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Enteroviruses (EVs) belong to the Picornaviridae family, and their genomes are made up of sin-
gle-stranded, positive-sense RNA. Infections from EVs can be asymptomatic or have a wide va-
riety of symptoms, including paralysis, rash, poliomyelitis, hand-foot, mouth disease, encephalitis, 
and myocarditis. Also, human rhinoviruses (HRV) are widespread picornaviruses that cause the 
common cold and cost billions of dollars due to many missed work hours. Several monoclonal 
antibodies have been developed against EVs for the past decades. Some are specific to a single 
species or serotype, and others are group-specific. However, due to the vast array of enterovi-
ruses circulating, better molecular tools would be needed to establish virus diagnostics. This the-
sis evaluated the diagnostic potential of five novel monoclonal antibodies against the eight viral 
proteins.  

 
Eight recombinant Enterovirus structural proteins VP1s (CVA4, CVB1, PV1, EV-D68, RV-A89, 
RV-B14, RV-C3) were produced in E. coli and purified using glutathione and immobilized metal 
affinity chromatography. Also, two monoclonal antibodies (mAb) (4D12 and 9B9) were produced 
in rat hybridoma cells and purified in addition to three purified mAb (7C1, 12A4, 3A6) using affinity 
chromatography. The cross-reactivity of mAb to different VP1-proteins was mapped to generate 
the binding profile of each mAb using Western blot (WB), ELISA, and Biolayer interferometry 
(BLI). 

 
It was discovered that the binding response of 3A6 mAb to eight VP1 in BLI and ELISA was 
superior to 9B9, 4D12, 7C1, 12A4, and Dako mAb. In ELISA and BLI measurements, 3A6mAb 
showed broad specificity and high affinity to CVB1 and E30. 12A4 and Dako mAb were found to 
react to CVA4, CVB1, PV1, and E30 in ELISA. Also, Dako mAb showed specificity and high af-
finity to CVB1 in BLI and Polio in ELISA. In contrast, 9B9, 4D12, and 7C1 had less affinity to the 
VP1 antigens in BLI, WB, and ELISA. Moreover, with further optimization, 3A6, 12A4, and Dako 
mAb can be used as a panel of antibodies to diagnose and distinguish EV infecting species based 
on the binding response kinetics and specificity.  
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1. INTRODUCTION 

Enteroviruses (EVs) belong to the Picornavirdae family and commonly infect hu-

mans. Infections from EVs can be asymptomatic or have symptoms such as pa-

ralysis, rash, poliomyelitis, hand-foot, mouth disease, encephalitis, and myocar-

ditis. The human infecting EVs are divided into seven species: enteroviruses A, 

B, C, and D and rhinoviruses A, B, C, based on their genome and sequences for 

the capsid viral protein 1 (VP1). Often a distinction is drawn between polioviruses 

(EV-C) and the other non-polio enteroviruses due to the significant impact on 

human health caused by polioviruses. EVs have an icosahedral capsid structure 

that protects the viral genome and facilitates host cell entry (Pallansch et al., 

2013; Tracy et al., 1991). The capsid is formed from 60 copies of each of the four 

structural viral protein1-4 (VP1-VP4). The VP1-VP3 is located on the outer capsid 

surface, and VP4 is found on the inner capsid (Saarinen et al., 2018; Samuelson 

et al., 1994). The EVs' VP1 exhibits the highest sequence variation between sero-

types and has a conserved immunodominant epitope of PALTAVETG except for 

some echoviruses. (Fan et al., 2015 ; Saarinen et al., 2018 ; Shin et al., 2003).  

 

 

                               

The EV's genome consists of approximately 7.5kb long-stranded positive-sense 

single-stranded RNA, an open reading frame flanked by untranslated regions 

(UTRs) at the N and C terminal (Figure 1). The UTR regions play a critical role in 

replicating viral RNA and translation. The N terminal (5'UTR) consists of an inter-

nal ribosomal entry site (IRES), facilitating the cap-independent translation initia-

tion. The EVs protein genome-linked (VPg) binds to the 5' end of the RNA and 

functions as a primer for the positive and negative-strand synthesis during RNA 

replication. A poly-A tail acts as a template for the VPg protein's uridylation by 

binding to the 3' end. The EVs genome's coding region includes the P1 encoding 

Figure 1. EV genome structure represents the locations for structural and nonstructural 
proteins. 
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for the structural proteins VP1 to VP4, while P2 and P3 encode for the nonstruc-

tural proteins (Figure 1). These proteins are responsible for polyprotein pro-

cessing, RNA replication, cleavage of the host cell proteins, and modification of 

the host cell to promote the EVs lifecycle (see Figure 2) (Howley & Knipe, 2020; 

Pallansch et al., 2013; Tracy et al., 1991). 

 

 

1.1 Why enteroviruses?  

 

EVs cause infections that affect public health. For example, Polioviruses cause 

fatal diseases such as poliomyelitis, and Coxsackieviruses cause hand, foot, and 

mouth disease in children (Jacobs et al., 2013). Moreover, human rhinoviruses 

(HRV) are also a public concern because they cause the common cold (Öster-

back, 2015). Even though the common cold symptoms are not particularly serious 

for most people, they cost billions of dollars due to many missed work hours (Le-

otte et al., 2017). Furthermore, the common cold can be much more severe for 

people with respiratory diseases such as asthma and bronchitis (Cathcart et al., 

2015). Therefore, the diagnostic and management of EV and HRV infections are 

essential. 

Figure 2. The functions of EV nonstructural and structural proteins. The specific role of 
nonstructural proteins that are crucial in viral replication and viral genome assembly. 
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1.2 Enteroviruses life cycle 

 

Enteroviruses can be characterized by specific tissue tropism and differences in 

virulence. Factors such as the host immune system, genetics of the infecting vi-

rus, and internal ribosome entry site (IRES) play a role in EV life cycle and path-

ogenesis. 

1.2.1 Cell entry and uncoating  

When an EV virion attaches to the viral receptor (host) Figure 3,  the viral struc-

tural protein undergoes a conformational change into an A-particle. An A-particle 

has the internalized hydrophobic N terminus of the VP1 on the virion's outer sur-

face and lacks the VP4 protein (Howley & Knipe, 2020; Pallansch et al., 2013). 

A-particle has an increased affinity to the cell membranes compared to immature 

virion, and they are involved in cell membranes' pore formation to free the viral 

genome (Howley & Knipe, 2020; Pallansch et al., 2013). Different EVs use differ-

ent pathways and mechanisms to facilitate cell entry. However, the type of host 

receptor is critical in freeing the viral genome (Coyne & Bergelson, 2006; Patel 

et al., 2009). For example, CVB3 utilizes caveolin dependent and dynamin inde-

pendent pathways in polarized CaCo2 cells, whereas, in Hela cells, they use the 

dynamin lipid raft dependent and clathrin caveolin independent pathway (Coyne 

& Bergelson, 2006; Patel et al., 2009).  

1.2.2 Translation 

When the viral genome is released into the host cell, VPg is cleaved by the cel-

lular unlinkase enzyme. The viral RNA is translated into a single polyprotein 

through IRES's cap-independent mechanism (Howley & Knipe, 2020; Pallansch 

et al., 2013). Subsequently, the newly produced polyprotein is broken down into 

precursor proteins P1, later cleaved into structural proteins VP0, VP1, and VP3. 

In contrast, P2 and P3 undergo series of cleavage to generate non-structural pro-

teins (2A, 2B, 2C, 3A, 3B, 3C, 3CD, and 3Dpol) (Figure 2 &Figure 3) (Cathcart et 

al., 2015; Howley & Knipe, 2020; Pallansch et al., 2013; Tracy et al., 1991). 
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1.2.3 RNA replication 

RNA replication of the EVs occurs in the cytoplasm of the infected cell on the 

membranous vesicles, formed by 2B and 2C viral proteins through rearranging 

the cellular membranes. 2B and 2C proteins function as a scaffold for RNA sta-

bility, facilitate positioning and concentration of viral replicating proteins in the 

right place, to ensure efficient catalyzation of RNA synthesis (Howley & Knipe, 

2020; Pallansch et al., 2013). During RNA replication, genomic RNA is used as 

a template to synthesize a negative RNA strand. A 3D polymerase initiates the 

negative-strand synthesis at the 3' poly-A tail using uridinylated VPg as a primer. 

Then, the newly produced negative-strand acts as a template for synthesizing the 

positive-strand RNA multiple times. The dsRNA is an intermediate molecule dur-

ing RNA replication. Furthermore, the newly synthesized positive RNA strands 

can be loaded into virions or undergo translation to generate viral proteins (Figure 

3) (Howley & Knipe, 2020; Pallansch et al., 2013; Tracy et al., 1991). 
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1.2.4 Assembly and release 

The VP0, VP1, and VP3 precursor proteins assemble newly produced virions by 

forming a protomer. Then, five protomers create a 5S pentamer, and subse-

quently, the twelve pentamers form a procapsid that envelops the viral genome. 

Finally, the late stage of the virion assembly involves breaking down VP0 protein 

to generate VP2 and VP4, resulting in mature virion. Figure 3 shows the newly 

assembled and fully matured virion released in a lytic or non-lytic infection 

through vesicles budding (Howley & Knipe, 2020; Pallansch et al., 2013).  

Figure 3. Overview of the enterovirus life cycle. a) Virion binds to the host cell receptor 
and enters the cells via endocytosis. b) virion releases its positive-stranded RNA genome 
into the cytoplasm, and the viral genome binds to the VPg, which acts as a primer during 
replication. c) The translation of (+) RNA produces a polyprotein cleaved into replication 
structural and nonstructural proteins. d) RNA polymerase (3Dpol) uses (+) RNA-strand to 
synthesize (-) RNA-strand. e) The newly produced (-) RNA-strand serves as a template for 
the synthesis of the new (+) RNA-strand. f) Newly synthesized (+) RNA-strand either used 
as a template during replication or packaged into progeny virions. g) structural proteins 
forms protomers, and then pentamers formation. h) Assembly of provirions and mature 
virions are genomically induced and cleavage of VP0 into VP4 and VP2. i) The mature 
virions are released from the cell by either nonlytic release of extracellular vesicles or 
through cell lysis in a late infection stage. The dsRNA serves as an intermediate between 
(+) RNA and (-) RNA. Figure adapted from (Baggen et al., 2018). 
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1.2.5 Enteroviruses persistence 

EVs have been shown to cause persistent infections in cultured cells in vitro and 

in vivo organs such as the heart and skeletal muscle (Feuer et al., 2002; Frisk, 

2001; Pavio et al., 2000; Pelletier et al., 1991). EV infection persistence may be 

associated with viral, cellular components, and the immune response, leading to 

infectious or non-infectious EVs (Frisk, 2001). A mutation in the viral receptor, 

genome, or capsid coding region may lead to EV infection persistence. Cells such 

as neuroblastoma and Hep-2c-cells having capsid mutation showed persistent 

EV infection in-vitro (Duncan & Colbère-Garapin, 1999; Pelletier et al., 1991). The 

mechanism of EV persistence may vary. However, a mutation in the EV VP1 may 

disrupt the attachment process and alter the capsid's conformation. Moreover, 

the deletion of the 5'UTR region of EV during acute lytic infection may decrease 

replication rate and non-cytopathic effect (Chapman et al., 2008; Tracy et al., 

2008).  

 

Persistent EV infections are associated with chronic diseases such as type 1 di-

abetes (T1D), dilated cardiomyopathy, post-polio syndrome, and chronic fatigue 

syndrome, including chronic inflammation in the gut mucosa of the T1D patients 

(Chia & Chia, 2008; Frisk, 2001; Julien et al., 1999; Oikarinen et al., 2012). For 

example, an in-vitro study showed that a pancreatic ductal cell line harboring EV 

infection had disrupted islet-like cell formation because of EV persistence (Yin et 

al., 2002). 

1.2.6 Enteroviruses in a host cell  

EV uses the host cell to replicate itself by taking control of the host cell replicating 

machinery. They shut down the cellular cap-dependent translation to facilitate 

IRES-driven protein synthesis. The EV's 2A proteinase cleaves eIF4G essential 

for cap-dependent translation (Cathcart et al., 2015). Also, 2A acts as a scaffold 

protein to the eIF4F cap-binding complex comprising eIF4E cap-binding protein 

and eIF4A as helicase (Figure 4). Also, eIF4G interacts with poly (A) binding pro-

tein (PABP), which binds to the 3'poly (A) tail of cellular mRNAs, enabling multiple 

translation initiations. The cleavage of eIF4G by EV during the early stage of in-

fection does not permit the eIF4G fragment to aid cap-dependent translation. On 

the other hand, the component of eIF4G C-terminal binds to eIF3 and engages 
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the 40s ribosomal subunit to start the viral IRES-driven translation (Aminev et al., 

2003; Chase & Semler, 2012; Ohlmann et al., 1997). Additionally, EV affects host 

transcription and promotes intracellular membrane reordering. 3C proteinase 

cleaves TATA box-binding protein (TBP) and inhibits RNA polymerase II tran-

scription (Cathcart et al., 2015; Chase & Semler, 2012). Furthermore, the prote-

ase of EVs breaks down essential cellular proteins and modulates critical factors 

that modulate host innate and adaptive immune responses (Liu et al., 2014).  

