM Imidazole 

 0.05% Tween 20 0.05% Tween 20 

 

 

2.3.3. Development of Lateral Flow Strip Assay    

2.3.3.1. Synthesis of Gold Nanoparticles and conjugation with antibodies  

GNPs with different sizes were synthesized according to the citrate reduction method 

by making slight changes (Afonso et al., 2013) and conjugated with Salmonella CSA 

Ab, purified scFv and affinity purified Ab to E.coli O157:H7 using two different 

methods. The pH value of colloidal gold suspension was adjusted with 0.2 M K2CO3 

or 1 M HCl. The evaluation of the size measurement of synthesized GNPs was 

performed by TEM,  Malvern Zeta Potential instrument and UV-Vis spectroscopy. 
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Besides, Zeta potentials of both naked and conjugated GNPs were analyzed by 

Malvern Zeta Potential. 

2.3.3.1.1. Synthesis of 16 nm GNPs and conjugation with Single Chain Variable 

Fragments  

100 ml of 1 mM Hydrogen tetrachloroaurate (III) hydrate (99.9% Au) was boiled and 

10 ml of 38.8 mM sodium citrate was added into the solution, then it was continued to 

boil about 10 min. On the following, it was cooled with constant stirring before filter 

sterilization and dialysis against water. Then, UV-Vis spectra was measured for max 

absorption spectrum of surface plasmons (λmax) of synthesized GNPs. The conjugation 

of GNPs with dialyzed scFv against to PBS was initially started with the pH adjustment 

to 7.5-8.0-8.5-9.0-9.5 of GNPs. 40 µg/ml of scFv as final concentration was added into 

the each well containing 50 µl GNPs and after 15 min incubation absorbance value 

was read at λmax. The stability and polydispersity constant of Ab/gold complex was 

evaluated by getting the ratio of absorbance at λmax:580 nm and 600 nm:λmax 

(Englebienne, 2000), respectively after adding 100 µl of 10% NaCl into solution. The 

optimal pH value was determined by the graph obtained from both the ratio of λmax/580 

nm and 600/λmax absorbance value and also by looking at the red color of mixture 

which seems to the same as originally sythesized GNPs’s red color. The minimum 

protein concentration desired for coating GNPs was determined in 96 well plate by 

adding of the Ab as 5-10-15-20-25-30-35-40-45-50 µg/ml for final concentration into 

each well. The absorbance value at λmax was read after 15 min incubation and 100 µl 

of 10% NaCl solution was added into the wells. On the following of incubation for 45 

min, it was reread at λmax. Final decision for the optimal Ab concentration was made 

according to the λmax decrease and also by looking at the color of mixture which is seen 

as the same red color of originally synthesized GNPs.  

Conjugation procedure of 16 nm GNPs with scFv was as follows and called as method 

1. The pH value of colloidal gold suspension was adjusted to 9.0 with 10 N NaOH and 

11.1 µl of scFv at the predetermined optimum concentration, 20 µg/ml, was added into 

989 µl GNPs and incubated for 1 hr with gentle shaking at RT. 10% BSA in 20 mM 

sodium borate (pH: 9.27) was added rapidly as 1/10 volume of conjugates, i.e.,100 µl, 
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into the mixture and allowed to incubate for 15 min before UV-Vis measurement. 

Mixture was pelleted at 16000x g for 30 min at 4˚C. Supernatant was discarded and 

pellet was washed with 1 ml wash buffer (WB, 20 mM sodium borate containing 1% 

BSA, pH: 9.27) for two times. Finally, pellet was resuspended in 100 µl WB and UV-

Vis measurement was performed by Nanodrop. For negative control complexes, 750 

µl of GNP was mixed with 75 µl 10% BSA in 20 mM sodium borate (pH: 9.27) and 

11.6 µl PBS instead of scFv, then all remained steps were applied as the same with 

above and complexes were stored at 4˚C. To make scFv/5X concentrated GNPs 

conjugate, 4 ml of synthesized nanoparticles were centrifuged at 4500 rpm for 15 min 

at 8˚C using 10K ultracentrifugal filter tubes. Further 4 ml of GNPs was added into 

tube after discarding remained colorless volume and allowed to centrifugation at the 

same conditions. Finally, 2 ml of GNPs was added and after centrifugation, remained 

450 µl pellet was added with 550 µl sterile water and called as 10X in 1 ml total 

volume. In order to make a conjugation with scFv, 500 µl of 10X GNPs was diluted 

as ½ ratio and called as 5X GNPs, then the coating procedure was applied as the same 

mentioned above. Finally pellet was used after resuspending in 500 µl WB (pH: 9.27).  

2.3.3.1.2. Synthesis of 36 nm GNPs and conjugation with Common Structural 

Antigenic Antibodies   

500 ml of 0.01% HAuCl4.xH2O was boiled and 5 ml of 1% sodium tricitrate was added 

(Huo et al., 2006) into the solution. After changing the color of solution from black to 

reddish in a 2 min, it was allowed to further boiling about 10 min to complete the 

reduction. On the following, it was cooled with constant stirring before filter 

sterilization. After cooling, 0.05% sodium azide was added and UV-Vis spectra was 

measured for determining the λmax of synthesized GNPs. The conjugate of GNPs with 

Salmonella and E.coli O157:H7 Ab was prepared according to the method 1 and 

method 2, respectively after dialysis of Abs against to 20 mM sodium borate (pH: 9.3) 

for 24 hr. Briefly, 0,1% EDTA was added into 80 ml distilled water and it was boiled 

about 2 min after putting the dialysis tube. Then, 2 ml of either Salmonella Ab or E.coli 

Ab with desired concentration was allowed to dialyze against to 200 ml 20 mM sodium 

borate (pH: 9.3) at cold room. Determining of the optimal Ab concentration for the 

conjugates was performed by applying the same procedure mentioned before except 
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for the adjustment of pH values and experienced protein concentrations which are 5.6-

6.0-6.5-7.0-7.5-8.0-8.5-9.0 of GNPs and 1-2-4-5-8-12-16-20-24-28-32-36-40 µg/ml as 

final, respectively for Salmonella Ab. They were 6.3-8-8.5-9 and 5-10-15-20-25-30-

35-40 µg/ml Ab for determining the optimal pH value and Ab concentration, 

respectively for E.coli Ab conjugation.  

Conjugation procedure of GNPs with Salmonella Ab was performed according to the 

method 1 with slight changes. Briefly, 2 ml of the Salmonella Ab at the predetermined 

optimum concentration, 20 µg/ml, was added into 10 ml GNPs (pH: 9.0) rapidly and 

incubated for 30 min with gentle shaking at RT. 10% BSA in 20 mM sodium borate 

(pH: 9.3) was added rapidly as 1/10 volume of conjugates into the mixture and allowed 

to incubate for 15 min before UV-Vis measurement. Mixture was pelleted at 25000 

RCF for 30 min at 4˚C. The supernatant was discarded and pellet was washed with 8 

ml wash buffer (WB, 20 mM sodium borate containing 1% BSA, pH: 9.3) for two 

times. Finally, pellet was resuspended in 1 ml WB and UV-Vis spectrum was recorded. 

For negative controls, the same amount of GNPs was used for making different 

complexes  (Table 16) without adding any Ab in order to make sure that there will not 

be non-spesific capturing on the strip assay caused by other agents used in conjugation.  

 

Table 16. Preparation of Salmonella Ab and GNPs conjugate with negative controls, and their UV-Vis 

Spectra before and after centrifugation 

1 2 3 4 

10 ml GNP  10 ml GNP  

1 ml %10 BSA in  

20 mM sod.borate 

10 ml GNP  

2ml PBS 

1,2ml %10 BSA in  

20 mM sod.borate 

10 ml GNP  

2ml Ab in PBS 

1,2ml %10 BSA in  

20 mM sod.borate 

Resuspended in WB Resuspended in WB Resuspended in WB Resuspended in WB 

 

UV-Vis  1  2 3 4  

Before centrifugation 526nm 526nm 526nm 526nm 

After centrifugation 527nm 527nm 528nm 532nm 
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Conjugation of GNPs with E.coli Ab was achieved according to the method 2 (Guo et 

al., 2009) with slight changes. Briefly, 2 ml of dialysed Ab with desired concentration, 

35 µg/ml, was swiftly added to 10 ml of GNPs (pH: 8.0). Then it was allowed to 

incubate for 1 hr before stabilizing the sol with 1% BSA and 0.01% PEG as final 

concentrations. After 5 min stirring, the mixture was incubated for 1 hr and then 

centrifuged at 20000 RCF for 30 min at 4˚C. Supernatant was carefully discarded and 

pellet was resuspended with 10 ml of 0.01 M PBS buffer (pH: 8.0) containing 1% BSA 

and 0.01% PEG8000 and then allowed to centrifuge at the same conditions as before 

twice. Finally, Ab/GNPs complex was dissolved in 1 ml PBS buffer (pH: 8.0) 

involving 10% sucrose, 1% BSA, 0.05% sodium azide which is called as resuspension 

buffer (RB), and stored at 4˚C for the next use. Table 17 demonstrates the prepared 

GNPs with/without Ab. 

 

Table 17. Preparation of E.coli Ab and GNPs conjugate with negative controls and their UV-Vis spectra 

before and after centrifugation 

1 2 3 

10 ml GNP  10 ml GNP  

2 ml PBS  

1% BSA 

0.01% PEG8000 

10 ml GNP  

2 ml Ab 

1% BSA 

0.01% PEG8000 

Resuspended in RB Resuspended in RB Resuspended in RB 

 

UV-Vis  1  2 3 

Before centrifugation 526nm 527nm 527nm 

After centrifugation 528nm 530nm 533nm 

 

2.3.3.2. Designing of Lateral Flow Strips  

Assemblying of the strip components was made by overcrossing the pads on NC 

membrane with 2 mm overlapping. While the conjugate and sample pads were placed 

at the beginning of the membrane, absorbent pad was affixed to the distal end (Figure 

13). The reagents on capture zones were manually applied in 0.6 µl PBS with desired 
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concentrations as 4-5 droplets. Table 18 also shows the buffers used for designing of 

LF strips. 

 

 

Figure 13. Assemblying of the strip components onto backing material   

 

Table 18. Buffers used for developed lateral flow strips 

 Conjugate pad buffer  Sample pad buffer 

 

20mM sodium 

borate  

(pH:8.0) 

containing;  

 

2% (w/v) BSA  

3% (w/v) sucrose 

0.6 M NaCl 

0.2% (v/v) Tween 20 

0.1% (w/v) sodium azide 

 

1X PBS  

(pH:7.2)  

containing; 

 

0.1 M  NaCl 

0.2%  (v/v) Tween  20 

0.1%  (w/v)  sodium  azide 

 

2.3.3.2.1. Single Chain Variable Fragments based Strips 

Initially, 0.6 µg/strip LPS was immobilized on NC membrane to make sure that 

conjugate is able to capture the antigen on the strip. Then 0.6 µg/strip antigoat IgG and 

1.4 µg/strip scFv in PBS were dispensed in the form of droplets onto NC membrane 

as a test and control line respectively. Then, it was dried at 37˚C for 15 min. Besides, 

LPS and IgG was also experienced as a test and control line or vice versa to see the 

capturing efficiency of the location of the agents. Conjugate pads were prepared by 

cutting fiberglass to 3.5 cm, and 50 µl of scFv-GNPs conjugate was diluted with 100 

µl of conjugate pad buffer. Then, it was applied to the pad and allowed to dry at 37˚C 
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for 1 hr. Sample pad was cut to 7 cm and dried at 37˚C for 1 hr after soaking with 

sample pad buffer. All the prepared membranes were stored at dry conditions. The 

treatment of samples on to the designed strips was performed by either loading the 100 

µl of sample in PBS on the sample pad or dipping the strips into the eppendorf tubes 

including 200 µl fresh cultured sample which is measured as 0.5 at OD600. The strips 

were washed with 50 µl PBS once if desired.    

2.3.3.2.2. Common Structural Antigenic Antibodies based Strips  

The strip design, buffers used for developing LF strip and sample treatment were the 

same as described above with slight differences. Briefly, desired concentration of 

either Salmonella or E.coli O157:H7 Ab and affinity purified antibody to goat IgG was 

affixed on to NC membrane as a test and control line, respectively.  

2.3.3.3. Optimization parameters of developed Lateral Flow Strips 

2.3.3.3.1. Antibody concentrations on the capture zones  

Stock concentrations of Salmonella Ab, E.coli O157:H7 Ab and affinity purified Ab 

to goat IgG were prepared in PBS. Then 0.6 µl/strip Abs with desired concentrations 

was spotted on the capture zones. 

2.3.3.3.2. Conjugate solution on the conjugate pad  

Conjugate pad was prepared by applying the mixture of 100 µl Ab/GNPs conjugate 

and 200 µl conjugate pad buffer on to 7 cm fiberglass membrane for both Salmonella 

and E.coli O157:H7 test strips then called as conjugate A and A1, respectively. To 

make a comparison of either concentrated or diluted conjugate solutions on the pad, 

various mixtures were prepared. Briefly, 5 and 2.5 times concentrated conjugates were 

loaded on the pad for Salmonella and called as conjugate B and C, respectively. 