 

 

 

1.2.7 Enteroviruses pathogenesis  

The exposure routes through which EVs get transmitted are the fecal-oral route 

and respiratory tract. Most EV infections are asymptomatic, but there could be 

mild symptoms such as fever, diarrhea, vomiting, and rash during EV replication 

in the gastrointestinal and respiratory tract. The replication of EV in the lymph 

node allows the virus to enter the blood circulation in which they are transported 

to critical organs such as the brain, heart, and muscle (Cathcart et al., 2015; 

Chapman et al., 2008; Pallansch et al., 2013; Pelletier et al., 1991). 

 

Figure 4. Enterovirus cap-independent translation. Viral protease 2A cleaves eIF4G and 
interferes with the eIF4F binding complex to interact with 5'end. The absence of the eIF4F 
complex (cap) inhibits ribosome scanning, and no cap-dependent translation is allowed. 
Adopted from (Chase & Semler, 2012). 
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The incubation period of EV infection ranges from 2 to 10 days before the onset 

of symptoms (Pallansch et al., 2013). The EV's primary target organs are intesti-

nal mucosa and the upper respiratory tract, with a low viral load and mild viremia. 

In contrast, the EV secondary target organs include the CNS, the heart, and the 

muscle, which have high viral loads. The spread of the EV infection in the sec-

ondary organs is fast and causes myocarditis, paralytic poliomyelitis, aseptic 

meningitis, acute hemorrhagic conjunctivitis, and flaccid paralysis, depending on 

the target organ (Howley & Knipe, 2020; Pallansch et al., 2013).  

1.3 Innate and adaptive immunity 

 

The immune system's complexity provides sufficient protection against viruses, 

bacteria, and fungus, including other foreign pathogens invading the body. More-

over, the adaptive immune system comprises immune cells such as B and T lym-

phocytes responsible for the specific humoral and cell-mediated responses. In-

nate immunity includes cytokines and cells such as macrophages, neutrophils, 

and natural killer cells that crosstalk with adaptive immunity in fighting against 

pathogens (Abbas et al., 2017). 

1.3.1 Innate immunity 

The innate immune system is the first line of defense against microbial infections. 

It comprises cellular and biochemical defenses that are ready to respond to any 

foreign invasion. The innate immune response targets specific structures com-

mon to groups of related microbes, and it is nonspecific. Furthermore, innate im-

munity comprises physical and chemical barriers such as antimicrobial chemicals 

secreted at epithelial surfaces and epithelia, phagocytic cells such as neutrophils, 

macrophages, dendritic cells, and innate lymphoid cells (Figure 5)(Hansson et al., 

2002). Also, natural killer cells, blood proteins that contain the complement sys-

tem, and other inflammatory mediators are part of innate immunity. The primary 

goal of innate immunity is to prevent the spread of the infection and crosstalk with 

the adaptive immune system through antigen-presenting cells (APC) such as 

dendritic cells and macrophages (Figure 5) (Abbas et al., 2015). 
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The innate immune system can recognize viral pathogen-associated molecular 

patterns (PAMPs) via the pattern recognition receptors (PRR). The PRRs include 

Toll-like receptors (TLR), RIG-I-like receptors (RLR), and nucleotide-binding oli-

gomerization domain (NOD) like receptors (NLR). The TLR and RLR detect viral 

PAMPs and activate adaptor proteins MYD88, TRIF, and IPS-1, thereby switch-

ing on multiple kinases (Acheson, 2011; Honda & Taniguchi, 2006; Platanias, 

2005). The activated kinases phosphorylate the transcription factor (TF) NF-kB, 

IRF7, and IRF3. The phosphorylated TF enters the cell nucleus, interacts with the 

interferon-stimulated response element (ISRE), and then induces the production 

and release of type 1 IFN proinflammatory chemokines (Von Herrath, 2009).  

 

The innate immune response to the EV infection involves releasing local and sys-

temic inflammatory mediators such as cytokines and chemokines. The function 

of chemokines is to facilitate leukocyte migration and trafficking. The cytokines 

produced at an early stage of infection activate the antiviral mediators (Abbas et 

al., 2015; Chen & Ling, 2019; Raj et al., 2019). In systemic viral infections, cyto-

kine and chemokine levels are high and associated with clinical symptoms and 

illness severity (Wang et al., 2012; Wang & Liu, 2014). For example, an in-vivo 

study of the mice deficient in type 1 IFN was more vulnerable to EV infection than 

wild-type mice (Wang et al., 2010; Wessely et al., 2001).  

 

The TLR3, 7, and 8 have been shown to recognize CVB infection in human car-

diac cells (Triantafilou et al., 2005; Triantafilou & Triantafilou, 2004). However, Detect-

ing CVB by both TLR7/8 induces an inflammatory response that may cause my-

ocardial tissue damage (Triantafilou et al., 2005). In vitro, the TLR4 recognized 

EV infection in pancreatic cells, while TR3 was critical in EV infection prevention 

(Triantafilou & Triantafilou, 2004; Wessely et al., 2001). Moreover, treating the 

infected cells with type I and II IFNs can block EVS replication (Hultcrantz et al., 

2007). However, EV can invade the innate immunity by disrupting PRR respon-

sible for EV recognition, blocking the IFN activation and release, thus inhibiting 

the antiviral activity (Chen & Ling, 2019; Liu et al., 2014; Negishi et al., 2008). 
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1.3.2 Adaptive immunity 

Acquired immunity plays a significant role in identifying and responding to many 

nonmicrobial and microbial-related substances. The main characteristic of adap-

tive immunity is recognizing foreign antigens and responding more vigorously to 

repeated exposures of the same antigen. Therefore, adaptive immunity is specific 

and has memory, and it comprises special cells like lymphocytes and their se-

creted antibodies (Figure 5). Antigens are foreign substances that induce a spe-

cific immune response and are recognized by lymphocytes and antibodies (Ab-

bas et al., 2017) 

 

 

 

 

Host immune system, tissue tropism, genetic factors from both host and virus, 

and the virus virulence play a crucial role in modulating the EV infection. The 

initial response to EV infection begins with the innate immune system and is fol-

lowed by the adaptive immune response (Dunn et al., 2003; Pallansch et al., 

2013; Tracy et al., 2008). The T and B cells facilitate the elimination of the EVs. 

Figure 5. The interplay between Innate and Adaptive Immunity. Innate immunity (left) is 
nonspecific and performs a limited function to clear out the toxins or antigen. Adaptive 
immunity (right) is specific and plays multiple roles in eliminating the foreign antigen, and 
the cellular components of both innate and adaptive immunity crosstalk to each other. The 
antigen-presenting cells (APCs) such as dendritic and macrophage cells present the anti-
gen to T-helper cells and B cells. Adopted from creative-diagnostics.com. 
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The T cells facilitate cell-mediated immune response, whereas B cells secrete 

the antibodies, which play a crucial role in the humoral immune response. The 

antibody's primary function is to prevent viral capsid binding to uninfected cells 

and recruit macrophages and neutrophils via a complement system (Newton et 

al., 2016). The secreted antibodies are initially of IgM class and are typically pre-

sent for seven to ten days. Then, the IgG class antibodies that are smaller, more 

specific, and have a longer half-life are present for a more extended period (Ab-

bas et al., 2015; Dotzauer, 2012; Gauntt, 1997). In this thesis, the focus is on 

adaptive immunity B cells' secreted antibodies. 

1.4 Antibody structure and function 

 

The immune system's antigen-recognizing molecules, such as T cell receptor 

(TCR), immunoglobulins (Ig), and major histocompatibility complex (MHC) mole-

cules, recognize the foreign antigen and facilitate its elimination (Forthal, 2014). 

Here we focus on immunoglobulin G (IgG) and its purification from rat hybridoma 

cells.  

 

B lymphocytes produce Igs and secrete them into the bloodstream and lymphatic 

system. The Igs facilitate the neutralization and elimination of the antigen out of 

the body. Ig's antigen-binding site comprises three complementary determining 

regions (CDRs) in heavy and light chains (Chiu et al., 2019; Vandyk & Meek, 

1992). Antigen molecules such as proteins, lipids, polysaccharides, and small 

chemicals interact with Ig. The antigen-binding affinity of Ig ranges from KD 10-7 

– 10-11 M, and the average affinity of Igs increases during an immune response. 

Ig antibodies comprise a family of structurally related glycoproteins produced as 

membrane-bound or secreted by B lymphocytes. The antibody structure consists 

of the antibody binding site (Fab), the constant region (Fc), and complement bind-

ing sites on the Fc region (Figure 6) (Abbas et al., 2015; Forthal, 2014). 

 

The membrane-anchored Ig function as the antigen receptor recognition in im-

mature B cells. In contrast, the secreted antibodies serve as mediators of specific 

humoral immunity by facilitating different effector mechanisms to eliminate the 

bound antigens. Furthermore, the antigen-binding regions of antibody molecules 
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are highly variable. Changes in the Fab region can generate up to millions of 

different antibodies, each with distinct antigen specificity (Abbas et al., 2015). 

 

 

 

 

All antibodies have a typical symmetric core structure of two identical covalently 

linked heavy chains and two similar light chains, each bonded to the heavy chains 

(Figure 6). Each chain comprises two or more independently folded Ig domains 

of several amino acids consisting of conserved sequences and intra-chain disul-

fide bonds (Chiu et al., 2019). Additionally, the N–terminal domain of the heavy 

and light chain creates the variable (V) region of antibody molecules, which is 

different among antibodies of different specificities. The V regions of heavy and 

light chains contain separate hypervariable regions of about 10 amino acids spa-

tially assembled to form the antibody molecule's antigen-recognizing site (Abbas 

Figure 6. Schematic diagram of secreted IgG (left) and membrane-bound IgM: The anti-
gen sites are produced by the juxtaposition of variable (V) region of heavy (H)and light (L) 
chain domains. IgM molecule on the surface of B-cell has more Fc region domain than 
IgG. The membrane antibody contains C-terminal transmembrane and cytoplasmic por-

tions of the B-cell plasma membrane. Figure adapted from (Abbas et al., 2015).  
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et al., 2015). B cells initially produce only the membrane-bound Ig. However, ac-

tivated B cells (plasma cells) secret the Ig, which have the same antigen-binding 

specificity as the original membrane-bound Ig receptor (Abbas et al., 2017). 

 

Humans have five Ig classes/subtypes, IgA, IgD, IgE, IgG, and IgM. Each of them 

has different but overlapping tasks. Some antibody classes have different sub-

types that perform various duties. The human antibody isotype IgA has 2 sub-

types (subtypes 1 and 2), subtype 2 being the most abundant IgA form and se-

creted as IgA dimer. IgA plays a critical role in mucosal immunity. IgD is a naïve 

B-cell receptor with no subtypes and is not secreted. IgE is an essential antibody 

in immediate hypersensitivity (allergy), and it is secreted as a monomer with no 

subtype. As Figure 6 (left) shows, IgG has a molecular weight of about 150 kDa 

and are the most abundant Ig in mammalian, and their production rate is higher 

than the rest of the Igs. IgG is a classical antibody that plays a crucial role in 

opsonization, complement activation, cell-mediated cytotoxicity, neonatal immun-

ity, and B-cells feedback inhibition. The IgG subtypes include IgG1, IgG2, IgG3, 

and IgG4, secreted as monomers (Vidarsson et al., 2014). IgM is a membrane 

antibody (Figure 6, right) with low antigen-binding affinity but high avidity and se-

creted as a pentamer with no subtype. IgM is essential in Naïve B cell antigen 

receptor recognition and complement activation (Abbas et al., 2017; Vandyk & 

Meek, 1992). 

1.5 Monoclonal antibodies  

 

The IgGs are the most abundant antibody found in all human body fluid types, 

and they have a long half-life. They are also easy to isolate and purify. IgGs, 

including other antibodies, share a relatively uniform and well-defined protein 

structure that allows them to be purified, labeled, detected predictably, and repro-

ducible using similar protocols and techniques. For decades antibodies have 

been used for diagnostics and, more recently, for therapeutic purposes. Antibod-

ies are essential tools for detecting antigens in immunoblotting, immunohisto-

chemistry, and immunoaffinity chromatography (Saarinen et al., 2018; Trier et al., 

2012).  
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Monoclonal antibodies are generated by immunizing rats (Figure 7), mice, or 

other appropriate animals, with an antigen and an adjuvant to stimulate B cells to 

produce antibodies. Immunizing an animal with very pure antigens results in the 

production of specific antibodies. At the end of immunization, the animal is sacri-

ficed. The spleen cells containing B cells are extracted and electro-fused with 

carcinoma cells, resulting in several hybridoma cell lines, each producing a single 

monoclonal antibody indefinitely, as Figure 8 illustrates. Poly-specific polyclonal 

antibodies are present in the immunized animal's serum  (Scheringer et al., 2014). 

Polyclonal antibodies (pAb) are broader in detecting the antigens due to the com-

position of several kinds of antibodies with different target epitopes, rendering the 

pAb less specific to antigens than mAb (Trier et al., 2012). 

 

 

Generally, pAbs are more robust and essential in detecting native proteins, alt-

hough there can be variations between batches in binding, making regular use 

difficult. On the contrary, mAb produced from cloned cell lines targets the specific 

epitope of an antigen of interest and with little or no variation between batches in 

binding affinity (Trier et al., 2012). The hybridoma cell lines are cultured using a 

Figure 7. Generation of hybridoma cells: 0) rat immunization by a specific antigen. The 
fusion of innate functions of both immune and cancer cells generates hybridoma cells, 
which produce mAbs of interest indefinitely.  
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synthetic medium comprising nutrients and additives to promote cell growth and 

mAb production.  

 

Several monoclonal antibodies have been developed against EVs for the past 

decades. Some are specific to a single species or serotype, and others are group-

specific. For example, Cox mAB 31A2 detects CVB1 and CVB3 by binding to 

CVB VP1, Dako (5D8/1), and 9D5 act more widely, and 3A6 recognizes EV-B 

subtypes and poliovirus-3, except EV-A (Saarinen et al., 2018). Many of these 

antibodies interact with the N-terminal part of VP1, and only a few bind to other 

parts of the VP1 region (Saarinen et al., 2018; Shin et al., 2003). The 3A6 and 

Dako monoclonal antibodies recognize an epitope in the N-terminal region of VP1 

(Saarinen et al., 2018a). Specific amino acids involved in antibody recognition 

are present in a highly conserved enteroviral serotypes region, which explains 

the possible cross-reactivity of antibodies observed within the EVs family (Sam-

uelson et al., 1994; Shin et al., 2003). 

1.6 Binding parameters  

 

The interaction between proteins is described as binding affinity comprising a re-

ceptor and its respective ligand, for example, antibody-antigen interaction. An 

antigen binds to the antibody's epitope by using different types of noncovalent 

bonds such as hydrogen bonds, ionic bonds, Van der Waals, and electrostatic 

forces. Biomolecular interactions are based on affinity and avidity. Avidity repre-

sents a binding strength of more than one binding site. In contrast, affinity indi-

cates the binding strength of one binding site between a protein and a ligand, that 

is, one epitope (Bongrand, 2014; Božič et al., 2013). The affinity of a molecule to 

its binding partner is described as the strength of the non-covalent interaction 

between one ligand-binding site with one analyte binding site. On the other hand, 

a molecule's avidity is defined by the total strength of all possible binding interac-

tions between the two molecules (Tobias & Kumaraswamy, 2013). 
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1.6.1 Affinity 

Affinity is a measure of binding strength between two interacting partners. When 

considering the antibody-antigen interactions, the binding strength or affinity rep-

resents the interaction between a single antibody binding site and the antigen's 

epitope. Thermodynamically, affinity is the sum of all forces that leads to in-

creased binding strength subtracted from all forces that lead to decreased binding 

strength. Binding affinity comprises noncovalent interactions that increase the in-

teracting molecules' affinity (Bongrand, 2014; Božič et al., 2013).  

 

Binding affinity measures the dynamic equilibrium of the ratio of kon, which is the 

rate at which complex forms, and koff, a rate at which a complex dissociates. For 

the antibody-antigen interactions, the dynamic equilibrium can be described as 

follows in equation 1.  

 

[𝐴𝑏] + [𝐴𝑔] ↔ [𝐴𝑏𝐴𝑔]                                              [1] 

 

In this equation, Ab represents antibody, and Ag represents antigen.  

 

According to Equation 1, kon is the rate at which antigen binds to the antibody, 

and koff is the rate at which the antibody-antigen complex dissociates. Therefore, 

the antibody-antigen complex can be quantified at equilibrium by calculating the 

association constant Ka using equation 2.  

 

𝐾𝑜𝑓𝑓 = 𝐾𝑜𝑛/𝐾𝑎                                                                [2] 

 

Inversely dissociation constant 𝐾𝐷 of the interaction can be calculated by using 

equation 3.  

 

𝐾𝐷 =
𝐾𝑜𝑓𝑓

𝐾𝑜𝑛
=

[𝐴𝑏][𝐴𝑔]

[𝐴𝑏𝐴𝑔]
                                                    [3]  

 

1.6.2 Avidity 

Structurally, antibodies are multivalent biomolecules that contain more than one 

binding site. For example, IgG antibodies are bivalent molecules that can interact 

with more than one antigen epitope. The sum of the binding strength of an anti-
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body at every binding site is referred to as avidity. Therefore, avidity is well de-

fined by the binding affinity describing the interactions' strength at a singular bind-

ing site, the valency, and the total number of participating binding sites. The avid-

ity determination also includes the structural arrangement, the participating anti-

body structure, and an antigen (Bongrand, 2014; Božič et al., 2013). Avidity plays 

a critical role in kinetics experiments because it can affect the overall generated 

affinity (Tobias & Kumaraswamy, 2013). 

 

The binding assay enables approximating the binding affinity of the antigen-anti-

body complex based on the principles of ligand-receptor interaction. In the equi-

librium studies, the association and reversibility of the ligand binding to the recep-

tor can be quantified. The equilibrium is achieved through the association and 

dissociation of the ligand. The ligand-protein complex consists of noncovalent 

interactions, and this phenomenon allows the study of antibody-antigen interac-

tion based on Equations 1 and 2 (Hein et al., 1982; Lambert, 2004; Motulsky & 

Neubig, 2010).  

 

The KD value represents the affinity of the ligand binding to the protein, and at 

which half the protein's concentration in the sample forms a complex with the 

ligand. When the KD is small, the ligand affinity to the protein is high or strong, 

and when the KD is large, the ligand affinity to the protein is low or weak. Also, 

koff/kon is equal to KD. The KD of protein-ligand interactions may differ based on 

association and dissociation constant rate. Equation 4 can generate the satura-

tion binding curves showing the antibody-antigen interaction's binding profile 

based on a 1:1 binding ratio (Figure 8) (Hein et al., 1982; Lambert, 2004; 

Motulsky & Neubig, 2010).  

 



18 

 

 

 

Y=(Bmax)X[L]/ (KD + [L])                                       [4] 

 

Where is X= ligand concentration; Y= binding response. 

 

Bmax is the maximum specific binding in the same units as Y. It is the specific 

binding extrapolated to very high concentrations of binding response. Its value is 

always higher than any specific binding measured in the real-time experiment. KD 

is the equilibrium dissociation constant in the same units as X. It is the ligand 

concentration needed to achieve a half-maximum binding at equilibrium. X is the 

ligand concentration. 

1.7 Antibody and viral protein purification methods 

 

For the purification of antibody and viral protein from cell supernatant or mixtures, 

different techniques are used. Biological interactions between ligand/antigen and 

target protein can result from electrostatic or hydrophobic interactions, van der 

Waals' forces, or hydrogen bonding. Using different pH or high salt concentration 

buffer or competing ligand, the target molecule can be purified successfully (Block 

et al., 2009; Bornhorst & Falke, 2000). 

1.7.1 Chromatography techniques 

The chromatography technique, such as liquid chromatography, allows the sep-

aration of molecules dissolved in a liquid mobile phase bypassing the liquid over 

Figure 8. The binding response of ligand-protein interaction 
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an immobilized phase or resin. These molecules have different degrees of inter-

action and can be separated based on charge, hydrophobicity, size, and affinity 

using various methods, as seen in (Figure 9).  

 

 

 

Ion exchange chromatography (IEX) is a liquid-based chromatography in which 

ionic substances are analyzed or purified, and the separation is based on charge. 

IEX allows the separation of the target molecules such as inorganic anions, cati-

ons, and proteins, having an opposite charge of the immobilized phase. In IEX, 

molecules are separated according to the strength of their overall ionic interaction 

with solid-phase support. Hydrophobic interaction chromatography (HIC) is an-

other method in which molecules are separated based on their hydrophobicity. 

HIC exploits Van der Waals interactions and uses a reversible interaction be-

tween the protein and the hydrophobic ligand of a HIC resin (Grodzki & 

Berenstein, 2010; Heinevetter, 1997). 

 

Affinity chromatography (AC) enables the separation of the target molecule 

based on their molecule-specific interaction with a stationary phase. The target 

molecule has a high affinity to the stationary phase. It can separate charged and 

uncharged molecules such as antigens, antibodies, and proteins using specific 

Figure 9. Commonly used mode of separation based on charge (IEX), hydrophobicity 
(HIC), particle size (SEC), and affinity (AC/IMAC). 
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interactions among molecules in the mobile and immobilized phase. For example, 

protein G is a recombinant protein produced in expression systems such as E. 

coli and insect cells, immobilized and functionalized to the affinity matrix. When 

the mobile phase containing mixtures of protein is passed over functionalized 

protein, the target protein is captured. After that, the bound protein can be re-

leased from the stationary phase using a buffer with a low pH or high salt con-

centration or competing ligand (Ayyar et al., 2012; Darcy et al., 2017; Heinevetter, 

1997). On the other hand, glutathione S- transferase (GST) tagged protein can 

be purified by first binding to glutathione contained stationary phase and subse-

quently eluted using a high concentration of glutathione. GST interacts with glu-

tathione making protein purification easier (Harper & Speicher, 2011; Walls & 

Loughran, 2011). 

 

The size exclusion chromatography (SEC) can also isolate a molecule of interest 

from the mixture based on size and molecular weight. SEC uses resins that com-

prise beads with known pore sizes, and when a complex mixture is passed over 

these resins, small molecules go through the bead's pores, and large molecules 

go around the beads, passing through the beads void space, and elute first. Con-

trary to AC and IEX, molecules in SEC are not supposed to bind to the chroma-

tography resin, and the buffer composition does not directly affect resolution or 

degree of separation (Block et al., 2009; Grodzki & Berenstein, 2010). However, 

in practice, interactions between analytes and the SEC matrix occur. 

 

Immobilized metal affinity chromatography (IMAC) is a valuable method for puri-

fying biological samples such as proteins. The principle of IMAC is that metal ions 

are immobilized to chromatographic support such as Sepharose containing che-

lating ligands. The immobilized metal ions interact with amino acid side chains on 

the surface, such as histidine. Factors such as a chelating ligand, metal ion, ab-

sorption, and elution conditions play a role in purifying a protein of interest. The 

protein adsorption in IMAC is due to the interaction between electron donor 

groups from the protein surface and an immobilized metal ion. The most used 

transition metal ions as electron-pair acceptors or electrophiles are Cu2+, Ni2+, 

Zn2+, Co2+, and Fe3+ (Cheung et al., 2012). Meanwhile, electron donor atoms 

(nucleophiles) such as N, S, and O exist in the form of a chelating agent bound 



21 

 

to the chromatographic support. The elution, referred to as the desorption of the 

target protein, occurs by protonation utilizing elution buffers with low pH or high 

pH (Andjelković et al., 2017).  

 

His-tag is an amino acid that interacts with Ni2 better than any other amino acid 

(Andjelković et al., 2017). The presence of electron donor groups on the imidaz-

ole ring enables histidine to interact with transition metal immobilized to the chro-

matographic support. Moreover, many proteins consist of cysteine, phenylamine, 

tyrosine, and tryptophan on the protein's surface, with a high affinity to selective 

metal ions. The IMAC technique provides ligand stability, mild elution conditions, 

high protein loading, low cost, easy column reusability, and the use of poly-his 

tags makes protein purification easier. Although, the IMAC technique is consid-

ered unsuitable for therapeutic protein purification (Andjelković et al., 2017; Block 

et al., 2009).  

 

The amphoteric amino acids are the building blocks for proteins, and their charge 

is dependent on buffer pH, which allows for fine-tuning the purification conditions. 

Therefore, using one or two methods described above, antibodies and viral pro-

tein can be purified. In our experiment, we used SEC for supernatant pretreat-

ment and AC for antibody purification. The IMAC technique was utilized to purify 

the VP1 proteins. 

1.7.2 Use of protein G in antibody purification 

Purifying antibodies is essential because supernatant or serum consists of mix-

tures of biomolecules that interfere with the target antibody functions. The stand-

ard method of purifying mAb is centrifugation, followed by ion-exchange chroma-

tography (IEX) (Heinevetter, 1997). The IEX technique purifies the antibodies 

based on their isoelectric point (pI) (Chen et al., 2010; Trier et al., 2012). The pI 

of antibodies ranges from 7.5 to 8.5. With appropriate binding and elution buffer, 

the mAb can be successfully purified using IEX. To purify mAb from the rat hy-

bridoma cells, we used AC with functionalized protein G.  