Conjugate D was prepared by diluting the conjugate A with a ratio of ¼ before loading 

for Salmonella detection. In terms of E.coli strips, 2 fold serially diluted conjugate A1 

was loaded on the conjugate pad and called as conjugate B1 and C1. Conjugates were 

also prepared by 5, 6, 2 and 8 months old GNPs for Salmonella stips and called as 
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conjugate 1, conjugate 2, conjugate 3 and conjugate 4, respectively to see the stability 

of GNPs and bioconjugates. 

2.3.3.3.3. Comparison of the membrane types  

HF240MC100, HF180MC100, HF120MC100 and HF075MC100 NC membranes 

were experienced to find the best membrane type to develop the rapid and efficient test 

platform without giving any background signal. 

2.3.3.3.4. Limit of detection (LOD)                          

LOD of target bacteria was determined using both heat inactivated Salmonella, 5x109 

cells/ml, and E.coli O157:H7, 3x109 cfu/ml, cells by making 10 fold serial dilutions in 

PBS. 100 µl of sample volume was applied to the sample pad and 50 µl PBS was added 

for washing the strip in a 5 min if desired. 

2.3.4. ELISA   

2.3.4.1. Determination of the antigen binding activity of Single Chain Variable                

Fragments  

An indirect ELISA was performed to analyze the antigen binding activity of purified 

scFv. Initially, colony forming unit of S. typhimurium 14028s and LT2 strain was 

determined by plate counting method as triplicate after making 10 fold serial dilutions. 

Formalin killing (FK) procedure for the cells was also applied as follows. Briefly, 15 

ml of fresh culture which OD600 value is 0.5 was centrifuged at 4255 g for 20 min at 

4˚C and resuspended in 10 ml PBS containing 0.3% formaldehyde after washing with 

PBS for three times, and allowed to incubate for 24 hr at RT. On the next day, it was 

pelleted at the same conditions and resuspended in 1 ml PBS after washing with 10 ml 

PBS twice. In terms of the FK 14028s cells, procedure was applied as the same way 

mentioned above except for the initial culture volume which is 150 ml. Then both 

strains were stored at -20˚C until use. A 96 well polystyrene microtitration plate was 

used for the binding assay. For the purpose of testing the affinity of scFv to the 

serogroup D LPS, S.typhi LPS coated microtiter plate provided by ELISA kit was used. 
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Salmonella LPS, live or FK Salmonella cells were used to coat the plate for testing the 

binding efficiency of scFv to the serogroup B. 7.3x106 and 2.8x107 cells for 14028s 

and LT2, respectively were for the live cell coating, while 1.5x107 and 4.2x106 cells 

for 14028s and LT2, respectively were for the FK cells coating per well in 100 μl 

coating buffer (CB: 0.05M Sodium carbonate, pH: 9.6). Microtiter plates were 

incubated overnight at 4˚C. After washing the wells three times using 200 μl PBST 

(0.1% Tween 20), the plates were blocked for 4 hr at 37˚C with 3% skim milk powder 

in PBS. 100 μl of purified scFv Ab was diluted by making 1/3 serial dilutions with 

desired concentrations in PBS and run in duplicate to the antigen coated wells before 

incubating for 1 hr at RT with gentle shaking. After washing, the plates were 

reincubated for 1 hr on a rotating shaker at RT with 100 μl/well of anti-His secondary 

Ab which is diluted as 1:2000 in PBST. After washing step, the enzymatic reaction 

was developed with adding 50 μl of TMB substrate and reaction was stopped by adding 

50 μl of 1 M H2SO4
  in each well. The optical density on plates was measured by use 

of microtiter plate reader at 450 nm dual wavelength. Both 2.5x107 cfu/ml E.coli cells 

and CB were used for coating the wells as negative controls. The overnight cultures of 

S. bongori, S. ohio and S. newport were also used to test the binding ability of purified 

scFv to the different Salmonella serogroups after coating the microtiter plate. KD 

values of scFv to the targets were calculated by SigmaPlot 10.0 version using 

absorbance values. 

2.3.4.2. Detection of S. typhimurium in the bacterial mixture   

In order to test the binding capability of produced scFv to the target bacteria when it is 

included in the mixture, different ratios of bacterial mixtures were prepared. Briefly, 

desired cell numbers in 100 µl CB was mixed after OD600 value is reached to 0.5 and 

applied to the wells as 200 µl total test volume. The ratios of bacterial mixtures were 

adjusted as 107:107, 106:107, 105:107, and 104:107 cfu/ml for the S. typhimurium LT2 

and E.coli, respectively for coating the wells. All steps for the ELISA were applied as 

the same with above. 
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2.3.4.3. Detection of S. typhimurium using fusion antibody  

Stuff supplied in Salmonella ELISA Kit was used to test the binding efficiency of 

fusion Ab to the serogroup D LPS and serogroup B antigens by applying the procedure 

given in manual. FK S. typhimurium LT2 and S.typhimurium LPS was used for coating 

the 96 wells plate in order to see the affinity of fusion Ab to the serogroup B. Briefly, 

5 µg/ml LPS and 4.2x108 S. typhimurium LT2 cells in 100 µl 0.05 M carbonate buffer 

was used for coating the wells and incubated at 4˚C for overnight. After washing the 

wells with wash buffer for three times, they were blocked with 200 µl of 3% skim milk 

powder in PBS at 4˚C for 4 hr. Then washing step was repeated before adding the 

fusion Ab to the 1st wells with desired concentrations in 100 µl sample diluent and 

serial Ab dilutions were done. After 30 min incubation time at RT, procedure provided 

by Kit manual was applied to the assay. For the negative controls, wells were coated 

with sample diluent without including any antigen and also coated with E.coli cells 

using overnight culture after washing them with PBS twice. Additionally, Salmonella 

Abs and S. typhimurium LPS factor 4 Abs were also added into the serogroup B 

antigens, seperately to make a comparison between the humanized fusion Ab and 

commercial Abs specific to Salmonella antigens or O factors. 

2.3.4.4. Immunomagnetic based ELISA  

2.3.4.4.1. Conjugation of fusion antibody with magnetic beads 

Two types of magnetic beads which are uniform (Promag) and nonuniformed sized 

SNAP capture magnetic beads (NEB) were used for coupling of fusion Ab. To couple 

of the Ab with Promag beads, in a diameter of 0.8 µm and containing COOH, beads 

linked with BG substrate were obtained from the Ellington lab. After removing the 

excess substrate via magnetic separation, 20 µl of fusion Ab comes from 1.6 mg/ml 

stock and 50 µl of BG-coupled beads were mixed and allowed to rotate at 4˚C for 

overnight. On the next day, the coupled Ab with beads was washed with 100 µl PBST 

(0.1% Tween 20) twice via magnetic separation and called as couple 1. Moreover, 25 

µl of fusion Ab comes from 4,4 mg/ml stock and 80 µl of BG-coupled beads were also 

mixtured. The coupling reaction was performed by the same procedure as described 
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above and called as couple 2. This was used to see the efficiency of the amount of Ab 

and beads for capturing assay. Non-coupled magnetic beads with BG was also mixed 

with Ab and used as negative control. The SNAP capture magnetic beads, 75-150 µm, 

which have already BG substrate (Figure 14) were washed with PBS once before 

coupling with fusion Ab. Then 20 µl of Ab comes from 0.63 mg/ml stock and 80 µl of 

beads were mixtured and allowed to rotate at 4˚C for overnight. After washing step as 

mentioned above, 2 µl of Ab coupled with magnetic beads were used for ELISA and 

called as couple 3. 

 

 

Figure 14. The SNAP-Capture Magnetic Beads coupled with BG substrate (NEB)  

2.3.4.4.2. Magnetic capturing of S. typhimurium by fusion antibody 

Both the cultures of 14028s and E.coli cells were used after their OD600 value reaches 

to 0.5 and capturing assay was performed as duplicate. Briefly, 5 ml cultures were 

grown at 37˚C and 1 ml of cells were pelleted at 10000 xg for 4 min and then washed 

with PBS twice. After resuspending of pellet in 1 ml PBS, 10 fold serial dilutions were 

done by taking 10 µl of culture and adding it into 90 µl PBS. For magnetic capturing 

assay using Promag beads, both 7.3x102 cfu/ml S.typhimurium 14028s in 100 µl and 

2.5x103 cfu/ml E.coli in 100 µl were divided into 20 µl aliquots. Then they were 

incubated with pre-prepared Ab bead complexes at RT for 1 hr as rotating. After 

washing with 100 µl PBST (0.1% Tween 20) for four times via magnetic separation, 
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20 µl of enzyme conjugate obtained from ELISA Kit was added and allowed to rotate 

at RT for 1 hr. Then, 100 µl of TMB solution was added into the mixture after the same 

washing step. Following the 10 min incubation time, reaction was ended with 100 µl 

of 1 M sulphiric acid addition. The optical density was measured by the use of 

microtiter plate reader at 450 nm after separating magnetic beads from the mixture.  

The magnetic capturing of S. typhimurium 14028s using NEB beads was proceeded as 

the same way described above with slight changes. Assay samples were prepared as 

triplicate. 2.5x104 cfu/ml E.coli in 100 µl was prepared and 20 µl of aliquots was used 

as a negative control and 50 µl of PBST was used for washing the capturing assay for 

five times. 
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CHAPTER 3  

 

RESULTS AND DISCUSSION 

 

 

3.1. Bacterial growth   

S. typhimurium 14028s& LT2 and E.coli were grown in LB and their colony forming 

units were calculated as 7.3x108 cfu/ml, 2.8x108 cfu/ml and 2.5x108 cfu/ml, 

respectively after plate counting method. They are used for all experiments after their 

OD600 value reaches to 0.5. FK 14028s cells were prepared as 1.1x1011 cfu/ml and 

4.2x109 cfu/ml was for LT2 stock solutions. Either overnight grown cultures or freshly 

prepared cultures of other bacteria were used for strip assays.  

3.2. Generation of recombinant antibodies         

Before adopting to the test platforms, scFv and humanized fusion Ab form of se155-4 

Ab specific to Salmonella were engineered, expressed and purified succesfully.   

3.2.1. Production of Single Chain Variable Fragments   

Bacterial expression of scFv was achieved and purified in a high concentration after 

constructing pET-28a (+) vector with synhetic gene block of scFv. Successful 

transformation, expression and purification results were described in the following 

sections.  

3.2.1.1. Transformation to E.coli cells 

As a beginnig, vector PCR and scFv gene block PCR were performed at the Ellington 

Lab, separetly. After verification on the agarose gel electrophoresis, gel extraction of 

DNA pieces was done. Gibson assembly reaction was achieved using extracted DNA 
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pieces in order to insert the scFv genes into plasmid DNA. Then, scFv inserted plasmid 

DNA was transformed to E.coli cells and then allowed to grow on agar plate for 

overnight. After transferring of single colony into the 5 ml LB it was incubated for 

overnight. On the next day, miniprep was applied to the liquid cultures of transformed 

cells to isolate the plasmid DNA. DNA concentration was quantified as 50.5 ng/µl and 

further verification was performed by PCR in order to see the insertion of scFv. 

3.2.1.2. Isolated Plasmid PCR   

PCR results of scFv gene block inserted in plasmid DNA and gel image of isolated 

whole plasmid DNA were shown in Figure 15. As it is seen in the image, scFv genes 

were efficiently inserted into plasmid DNA and PCR result verified it with the 

expected size, i.e., 871 bp (A). Whole plasmid DNA without containing scFv genes 

was also demonstrated on the agarose gel image, ~5200 bp, (B) and 1 kb DNA ladder 

was used for verifications on the gel image.  

 

 

Figure 15. Agarose gel image of PCR product of scFv gene block in plasmid DNA (A) and whole 

plasmid DNA without containing scFv (B)  
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3.2.1.3. Expression of Single Chain Variable Fragments 

E.coli cells were further transformed with scFv inserted plasmid DNA firstly, and 

transformed cells were obtained by growing the cells on LB agar containing Kan. On 

the next day, single colony was transferred into 2XYT media, and 10 ml of overnight 

cultures as a total volume was added in the expression media, superior broth. Figure 

16 depicts the transformed cells with scFv inserted plasmid on the agar plate containing 

Kan, and pre-inoculation of the single colony into 2XYT media. 

 

 

Figure 16. Transformed cells with scFv inserted plasmid on the Kan added agar plate and pre-

inoculation of single colonies into 2XYT media 

 

It was reported that the yield of produced scFv is proportinal to the induction times. 6 

h was found as optimal time for formation of the max scFv yield and longer incubation 

may be resulted with lower Ab production (Brichta et al., 2003). However, results 

showed that 24 h induction seems to enough time for scFv expression in a high 

concentration in this study.  

3.2.1.4. Purification of Single Chain Variable Fragments 

Expression of scFv was succeded and Ab product comes from periplasmic fractions 

after purifying by metal affinity chromatography was obtained purely. As it is seen in 

the Figure 17, FT, W1 and W2 samples contain contaminating protein while scFv 

proteins do not, after column purification (A). Further FPLC purification was also 
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applied to increase the purity (B). Batch to batch expression studies showed that 

produced scFv concentrations were between 2.5 and 3.5 mg/ml in final 500 µl volume. 

As expected the size of the purified peptide was aroud 27 kDa. 

 

Figure 17. SDS PAGE gel image of column (A) and FPLC (B) purified scFv antibody. W2: Wash 2, 

W1: Wash 1, FT: Flow Through. Arrows indicate purified scFv  

 

Since the elevated temperature might be resulted with reduced binding [Krauss et al., 

2004], the storage temperature of scFvs has a significant role for binding affinity to 

their antigens. In this study, after 9 months anti Salmonella scFv was found to have 

considerably good stability at -80˚C without adding any stabilizers or protease 

inhibitors. However, some scFvs were shown to lost stability at -80˚C in storage buffer 

containing protease inhibitors and gylcerol (Brichta et al., 2003). Although Tris-HCl, 

NaCl (Pleckaityte et al., 2011) and 0.01% sodium azide (Karsunke et al., 2012) may 

be helpful for long term scFv storage at 4˚C, generated scFv in PBS without any 

supplement was found in a good stability at 4˚C for 7 days in this work. Because 



65 

 

keeping at 4˚C as stable is also possible without adding protective (Pleckaityte et al., 

2011, Jäger et al., 2013).  

3.2.2. Production of fusion antibody 

pSNAPf vectors were designed for the construction of both heavy and SNAP-Tagged 

light chains of se155-4 Ab, separately in the Ellington lab (Figure 18, 19). 

 

 

Figure 18. Construction of pSNAPf vectors for the heavy chains (IgH) of full length fusion antibody  
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Figure 19. Construction of pSNAPf vectors for the SNAP-Tagged light chains (IgL) of full length 

fusion antibody  

 

After transformation procedure, concentrations of isolated plasmids inserted with the 

heavy and SNAP-Tagged light chain sequences were 1092 ng/µl and 1200 ng/µl, 

respectively. 

3.2.2.1. Transfection and expression of fusion antibody 

Transfection of Expi293 cells with plasmids having Ab chains was achieved. 

Expression of fusion Ab in mammalian cells was lasted about 6 days in 37˚C incubator 

with a humidified atmosphere of 8% CO2 and shaking at 125 rpm. 

3.2.2.2. Purification of fusion antibody 

Column purified fusion Ab  ̴ 55 kDa was shown in Figure 20. Although it was obtained 

purely, further FPLC purification was performed and used for both indirect color based 
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normal ELISA and immunomagnetic ELISA. The concentrations of fusion Ab purified 

from HEK293 cells were found as 0.63, 1.6 and 4.4 mg/ml in batch to batch expression 

dependently on the number of used culture flasks. This is considerably high 

concentration compared to the 0.01 mg/ml scFv-Fc protein expressed in HEK293T 

cells (Jäger et al., 2013).  This result also demonstrated that generated fusion Ab has 

high expression profile in mammalian cells.  

 

 

Figure 20. SDS PAGE gel image of column purified fusion antibody 

 

3.3. Development of Lateral Flow Strip Assay  

3.3.1. Synthesis of Gold Nanoparticles and conjugation with antibodies 

The most popular method for the synthesis of GNPs based on the reduction of gold 

derivatives for a long time is reduction of HAuCl4 by citrate in water which was 

introduced in 1951 by Turkevitch (Turkevitch et al., 1951, Daniel and Astruc, 2004, 

Kimling et al., 2006). In this method, reducing and stabilizing agent is citric acid and 

it provides GNPs with various diameters by adjusting the ratio of gold salt to citrate 

(Frens, 1973). Therefore, particle size may be highly precised with the known initial 



68 

 

concentration of gold which is used for the synthesis of nanoparticles (Haiss et al., 

2007). In this study, different sized GNPs were synthesized according to the citrate 

reduction method and filter sterilized before using. Two different methods, i.e., method 

1 and method 2 were used to couple of the Abs with GNPs, and both were found as 

having a good stability for long term usage which is about 8 months at 4˚C. 

3.3.1.1. Synthesis of 16 nm GNPs and conjugation with Single Chain Variable 

Fragments  

Using the appropriate amount of citrate molecules, 16 nm sized GNPs which have the 

max absorption (λmax) at 518 nm wavelength were synthesized with a homogenous 

distribution and used for coupling with scFv. In the labelling of GNPs process, the pH 

of coupling mixture plays significant role. Because ionic bonds can be occured 

between the GNPs which have negative charges over a wide range of pH and a partially 

protonated protein which is at suitable pH. Figure 21 A demonstrates the stability 

(λmax/580 nm)  and polydispersity (600 nm/λmax ) of GNPs/scFv conjugate at different 

pH. While the color intensity of conjugate seen at pH: 8.5 - 9 and 9.5 seems similar 

(A), optimum pH value was determined as pH: 9 after adding 40 µg/ml scFv to the 

each well since the conjugate seems to stable and least polydispersed at pH: 9. This is 

expected because minimum electrostatic interactions and maximum Ab adsorption are 

occured on GNPs at this pH via hydrophobic interaction with the Ab (Norde, 1986, 

Oliver, 1999). Higher pH value is also needed for the smaller GNPs to coat them with 

Ab compared to the larger nanoparticles (Lou et al., 2012). As expected pH values 

below pH: 7.5 also caused nanoparticle aggregation and resulted with grey color after 

adding high salt (A). 
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Figure 21. Optimum pH value (A) and scFv antibody concentration (B) for coating GNPs  
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The changes in SPR of GNPs were assessed for conjugation process to choose the 

minimal amount of Ab needed for protecting the GNPs from salt induced precipitation 

after exposure to high salt. Therefore, absorbance decrease at λmax obtained from 

spectrophotometric analysis was measured to make precise evaluation of the GNPs 

stabilization (Horisberger and Rosset, 1977). Then the optimum amount of scFv was 

choosen based on the minimum decrease in absorbance at λmax (Figure 21 B). As it is 

seen in the graph, the decrement of absorbance was reduced at the concentrations of 

15 µg/ml. When the concentration of Ab exceeded this amount the curve became flat 

approximately. Thus, the minimum scFv Ab was selected from the point where the 

curve appeared to be relatively parallel to the X axis in the graph. Therefore, the 

optimal amount of Ab was decided as 20 µg/ml of scFv, which was resulted by the 

same red color intensity with naked GNPs without any aggregation (B) after labelling 

process. Although 15 µg/ml seemed as minimal amount for conjugation, a slightly 

more concentration was chosen. Because decided Ab concentration should be greater 

than the minimum amount of Ab concentration to make a good stabilization of GNPs 

(Shi et al., 2008). Even if there is a study reporting that 4 µg/ml is the minimum Ab 

concentration to avoid agglomeration of 16 nm sized GNPs, it was less sensitive to 

detect the real sample (Lou et al., 2012). Besides, 150 µg/ml Ab was given as the best 

amount for labelling of 20 nm sized GNPs (Mikawa et al., 2009), means that more Ab 

is needed for coating. However, it was reported that the Ab concentration used might 

be low if the nanoparticle size is 13 nm (Ye, 2010). Adding a low amount of Ab to the 

GNPs also caused particle flocculation characterised by a blue grey colour. This is 

resulted by reduction of electrostatic repulsive charges occurred at between the 

particles in the presence of high concentration of electrolyte. After determining the 

optimal pH and Ab concentration, flocculation had not been observed with the addition 

of high salt. This means that optimum amount of adsorbed scFvs can confer stability 

to the GNPs by preventing aggregation (Chun, 2009). Interestingly, when the amount 

of examined Ab exceeded 30 µg/ml, unexpected issue was occurred in the graph while 

it was found as normal red color for the conjugates in the wells. It was reported that 

steric hindrance, occuring of multiple protein layers and Ab orientation may lead poor 

conjugate resulted by excess amount of Ab (Thobhani et al., 2010). This reason may 

be one explanation of this unusual behaviour.   
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The conjugation of GNPs with scFv could be performed by adding histidine or cystein 

residue into the scFv linker (Liu et al., 2009), scFv framework region or the end of C 

terminal (Ackerson et al., 2006) for directly coupling. However, GNPs were labelled 

with scFv via non-covalent interaction and it showed good immobilization of scFv on 

GNPs in this study. scFv stabilized GNPs retained the bright red color and they were 

found as stable for 3 weeks in the coating buffer at 4˚C. This result is in parallel with 

the study showed that either 30 nm or 50 nm sized GNPs had shown the least stability 

compared to 15 nm sized GNPs labelled with scFv (Liu et al., 2009). Figure 22 displays 

the UV-Vis and size measurement of both naked and scFv labelled GNPs. As it is seen, 

the maximum absorbance of naked GNPs shifted from 518 nm to 528 nm after coated 

with scFv (D). This result is expected because optical properties of GNPs can be 

changed by the size increment, shape or adsorption of proteins on GNPs (Jain et al., 

2006). About 6-10 nm shifted absorbance of GNPs capped with Ab is also expected 

(Nghiem et al., 2010). The centrifugal steps and adding of BSA into the GNPs solution 

was resulted with a slight shifting in the λmax (B, C). To say that BSA adsorption might 

be independent of GNPs size (Dominguez-Medina e tal., 2012). The average diameter 

of synthesized GNPs was measured as 16 nm (E) while 93 nm was for the conjugate 

(F). This shows the evidence that scFvs were loaded onto GNPs, succesfully.  
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Figure 22. UV-Vis spectra (A, B, C, D) and size distribution of synthesized GNPs and GNPs/scFv 

conjugate measured by Malvern Zeta Sizer instrument (E, F). A) Dialyzed naked GNPs B) GNPs/BSA 

after centrifugation C) GNPs/BSA/scFv before centrifugation D) GNPs/BSA/scFv after centrifugation 

E) Dialyzed naked GNPs F) GNPs/scFv conjugate 
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Figure 23 also displays the scFv alone and GNPs/scFv conjugate on the SDS agarose 

gel electrophoresis. It is clearly seen that all Abs used were adsorbed on the surface of 

GNPs. The band sizes of GNPs/scFv conjugate (2-3) and GNPs/BSA (5) are seen as 

almost the same because BSA was already used for stabilizing the GNPs along with 

the scFvs. Using 5 times concentrated GNPs called as 5X in deeply red color and naked 

GNPs called as 1X (a, b) were not seen on the agarose gel without protein coupling (4, 

6). 

 

Figure 23. SDS PAGE image of scFv, naked GNPs and GNPs/scFv conjugate, and image of 1X and 

5X GNPs. 1) scFv 2) 1X GNPs/scFv conjugate 3) 5X GNPs/scFv conjugate 4) 5X GNPs 5) 1X 

GNPs/BSA 6) 1X GNPs. Ladder: Multicolor broad range protein ladder a) 5X GNPs b) 1X GNPs 

 

3.3.1.2. Synthesis of 36 nm GNPs and conjugation with Common Structural 

Antigenic Antibodies  

36 nm GNPs were synthesized by addition of the appropriate amount of sodium citrate 

since it yields certain GNPs sizes (Oberdorster et al., 2004, Qu and Lü, 2009). In a 

comparison, the plasmon scattering of dyes or quantum dots is 10-100 times weaker 

than of the 36 nm sized GNPs (Saha et al., 2012). Synthesized GNPs were 

demonstrated in Figure 24. Although it is difficult to obtain the reproducibility in 

regards to size distribution from batch to batch preparation of GNPs, they were 

obtained homogenously and well distributed spherical nanoparticles. In the solution, 
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the stabilization of GNPs is possible by adsorbed negative ions such as citrate. As the 

Van der Waals attraction between the GNPs are also perevented by its repulsion, no 

aggregation is occured (Hunter, 2001, Shaw, 1991). The λmax of synthesized GNPs was 

recorded at 526 nm or 524 nm wavelength as expected and sterile distilled water was 

used as blank for UV measurement. The concentration of GNPs was calculated as 

1.18x1014 particles in 0.19 nM since it is possible to calculate the extinction coefficient 

of different sized and shaped GNPs, theoratically (Jain et al., 2006). 

 

 

Figure 24. Synthesized 36 nm GNPs A) Colloidal naked GNPs B) UV-Vis spectrum of naked GNPs C, 

D) TEM images of naked GNPs. Scale bar: 50 nm  

 

pH value has significant role for the proteins and their conjugation process. For 

instance, IgG is assumed as “T” form at pH: 10 or 4 and it occupies its max area. 