 

Protein G is a bacterial cell wall protein extracted from the group G streptococci, 

and it binds to most mammalian Ig. Protein G bind to the IgG Fc region and 
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weakly interacts with the fab region. Based on the DNA sequence, protein G is a 

single, non-glycosylated protein that contains 200 amino acids having a molecu-

lar mass of 21.8 kDa. It has two IgG-binding regions, albumin and cell surface 

binding region. Protein G is produced as a recombinant protein in Escherichia 

coli, and it has an isoelectric point (pI) of 4.55. The recombinant form of protein 

G does not contain albumin and cell surface binding sites. These sites have been 

removed to reduce the nonspecific binding when purifying the IgGs (Chen et al., 

2010; Labrou, 2014). Protein G has an affinity to IgG antibodies and enables easy 

purification of the mAb (Duhamel et al., 1979; Eliasson et al., 1989). However, 

protein G has different affinities to different Ig of other animals (Lindmark et al., 

1983; Ohlson et al., 1989; Trier et al., 2012). Our mAbs were produced in rat 

hybridoma cells line.  

1.8 SDS-PAGE and Western blotting  

 

Sodium dodecyl sulfate-polyacrylamide denaturing gel electrophoresis (SDS-

PAGE) separates the proteins primarily based on their molecular weight. At the 

same time, intrinsic characteristics of the proteins also influence electrophoretic 

mobility (Gwozdz & Dorey, 2017). SDS-PAGE is used as quality control in as-

sessing the purity of the purified proteins. The visualization of the target protein 

process comprises sample treatment by heating and exposing the protein to a 

Laemmli buffer containing SDS-PAGE and a reducing agent (Definition, 2008). 

Then the SDS-separated protein is transferred from the gel to the membrane for 

Western blotting (WB) analysis. The membrane is blocked for nonspecific binding 

sites using BSA. Subsequently, the immunodetection is performed using primary 

and secondary antibodies, followed by target protein visualization. WB is essen-

tial in characterizing antibody-antigen interactions, quality assessment of the pu-

rified proteins, and determining the polypeptide chain's relative molecular weight 

(Brooks et al., 2003; Gräslund et al., 2008). 

 

The sample treatment enables the protein to solubilize and denature, dissociate 

polypeptides from each other, and reduce disulfide bonds. Also, sample treat-

ment ensures that secondary and tertiary protein structures are broken up to pre-
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vent movement changes through the polyacrylamide matrix. The sample treat-

ment comprises heat, denaturing agent (SDS), and a reducing agent, such as 

beta-mercaptoethanol. The reducing agent facilitates the breaking up of disulfide 

bonds, and SDS encapsulates the proteins, thus enabling them to carry a nega-

tive charge proportional to their length. It masks the inherent charge of the pro-

teins, and the SDS-coated proteins are separated based mostly on their molecu-

lar mass. The protein bands on the gel are transferred to nitrocellulose membrane 

for Western blotting (AP) (Brooks et al., 2003; Gwozdz & Dorey, 2017; Trier et 

al., 2012). 

1.9 Principle of ELISA 

 

The enzyme-linked immunoassay (ELISA) principle is based on identifying and 

quantifying protein or antigen of interest in a solution (or mixture of cell lysate) 

using enzyme-linked antibodies. The enzyme is conjugated to the antibodies; for 

example, alkaline phosphatase (AP) or horseradish peroxidase (HRP) functions 

as an amplifier of detection signal by changing a substrate color in the wells. 

There are four main types of ELISA (Figure 10), and they differ from each other 

by way of antigen capture and signal detection (Aydin, 2015). 

 

 

 

Figure 10. Four types of ELISA techniques. 1) direct ELISA, 2) Indirect ELISA, 3) Sand-

wich ELISA and 4) Competitive ELISA. 
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1.9.1 Direct ELISA 

Direct ELISA test involves coating the target antigen onto the multi-well plate and 

uses an enzyme-linked primary antibody to recognize the antigen. Direct ELISA's 

benefits are that it is quick and straightforward to perform because fewer steps 

are needed. The disadvantages are that the primary antibody's specificity may 

be affected by the enzyme-linking, relatively expensive and time-consuming, and 

less signal amplification. Saturated signals cannot be used for affinity assess-

ment (Masoodi et al., 2021).  

1.9.2 Indirect ELISA 

In indirect ELISA methods, the antigen of interest is coated first onto the multi-

well plate. An unconjugated primary antibody is added to the wells to form a pri-

mary antibody-antigen complex. An enzyme-linked secondary antibody recog-

nizes the primary antibody-antigen complex (Tripathi et al., 2021). This tech-

nique's advantages are that the primary antibody's specificity is not affected, bet-

ter signal amplification because many secondary antibodies can bind to the pri-

mary antibody. A lot of enzyme-linked secondary antibodies are available and 

affordable. On the other hand, indirect ELISA's disadvantages are potential 

cross-reactivity with secondary antibody resulting in the nonspecific signal, and 

signal saturation makes it challenging to compare two antibody affinities to the 

target antigen (Sakamoto et al., 2018).  

1.9.3 Sandwich ELISA 

Sandwich ELISA is usually used in commercially available kits because the tech-

nique requires an antibody pair that can target two distinct epitopes on the antigen 

of interest (Liu et al., 2017). The antibody is coated first to the multi-well plate, 

followed by a sample containing a target antigen. Then, the addition of an en-

zyme-linked antibody, detecting the antigen. Thus, the target antigen is sand-

wiched between the capture and the detection antibodies. This method's benefit 

includes analysis of the crude sample, the antigen-antibody complex is immobi-

lized to the plate, and everything else can be washed off. Also, Sandwich ELISA 

is specific because the signal's detection requires the binding of two primary an-

tibodies (Karim, 2018). The disadvantage is that commercially prepared kits may 

be too expensive (Aydin, 2015).  
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1.9.4 Competitive ELISA 

The basic principle of competitive ELISA is based on competitive binding. The 

same target antigen is added to a sample containing the primary antibody and 

coated to the multi-well plate (Li et al., 2021). 

 

At the start, the primary antibody is added to the sample to make antigen-antibody 

complexes. Subsequently, the sample is added to the wells coated with the anti-

gen of interest. The technique allows the only unbound primary antibody in the 

sample to interact with the coated antigen in the wells (Engvall, 2010). Therefore, 

the more antigens in the sample, the less primary antibody binds to the antigen-

coated wells leading to a signal reduction. The advantages of competitive ELISA 

are that it is highly sensitive; by comparing the serial dilution standard curve (SC), 

the signal can be quantified. Also, a crude sample can be used. The competitive 

ELISA's downside requires a primary antibody with high specificity to the target 

antigen (Engvall, 2010; Sakamoto et al., 2018).  

1.10 Principle of biolayer interferometry 

 

Biolayer interferometry (BLI) is a label-free method that allows the measurement 

of protein-protein interactions, interactions between small ligand and proteins, 

nucleic acid, and lipids in real-time by dip and read technique (Sultana & Lee, 

2015). Figure 11 shows the Octet system detecting the interference of transmit-

ted white light bounced back from an internal reference layer and a stationed 

biomolecular bait. BLI is based on an analyte's unbound and bound state (Wilson 

et al., 2010). When the molecules bind to the biosensor tip (surface), the layer 

gets thicker, and there is a shift in wavelength because of the reflected light from 

the reference layer (Auer et al., 2015; Weeramange et al., 2020).  

 

BLI measurement is based on two reflections, the first coming from the biocom-

patible matrix and optical fiber and the second from surface chemistry and solu-

tion. The destruction of these two reflected light waves results in the generation 

of constructive, semi-constructive, and complete destructive interference layouts. 

Therefore, graphing all wavelengths from three interference profiles generates a 

https://tuni-my.sharepoint.com/personal/alli_lintunen_tuni_fi/Documents/InVitro/BJ%20NRU%20%20Study%20report%20-template%20%20(3).docx?web=1
https://tuni-my.sharepoint.com/personal/alli_lintunen_tuni_fi/Documents/InVitro/BJ%20NRU%20%20Study%20report%20-template%20%20(3).docx?web=1
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BLI reference set of measurements compared to an analyte-bound sample. An-

alyzing the reflection patterns at each wavelength shows differences between the 

analyte-bound and unbound-analyte (Petersen, 2017; Sultana & Lee, 2015; 

Weeramange et al., 2020) 

 

 

.   

The interference pattern of the reflected light in the analyte-bound sample gener-

ates a right shift of wavelength measured in nm. The BLI profile shift returns to 

the original location as the analyte dissociates from the probe (Shah & Duncan, 

2014). The sensorgram is graphed as binding response measured in wavelength 

shift on the y-axis versus time in seconds on the x-axis. The association and 

dissociation of analytes on the biolayer generates changes in the interference 

pattern because this interference relies on the number of analytes bound to the 

biolayer  (Shah & Duncan, 2014; Sultana & Lee, 2015; Wilson et al., 2010).  

 

Protein may be immobilized to the fiber optic biosensor's tip by utilizing different 

methods, such as amine-coupling, antibody-anti-Fc, His-tag -Ni-NTA, GST-anti-

GST, or FLAG -anti-FLAG interactions. Co-His interaction combined with oxida-

tion may be used to achieve very strong binding(Auer et al., 2017). The biosensor 

tip coated with bait is immersed in a solution containing an interacting analyte. 

During the interaction between an analyte and biosensor tip, there is a change in 

the optical thickness at the biosensor's tip, causing a shift in the reflected inter-

ference pattern (Sultana & Lee, 2015; Wilson et al., 2010).  

 

Figure 11. Principle of the BLI technique. The molecule to be immobilized binds to the 
biosensor tip, and the analyte binds to the immobilized biomolecule. The binding of an 
analyte to the immobilized molecule causes a shift in the wavelength (nm) as a sensor tip 
thickness increase. Adopted after Sultan and Lee 2015. 
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BLI is convenient for analyzing proteins that are difficult to produce and at low 

concentration (nM). Also, BLI is an essential tool in investigating many samples 

because it is time-efficient, and experiments are run in parallel. Furthermore, BLI 

can measure antibody-antigen affinity, screen supernatant from the hybridoma 

cell line and libraries, and distinguish antibody clones based on their affinities 

(Frenzel & Willbold, 2014; Petersen, 2017).  

 

There are two BLI systems; the first one is BLItz, a single channel operated man-

ually, and it uses a droplet of only 4 to 5 µl of analyte per kinetic measurement. 

A complete set of BLI kinetics data can be achieved with five concentration points 

of 25 µl of the sample. In the case of the limited analyte, BLItz is best utilized than 

Octet. However, BLItz is inadequate in analyzing micromolar to nanomolar range 

concentrations, thus limited in generating the association and dissociation rate 

constant data. Additionally, the BLItz system works well only at room tempera-

ture, restricting its use to proteins and other samples unsuitable for RT conditions 

(Sultana & Lee, 2015).  

 

The second one is the Octet instrument/system. A multichannel and predesigned 

BLI system that works automatically to measure samples in 96 or 384 well plates. 

Octet device can analyze interactions involving analyte with molecular weight 

(Mw) of 150 kDa, and excellent for investigating protein-ligand interactions and 

peptides with low Mw (Wallner et al., 2013). Furthermore, Octet can measure 

affinities in concentrations from mM to pM. The temperature plate in the Octet 

system can be adjusted to the required sample temperature (Li et al., 2011; Shah 

& Duncan, 2014).  

 

This thesis presents experimental results of five monoclonal antibodies’ reactivity 

to eight Viral protein antigens using western blot, ELISA, and Biolayer interfer-

ometry measurement. The preliminary results allowed us to select 3A6 mAb for 

further analysis as it was a better clone antibody than the other four clones.  
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2. MATERIALS AND METHODS 

Before studying the antigen-antibody affinities, both antigens and antibodies 

needed to be produced, and some of them were not readily available and purified. 

Antigens were produced in E. coli cultures, and antibodies were produced in rat 

hybridoma cell cultures. Antibody-antigen interactions were studied using BLI as 

well as Western blotting and ELISA to investigate the novel antibodies (3A6, 

12A4, 9B9, 7C1, and 12A4) and their response to viral antigens (CVA4, CVB1, 

PV1((Polio1)), EV-D68, RV-A89, RV-B14, and RV-C3). The novel antibodies 

were screened earlier (Saarinen et al., 2018) and were named based on their 

hybridoma cell line.  

 

Here we describe how the monoclonal antibodies and viral proteins were pro-

duced and purified and how antibody-antigen were studied. Table 1 shows the 

material and reagents utilized to produce and purify target monoclonal antibodies 

and viral proteins.  

 

 

VP1 production and purification 

BL21 (DE3) E. coli Tris+NaCl buffer 

Glutathione resin Glutathione (reduced) 

Histrap resin Imidazole & 30% glycerol 

Monoclonal antibody purification  

PD-10 125 ml Sodium phosphate buffer  

Protein-G column 2 ml Glycine, Tris-HCl buffer 

2.1 VP1 protein production and purification 

 

The VP1 sequence for CVA4, CVB1, E30 (Echo30), PV1(Polio1), EV-D68, RVA-

89, RVB-14, and RV-C3 were extracted from online databases. The expression 

vector's construction comprising the VP1 gene sequence and the cloning and 

plasmid extraction in E. coli was done previously (Saarinen et al., 2020). The 

expression vectors were fused with GST at N and His-tag at the C-terminus of 

the VP1 sequence to aid the purification process and make the proteins more 

Table 1. Material and reagents used in the VP1 and mAb purification 
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soluble. The constructed recombinant plasmids were transformed in Invitrogen™ 

One Shot™ TOP10 Chemically Competent E. coli (ThermoFisher) to produce 

small quantities of plasmid DNA, purified using a QIAprep Spin Miniprep Kit (QI-

AGEN). The concentrations of the minipreps were measured by Nanodrop, after 

which good quality and sequence-verified plasmids were selected for protein ex-

pression in E. coli (Figure 12).  