However, the molecule might have a “Y” form at pH values between either pH: 4 or 

pH 10 and the point of zero charge (Geoghegan, 1988). The stability and dispersity of 
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colloidal GNPs are linearly and directly related with the ratio of absorbancy at λmax : 

580 nm and 600 nm : λmax, respectively. To say that, recording high absorbance at 580 

nm is caused by particle aggregation and it gives rise to destabilization of gold sol, 

while the higher value of the ratio of 600 nm and λmax means the more polydisperse 

gold sol. Figure 25 A and Figure 26 A demonstrates the stability and polydispersity of 

GNPs conjugated with Salmonella and E.coli O157:H7 Ab, respectively at different 

pH after salt addition. It was found that GNPs conjugates prepared for the Salmonella 

and E.coli detection are least polydisperse and most stable at pH: 9 and pH: 8, 

respectively. This result is expected because to make a conjugation of GNPs in the 

range of 5-60 nm with Ab is generally possible at the pH values between 8.00 and 9.5 

(Mikawa et al., 2009, Safenkova et al., 2010). Besides, complex is more stable with 

higher pH value (Ao et al., 2006) even if one study showed that lower pH value is also 

suitable for conjugation of different sized GNPs (Lou et al., 2012). It is clearly seen 

that adding of NaCl caused the aggregation of nanoparticles resulted with purplish 

color when the pH is lower than 8.00 even if the Ab concentration is high in the 

solution. Figure 25 B and Figure 26 B depicts the λmax decrease versus the increasing 

amount of Salmonella and E.coli Ab, respectively. Increased amount of Ab enhanced 

the stability of GNPs, and it became constant after the concentration of 12 µg/ml Ab 

for Salmonella and 15 µg/ml Ab for E.coli. However, 20 µg/ml of Salmonella Ab and 

35 µg/ml of E.coli Ab was decided to coat the GNPs since the red color intensity of 

conjugates is the same with naked GNPs and no agglomeration was occurred after 

adding NaCl into the solution. This result showed similarity with the studies reported 

by Ang et al. (Ang et al., 2012) and Zhao et al. (Zhao et al., 2010) which they used 

about 22 µg/ml and 30 µg/ml Ab to coat the 40 nm sized GNPs. However, it was 

comparable with the study reported that optimal amount of the anti E.coli O157:H7 

Ab was 12.0 µg/ml for 40 nm sized GNPs (Suria et al., 2015). While the minimum Ab 

required for coating the GNPs sized with about 40 nm were generally reported as high 

concentrations such as 150 µg/ml or 40 µg/ml in the literature (Mikawa et al., 2009, , 

Tripathi et al., 2012, Chenggang et al., 2008), 12-16-20-35 µg/ml were found as ideal 

concentration for 36 nm GNPs in this study. Although the binding capacity of IgG Ab 

to per GNPs was not quantified in this work, it was reported that 100-150 IgG Abs 

were coated on a single 36 nm GNPs (O’Farrell, 2013). 
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Figure 25. Optimal pH value (A) and Salmonella Ab concentration (B) for coating GNPs  
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Figure 26. Optimal pH value (A) and E.coli 0157:H7 Ab concentration (B) for coating GNPs 
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It was found that batch to batch sample preparation results were consistent. This also 

indicates the uniformity in reprocubility of synthesis and coating of the GNPs. Besides, 

the same amount of Ab was used for coating the GNPs even if they are three months 

old. It means that synthesized GNPs are stable for long term and can be used for 

conjugation directly without the needed for new optimization steps for coating. As it 

is seen in the graph (Figure 26, B), the optimum amount of Ab can be decided as the 

concentration which produces a minimal decline in absorbance at λmax after the 

addition of salt. According to the results, if the dilution rate of Ab is high and long 

incubation time is combined with it (Thobhani et al., 2010), nanoparticle aggregation 

was occurred even if the pH is optimum. Because high concentration of ionic salt 

causes the reduction of electrostatic repulsion charges occurred at between the GNPs, 

and resulted with a bluish grey color flocculation (Chun, 2009). 

The UV-Vis measurement of GNPs and conjugates prepared by Salmonella and E.coli 

Ab was demonstrated in Figure 27 and Figure 28, respectively. Although different 

tools (Lenggoro et al., 2002, Sperling et al., 2007,  Kuyper et al., 2006, Boal et al., 

2000, Tatumi and Fujihara, 2005, Van Delden et al., 2005) are used for characterization 

of GNPs solutions, the size, concentration and agglomeration level of them can be 

estimated by UV-Vis spectroscopy as a useful technique. Because it has short analysis 

time, the sample is not altered during the analysis and spectra obtained is remained 

unchanged by changing of pH value (Ao et al., 2006). The λmax of synthesized GNPs 

and different complexes was measured before and after centrifugal step since the high 

speed spinning might cause packing of nanoparticles in the solution and resulted by 

more shifted absorbance (Chenggang et al., 2008). As expected, slightly increased 

absorbance value and shifted wavelength was observed at conjugated GNPs after 

centrifugation. Because the absorption of GNPs is changed about 10% by the proteins 

immobilized on GNPs surface (Dykman et al., 2008). The UV-Vis spectrum of 

synthesized GNPs showed a SPR peak at 526 nm and 527 nm before and after 

centrifugation, respectively (Figure 27, A-B). When BSA is added into the GNPs, the 

max peak was observed at 526 nm before centrifugation, while it was red shifted by ∼ 

2 nm, after centrifugation (Figure 27, C-D). This result is meaningful since the size of 

GNPs could slightly be increased when the presence of BSA on the surface of GNPs 
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(Ye, 2010). This adsorption is also possible with either an electrostatic attraction with 

lysine residues (Casals et al., 2010, Brewer et al., 2005) or displacement reaction of 

thiol ligand through the unpaired cysteine (Tsai et al., 2011), and spontaneous 

interaction (Dominguez-Medina et al., 2012). However, the maximum absorbance was 

red shifted by ∼6 nm that is 532 nm, in the presence of Ab along with BSA/GNPs 

solution after spinning (Figure 27, F), while the wavelength of conjugate, e.g. 526 nm 

was the same with others before centrifugation. This result suggests that both the Ab 

and BSA interacted with GNPs and this interaction caused both changing of the 

refractive index at the GNPs surface and shifting of the SPR energy. To highlight, the 

presence of proteins in wash buffer showed the high absorbance value between the 

wavelength of 200 nm and 280 nm (Figure 27, B, C, D, E, F) while it was not observed 

for the naked GNPs (Figure 27, A) as expected. Moreover, the intensity of the protein 

absorption at 280 nm increased after centrifugation (Figure 27, B, D, F). This result is 

comparable with Zhao’s and Zhang’s reports which showed the decrease of the 

intensity of absorbance at 280 nm caused by removal of the excess unbound Abs or 

BSA after centrifugal step (Zhao et al., 2010, Zhang et al., 2012). To say that, the 

absorbance intensity at 280 nm was also found a little higher in the presence of 

Salmonella Ab along with BSA than in the absence of Ab. This might be shown as 

evidence that Abs were adsorbed on GNPs and they were not removed with spinning 

process (Figure 27, B, D, F). The color intensity of the coupled GNPs with Salmonella 

Abs was also red as expected while it was observed like purplish color caused by 

aggregation for the naked GNPs after spinning (Figure 27, B, F). Therefore, the Ab 

adsorption did not induce citrate stabilized GNPs aggregation (Dominguez-Medina et 

al., 2012) in this work.   
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Figure 27. UV-Vis spectrum of naked and conjugated GNPs with/without Salmonella Ab A) Naked 

GNPs before centrifugation B) Naked GNPs after centrifugation C) BSA/GNPs before centrifugation 

D) BSA/GNPs after centrifugation E) Ab/BSA/GNPs before centrifugation F) Ab/BSA/GNPs after 

centrifugation 
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Figure 28 also depicts the change of UV-Vis spectrum of 36 nm GNPs with and 

without E.coli Ab before and after centrifugal step. All the measurements were 

reasonable and peak shifting was observed after Ab or protein coating on GNPs as 

expected because of the explanations mentioned above for the Salmonella Ab 

conjugate. Briefly, E.coli Ab caused the increment of absorbance about 6 nm, 533 nm 

(Figure 28, F), and prevented GNPs from flocculation. However, naked GNPs were 

agglomerated and their color was changed from red to purplish in the absence of Abs 

(Figure 28, B). It is clearly seen that the conjugation methods, method 1 and 2, showed 

almost the same affect with respect to the absorbance of GNPs conjugates. This means 

that both methods can be used for coupling of different Abs with GNPs to make a 

stable conjugates. 
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Figure 28. UV-Vis spectrum of naked and conjugated GNPs with/without E.coli Ab A) Naked GNPs 

before centrifugation B) Naked GNPs after centrifugation C) BSA/PEG/GNPs before centrifugation D) 

BSA/PEG/GNPs after centrifugation E) Ab/BSA/PEG/GNPs before centrifugation F) 

Ab/BSA/PEG/GNPs after centrifugation 
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Zeta measurement was preferred for the size evaulation of GNPs since it provides 

precise and quick measurement. Thus, the size of both synthesized GNPs and 

Salmonella Ab/GNPs conjugate (conjugate A) was recorded as 36 nm and 87 nm, 

respectively (Figure 29, A-B). This size should be the maximum for the conjugate 

since it is not increased by the higher amount of Ab than optimally selected 

concentration (Thobhani et al., 2010). Both naked and conjugated GNPs had shown 

perfect size distribution. It might be deduced that Abs were adsorbed with an equal 

number or intensity onto each GNPs.  
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Figure 29. Size distributions of naked GNPs (A) and Ab/GNPs conjugate (conjugate A) (B)  

 

Zeta potential is the whole charge of particles which is acquired in the specific 

medium. The stability of the colloidal solutions can be indicated by the magnitude of 

the Zeta potential. All the particles repel each other if they have a large positive or 

negative zeta potential and dispersion stability is occured. However, dispersion 

instability is observed when the low zeta potential is occured on the particles because 

of the absence of force preventing them from coming together. Since the Zeta potential 

of conjugate can be changed by different pH values (Ao et al., 2006) all the 

measurements were performed at pH: 9. It was -53,9 mV (Figure 30, A) for naked 
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GNPs and -30 mV for the conjugate (Figure 30, B). However, it was reported as -44,1 

mV for the 36 nm GNPs in the literature (Nara et al., 2010). It can be said that both the 

naked GNPs and conjugate are considerably stable. Because the value of Zeta potential 

which is more negative than -30 mV or more positive than +30 mV shows the stability 

(Nara et al., 2010). These results are also in agreement with the report that negative 

Zeta potential is seen at naked GNPs at pH: 3.6-10, and highly decreased value is 

observed for the conjugate with increased pH from 3.6- to 10 (Ao et al., 2006). As a 

result, adsorbing of Abs on the GNPs was resulted with the size increment, and the 

surface of negatively charged GNPs was found as the less negative caused by the 

positive charges come from the Abs after coating procedure.  
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Figure 30. Zeta potential measurements of naked (A) and Ab/GNPs conjugate (conjugate A) (B) 

 

As a summary, regarding to whole concept of conjugation, pH value, used buffer 

composition, incubation time and loaded Ab concentration determine the adsorption 

degree of proteins on GNPs and possible aggregation. In general, the optimal 

conditions may be differed by the changing of either the Ab or nanoparticles (Thobhani 
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et al., 2010). For instance, both pH value and optimum Ab concentration were different 

for the Salmonella and E.coli Ab for coupling reaction. However, preparing the 

conjugates with both scFv and commercial Salmonella Ab has the same optimal 

conditions even if different sized GNPs were used for developing the LF assay, in this 

study.  

3.3.2. Designing of Lateral Flow Strips    

To start with, NC membrane was adjusted to different width such as 0.4-0.5-0.6 and 

0.7 cm by cutting the membrane without loading control line Abs to see the appropriate 

wideness for strip development  (Figure 31, A). Then the optimal distance between the 

capture lines were also determined by immobilizing the reagents on different 

remoteness (Figure 31, B). The optimum width for strips was decided as 0.4 cm. It is 

also clearly seen that if the control line was placed on far away from the test line, 

capturing efficiency was significantly decreased (Figure 31, B1). If both lines were 

immobilized on close to the absorbent pad, capturing was weak (Figure 31, B3). 

Therefore, both lines were spotted on the membrane with a 0.5 cm distance and the 

initial point of test line was adjusted to 0.4 cm far away from the conjugate pad (Figure 

31, B5-B6) for further studies.   
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Figure 31. Comparison of strip width (A) and distance between the test and control line (B) using 

HF240 membrane. Test line:  0.25 mg/ml E.coli Ab (A, B), Control line: 0.25 mg/ml E.coli Ab (B). 

Immobilization was at RT. Distances between two lines are 1 cm (B1, B2) and 0.5 cm (B3, B4, B5, B6). 

Strips A2, A4, A6, A8 and B2, B4, B6 were prepared by naked GNPs and 106 E.coli positive control 

cells in 100 µl were loaded to the all strips. Arrows indicate the places of capture zones 

 

3.3.2.1. Single Chain Variable Fragments based Strips  

scFv stabilized GNPs had been found to good assay specificity. Thus, the detection of 

S. typhimurium by developed LF strips based on scFv/GNPs conjugate was succeeded. 

Both the conjugate and the affinity of scFv on the GNPs were found to be stable for 3 

weeks. To verify capturing of LPS antigens on the strip, two kinds of immobilization 

were experienced (Figure 32, A). It was observed that LPS antigens were recognized 

by scFv conjugate without depending on the location of antigens immobilized at either 

test or control zone. Similarly, capturing efficiency and the color intensity of the lines 

were found to be independent from the location on the NC membrane (Figure 32, B). 

Since the orientation of Abs available on the GNPs has significant role in terms of 

binding to the antigens (Backmann et al., 2005, Peluso et al., 2003) it seems that Ab 

was oriented suitably and Ab binding site is available for binding target antigens. As 

expected, any red line was not seen on the strips designed with naked GNPs (Figure 

32, A3). When designed strips were dipped into the target samples, 14028s and LT2, 
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both strains were detected in a 3-5 min (Figure 32, B). This shows the evidence of the 

presence of scFvs on GNPs and they have still good affinity for binding. In a 

comparison, aptamer based LF strip developed by 15 nm sized GNPs had ability to 

recognize the DNA sample of S. typhimurium (Rastogi et al., 2012) instead of whole 

cells. It is clearly seen that target bacteria were recognized by sandwich model occured 

at between scFv/GNPs conjugate and IgG when it is alone (Figure 32, B1, B3, B5, B6) 

and included in the mixtured bacteria (Figure 32, B11). However, the interaction 

between the scFvs on GNPs and scFvs immobilized on capture lines was observed 

even if negative controls were used as an antigen (Figure 32, B) except for strip B4. 

Thus, it is not clear that S. typhimurium was captured by sandwich model occured at 

between the scFv and scFv/GNPs conjugate (Figure 32, B1, B3, B5).  
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Figure 32. Development of LFIA strips based on scFv using 1X (A, B) and 5X GNPs conjugate (C), 

and D) representation of positive test results observed at A&B, schematically. HF180 membrane was 

used to recognize the target. Test and control lines for strip A1: 0.6 µg/strip LPS and antigoat IgG, 

respectively, strips A2, A3: 0.6 µg/strip antigoat IgG and LPS, respectively, Strips B1, B2: 1.08 µg/strip 

scFv and 0.6 µg/strip antigoat IgG, respectively, Strips B3-12: 0.6 µg/strip antigoat IgG and 1.08 

µg/strip scFv, respectively, Strips C1-2: 0.3 µg/strip antigoat IgG and 0.7 µg/strip scFv, respectively, 

Strip C3: 1.08 µg/strip scFv and 0.6 µg/strip LPS, respectively. Strips A3, was prepared by naked GNPs. 

Green square: Serogroup B LPS, pink circle: Live S. typhimurium. Blue Ab: Antigoat IgG, Black Ab: 

scFv  
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As expected no interaction between the scFv on GNPs and IgG on the capture lines 

was observed when the presence of non target antigens (Figure 31, A, B, C), 

respectively. Although 5 times concentrated GNPs, 5X, were also used for developing 

the test strips, they have not recognized the LT2 strains efficiently (Figure 31, C). This 

might be caused by decreased binding affinity of scFvs on the concentrated GNPs or 

weak adsorption of scFv onto GNPs. Application of samples to the strips was not 

dependent on either loading the samples as droplets (Figure 31, A, C) or dipping the 

sticks into the test tubes (Figure 31, B). Although the LOD of Salmonella was not 

experimented with developed strips, it might be enhanced by making further strip 

assays in regards to the comparison with ELISA results. Because it may be in good 

aggrement with ELISA as reported (Wang et al., 2013) or may be better than it. It is 

known that goats, rabbits and mice are well suited for the production of polyclonal Abs 

in order to develop the LFIA strips (Bailey, 1994, Mikawa et al., 2009). However, 

engineered scFv and its bacterial expression showed highly suitable alternative for 

developing immunassay test strips in regards to saving time and making easy to 

generate Abs in this work. 

3.3.2.2. Common Structural Antigenic Antibodies based Strips 

In general, colloidal gold Ab particles which are sized as 20 nm and 40 nm are the 

most utilized sizes in LFIA (Chandler et al., 2000, Fang et al., 2011, Christopher et al., 

2005). Because if the GNPs are larger than 40 nm self coagulation and poor 

stabilization might be seen, and if they are smaller than 10 nm the color of GNPs might 

not be a bright and clear (Fang et al., 2011, Christopher et al., 2005). Therefore, 36 nm 

sized GNPs were coupled with commercial Abs for developing LFIA in this work. 

Both the test and control line Abs were effectively immobilized in PBS onto NC 

membrane manually without adding any reagent. Because the presence of any reagents 

such as sodium chloride or methanol may diminish the quality of lines and cause 

artifacts (Gonzalez et al., 2011). Although various volume of solutions, e.g. 0.75 µl/cm 

(Zhang et al., 2012), 5-10 µl/cm (Zhang et al., 2011) for the capture lines were used 

(Liu et al., 2006, Jiang, 2009, Zhang et al., 2012, Xu et al., 2009), it was applied as 0.6 

µl/0.4 cm strip which is almost in aggrement with 2 µl/cm (Gonzalez et al., 2011), in 
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this work. The NC membrane was allowed to incubate at 30˚C for 30 min for efficient 

immobilization of Abs while it might be performed at 70˚C for 15 min (Nara et al., 

2010), 1 hr at 40˚C (Zhao et al., 2008) and overnight (Gonzalez et al., 2011). Using 

special buffers for blocking the sample and conjugate pads is crucial to ensure the clear 

band occurance and effective flow for developing immunochromatogrophic assay. 

Sample pad buffer used in this work had shown positive effect on flow, and it may also 

be prepared with various components (Choi et al., 2010,  Zenget al., 2009) according 

to the analyte tested. Since the drying time for pads has no obvious effect on the test 

(Zhang et al., 2012) it was not tested in this work. While loading the sample into the 

sample pad in different volumes, e.g. 50-250 µl (Zeng et al., 2009, Zhao et al., 2008, 

Rastogi et al., 2012, Ang et al., 2012, Gonzalez et al., 2011, Xu et al., 2009) is possible, 

100 µl of sample was run in this work. Increased sample volume was resulted by 

decreased color intensity on the lines, which is similar with no growth of signal on the 

test zone by higher sample volume than 100 µl in Xu’s report (Xu et al., 2009). The 

reason may be that completion of the reaction between Ab and antigen in a very quick 

time is being suffered from solid-phase sandwich based LF assay. Another reason 

might be an amount of sample which will pass through the lines freely without 

interaction of immobilized capture agents when it is too high (Xu et al., 2009). On the 

contrary, flow was witheld when the sample was loaded in 50 µl volume.   

3.3.3. Optimization parameters of developed Lateral Flow Strips 

3.3.3.1. Antibody concentrations on the capture zones  

Immobilization of capturing Abs on the lines were examined at various conditions  

(Figure 33). Initially, heat treated Salmonella positive control cells were immobilized 

on the control line in order to make sure that Salmonella Abs on the GNPs are able to 

capture the target, while 0.15 µg Salmonella Ab per strip is immobilized on the test 

line. Nonspecific interactions on the capture zones were observed under some 

conditions (Figure 33, A2, B2, C2) except for 37˚C for 30 min incubation time. Thus, 

it was decided as optimal condition for further development of test strips (Figure 33, 

D3-D7).  
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Figure 33. Determination of optimum temperature for the immobilization of capture lines on HF240 

membrane A) 37˚C for 80 min B) 45˚C for 1 hr C) RT for 30 min D) 37˚C for 30 min. Test line: 0.15 

µg Salmonella Ab/strip, Control line: 3x106 Salmonella positive control cells. Strips A3, B3, C3, D4 

were designed with naked 1 GNPs, strip D5 was prepared with naked 3 GNPs come from Table 15. 

Strips C5 and D7 have no capture Abs on both lines.  5x106 Salmonella positive control cells and 3x106 

E.coli positive control cells in 100 µl PBS was loaded on sample pad and results were observed in  5 

min  

 

After deciding the optimal temperature and incubation time for immobilizing the 

capture reagents, different Salmonella Ab concentrations were experienced on test 

line. Optimum Ab concentration on the test line was chosen as 0.3 µg/strip for both 

Salmonella positive control cells and live Salmonella cells (Figure 34 A, Figure 35 A). 

These amounts had stronger red color on the test zone than others, and they were low 

when compared to the 1 g/l (Tripathi et al., 2012), 1 mg/ml (Choi et al., 2010, Lou et 

al., 2012), 0.25-0.5 mg/ml (Zhang et al., 2012) and 8 µg/cm (Yu et al., 2011) capture 

Ab on test line. Moreover, the comparison of HF240 and HF180 using the same 

parameters has also showed that there is not any significant difference in terms of the 

sensitivity. However, flow rate takes extra 3-5 min for HF240 compared to HF180 

(Figure 34, Figure 35).  
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Figure 34. Decrease of Salmonella Ab concentration on the test zone of HF240 membrane. Test line: 

0.3 µg/strip Ab (A), 0.15 µg/strip Ab (B) and 0.1 µg/strip Ab (C). Control line: 5x106 Salmonella 

positive control cells. Strips 3-4 (A, B, C) were prepared with naked GNPs 1 come from Table 15. Strips 

6 (A, B, C) have no capture Abs on each line. 5x106 Salmonella positive control cells and 3x106 E.coli 

positive control cells in 100 µl PBS was loaded on sample pad 

 

Additionally, isolates provided by Ankara University, Faculty of Veterinary Medicine 

and our laboratory strains were captured by different amounts of Ab on the test zone 

of HF180 membrane (Figure 35). Although Salmonella capturing either alone or in a 

bacterial mixture sample was succesful, control lines of some strips were not seen 

(Figure 35, A3-A5, A7, B4, C4-C6). According to the results shown in Figure 35, 0.3 

µg Ab/strip on the test zone seems to be enough for capturing live Salmonella cells 

without any non specific binding. Besides, there was no significant difference between 

the experienced higher amount of Ab on test lines (Figure 35, A, B, C). However, non 

specific binding was observed on the test lines of strips shown in B2, C1, C2 for 

negative controls when 0.5 and 0.6 µg Ab/strip used on test lines. It can be said that 

excess amount of Ab on the test line and bacterial medium might cause the background 
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signals. S. enteritidis 1 was captured sensitively and selectively when it is alone and in 

the mixture (Figure 35, A6, A8).  It might be related with sample preparation, non-

effected flow rate by media and Ab specifity to this strain. S. infantis 1 was also 

recognized in the mixture sensitively and tests seem to valid (Figure 35, A9, C8). 

Although it was captured on test line when it is alone, tests seem to invalid because of 

the absence of the control line (Figure 35 A7, B15, C4). It might be caused by very 

high number cells loaded on sample pad and all conjugates interacted with loaded cells. 

Thus, it was resulted by not enough conjugates for interacting with control zones. In 

general, unefficient sample flow was the main reason for unexpected control lines due 

to clumping caused by intensive media on the conjugate pad.  

 

 

Figure 35. Different Ab concentrations on the test lines for capturing of live Salmonella using HF180 

membrane in a 10 min by dipstick assay. Test line: 0.3 µg/strip Ab (A), 0.5 µg/strip Ab (B) and 0.6 

µg/strip Ab (C). Control line: 5x106 Salmonella positive control cells. D.soil: Dry soil bacteria sample. 

500 µl overnight cultures were transferred into the eppendorf tubes separately for dip stick assay. The 

mixture of different bacteria was prepared by adding 500 µl of each into the mix and after mixing the 

cultures homogenously, 500 µl of mix was transferred into the tubes for dipping the strips  

 

Briefly, experimented amount of Abs on the test line was reasonable for developing 

LF assay for Salmonella. Therefore, higher Ab concentration in the test line was not 

used since it may be resulted with high background signal or decreased 
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immunoreaction efficiency with a higher Ab (Zeng et al., 2009).  

In terms of the developed strips for E.coli O157:H7, 0.15 µg/strip Ab was chosen as 

optimal Ab concentration on the test line since there is no significant difference 

between 0.21 µg/strip and 0.15 µg/strip Ab (Figure 36, A1-B1, A2-B2). Compared to 

Zhao’s study this amount was remarkably low (Zhao et al., 2010). When the amount 

of Ab is lowered, the color intensity on the line become weak as expected. Figure 36 

also demonstrates the results obtained after 5 min without a PBS wash step (A1-E1) 

and a 10 min result with PBS washing (A2-E2). Although capture lines become visible 

clearly and sensitively in a very short time, PBS wash showed further increase of the 

color intensity (A2-E2). Thus, strips were applied by PBS wash for further 

experiments. Designed strips had no non-specific binding with non-target samples, and 

as expected strips prepared by naked GNPs did not have any line or background signals 

on the capture zones.  
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Figure 36. Different Ab concentrations on the test lines for capturing of E.coli O157:H7 using HF180 

membrane. Test line: 0.21-0.15-0.09-0.044-0.03 µg/strip E.coli O157:H7 Ab for A, B, C, D, E 

respectively. Control line: 0.6 µg/strip antiogat IgG. A1-E1: Test results after 5 min without PBS wash. 