 

The plasmids were transformed by heat shock to chemically competent E. coli 

strain Star BL21 (DE3) (Life Technologies). The bacteria were placed on ice and 

incubated with the plasmid for 30 min. A heat shock was induced by dipping the 

bacteria containing microcentrifuge tubes on a water bath at 42°C for 30 seconds. 

500µl SOC media was added to the reactions, and they were pregrown at 37°C 

with agitation for an hour. The transformed cells were plated on an agar plate 

containing penicillin and incubated at 37°C overnight. The following day, 1-3 sin-

gle colonies were isolated and seeded in LB medium supplemented with 100 

µg/ml ampicillin and 5mM glucose overnight on shaking at + 37°C. The following 

day, the cultures were scaled up.  

 

When the culture had reached an optical density (OD) of OD600 0.6-0.8 at 37°C, 

isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a 100µM concentra-

tion to induce VP1 production. Post IPTG induction, the culture temperature was 

lowered to 25°C, and the following day the cells were harvested using centrifu-

gation for 20 min at 4,000 rcf. The cell pellets were resuspended in 50 mM 

Tris+500Mm NaCl buffer at pH 8 and then lysed by sonication. The lysate was 

clarified by 20 min centrifugation at 25,000 rcf, the pellets were stored, and su-

pernatants were collected for VP1 purification.  
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Stepwise purification processes were employed to extract VP1 from supernatants 

based on their fused affinity tag. The recombinant VP1 proteins were tagged with 

an N-terminal GST and a C-terminal His-tag. These tags were used in VP1 puri-

fication and enabled us to perform two rounds of purification using affinity chro-

matography. First Protino® Glutathione Agarose 4B (Biocompare), and second 

HisTrap FF crude immobilized metal affinity chromatography (IMAC) columns 

(GE Healthcare). The first step involved incubating the supernatants with gluta-

thione resin at +4 °C overnight on a shaker. The following day, the resins were 

washed with the binding buffer (50 mM Tris + 500 mM NaCl at pH 8), and the 

VP1 bound to the resins were eluted with 40 mM glutathione diluted in binding 

buffer. The glutathione eluted fractions were run on SDS-PAGE for quality as-

sessment. If the eluted fractons’ quality were not good enough, the second puri-

fication round was employed. The second step of the VP1 purification involved 

incubation of glutathione eluted fractions from the first step with histrap resin at 

+4 °C overnight or 4 h at room temperature. The following day or after 4 h, the 

incubated samples were washed with a binding buffer complemented with 30% 

(v/v) glycerol and eluted with 500 mM imidazole complemented binding buffer. 

After that, the eluted fractions were once again run on SDS-PAGE to check their 

quality.  

 

Before running the sample on SDS-PAGE, Laemmli buffer containing a reducing 

agent, beta-mercaptoethanol, was added to the samples collected from eluted 

Figure 12. Overview of VP1 production and purification workflow 
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fraction, supernatant, lysate pellet, and wash, to reduce disulfide bonds. The 

samples were then incubated for 10 minutes at 100°C to denature the protein and 

accelerate breaking the disulfide bonds. The treated protein unfolds to migrate 

properly based solely on its molecular weight on the SDS-PAGE gel. After heat 

treatment, the samples were loaded onto a ready-made TGX Stain-Free Precast 

Gels (Bio-Rad) and imaged using ChemiDoc XRS+ System (Bio-Rad). Using 

Trans-Blot Turbo Transfer System (Bio-Rad), the protein bands were transferred 

to the nitrocellulose membrane for Western blotting. The membrane was blocked 

with a blocking buffer containing 1% BSA. After washing, the membrane was in-

cubated with primary antibody overnight at +4°C, then incubated with conjugated 

secondary antibody. 3A6mAb and anti-his were used as primary antibodies and 

HR-conjugated goat anti-rat IgG as a secondary antibody. Between each step, 

the membrane was washed thrice by placing it in TBS-Tween for 5 min.  

 

Based on the WB, the VP1 containing fractions were pooled and dialyzed to re-

move the imidazole. The first dialysis was in 50 mM Tris-HCl at pH 8 and 500 mM 

NaCl with an imidazole concentration of 50 mM overnight. The second one con-

tained 10 mM imidazole at RT for 4 h and finally, 0 mM imidazole in Tris buffer 

overnight at +4 °C and further dialyzed in phosphate-buffered saline (PBS) for 

biotinylation. The VP1 samples were biotinylated with 20X molar excess of EZ-

link biotin reagent (Thermo Scientific) overnight at +4 °C. Unbound biotins were 

removed by dialysis for 4 h at RT. After dialysis, sample concentrations were 

measured using a nanoDrop™ One (ThermoFisher).  

 

Equimolar amounts of the dialyzed and concentrated CVA4, CVB1, E30, PV1, 

EV-D68, RVA-89, RVB-14, RV-C3 VP1 proteins were run on SDS-PAGE gels. 

WB was used to determine the binding of VP1 antigens to 4D12, 7C1, 12A4, 9B9, 

and 3A6mAb by using the monoclonals as primary antibodies HRP-conjugated 

Goat anti-rat IgG as a secondary antibody. Pure GST was used as a negative 

control. Advansta ECL substrate (Thermofisher) and the Biorad ChemiDoc XRS+ 

System were used for visualization and imaging, respectively, all western blot 

samples.  
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2.2  Production and purification of monoclonal antibodies 

2.2.1 mAb production   

Table 2 shows the media composition and materials used in the production of 

mAb from the rat hybridoma cell lines.  

 

 

Media Media additives Plasticware/ equip-

ments 

Antibody Cell line 

DMEM 10% fetal calf se-

rum (FCS) 

Flask (T25, T75) ml 

12 well plate 

Falcon tubes (15-

50) ml 

9B9 & 4D12 Rat hybridoma 

cell line 

1% Penicil-

lin/Streptomycin  

Water bath,  

Hemacytometer 

slide 

Centrifuge  

 

The rat hybridoma cells were collected from liquid nitrogen (-196°), quickly 

thawed in a water bath at 37˚C, and prewarmed in a freshly prepared DMEM 

(Sigma) containing 10% FCS and 1% penicillin. Then the cells were pelleted and 

resuspended in the DMEM. The cells were transferred from Falcon tube to T25 

flask and 24 well-plates at day 0, incubated overnight at 37˚C with 5% CO2. On 

day 1, the medium was changed, and the cells were incubated with the same 

condition for day 0. On day 3, the cell culture supernatant was collected, and the 

cells were subcultured. Before re-seeding, the cells were trypsinized with 0.05% 

Trypsin-EDTA (ThermoFisher, #12604013), then incubated at 37˚C with 5% CO2 

for 2 minutes. The medium was added to stop trypsinization, and the cell suspen-

sion was centrifuged. After that, the supernatant was discarded, and the cells 

were resuspended in a fresh medium for counting and re-seeding. On days 7 and 

11, the supernatant was collected for desalting and purification using SEC and 

AC chromatography. Figure 13 illustrates the work overview of rat hybridoma cell 

culture, purification, and quality assessment of the produced mAb. 

 

Table 2. Media composition of the mAb production and materials 



33 

 

 

2.2.2 mAb purification  

The cell culture supernatant samples containing target mAbs were first desalted 

by SEC; after that, they were purified by AC using protein G. PD-10 column with 

a capacity of 125 ml and hitrap-protein-g-hp-prepacked-column 2 ml (GE 

Healthcare). 20 mM sodium phosphate buffer at pH 7.0 as a loading/binding 

buffer and 0.1 M glycine–HCl at pH 2.5 as an elution buffer and neutralization 

buffer (1 M Tris–HCl) at pH 9.0 were used during purification.  

 

PD-10 Desalting Columns (GE Healthcare) were used to exchange buffer and 

remove high ionic concentrations from the supernatant of the cell culture. 

HiTrap® Protein G (Sigma, GE17-0404-03) was used to bind the target mAb and 

elution. Both PD-10 and protein G columns are stored in 20% ethanol to prevent 

Figure 13. Monoclonal antibody production and purification overview. 1) The rat hybrid-
oma cells producing the target antibody are cultured in vitro. 2) Collection of supernatants 
from cultured rat hybridoma cells. 3) Purification of the supernatant using SEC+AC. 4) 
Quality control of purified target mAb using SDS-PAGE. 
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contamination and maintain the column's quality. During mAb purification, the ad-

justed parameters included the flow rate for sample loading at 1.5 ml/min (PD10), 

binding, and elution at 1 ml/min (Protein G). There were two main steps involved 

in the purification process. The first one involved the buffer exchange and desalt-

ing of the cell culture supernatant using PD-10, from which the supernatant was 

collected as a PD-10 flow throw (FT). The second step was to load the superna-

tant collected from the first step (PD-10 FT) onto the protein G column for binding 

and subsequently elution. The collected samples from this second step were 

named protein G FT (unbound protein during binding phase), wash (after binding 

the wash away molecules), and eluted samples (containing the target mAb).  

  

Before starting the buffer exchange and desalting, alcohol was removed by load-

ing MilliQ water into the tubing and PD-10 column. Subsequently, the binding 

buffer (pH ~7.0) was loaded onto a PD-10 column followed by a cell culture su-

pernatant and more binding buffer. UV absorbance and conductance were ob-

served to collect the proteins in a buffer with lower ionic strength. The collected 

(PD-10) FT was reloaded onto the protein G column. Before sample loading, the 

protein G column was balanced by washing it with elution buffer (0.1 M glycine at 

pH 2.5) and binding buffer once more. The monoclonal antibody was eluted with 

the elution buffer and fractionated. Samples were collected during the purification 

for quality control. The collected samples included eluted fractions 1-10, cell cul-

ture supernatant, Protein-G FT, wash, and PD-10 FT. At the end of the purifica-

tion process, both PD-10 and protein G column was washed with Milli-Q water 

followed by alcohol to prevent any precipitation and possible bacterial contami-

nation and stored in 20% ethanol for subsequent reuse.  

 

The binding buffer conditions were optimized to ensure that the 4D12 and 

9B9mAb interact effectively with the protein G. After washing through the protein 

G column, 9B9mAb remained bound while other molecules were washed away. 

The switching to elution buffer with pH 2.5 altered the ionization of charged 

groups on the protein G and the bound mAb, thereby reducing the affinity by 

weakening or reversing the interactions resulting in the release of mAb from the 

column. Glycine-containing elution buffer effectively dissociated mAb from pro-

tein G without permanently affecting the mAb structure. However, the exposure 
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of mAb to a low pH can damage the protein, and to avoid that, eluted mAb frac-

tions were neutralized immediately with 1/10th volume of alkaline buffer 1 M 

Tris•HCl, pH 8.5 (Andjelković et al., 2017; Bergmann-Leitner et al., 2008).  

 

The collected 9B9 and 4D12 mAb were run on the SDS-PAGE and transferred to 

the nitrocellulose membrane for western blot analysis as described in the VP1 

purification section. 

2.3 ELISA: Mapping of mAb-VP1 antigen interactions  

 

The purified Antibody and VP1 were used in ELISA to determine the antigen-

antibody reactivity. Purified VP1 was used as an antigen to coat Maxisorp (Nunc) 

wells, and each well had a total of 250 ng of the antigen in 50 µl volume. 50 mM 

carbonate buffer at pH 9.4 was used to dilute the VP1 antigen, and the coated 

Maxisorp plate was incubated overnight at +4 °C. The following day, the wells 

containing VP1 antigen were washed in PBS-Tween buffer (PBST) and blocked 

with 0.1% BSA in PBS buffer for 0.5 h. The primary and secondary antibodies 

were diluted in an EIA buffer containing 0.05% Tween 20, 1xPBS, 8.5% NaCl, 

and 1% BSA. For the primary antibody 3A6, 12A4, Dako, 4D12, 7C1, and 

9B9mAb, 50 µl was added to the antigen-coated wells in 1:100-1:256000 dilution 

series and incubated for an hour at +37°C. Subsequently, the antigen wells were 

washed by PBST, and HRP-conjugated goat anti-rat IgG and HRP-conjugated 

anti-mouse IgG secondary antibody for 3A6, 12A4, 4D12, 7C1, and 9B9mAb, and 

DakomAb respectively, 50 µl were added to the wells in 1:1000 ratio and incu-

bated for a one h at +37°C.  

 

O-nitrophenyl diamine (OPD) (Sigma) and hydrogen peroxide were diluted in cit-

rate buffer at pH 5 and used as a substrate buffer. 100ul of freshly prepared sub-

strate buffer was added to each coated well and incubated for 0.5 h at +37°C. 