A2-E2: Test results of the same strips after 10 min with PBS wash. Strips 4 were prepared with naked 

1 GNPs comes from Table 16. 3x105 E.coli positive control cells and 5x106 Salmonella positive control 

cells were run in 100 µl PBS  

 

Figure 37 also displays the different concentrations of antigoat IgG on control line in 

order to find the best amount for developing test strips. The amount of both conjugate 

and capture Abs was found to proportional to each other in terms of the line intensity, 

and prepared conjugate had a good intensity on control line with both 0.6 and 0.3 

µg/strip IgG for naked eye analysis. However, 0.6 µg/strip IgG concentration seemed 
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better (Figure 37, A) for E.coli strips.  Besides, when the amount of Ab is decreased, 

the color intensity of lines was weakened (C) as expected since the lower number of 

loaded Ab interacted with lower conjugate particles. Therefore, 0.6 µg/strip antigoat 

IgG Ab was used for further test development for E.coli O157:H7 and also for 

Salmonella. This amount is also very low compared to the 10 mg/ml IgG with 0,5 

µl/dot as application volume (Lou et al., 2012) and 1.0 mg/ml of anti mouse Ab with 

a volume of 1 µl/1mm line (Zhao et al., 2010). To stress, the concentrations of Abs 

loaded on the test and control zone were the best amount with respect to the identical 

color intensity of both lines for naked eye analysis (Figure 36, B1-B2 and Figure 37, 

A). 

 

 

Figure 37. Decrease of Ab concentration on the control zone of HF180 membrane. Test line: 0.15 

µg/strip E.coli O157:H7 Ab. Control line: 0.6 µg/strip (A), 0.3 µg/strip (B) and 0.15 µg/strip antiogat 

IgG (C). A-C: Test results after 10 min with PBS wash. Strips 4 were prepared with naked 1 GNPs 

come from Table 16. 3x105 E.coli positive control cells and 5x106 Salmonella positive control cells 

were run in 100 µl PBS 
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3.3.3.2. Conjugate solution on the conjugate pad   

The composition of buffer required for the immobilization of GNPs/Ab conjugate is 

crucial for ensuring the activity of the conjugate. During the assay flow, the binding 

affinity of Ab present on GNPs surface should be preserved and the flow rate of 

conjugate from the conjugate pad should not also be affected after drying process. The 

buffer used in this work was found to be suitable for this purpose and did not affect the 

activity of conjugate and flow rate of the assay. However, it rarely caused collapse at 

the end of the conjugate pad when dipsticks were tested in bacterial medium. In Figure 

38, various concentrated gold conjugates which are from high concentration to low 

were prepared and used for soaking the conjugate pads. It was observed that 

concentrated conjugates retarded the flow on strips and resulted with weak line 

intensity and nonspecific adsorption of gold conjugate to the NC membrane (strips 1-

2). This is reasonable as it is known that the color intensity of the bands occured on 

both capture zones is proportional to GNPs/Ab conjugate and depends on the amount 

of conjugate presents on conjugate pad. If greater amounts of conjugate are loaded on 

the conjugate pad, it can be resulted with longer release time (Ang et al., 2012, Zeng 

et al., 2009) and insufficient detection. As expected the lower concentration of gold 

conjugate also showed weak binding to the target on test zones (strips 7, 10). Thus, 

conjugate A was used for further strip experiments to detect Salmonella. 
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Figure 38. The comparison of conjugate pads prepared by different concentrations of gold conjugate 

using HF240 membrane for Salmonella detection. Test line: 0.15 µg/strip Salmonella Ab. Control line: 

3x106 Salmonella positive cells. Strip 1: prepared by conjugate B (5 times concentrated conjugate), strip 

2: prepared by conjugate C (2.5 times concentrated conjugate), strips 3-6: prepared by conjugate A 

(normally prepared conjugate), strips 7-10: prepared by Conjugate D (diluted conjugate A with a ratio 

of ¼). Strips 1, 2, 6, 7, 9 and strips 3, 4, 10 were loaded with 5x106 and 5x105 Salmonella positive 

control cells in 100 µl, respectively. Strips 4 and 9 were prepared by naked 1 GNPs come from Table 

15 

 

In Figure 39 and 40, it can also be seen both the comparison of capturing efficiency 

and the stability of the conjugates prepared at different times using old and freshly 

synthesized GNPs for Salmonella detection. S. enteritidis and S. enteritidis 1 was 

detected on the test line separately with almost at the same sensitivity and selectivity 

in a 5 min assay. Thus, developed strips do not need any extra signal amplification on 

the capture zones (Choi, et al., 2010). It is worth noting that repeating of all 

experiments at different days gave the same results with the same quality of color on 

the lines. The background signal of conjugates and non-specific interaction with 

nontarget cells was not observed (A3, A4, B2, B3, C3, C4). Naked GNPs did not show 

non-specific binding to both capture zones (strips 5).  
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Figure 39. The comparison of gold/Ab conjugates prepared in different times with the same method 

(method 1) using HF180 membrane. Test line: 0.3 µg/strip Salmonella Ab. Control line: 0.6 µg/strip 

anti goat IgG. Sample preparation was performed by mixing 100 µl of overnight culture and 100 µl of 

PBS. The conjugates were prepared by 5, 6 and 2 months old GNPs for A, B and C, respectively and 

called as conjugate 1, conjugate 2 and conjugate 3. Strips 5 are prepared by naked 1 GNPs come from 

Table 15 

 

Additionally, another strip test results obtained from conjugate 4, which was prepared 

by 8 months old GNPs were demonstrated in Figure 40. In these strips not only bacteria 

alone but also bacteria in the mixture were tested with live cells. It was observed that 

this conjugate has the capability to detect the target bacteria present in the mixture 

specifically except for the S. infantis 1 (strip 3). This might be resulted by clumping 

on the conjugate pad and unefficient flow through the lines. The color intensity on the 

control lines seemed as the same for the strips ranged from 10 to 22, but it was intensive 

for the strips ranged from 1 to 9. It might be caused by the abundant conjugate coming 

through the test zone as a result of not holding the conjugate on the test line. When 

compared to strips 10-22, since the lower target cell number was loaded on strips 1-9, 
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the number of conjugate particles interacted with those cells were also low and it was 

resulted by weak accumulation of conjugate particles on test zone and more 

accumulation of free particles on control zone.   

According to these results, all the Salmonella strains used were detected specifically 

by the developed strips and the conjugate seemed to have higher affinity to S. 

enteritidis strains and S. infantis. Strips loaded either with the mixture that does not 

have target (strips 1, 2, 19, 20) or bacteria alone (strips 10-14) did not cause clumping 

on the conjugate pad.  
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Figure 40. Capturing Salmonella bacteria on HF180 membrane using conjugate 4. Test line: 0.3 µg/strip 

Salmonella Ab. Control line: 0.6 µg/strip anti goat IgG. Sample was loaded by adding 33 µl and 25 µl 

of each overnight growth bacteria into 100 µl PBS as total volume separetly for the mixture containing 

three and four different bacteria samples, respectively. Bacteria alone was loaded as 100 µl from 

overnight culture. Strips 20 and 22 were prepared by naked 1 GNPs come from Table 15 
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Figure 41 also demonstrates the efficiency of conjugate concentration on conjugate 

pad for recognizing E.coli O157:H7. Briefly, conjugate A1 seemed to an ideal 

conjugate for developing the E.coli test strips. Because diluted conjugates caused 

decreased color intensity on both capture lines even if they still have specifity on the 

strips (A, B, C). Expectedly, nonspecific binding was not observed with negative 

controls, e.g. PBS, Salmonella and naked GNPs.  

 

 

Figure 41. The comparison of conjugate pads prepared by different concentrations of gold conjugate 

using HF180 membrane for E.coli O157:H7 detection. A) Conjugate A1, B) Conjugate B1, C) 

Conjugate C1. Test line: 0.15 µg/strip E.coli O157:H7 Ab. Control line: 0.6 µg/strip antigoat IgG. A-

C: Test results after 10 min with PBS wash. Strips 4 were prepared with naked 2 GNPs come from 

Table 16. 3x105 E.coli positive control cells and 5x106 Salmonella positive control cells were loaded  

 

3.3.3.3. Comparison of the membrane types  

In order to make a comparison between different types of membranes for test 

development, both positive control cells (Figure 42, A-B) and cultured live Salmonella 

cells (Figure 42, C-D) were used. It was clearly observed that using both types of cells 
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did not show any significant difference on the capturing zones. While negative samples 

were not captured on the test line, targets were detected specifically and sensitively. 

As it is seen in the Figure 42, there is no significant difference between the membrane 

types in terms of capturing the target. However, with respect to the releasing of 

conjugates from the conjugate pads HF120 and HF075 (C, D) were not efficient as 

HF240 and HF180 (A, B). Thus, HF180 was used for further developing tests since 

HF240 has very slow flow rate and better for nucleic acid based LF strip (Mao et al., 

2009). The non specific adsorption on all the membranes was not also observed. Thus, 

the developed test strips are positive in terms of the capturing of targets such as 

Salmonella positive control cells, S. enteritidis and S. enteritidis 1.  
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Figure 42. The comparison of membrane types to develop the test strips for Salmonella. A) HF240 B) 

HF180 C) HF120 D) HF075. Test line: 0.3 µg/strip Salmonella Ab. Control line: 3x106 Salmonella 

positive control cells for A, B and 0.6 µg/strip antigoat IgG for C, D. Strips A4, B4, C5, D5 were 

prepared with naked 1 GNPs and strips A5, B5 were prepared with naked 3 GNPs come from Table 15. 

5x106, 3x106 and 3x106 positive control cells were loaded in 100 µl PBS for Salmonella, E.coli and 

V.cholerae, respectively as seperate and in a mixture format. Salm: Salmonella positive control cells. 

D.soil: Dry soil bacteria sample 
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Strips with various flow rates were also experienced twice to decide the best membrane 

type for E.coli O157:H7 recognition. Figure 43 displays the detection of target cells 

when they are alone (A) and in a bacterial mixture (B, C, D). Although all types of 

membranes have both lines, which means tests are positive for E.coli detection, test 

line on HF075 membrane (D) was not clear. It was observed that flow time of the 

membranes plays a significant role in development of the test results. For instance, 7 

min and 5 min was enough to see the results clearly by HF240 and HF180 (Figure 43, 

A-B), respectively while 2 min was enough for both HF120 and HF075 (Figure 43, C-

D). This issue is seen on the absorption pads of both HF120 and HF075 since they are 

red colored with accumulated conjugate caused by rapid flow in a short time. The size 

of GNPs used for conjugates has also a significant role for flow rate. Thus, both HF240 

and HF180 seemed to an ideal membrane types for E.coli test strips by using 36 nm 

sized GNPs. However, HF180 was used for further strip development since it has short 

analysis time and efficient release of conjugate. 
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Figure 43. The comparison of membrane types to develop the test strips for E.coli O157:H7. A) HF240 

B) HF180 C) HF120 and D) HF075 membrane. Test results after 5 min (A, B) and 2 min (C, D) without 

PBS wash. Test line: 0.15 µg/strip E.coli Ab. Control line: 0.6 µg/strip antigoat IgG. Strips A2, B7, C7 

and D7 were prepared with naked 1 GNPs come from Table 16. Strip A5 has no capture Abs on the 

zones. 3x105 E.coli O157:H7, 5x106 Salmonella and 3x106 V. cholerae positive control cells were loaded 

in 100 µl PBS. Mixture containing two types of bacteria was prepared by 3x106 V. cholerae and 5x106 

Salmonella positive control cells in total 100 µl PBS. Mixture containing three types of bacteria was 

prepared by 3x106 V. cholerae, 5x106 Salmonella and 3x106 E.coli O157:H7 positive control cells in 

total 100 µl PBS. Vib: V. cholerae, Salm: Salmonella positive control cells 

  

After deciding the membrane type to develop test strips for both Salmonella and E.coli 

O157:H7, their specificity in mixtured bacteria species was further experimented using 

HF180 membrane (Figure 44, 45). Although 0.3 µg Ab/strip on the test line was 

decided as optimal Ab concentration for Salmonella, 0.6 µg Ab/strip was also tested 

to make a comparison in terms of the recognition of Salmonella in the mixture by 

dipstick assay (Figure 44). 

Figure 44-B demonstrates the S. typhimurium, S. enteritidis and S. infantis recognition 

when they are alone and in the mixture. There was no non-specific interaction with 

non target analytes and naked GNPs did not react with any reagents on the strips (B4-

B5). However, control lines were not seen on strips B1, B2, B10, B12, B15, B16, B19 

and B20 while test lines were seen clearly. This was probably caused by inefficient 
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sample flow from the conjugate pad caused by the high cell density in the applied 

sample. It is observed that a cell density higher than 1012 cells might affect the test 

results. When compared to the high amount of Ab on test line, 0,6 µg Ab had a better 

efficiency if the samples are loaded in PBS (Figure 44, B) than in the bacterial medium 

(Figure 44, A). However, using high amount of capture Ab is unnecessary since it may 

retard all the conjugate on test line and prevent the clear formation of the control line. 