The color change was observed during the substrate antigen incubation, and the 

reaction was stopped using 0.5 M sulfuric acid. The plates with stopped reaction 

were measured at the absorbance of 590 nm using a Victor Wallac 1420 (Perking 

Elmer, Turku, Finland) microplate reader.  
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2.4 Biolayer interferometry (BLI)  

 

Biolayer interferometry was carried out for antibody-antigen pairs to map their 

interactions. Sensor loading and regeneration conditions were tested with 

3A6mAb interaction with CVB1 before carrying out the bulk of the pairwise meas-

urements. The reagents and materials, including the kinetic assay setting used 

for BLI measurements, are listed (Table 3).  

 

 

Sensor 

type 

Plasticware/ 

tips 

Buffers and reagents Biotinylated VP1 

Antigens 

Antibodies 

streptavidin Black 96 

well plates 

Biocytin 20 μg/ml 

 

CVA4, CVB1, 

E30, PV1, EV-

D68, RVA-89, 

RVB-14 and RV-

C3 

3A6,12A4, 

4D12,7C1, 

9B9, and 

Dako mAb 

384 TW mi-

croplate well 

plates 

Kinetic buffer (1XPBS, 

0.1% BSA, 0.02% 

Tween20, 0.05% so-

dium azide, pH 7.4) 

 

 

 

Step# Step 

name 

Time (s) Flow (RPM) Sample plate column 

1 Equili-

bration 

30 1,000 1 

2 Loading  600 1,000 2 

3 Baseline 300 1,000 3 

4 Quench-

ing 

300 1,000 4 

5 Associa-

tion 

900 1,000 5 

6 Dissocia-

tion 

1800 1,000 3 

 

During BLI measurements, 80 μl diluted kinetic buffer in sample plate column 1 

was used for equilibration, 80 l diluted VP1(A-G rows concentration: 20, 10, 5, 

2.5, 1.25, 0.625, 0.313, and 0 μg/ml) onto column 2 as loading. Column 3 con-

tained 80 μl of biocytin 10 μg/ml as quenching buffer, and column 4 contained 

diluted kinetic buffer as a baseline. Column 5 contained antibody as a sample 

with concentration range of 250, 125, 62.5, 31.25, 15.625, 7.813, 3.91, and 0 nM 

Table 3. Materials and reagents used for BLI measurements 

Table 4. Settings used for kinetic assay 
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for kinetic measurements. Step 6 involved the dissociation phase completed in 

column 3.  

 

 
 

 

Biolayer interferometry measurements were performed on the ForteBio Octet 

Red 384 instrument (Fortebio, Pall Life Sciences, Menlo Park, USA). Before use, 

streptavidin biosensors (Streptavidin (SA) Dip and Read® Biosensors, ForteBio, 

CA, USA) were soaked in the kinetic buffer for at least 10 min. BLI assay protocol 

consisted of five steps (Figure 14), first,  measuring baseline in kinetic buffer (30 

s), second, VP1 antigen loading (600 s), third, quenching and baseline (300 s 

each), fourth association (900 s), and fifth,  dissociation (1800 s). VP1 antigens 

were immobilized onto streptavidin biosensors. The control values were meas-

ured by using a biosensor with no antigen loaded. The background response 

contained a sensor with no antibody (0 nM).  

 

Three types of experiments were performed, first was a loading scout to select 

the best loading concentration for the kinetic measurements using a series of VP1 

antigen dilutions as described above. The second was performed to determine 

the best regeneration condition to use for the kinetic measurements. The third 

was the kinetic measurement using the single best possible concentration from 

the loading scout and different antibody dilutions. 

Figure 14. Shows practical steps in Octet sensorgram. Starting with custom (KB), loading 
of VP1-antigen to streptavidin sensor, quenching (biocytin), baseline (KB), and binding/as-
sociation analyte to Biotinylated VP1 (mAb), and dissociation of the interactions (KB). All 
reagents were diluted in kinetic buffer (KB). 
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Initial experiments showed that non-loaded reference sensors and sensors 

loaded with VP1 and dipped into the kinetic buffer only (0 nM mAb) generated 

the same results. So nonspecific binding was not observed (Figure 15). Sensor-

grams were fit both globally and individually to a 1:1 binding model. Unless spec-

ified, streptavidin biosensors were regenerated. The Octet software calculated KD 

and Ka was not used in this study because they were unreliable based on the 

antibody's binding profile. However, to estimate the dissociation constant (KD), 

we used the Prism GraphPad nonlinear model (one site saturation model) to gen-

erate KD for each fitted curve.  

 

 

 

 

  

 

 

 

 

 

 

 

Figure 15. No unspecific binding was observed with reference sensors: Reference sen-
sors dipped and measured in 0ug/ml of CVBI VP1 and 0 nM 3A6mAb. Control sensors 
loaded with 0 μg/ml of CVBI dipped in 0 nM 3A6mAb were comparable to reference sen-
sors. In contrast, other sensors loaded with 2.5 μg/ml of CVB1 VP1 and dipped into differ-
ent 3A6mAb concentrations showed a binding response.  
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3. THE MAIN SCOPE OF THE THESIS 

 

Monoclonal antibodies (mAbs) are essential in studying and diagnosing entero-

virus infection and in neutralization. Therefore, this thesis's main goal was to pro-

duce and characterize novel mAbs against produced recombinant viral protein 1 

(VP1). Also, we were interested in studying the binding profile of each mAb to the 

VP1 antigens using different techniques. The project consisted of the following 

objectives:  

  

1. Production and purification of recombinant VP1 proteins, including quality 

assessment 

2. Purification of monoclonal antibodies, including quality control 

3. Using different techniques to characterize antibody-VP1 antigen affinity  
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4. RESULTS  

 

This study aimed to produce VP1 antigens and monoclonal antibodies and char-

acterize their interactions. The study also evaluated the diagnostic potential of 

the novel mAbs against 8 different VP1 antigens by utilizing Western blot, en-

zyme-linked immunoassay, and biolayer interferometry. In this section, we pre-

sent results for VP1 and mAb quality assessment and mAbs reactivity to VP1 

antigens based on SDS-PAGE (Figure 16), WB (Figure 17 & Figure 18), ELISA, 

and BLI (Figure 19, Figure 20, Figure 21 ), and BLI   (Figure 23, Figure 24). 

4.1 Quality assessment of purified proteins 

 

VP1 antigens were produced in E. coli, and mAb was generated from rat hybrid-

oma cell line and purified according to the method section's protocol. The quality 

control was carried out on all produced VP1 and mAb to determine their purity 

and quality. Purified VP1 and mAb were run on SDS-PAGE (Figure 16).  

 

For VP1, double bands around 60 kDa were observed for the target protein ex-

cept for RVA-his and RVB-his. RVA and RVB were subjected to two rounds of 

purification based on their purity. The first round of purification used glutathione 

resins, and RVA/B pure fractions were labeled RVA/B-gst. The second round of 

purification used IMAC with selected RVA/B fractions impure from the first round 

of purification and was labeled RVA/B-his. Figure 16a illustrates protein bands 

for CVB1-S&E and CVB1-S, representing sonication (S) and Avastin Emulsiflex 

C3 (E) methods used to homogenize the bacteria cell culture. The preliminary 

results (not shown) proved that sonication was a better lysis method than emul-

sification. Samples that were sonicated had less VP1 in the pellet than after emul-

sification. Therefore, all the bacteria cell lysates were carried out by sonication.  
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4.2 VP1 antigens detected in SDS-PAGE and Western blotting 

 

 

 

According to the observation in Figure 16a & b, CVA4, CVB1, E30, PV1, EV-D68, 

RV-A89, RV-B14, and RV-C3 VP1 all showed double band possibly due to partial 

proteolysis of C-terminal part of the protein or because breaking up of proteins 

into fragments due to exposure to the heat and reducing agents during sample 

preparation for SDS-PAGE. Figure 16c shows eluted fractions from 4 to 10 con-

taining 4D12mAb as the target antibody. Figure 16d illustrates 9B9mAb eluted 

fractions 3-14 at 150, 50, and 25 kDa because of breaking down the disulfide 

bond by a reducing agent during sample preparation. Samples collected from the 

supernatants, PD-10 FT, and protein G FT of 9B9 and 4D12 showed traces of 

Figure 16. Detection of VP1 antigens and mAb in SDS-PAGE.VP1 and mAb quality as-
sessment after purification phase. a) RV-A89-GST, RV-A89-his, RV-B14-GST, RV-B14-
his, and RV-C3 and E30 (Echo30), respectively. b) CVB1, EV-D68, CVA4, and PV1(Po-
lio1), respectively. c) 4D12 and eluted fractions 1-10. d) 9B9 and eluted fractions 1-14. 
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target protein, whereas the wash sample had none. The bands at 50 and 25 kDa 

in 4D12 and 9B9mAb (Figure 16c, d) represent heavy and light chains, respec-

tively.  

  

 

 

The binding of VP1 (CVA4, CVB1, E30, PV1, EV-D68, RV-A89, RV-B14, and RV-

C3) to anti-VP1 antibodies were tested using purified 9B9, 4D12, 7C1, and 

12A4mAb as primary antibodies in Western blot (WB). Figure 17a shows that 

9B9mAb detected CVA4, CVB1, and PV1 VP1 antigens compared to 12A4mAb, 

which detected almost all VP1 antigens, excluding RV-C3 and EV-D68. 

4D12mAb recognized E30, CVB1, CVA4, and PV1 compared to 7C1mAb, which 

detected PV1, CVA4, and CVB1 (Figure 17b). GST was used as the negative 

control, and it did not react with 9B9, 12A4, 4D12, or 7C1mAb. 

4.2.1 All viral protein antigens were successfully purified  

Equal amounts of VP1 proteins were run on SDS-PAGE to determine their qual-

ity. Briefly, equal amounts of (5 µg/well) of all purified VP1 antigens were pre-

pared and run on SDS-PAGE. Figure 18 shows that CVA4, CVB1, E30, RV-A89, 

RV-B14, EV-D68, PV1, and RV-C3 were successfully visualized with SDS-

PAGE.  

Figure 17. Determination of antigenicity of novel mAbs to VP1 antigen in WB. The purified 
mAbs were used as primary antibodies to detect VP1. a) 9B9 and 12A4 recognizes VP1 
antigen. b) 4D12 and 7C1 recognizes few VP1 antigens. 
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4.3 Determination of Antibody-Antigen interaction by ELISA 

 

An ELISA was carried out with Dako, 12A4, 3A6, 4D12, 7C1, and 9B9 mAb to 

determine their reactivity to CVA4, CVB1, E30, PV1, EV-D68, RV-A89, RV-B14, 

and RV-C3 VP1 antigens. Figure 19a shows Dako recognizing CVA4, CVB1, 

PV1 at 300 nM-18.75 nM, whereas EV-D68, RV-A89, RV-B14, and RV-C3 were 

poorly recognized. 9B9mAb only recognized CVB1 and CVA4 and PV1 at 18.75 

nM with absorbance less or equal to 1 (Figure 19b).  

 

Figure 18. SDS-PAGE analysis for the VP1 purified proteins. The proteins were detected 
using the stain-free method. 5µL was loaded onto the first and 12th well as a molecular 
mass marker. 5 µg/well of VP1 antigens (RV-C3, E30, RV-A89-his, RV-A89-gst, RV-B14-
gst, RV-B14-his, CVB1, EV-D68, CVA4, and Polio1) were loaded onto wells 2 to 11, and 
5 µL GST was loaded onto 13th well as a control. Based on a ladder, the purified VP1 
antigens were observed between 70 kDa and 50 kDa, and GST was observed at about 28 
kDa 
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12A4mAb recognized CVA4, CVB1, and PV1 VP1 antigens except RV-A89, RV-

B14, EV-D68 and RV-C3 at concentration range 300 nM-18.75 nM (Figure 19c) 

whereas, 3A6 mAb detected all 8 VP1 antigens at 300 nM-75 nM (Figure 19d). 

4D12 mAb recognized RV-C3 at 300 nM with low absorbance, and 7C1 mAb 

detected only CVB1 at an appreciable signal of 300 nM concentration Figure 19d 

& f). According to Figure 19, E30 VP1 interacted strongly with 3A6, 12A4, and 

Dako mAb compared to the rest of the mAb. The negative control samples were 
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Figure 19. Characterization of the binding response of six different mAb clones against 
eight different VP1 antigens using ELISA. The response of a) Dako mAb, b) 9B9 mAb, c) 
12A4 mAb, and d) 4D12 e) 3A6 mAb and f) 7C1 mAb to CVA4, CVB1, E30, PV1, EV-D68, 
RV-A89, RV-B14, and RV-C3 VP1 antigens. 3A6 mAb was used as a positive control ctrl 
(+), and Anti-rat (-) and Anti-mice (-) were used as negative controls.  
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Anti-rat for 3A6, 12A4, 7C1, 9B9, and 4D12 mAbs and Anti-mice for DakomAb. 

Anti-rat and anti-mice secondary antibodies were added to wells containing only 

VP1 antigens with no primary antibodies, and no positive responses were de-

tected, as observed in Figure 19. 3A6 mAb was used as a positive control. The 

BSA wells were used as the background signal and subtracted from all the VP1 

signals.  

 

Since higher mAb concentration generated saturated signal, ELISA assay was 

redone using a lower concentration of mAb and to map the mAb’s affinities to 

VP1 antigen. The 75 nM to 0.29 nM range concentration (Figure 20a, d, & g) did 

not differ from the previous results (Figure 19). However, using the concentration 

range of 8 pM-0.03 pM Figure 20b, e, & h) showed concentration-dependent re-

activity of mAb to VP1 antigen. 

 

Dako mAb detected better CVA4, CVB1, E30, PV1 than RV-A89, RV-B14 at 75 

nM-1.17 nM and showed no binding response to EV-D68 and RV-C3 (Figure 20a). 

12A4 recognized all VP1 antigens except RV-A89, RV-B14, ED68, and RV-C3 

(Figure 20d). In contrast, Figure 20g shows that 3A6 mAb yielded a response to 

all the VP1 antigens except EV-D68 and RV-C3. However, at 0.5 pM - 0.03 pM 

concentration, Dako mAb only recognized CVA4, CVB1, E30, and PV1 whereas, 

12A4 mAb detected CVA4, CVB1, E30 and PV1 better at 0.5pM than 0.13 pM-

0.03 pM (Figure 20c & e). 3A6mAb yielded a higher binding response at 0.8 pM-

0.5 pM than at 0.1 3 pM-0.03 pM to all VP1 antigens except ED68 and RV-C3 

(Figure 20h). The binding graphs represent the binding response of Dako, 12A4, 

and 3A6 mAb to all 8 VP1 antigens are illustrated in Figure 20c, f & i.  
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4.4 Determination of 3A6mAb Dako and 12A4mAb affinity  

 

Dissociation constant (KD) values were calculated for each mAb response to a 

specific VP1 antigen from the ELISA assay's data using nonlinear regression in 

Prism GraphPad. Figure 21 shows the generated KD values, and column 1 shows 

KD values for Dako mAb in picomolar with R^2 value between 1 - 0.99 except for 

RV-A89 and RV-B14. Column 2 KD values for 12A4mAb with similar results to 

DakomAb. Column 3 shows KD values for 3A6mAb in picomolar for selected six 

VP1 antigens with R^2 ranging from 1.0 - 0.99. Based on the measured KD, it was 

observed that 3A6 mAb recognized all 6 VP1 antigens chosen for the test in 

ELISA with relatively high apparent affinity. CVB1, E30, RVA30, RVA-89, and 
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Figure 20. Determination of binding response of Dako, 12A4, and 3A6mAb to eight differ-
ent VP1 antigens using ELISA. The reactivity of mAbs against VP1 antigens at a concen-
tration range of 75 nM-0.29 nM representing a) Dako mAb, d) 12A4 mAb, g, and at 8 pM-
0.03 pM range representing b) Dako, f) 12A4, and h) 3A6 mAb. The c) Dako, f) 12A4, and 
i) 3A6mAb show the graphed binding response of all 8 VP1 antigens.  
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RV-B14 interacted better with 3A6 mAb than Dako and 12A4 mAb. In contrast, 

Dako mAb showed a higher binding affinity to PV1 than 12A4 and 3A6 mAb.  

 

 

 

Figure 21. Determination of binding affinities of 12A4, 3A6, and Dako mAb-based on the 
ELISA data. The measured absorbance is plotted as a function of the Ab concentration. 

Column 1 represents Dako mAb and related KD determination for six VP1 proteins. Column 

2 represents 12A4 and KD determination for six VP1 proteins. Finally, column 3 shows 3A6 

mAb binding to sixVP1 proteins. The saturation binding curve was fitted into the data using 
the Prism™ software with a nonlinear regression method using one-site binding mode 

[Y=Bmax*X/ KD +X)]. 
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4.5 Biolayer interferometry BLI 

 

Antibody-antigen interactions were investigated further using a label-free optical 

BLI equipped with streptavidin-functionalized sensors. Before carrying out, the 

actual analysis of antibody-antigen interaction, loading scout, and regeneration 

conditions were tested. The optimal concentration from loading scout and best 

regeneration condition were selected for the bulk analysis.  

4.5.1 Regeneration condition 

In the beginning, the aim was to determine the optimal condition that could allow 

the regeneration of the streptavidin biosensor. Successful regeneration saves re-

sources and may improve data quality. The best regeneration condition was as-

sessed by determining the level of mAbs binding for streptavidin biosensor across 

all the binding cycles. The 1st round was without regeneration. The 2nd and the 

3rd round were regenerated biosensors. The Biosensors dipped onto acetic acid 

(HAC) + sodium chloride (NaCl) buffer were effectively regenerated, as illustrated 

in Figure 22, and best matched the 1st binding response level compared to other 

regeneration conditions. Therefore, based on the result (Figure 22), 0.5 M HAC + 

0.5 M NaCl showed good reproducibility of mAbs binding across all binding cy-

cles; thus, it was selected as the best regeneration condition. 
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4.5.2 3A6mAb reacts broadly with enterovirus antigens 

3A6 mAb recognized CVA4, CVB1, PV1, E30, RV-A89, and RV-B14 in BLI meas-

urements (Figure 23 a, c, e, g, i, & k). As illustrated in Figure 23 c & d, the binding 

response of 3A6 mAb to CVB1 was four times higher than the rest of the 3A6 

mAb-VP1 antigen interactions. Using GraphPad Prism software, nonlinear curves 

were plotted (Figure 23 b, d, f, h, j, & l), and their respective dissociation constant 

(KD) was calculated. The estimated KD for 3A6 mAb was based on the assump-

tion of the 1:1 binding model. The antigen was immobilized to the sensor and 

dipped into a solution containing mAb; the reverse was not performed. 

 

 

 

 

 

 

 

  

Figure 22. BLI determination of the best regeneration buffer. Biosensor regeneration con-
ditions were tested using 7 different conditions, A) 5 M NaCl, B) NaOH pH 10, C) NaOH 
pH 11, D) HCl pH 0.5, E) 10 mM glycine pH 1, F) 10 mM glycine pH 2, and G) 0.5 M HAC 
+ 0.5 M NaCl. 
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4.5.3 12A4, 9B9, 4D12, and 7C1 did not recognize VP1 in BLI 

The binding response of 9B9, 4D12, and 7C1 to all 8 VP1 antigens in BLI was 

weak. Thus, there were no appreciable observable interactions based on the 

wavelength shift (nm) between mAb and the VP1 antigen, and the binding re-

sponse was less than 0.1 nm (Figure 24, a-d). In contrast, 12A4 mAb showed a 

better binding response to CVA4 than the other 7 VP1 antigens (Figure 24a).  

 

 

 

 

 

 

Figure 23. Characterization of 3A6 mAb binding profile to 6 different VP1 antigens using 
BLI. The measurements of the binding response of 3A6 mAb to VP1 antigens at varying 
concentrations: a and b) 3A6mAb response to CVA4, c, and d) 3A6 mAb response to 
CVB1, e, and f) 3A6 mAb response to PV1, g, and h) 3A6 mAb response to E30 VP1, and 
i and j) 3A6 mAb response to RV-A89 and k and l) 3A6 mAb response to RV-B14. The 
binding response curves (Figure 1, b, d, f, h, j, and i) were generated using the Prism™ 

software and the equation for one-site binding mode [Y=Bmax*X/ KD +X)]. 
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The binding profile of each mAb (3A6, 12A4, 9B9, 4D12, and 7C1 mAb), including 

Dako mAb (Figure 25), to 8 VP1 antigens (CVA4, CVB1, E30, PV1, EV-D68, RV-

A89, RV-B14, and RV-C3) were mapped and compared. Based on the affinities 

of all mAb, the 3A6 mAb binding profile was superior to the rest of the mAb  

Figure 24. Characterization of the binding response of 12A4, 9B9, 4D12, 7C 1mAb to 
various VP1 antigens using BLI. The binding response for 12A4, 9B9, 4D12, 7C1mAb to 
CVA4, CVB1, E30, PV1, EV-D68, RV-A89, RV-B14, and RV-C3VP1 antigens using a) 
12A4mAb, b) 9B9mAb, c) 4D12mAb, and d) 7C1 mAb as a probe. 

Figure 25. Determination of Dako mAb binding responses to 8 VP1 proteins in BLI. Dako 
mAb reactivity to CVA4, E30, PV1, EDV68, RV-A89, RV-B14, RV-C3. In this assay, Dako 
mAb-CVB1 generated the highest binding response of almost 2.5 nm.  
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(Figure 23, Figure 26). Although there was existing knowledge about 3A6 mAb 

(Saarinen et al., 2018), in the current study, we further showed that 3A6 mAb 

could bind to E30, RVA-89, and RVB-14 VP1 antigens better than the other mAb 

clones.  

 

 

Figure 26. The intensity of interaction: Dako, 3A6, 4D12, 7C1, 9B9, and 12A4 
interaction with CVA4, CVB1, E30, PV1, EV-D68, RV-A89, RV-B14, and RV-C3. 
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5. DISCUSSION  

Several antibodies have been developed to target EVs for diagnostic purposes 

for the past decades. These include, at least, Cox mAB 31A2, Dako mAb, 9D5 

mAb, and 3A6 mAb, which detects CVB1 and CVB3 and a wide range of entero-

viruses (Saarinen et al., 2018). Dako and 3A6 mAb interact with the N-terminal 

part of VP1 (Saarinen et al., 2018; Shin et al., 2003). Specific amino acids that 

interact with the antibody are present in a highly conserved enteroviral serotypes 

region. This information suggests possible cross-reactivity of antibodies observed 

within the EVs family. 

 

An EVs subtype not containing a conserved region does not have a common 

epitope (Samuelson et al., 1994; Shin et al., 2003) where antibodies such as 3A6 

mAb and Dako mAb could bind. For example, some echoviruses do not have a 

common epitope in the N-terminal region as the rest of the EVs family have. But 

in ELISA  3A6, 12A4, and DakomAb reacted to E30 because E30 has a PALTAC 

ETRHTSQV epitope with conserved amino acids to other EVs' common epitopes 

such as SESIPALTAVETGA (Saarinen et al., 2018; Shin et al., 2003). Addition-

ally, Saarinen et al. concluded that 3A6 recognizes EV-B subtypes and poliovirus-

3, except EV-A (Saarinen et al., 2018). However, based on the BLI and ELISA 

results (Figure 19, Figure 20, Figure 23), 12A4, Dako, and 3A6 mAb detected 

CVA4. Thus, EV-A detection is possible, although it might be serotype-depend-

ent.  

 

Monoclonal antibodies are used for serological diagnosis of EV infections. How-

ever, most EV antibodies that bind to the N terminal segment do not neutralize 

the virus. Still, they provide information on the presence of an ongoing or past EV 

infection. Furthermore, antibody binding to this epitope by a single antibody does 

not necessarily tell you anything about which EV is the infecting agent because 

of the highly conserved region across multiple enterovirus species (Samuelson 

et al., 1994) 
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The current PCR-based technique for diagnosing HEV and HRV infection cannot 

distinguish between infecting EV species because they comprise identical 5' 

noncoding sequence, a universal primer used in qPCR amplification (Österback, 

2015). Moreover, the PCR-based tests are laborious, and the results take time, 

whereas antibody-based tests are quick to perform and enable rapid assays. 

Also, the use of antibody tests can help reduce the wrong diagnosis and unnec-

essary use of antibiotics. Therefore, new mAbs against EV are needed, and using 

multiple antibodies to test a single sample could provide information about infect-

ing EV species. This study addressed the binding response of 3A6, 12A4, 9B9, 

4D12, and 7C1 monoclonal antibody clones to CVA4, CVB1, E30, PV1, EV-D68, 

RVA-89, RVB-14, and RV-C3 VP1 antigens. Mapping the binding profile of each 

mAb to VP1 antigen enabled us to determine the cross-reactivity of these novel 

mAbs to the VP1 antigens. Presently, there is a need to develop a new approach 

to diagnose EV-related infection (Harvala et al., 2018; Kiselev et al., 2020).  

 

At the time of this study, we had prior knowledge about the binding profile of 3A6 

mAb, 12A4, and Dako mAb (commercial product) (Saarinen et al., 2018). But 

some information was still lacking on 3A6 mAb 12A4 mAb, 4D12, 9B9, and 7C1 

mAb clones. Based on the antibody screening results (Saarinen et al., 2018), 

4D12, 9B9, and 7C1 clones bind to the other VP1 region rather than N-terminal. 

All five mAb clones were thoroughly characterized for their antigenicity to eight 

VP1 antigens using WB, ELISA, and BLI assay.  