As a summary, developed test strips were able to recognize the S. typhimurium, S. 

enteritidis, heat treated positive control cells and S. infantis (Figure 44, B).  
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Figure 44. Detection of different live Salmonella strains alone and in the mixture with HF180 

membrane after dipstick assay. Test line: 0.6 µg/strip (A, B)  and 0.3 µg/strip (C) Salmonella Ab. 

Control line: 0.6 µg/strip antigoat IgG. Overnight cultures were applied to the strips. Strips were dipped 

into 500 µl of total bacteria without adding PBS (A) and 200 µl of total bacteria was added in PBS (B, 

C). Bacteria were used in 100 µl volume when they are alone. Strips B4-C2-C4-C6-C8-C10-C12-C14-

C16-C19-C21 and strip B5 were prepared by naked 1 and naked 3 GNPs come from Table 15, 

respectively. D.soil: Dry soil bacteria, Bac: B. cereus, S. ent: S. enteritidis, S. typ: S. typhimurium,  + 

cont: Salmonella positive control cells 
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Figure 44, C also depicts the recognition of Salmonella strians by using 0.3 µg/strip 

Ab on test line. S. enteritidis, S. enteritidis 1, S. typhimurium and S. infantis were 

detected either alone or in the mixture specifically. However, the recognition of S. 

enteritidis and S. enteritidis 1 (C1, C7, C20) was better than S. typhimurium and S. 

infantis under both contidions (C3, C5, C23, C24), while S.infantis 1 was not captured 

on test line (C9). To highlight, dipping the strips directly into high volume of bacteria 

in medium (A) affected the flow time and releasing of conjugate from the conjugate 

pad. However, adding of PBS into the samples (B, C) prevented the agglomeration, 

and the test results were obtained clearly (C) even if this issue was not observed in 

some strips (B).  

E.coli O157:H7 was also detected in the bacterial mixture by developed strips even in 

the presence of high concentrations of other bacteria species (Figure 45). When 

compared to the B1 and B6 strips, the efficiency of capturing on both zones was almost 

the same with each other, which means that presence of E.coli in other bacterial 

mixture did not affect the test specifity and sensitivity. 
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Figure 45. Detection of E.coli O157:H7 in the bacterial mixture using HF180 membrane. Test line: 0.15 

µg/strip E.coli O157:H7 Ab. Control line: 0.6 µg/strip antiogat IgG. Test results after 2 min without 

PBS wash (A) and 10 min with PBS wash (B). Strip 7 was prepared with naked 1 GNPs come from 

Table 16. 3x106 E.coli O157:H7, 3x106 V. cholerae and 5x106 Salmonella positive control cells  in 100 

µl were loaded. Vib: V. cholerae, Salm: Salmonella positive control cells 

 

In summary, developed strips had shown applicability to detect the target pathogens, 

Salmonella and E.coli O157:H7, in the bacterial mixture. This result is important with 

respect to the spesific detection of pathogens in their environment as they are living 

with various kinds of microorganisms in real life. 

3.3.3.4. Limit of detection           

HF240 and HF180 membranes were used for determining the detection limit of 

Salmonella. Although all negative controls among these strips have the same result 

with Figure 46 D, only one batch was shown in the image. Different membrane types 

and using increased Ab concentration on the test line did not effect the sensitivity and 

specifity of detection limit, significantly. LOD of captured Salmonella cells was 
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determined as 5x105 cells in 100 µl (Figure 46), which are known as enough cell 

number for gastroenteritis in humans caused by S. typhimurium (BVL, 1996). This 

result is comparable with the detection limit of S.typhi, 1.14×105 cfu/ml, 

S.choleraesuis, 5x105 cfu/ml, and 106 cfu/ml, S. enteritidis, by GNPs and gold based 

immunochromatographic strip using commercial Abs (Preechakasedkit et al., 2012,, 

Xia et al., 2016, Moongkarndi et al., 2011). Lower cell number of S. typhimurium such 

as 7 cfu/ml (Yuan et al., 2014), 1x102 cfu/ml, 1x103 cfu/ml (Zhang et al., 2006a) and 

104 cfu/ml (Moongkarndi et al., 2011) was also reported as the LOD by silver 

enhancement method, biosensor and LF assay, respectively. However, they need to 

advanced and time consuming experimental steps including biosensor development 

and nucleic acid isolation of Salmonella for detection by LF assay (Liu et al., 2013) 

instead of cell surface recognition.  

 

 

Figure 46. LOD of Salmonella positive control cells by developed LF strips with HF240 (A, B) and 

HF180 membrane (C, D). Test line: 0.3 µg/strip (A, B, C) and 0.6 µg/strip Salmonella Ab (D). Control 

line: 3x106 Salmonella positive control cells. Strips shown in A were prepared with conjugate 2 and 

strips shown in B, C and D were prepared conjugate 4. Strips 11, 14, 17 and 20 were prepared by naked 

1 GNPs come from Table 15. From 5x106 to 5x103 Salmonella positive control cells were loaded in 100 

µl PBS 
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Figure 47 displays the LOD of E.coli O157:H7. 105 cfu/ml was recorded as detection 

limit (B2). This result was in parallel to the 1.8×105 cfu/ml (Jung et al., 2005) detection 

limit for E.coli O157:H7 by colloidal immunochromatographic strip. Besides, strips 

developed in this study had a lower LOD compared to the 106 cfu/ml detection limit 

recognized by 40 nm sized GNPs based immunochromatographic assay (Suria et al., 

2015, Song et al., 2016). Lower cell numbers, 102 cfu/ml (Lin et al., 2008), 79 cfu/ml 

(Muhammad-Tahir and Alocilja, 2003), ~5 cfu/ml (Hossain et al., 2012) and 104 cfu/ml 

(Radke and Alocilja, 2005) were also reported as detection limit of E.coli O157:H7 by 

electrochemical biosensors, conductimetric biosensor, multiplex paper strips and 

microelectrode array, respectively. However, they are not in easy to use and practical 

for short time detection compared to this study. Moreover, 103 E.coli O157:H7 cells 

were reported as detection limit by flowerlike shaped GNPs based LFAs (Zhang et al., 

2015), but the assay needs further preparation steps for GNPs synthesis. Lastly, as the 

amount of conjugate used is critical to determine the desired cell number, it seemed to 

an ideal for capturing targets in this study.  

 

 

Figure 47. LOD of E.coli O157:H7 cells by developed LF strips with HF180 membrane. Strips loaded 

with 106 (A), 105 (B), 104 (C), 103 (D) E.coli cells in 100 µl PBS, respectively. Test line: 0.15 µg/strip 

E.coli Ab. Control line: 0.6 µg/strip antigoat IgG. Test results after 10 min with PBS wash. Strips 4 

were prepared with naked 1 GNPs come from Table 16  
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3.4. ELISA   

3.4.1. Determination of the antigen binding activity of Single Chain Variable 

Fragments 

It was observed that generated scFv has strong affinity to both serogroup B and D 

antigens, specifically (Figure 48). Comparably, LT2 cells were recognized better than 

14028s cells when they are killed or alive. Results showed that the absorbance value 

of anti Salmonella scFv binding to serogroup B LPS was similar with the binding of 

S. typhimurium DT104 specific monoclonal Ab (Wu et al., 2014) to its LPS. Thus, for 

the purpose of S. typhimurium detection, scFv produced in this study has a potential to 

be used in LFA strips instead of monoclonal Abs. Coating the microtiter plate with 5 

µg/ml LPS was found to have a high affinity by scFv in this study, but BSA conjugated 

Salmonella O antigen polysaccharide was detected as 10 µg/ml by scFv fusion protein 

(Wang et al., 2001) of Se155-4 Ab. Although it was reported that se155-4 Ab has very 

low binding affinity to serogroup D LPS (Bundle et al., 1994b), generated scFv showed 

strong affinity to this serogroup, which was reported for the first time in this study 

(Figure 48). This result was considered to be significant since the repeating unit of S. 

typhi (serogroup D) LPS is the same with the serogroup B LPS except for the branch 

points. S. ohio (O7, serogroup C1), S. newport (O8, serogroup C2-C3) and S. bongori 

(O66) did not react with scFv as expected because of the different LPS structures 

(Figure 48). Reproducibility of the binding test to different antigens by ELISA was 

repeated many times, with consistent outcomes.  
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Figure 48. Indirect ELISA results of scFv binding to target and non target bacterial antigens with 

negative controls. LPS: Lipopolysaccharides from S. typhimurium. FK LT2: Formalin killed S. 

typhimurium LT2. FK 14028s: Formalin killed S. typhimurium 14028s. LC LT2: Live cells S. 

typhimurium LT2. LC 14028s: Live cells S. typhimurium 14028s. CB: Coating buffer 

 

E.coli mediated scFv has a strong affinity to their antigens without cross reaction to 

E.coli or other Salmonella strains in this study. However, in the literature, scFvs 

against S. typhimurim produced by using the naive library showed considerable 

interaction with live gram positive bacteria and other bacterial species. Additionally, 

scFvs against S. enterica did not demonstrate a high specifity to single bacteria 

(Cannon and Heinhorst, 2010). To our knowledge, scFv binding to whole Salmonella 

cells demonstrated in this study is the first record in the literature. Although a few 

scFvs of se155-4 Ab were produced, the binding affinity of them was shown by using 

LPS and their different parts (Wang et al., 2001, Anand et al., 1991, Deng et al., 1994) 

with low affinity.  

KD values of scFv against to different antigens are shown in Table 19. It was obtained 

by Sigmaplot 10.0 version using the absorbance values come from the ELISA. Results 
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verified that generated scFv has the highest affinity to target antigens when compared 

to the values in the literature. This might be caused by the tested antigens and the 

methods used for the expression or purification of generated scFv.  

 

Table 19. Dissociation constant values (KD) of scFv Ab against to target&non target antigens 

 Kd 

(nM) 

Std. Error 

(nM) 

Live cell S. typhimurium 14028s 14.2 4.5 

Formalin killed S. typhimurium 14028s 13.1 6.1 

Live cell S. typhimurium LT2 22 9 

Formalin killed S. typhimurium LT2 17.2 4.6 

Serogroup B LPS 18.1 4.1 

Serogroup D LPS 111.5 18.5 

E.coli N/A N/A 

LPS (-) N/A N/A 

 

 

3.4.2. Detection of S. typhimurium in the bacterial mixture 

Live cells of S. typhimurium LT2 were detected by ELISA in bacterial mixture. To the 

best of our knowledge, the detection of whole cells of S. typhimurium in a mixture by 

engineered scFv is the first record in the literature. 106 live LT2 cells were detected 

specifically in the mixture with the very close sensitivity of detected bacteria alone 

(Figure 49, A). When the number of target cells is declined in the mixture, it was 

observed that 105 cells were still detected sensitively. However, 104 target cells were 

not recognized in the mixture while those could be detected when they are alone 

(Figure 49, B). Using scFv in the ELISA seemed to be an alternative and practical 

approach when compared to the monoclonal Ab produced by immunization which 

indicated the detected number of Salmonella cells as 107 and 105 cells/ml in the 

presence of E.coli (Ng et al., 1996).  

The LOD of target determined by indirect ELISA was observed as 104 cells in 100 µl 

by using scFv (Figure 49, B) without enrichment media (Kumar et al., 2008). This is 

comparable with 105 and 106 cells/ml S. typhimurium detection limit using the 

hybriodama Ab by direct ELISA (Salam, 2010). Therefore, using scFv seemed to have 



118 

 

sensitivity and advantage for detection of S. typhimurium. In Figure 49, it is clearly 

seen that the target bacteria detection is proportional to the used scFv Ab concentration. 

Therefore, 0.12 µg/ml scFv can be thought as the minimum amount of Ab to recognize 

the 105 target cells both alone and in the mixture, while 0.37 µg/ml scFv is enough for 

detecting the 104 target cells alone (Figure 49, B). 
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Figure 49. ELISA based live cells of S. typhimurium LT2 detection in the mixture by scFv. 2.8x106 

LT2 cells (A), 2.8x105 and 2.8x104 LT2 cells (B) in 100 µl PBS alone and in the mixture. E.coli used: 

2.5x107 cells in 100 µl PBS. Total mixture volume is 200 µl. LT2: S.typhimurium LT2. CB: Coating 

buffer  
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3.4.3. Detection of Salmonella using fusion antibody  

The binding affinity of fusion Ab to the serogroup B and D antigenic structures was 

demonstrated in Figure 50. Even if se155-4 Ab was informed that it had low afinity to 

Serogroup D (Bundle et al., 1994b), fusion Ab had shown high affinity to them as 

scFv. It was also surprisingly observed that this binding was highly stronger than the 

affinity of positive control and callibrator IgGs sepecific to serogroup D antigens 

supplied in the Kit (Figure 50, A). As expected, fusion Ab has a strong affinity to 

serogroup B and it is higher than to serogroup D antigens even if lower Ab 

concentration was used (Figure 50, B, C).  

It is clearly seen that, Ab binding affinity to its antigens was proportinal to the Ab 

concentration used and non specific binding to E.coli or uncoated wells was not 

observed (Figure 50). While 8,8 µg/ml Ab binds to the LPS with a good affinity (Figure 

50, B), 4,4 µg/ml Ab has still strong affinity to both LPS and whole cells (Figure 50, 

C). If compared, the affinity of fusion Ab to LPS of S. typhimurium was stronger than 

whole killed cells (Figure 50, C). This is possible because the interaction of Ab with 

pure LPS is easier than the antigens available on the cell surface with cellular surface 

materials. Dissociation constant value of fusion Ab was calculated as 21.9 nM with 3.4 

nM standard error after LPS binding assay. As expected, this result is also consistent 

with the Kd value of produced scFv in this work. Although some studies reported the 

same affinity of full length Ab and scFv (Pleckaityte et al., 2011), it may also show 

variety (Wels et al., 1992).  

In this work, produced scFv and fusion Ab binding to both LPS and whole cells had 

about two times higher absorbance value compared to value obtained from monoclonal 

Ab (Sapparapu, 2003) specific to S. typhimurium. Results also verified that engineered 

fusion protein is humanized Ab. This was demonstrated by using two kinds of 

commercial Abs which are anti Salmonella CSA Ab and S. typhimurium LPS factor 4 

Ab. Since those Abs were not humanized and obtained from goat and mouse, 

respectively they did not interact with the enzyme labelled secondary Ab specific to 

humanized IgG. However, humanized fusion Ab bound to this secondary Ab (Figure 

50, C). 
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Figure 50. Binding affinity of fusion antibody to serogroup D (A) and serogroup B antigens (B, C). 8.8 

µg/ml (B) and 4.4 µg/ml (C) fusion Ab was used. FK LT2 (4.2x108 cells) and S. typhimurium LPS (5 

µg/ml) in 100 µl were used for coating the plate, separately for serogroup B binding test. The microtiter 

plate coated with S. typhi LPS (serogroup D) and enzyme labelled secondary Ab were supplied with 

Salmonella ELISA Kit (Abnova). FK LT2: Formallin killed S. typhimurium LT2. LPS: 

Lipopolysaccharides of Serogroup B. LPS (-): No coating the microtiter plate with LPS. CSA Ab: Anti 

Salmonella common structural Ab. LPS O Ab: S. typhimurium LPS factor 4 Ab. S.diluent: Sample 

diluent supplied in the Salmonella ELISA Kit. Ab index was calculated according to the manual in the 

kit for serogroup D binding 



122 

 

3.4.4. Immunomagnetic based ELISA  

3.4.4.1. Conjugation of fusion antibody with magnetic beads 

Figure 51 demonstrates the coupling of magnetic beads (Promag) with SNAP 

substrate, BG-GLA-NHS, and interaction of SNAP-Tagged IgG with functional 

magnetic beads, and also immunomagnetic ELISA in test tubes, schematically. After 

coupling reaction of Promag beads they were used in a different concentrations for 

ELISA. Since NEB beads have already SNAP substrates, they were used directly for 

ELISA. 

 

 

Figure 51. Schematical representation of immunomagnetic capturing of S. typhimurium by ELISA 
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3.4.4.2. Magnetic capturing of S. typhimurium by fusion antibody 

Magnetic capturing of Salmonella was reported by different methods including GNPs 

based aptamer/Ab sandwich ELISA (Wu et al., 2014) and isolated DNA PCR analysis 

obtained from the magnetically separated cells (Taban et al., 2009). However, these 

methods need complex conjugation processes (Wu et al., 2014), pre enrichment of 

target in the media, and commercial anti Salmonella beads for the sensitive analysis 

(Taban et al., 2009). In this study, engineered fusion Ab was used for immunomagnetic 

detection of Salmonella after coupling with two kinds of magnetic beads by ELISA. 

As it is seen in the graphs, absorbance value showed that Promag beads (Figure 52, A-

B) have the capability to capture the target in a low sample volume with high affinity 

than NEB beads (Figure 52, C). However, applying the NEB beads helps using very 

low fusion Ab concentration, ̴̴ 2 µg/test, while Promag beads need a high 

concentration, 32 or 110 µg/test, for coupling with them. Results also demonstrated 

that using a high volume of Promag beads, 80 µl, for coupling with higher amount of 

fusion Ab increased the absorbance obtained from both target and non target antigens 

(Figure 52, B). However, the latter increment was not significant statistically since the 

absorbance obtained from 14028s strain was monitored with significant main effect 

(p˂0.001, SPSS inc. One way ANOVA). Thus, using a high volume of beads did not 

affect the specifity and sensitivity of test result as absorbance value was high enough 

for the target bacteria. The absence of BG substrate on the beads caused the lack of 

coupling reaction between the SNAP-Tag on the IgG and magnetic beads. Thus, it was 

resulted with no capturing the target bacteria in the assay (Figure 52, B). ELISA results 

performed by NEB beads had also shown the specific recognition of Salmonella, but 

its absorbance value (Figure 52, C) is lower than Promag beads (Figure 52, A, B) as 

the fusion Ab concentration was highly lower. 

The detection limit of S. typhimurium magnetically was reported as 1.2x102cfu/ml 

(Yang et al., 2013), 101 cfu/ml (Wen et al., 2013), 2×101 cells (Shim et al., 2014), 101 

cfu/ml (Taban et al., 2009), 1×103 cfu/ml (Wu et al., 2014), and 1×103 cfu/ml using 

aptamer modifed magnetic particles by GNPs based sandwich ELISA (Ronholm et al., 

2011). However, they need time consuming requirements such as mice immunization. 

Moreover, specifically designed systems or advanced equipments, commercial Abs 
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and further PCR assay to achieve sensitive detection are also needed. In the literature, 

the combining of the immunomagnetic separation and ELISA was reported with a high 

number of detected cells, 105-106 cfu/ml, using 20 µl magnetic beads (Mansfield and 

Forsythe, 2000). Besides, 143 cells/ml (Afonso et al., 2013) was reported as the 

detection limit of S. tyhphimurium LT2 by electrochemical system. However, not only 

using the commercial anti-Salmonella magnetic beads but also combining of magnetic 

field and GNPs technology is needed along with the electrochemical system to achieve 

this. However, 1.4x101 S. tyhphimurium 14028s cells were found as the detection limit 

by immumagnetic ELISA in this study. This was achieved by engineered fusion Ab 

which is coupled with 2 µl, 50 µl or 80 µl of different magnetic beads without needed 

any time consuming or advanced processing systems in 3,5 hr. This result also seemed 

to be more sensitive than the study reported the detection limit of S. typhimurum 

14028s as 1x103 cfu/ml by nanoELISA (Ronholm et al., 2011). To the best of our 

knowledge, S. typhimurium detection in a very low cell number, e.g. 1.4x101 cells, 

spesifically with the generated SNAP-Tagged IgG is the first study in the literature. 

Therefore, this might be a pioneer for advanced technologies for Salmonella detection. 
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Figure 52. Immunomagnetic ELISA results of Salmonella capture with Promag (A, B) and NEB beads 

(C). ̴ 32 µg (couple 1) and  ̴ 110 µg (couple 2) fusion Ab was used for coupling with 50 µl and 80 µl 

Promag beads (A, B), respectively. 12.6 µg fusion Ab in 20 µl was used for coupling with 80 µl NEB 

beads then 2 µl of NEB conjugates (couple 3), e.g.  ̴ 0.25 µg fusion Ab was used for ELISA (C). 1.4x101 

14028s cells and 5x101 E.coli cells in 20 µl were tested, separately. 14028s: Live S. typhimurium 14028s. 

SNAP (-): No BG substrate was used for magnetic coupling which means that there is no SNAP-Tagged 

IgG on the beads  

 

In order to make further verification of detected cell numbers, plate counting method 

was also performed after magnetic separation. It was observed that fusion Abs coupled 

with 80 µl Promag beads captured almost all of the Salmonella cells while it bound to 

very low E.coli cells. According to plate counting results, 3 colonies of Salmonella 

were seen, but about 21 colonies were for E.coli (Figure 53) after magnetic capture.  
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Figure 53. Plate counting of cells after magnetic capturing of Salmonella and E.coli 

 

Besides, the number of cells used in immunomagnetic ELISA was counted with 

hemocytometer and compared the results theoretically. To do this, FK 14028s cells 

were prepared as desired cell number, which is same with the number of live 14028s 

cells used in ELISA. Table 20 demonstrates the theoretically numbered and counted 

cell numbers of 14028s and E.coli cells. As it is seen clearly, both numbers are in 

parallel to each other. Thus, both the graphs shown in Figure 52 and counting methods 

suggested that the detected cell number is 1.4x101 by immunomagnetic ELISA in a 

very low sample volume. 
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Table 20. Comparison of the theoretical and counted cell numbers of S. typhimurium 14028s and E.coli 

using hemocytometer (FK: Formalin killed) 

(cfu/ml in 20µl)   FK 14028s   (cfu/ml in 20µl)    E.coli  

 counted theoretically  counted theoretically 

7.3x102 11 cells 14 cells    - - - 

7.3x103 132 cells 146 cells   2.5x103 60 cells 50 cells 

 

As a general summary, used methods and detected cell numbers of pathogenic bacteria 

in this study are also given at Table 21. 

 

Table 21. Summary of used immunogenic methods and detected Salmonella and E.coli cells 

Target Methods Ab Cell number  

S. typhimurium LF assay Commercial 5x105 cells in 100 µl 

S. typhimurium (LT2) LF assay scFv 2.8x107 cells in 100 µl  

S. typhimurium (LT2) ELISA scFv 2.8x104 cells in 100 µl 

S. typhimurium (LT2) ELISA  Fusion Ab 4.2x108 cells in 100 µl  

S. typhimurium 14028s Magnetic ELISA Fusion Ab 1.4x101 cells in 20 µl  

E. coli O157:H7 LF assay Commercial 3x104 cells in 100 µl 
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CHAPTER 4 

 

CONCLUSION 

 

 

In this research, immunochromatographic test strips were developed by using colloidal 

GNPs in order to detect the Salmonella and E.coli O157:H7. Besides, scFv and 

humanized full length IgG, fusion Ab, of se155-4 Ab known as specific to Salmonella 

serogroup B O-polysaccharide antigen were produced and purified. The binding 

affinity of generated Abs to the different antigenic structures was tested by indirect 

common ELISA. Detection of Salmonella in a very low cell number was achieved by 

immunomagnetic ELISA and LF assay platform was also developed by generated 

scFv. 

Developed LF dipstick assays succesfully recognized the Salmonella and E.coli 

O157:H7 cells with a desired number that is enough for triggering the illness. S. 

enteritidis and S. infantis were the best recognized bacteria among the tested 

Salmonella strains. The strips could detect the targets either in the medium or in buffer 

via sample loading. It can be deduced that the recognition of killed E.coli cells by 

developed test platform showed the applicability of the dispstick assays to the live 

E.coli cells detection in food or water contamination. Therefore, rapid detection of 

E.coli O157:H7 cells will be possible with designed strips in a short time for users. 

HF180 membrane was decided as the best membrane type for developing the assay for 

both Salmonella and E.coli. 36 nm sized GNPs can be estimated as a perfect size and 

good label for CSA Abs for the detection of bacteria via strips. Because both the 

nanoparticles and their conjugates with Abs were found as highly stable after about 8 

months at 4˚C. This is crucial for increasing the shelf life of the developed strips. 

In this research, production of scFv and fusion Ab was also described. These Abs were 

found to bind to the LPS of S. typhimurium and S.typhi, live and formalin killed S. 

typhimurium cells specifically and selectively. Although se155-4 Ab is known as 
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specific to Salmonella serogroup B in the literature, designed scFv and fusion Ab had 

also showed high affinity to Salmonella serogroup D in this research. Thus, these Abs 

can also be a potential for the recognition of S. typhi or serogroup D. Among all of the 

antigens tested in this study, LPS was recognized far superiorly by generated Abs with 

ELISA. The binding affinity of produced Abs to the antigens was also proportinal to 

the amount of the Ab used.  

To the best of our knowledge, some observations were described as first in this study. 

These are SNAP-Tagged fusion Ab form of se155-4, binding of produced scFv to the 

live Salmonella cells and detection of S. typhimurium in a very low cell number by 

immunomagnetic ELISA using fusion Ab without needed extra experimental steps. 

Thus, those findings can make these Abs a potential candidate for capturing the 

pathogenic S. typhimurium in water or food samples even at low bacterial cell 

densities. It should be noted that as the generated recombinant Abs have strong 

sensitivity and selectivity against their antigens, they can also be adopted or used for 

various Salmonella detecting systems as detecting agent. Since the dipstick format of 

assays are generally attractive for the end users in terms of their simplicity, cost 

effectiveness, user friendly application and point of care approach, recognition of 

Salmonella cells can be advanced with the fusion Abs or scFvs by developed LF strips.  
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