5.1 Good quality purified VP1 antigens and mAb 

 

All the VP1 antigens and mAb were successfully purified and used in BLI, ELISA, 

and WB. According to the observation made in Figure 15a & b, CVA4, CVB1, 

E30, PV1, EV-D68, RV-A89, RV-B14, and RV-C3 VP1, all purified proteins ap-

peared as double-band in SDS-PAGE analysis. The previous study also ob-

served the VP1 double band in SDS-PAGE (Saarinen et al., 2018, 2020). The 

bands observed in 20 and 30 kDa of the VP1 antigens (Figure 16a & b) are GST-
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tag fusion breaking down from VP1 protein during sample preparation or via pro-

teolysis.  

 

For antibodies, 4D12 and 9B9 mAb molecular weight are around 150 kDa in so-

lution. The antibody sample can be denatured in the presence of a denaturing 

agent, which facilitates the breakage of disulfide bridges between the light and 

heavy chains, as illustrated in (Figure 16c & d) in two protein bands in SDS-

PAGE. The breaking of disulfide bonds generates 50 kDa for the heavy chain (2 

copies per Ab) and 25kDa for the light chain (2 copies per Ab). As expected, both 

the light chain and the heavy chain were present in our purified mAb samples. 

However, the presence of double bands at Mw 50 kDa and 25 kDa could result 

from different glycosylation degrees because, in mammalian cells, carbohydrates 

are added to proteins (Amand et al., 2016).  

 

All the purified VP1 antigens and mAb were used in BLI, WB, and ELISA. In BLI, 

the VP1 antigens used were biotinylated, and in ELISA and WB, the VP1 antigens 

used were non-biotinylated. Although all VP1 were biotinylated in BLI, PV1 and 

RVA-89 VP1 were unstable as observed by the formation of white precipitation, 

possibly due to protein aggregation and solubility problems, which led to an inac-

curate binding response curve.  

 

5.2 Binding profile of 3A6 mAb, Dako mAb, and 12A4 mAb in 

ELISA 

 

The use of ELISA in mapping the binding profile of all mAb showed that the bind-

ing responses could be used to detect and distinguish the VP1 antigens. For ex-

ample, based on ELISA results data, 3A6 mAb, 12A4 mAb, and Dako mAb can 

distinguish between EVs such as CVA4, CVB1, E30, and PV1 and Rhinoviruses 

such as RVA and RVB when used together (Table 5). These ELISA results can 

provide information if the RV infection is present or absent. Rhinovirus infections 

cause the common cold, which frequently affects everyone globally (Österback, 

2015). Common colds are among the most reported illness of the worker's ab-

sence from work (Jacobs et al., 2013; Leotte et al., 2017). 
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Also, RV-related Infections have been shown to worsen respiratory diseases 

such as asthma, cystic fibrosis, and chronic obstructive pulmonary disease. 

Moreover, there is no protection against RV serotypes each season (Kennedy et 

al., 2012). Therefore, having 3A6 mAb detecting HRV species can help better 

manage EV-related infections and treatment options. Table 5 shows one possible 

way to distinguish between EV and RV infections using the combination of 3A6, 

12A4, and Dako mAb. However, the ELISA assay we used was optimized to de-

tect antibodies in serum and not for detecting antibody recombinant VP1 antigen 

interaction. Thus, optimization of the ELISA is required for optimal detection of 

the interaction between antibodies and recombinant VP1 antigens.  

 

Antibody Antigen Re-

sponse 

HEVs HRVs 

3A6/12A4/Dako CVA4 +/- + +/- 

3A6/12A4/Dako CVB1 +/- + +/- 

3A6/12A4/Dako PV1(Polio1) +/- + +/- 

3A6/12A4/Dako E30 (Echo30) +/- + +/- 

Dako RVA/RVB - +/-  

12A4 RVA/RVB - +/- - 

3A6 RVA/RVB + +/- + 

 

5.3 3A6mAb had a better binding profile to VP1 than other 

mAbs in BLI 

 

BLI provides the possibility to have a single incubation step, fast and easy detec-

tion of low-affinity analytes, even analytes hardly detected in ELISA, including the 

use of non-labeled reagents, and possible coupling of regeneration of used bio-

sensors. Biosensors can be regenerated by removing the bound analyte under 

conditions that do not permanently disrupt the ligand's binding capacity. After 

Table 5. Possible reactivity of 3A6 and 12A4 mAb to HEVs and HRVs in patient serum 
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each round of dissociation in our BLI assay, we coupled the streptavidin biosen-

sor regeneration to the analytical protocol. The regenerated streptavidin biosen-

sors were reused to measure the next mAb-VP1 interaction. Each biosensor was 

used twice.  

 

Based on the BLI results, 12A4, 9B9, 4D12, and 7C1 did not recognize VP1 pro-

teins from CVA4, CVB1, PV1, E30, RV-A89, RV-B14, RV-C3, and EV-D68 with 

a significant signal. However, there was weak interaction between 12A4mAb and 

CVB1 VP1. On the contrary, 3A6 mAb reacted to all VP1 antigens except EV-

D68 and RV-C3. For this reason, 3A6 mAb was selected for further analysis. 

Dako mAb was used as a reference point, although its binding profile was limited 

to one round of BLI measurements due to insufficient quantity.  

 

3A6 mAb had a strong affinity for CVA4, CVB1, PV1, E30, RV-A89, and RV-B14, 

while Dako mAb response to CVB1 was stronger than E30, EV-D68, and CVA4 

VP1 (Figure 26). The high affinity of Dako mAb to CVB1 VP1 was expected be-

cause Dako mAb was produced against the CVB5 virus and is commonly used 

as a standard gold antibody for EV detection. Moreover, there was a difference 

between Dako and 3A6 mAb responses to different VP1 proteins. Dako mAb re-

sponse to VP1 was quicker, and this can be verified by the association curve 

being sharp at the start of the binding phase. Also, Dako mAb seemed to disso-

ciate quicker from the VP1 antigen, as evidenced by the high CVB1 and E30 VP1 

dissociation rate (Figure 25). Therefore, Dako mAb may generate a robust early 

signal if the CVB1 and E30 VP1 are present in the testing sample. However, the 

signal may become weaker or fade away faster due to the loss of interaction 

between the mAb and VP1 antigen in immunoassay, such as immunofluores-

cence, during extensive washing steps.  

 

The association of 3A6 mAb to VP1 antigen was slow, and the dissociation step 

took time to occur. Consequently, at an early stage, the response of 3A6 mAb to 

the VP1 antigen signal may not be as strong as Dako mAb's response. But when 

the binding saturation is reached, 3A6 mAb dissociate slowly from the VP1 anti-

gen. Therefore, depending on the application, 3A6 mAb may be the preferred 

mAb because of a slower dissociation and prolonged detection signal. Dako mAb 
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may be preferred because of generating quick response and a strong signal with 

fewer minutes than 3A6 mAb. Both fast association and slow dissociation of an-

tigen from the mAb enhance binding affinity (Meyerkord & Fu, 2015; Schreiber et 

al., 2009).  

 

The binding kinetics of Dako and 3A6 mAb could also identify the virus species 

causing EV infection. For example, some EVs may bind to Dako or 3A6 mAb 

faster than others and dissociate quicker than others, distinguishing them from a 

slow EV binder and a slow dissociation rate. On the other hand, Dako mAb ap-

pears to have weaker reactivity with CVA4, PV1, RV-A89, RV-B14, and RV-C3 

than 3A6 mAb. Surprisingly, Dako mAb recognized EV-D68 (see Figure 25) con-

trary to ELISA data, and none of the produced mAb detected EV-D68 in WB and 

ELISA. Thus, Dako mAb may be critical in detecting EV-D68 in BLI. However, 

BLI assay optimization is needed to determine if binding kinetics and time factors 

can distinguish elements between EV infecting species.  

 

In our BLI assay design, the streptavidin-VP1 biosensor was dipped onto a solu-

tion containing mAb. This assay setup was intended to prevent T-T dimerization 

caused by the GST fused in the recombinant VP1 antigens for easy VP1 purifi-

cation (Costa et al., 2014). Thus, with stationed VP1 and mobile bivalent mAb, 

there is a possibility of mAb interacting with more than one exposed antigen 

epitope. Our BLI setup did not address the avidity effect of the bivalent nature of 

mAbs. Therefore, BLI measurements may have generated false affinity values 

which are not comparable to ELISA. Avidity effects have been attributed to cause 

non-ideal binding profiles and to generate artificially high-affinity measurement 

(Tobias & Kumaraswamy, 2013). The immobilization of antibody to the biosensor 

helps prevent the avidity effect and restrict the interaction to a 1:1 ratio (Dennison 

et al., 2018). But, based on our experimental setup, the generated KD values (Ta-

ble 6) were considered apparent KD and calculated by GraphPad Prism using the 

1:1 binding model.  

 

The GST-tag at the N terminal of VP1 in ELISA and Octet did not influence the 

mAb binding response. The study (Sun et al., 2010)  showed that GST fused 

protein did not affect optical density or bind response curve. However, the GST 
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dimer formation can affect the antibody-VP1 antigen interaction. Thus, immobi-

lizing the GST VP1 protein in ELISA and BLI measurements helped limit any ar-

tifact from the GST-GST dimerization (Bell et al., 2013) 

5.4 Generated KD values from ELISA and BLI experiment 

 

Based on Figure 24, Dako mAb KD values were in picomolar with R^2 value be-

tween 1-0.99 except for RV-A89 and RV-B14. 12A4 mAb KD values were like 

those measured for Dako mAb. 3A6 mAb KD values were also in picomolar for 

CVA4, CVB1, PV1, E30, RV-A89, and RV-B14 with the best fit value of 1 to 0.99. 

The ELISA and BLI results showed that 3A6 mAb recognized more VP1 antigens 

than Dako or 12A4 mAb. Using Prism GraphPad, one site-specific binding model 

generated the best fit and KD values using nonlinear regression (see Table 4). For 

example, 3A6 mAb binding affinity to CVB1 and E30 (Echo30) VP1 were higher 

than Dako or 12A4 mAb. However, Dako mAb responded better to PV1(Polio1) 

VP1 than 3A6 mAb or 12A4 mAb in ELISA. Antibody affinity varies greatly 

(Bizzarri & Cannistraro, 2012), and our purified 12A4 and 3A6 mAb, including 

Dako mAb affinity constant, were approximated to be in the range of picomolar.  

 

As shown in Table 6, the BLI and ELISA 𝐾𝐷 values are different, for example 3A6 

mAb affinity to CVB1 VP1 was calculated to be 𝐾𝐷 = 4 nM in BLI measurements 

compared to 𝐾𝐷 = 9 e-13 nM  in ELISA test, signifying a big difference in generated 

apparent affinities, which should not be the case because affinity should stay 

within the same range across all bioassay platforms. Also, the results from Table 

6 show that ELISA gave a higher estimate for mAb affinity than BLI in contrast to 

(Sanders et al., 2016), who compared BLI and ELISA results and found out that 

BLI gave a higher antibody affinity than ELISA using a similar setup like ours. 

However, their condition varies from ours in buffer selection and instrumentation. 

Therefore, based on our BLI and ELISA set up, factors such as availability of 

exposed epitope, orientation, and immobilizing molecule of the VP1 to the bio-

sensor or 96 well plate contributed to the determined 𝐾𝐷  values to vary. 
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The use of biotinylated VP1 in BLI and non-biotinylated VP1 antigens in ELISA 

may have resulted in limited epitope availability in BLI than in ELISA. In both BLI 

and ELISA, the orientation of the immobilized VP1 could have masked the 

epitope from interacting with mAb. The VP1 in BLI was immobilized to streptavi-

din, whereas in ELISA, VP1 was stationed to a resin. The difference in experi-

mental design between BLI and ELISA played a significant role in generating dif-

ferent affinities, as represented in Table 6 with KD values. Moreover, our experi-

mental design did not address the avidity effect. Thus, our essay should be re-

design to address the avidity effects, for example, immobilizing mAb to the bio-

sensor and dipping onto a solution containing VP1 antigen. Alternatively, lowering 

the antigen density can help increase the distance between VP1 antigens on the 

biosensor surface and possibly restrict the interaction to 1:1 with mAb. However, 

Table 6. Determination of KD and best-fit values for Dako, 12A4, and 3A6 mAb 

                                           

 

Biolayerinterferometry                                     

(BLI) 

Enzyme-linked- 

 Immunosorbent Assay  

VP1- 

Antigen 

mAb KD 

(M) 

Bmax 

Response 

R^2 KD 

(M) 

Bmax 

Response 

R^2 

CVA4 Dako na na na 1.54e-13 2.86 0.999 

12A4 - - - 1.29e-12 13.29 1.000 

3A6 4.89e-8 0.76 0.994 2.42e-13 4.84 1.000 

CVB1 Dako na na na 1.36e-13 2.56 0.999 

12A4 - - - 7.45e-14 3.62 0.994 

3A6 4.38e-8 2.73 0.990 9.13e-14 3.79 0.992 

E30  Dako na na na 1.54e-13 2.57 0.999 

12A4 - - - 1.65e-13 4.32 1.000 

3A6 3.11e-8 0.53 0.996 9.22e-14 3.76 0.988 

PV1 Dako na na na 1.63e-13 2.62 0.999 

12A4 - - - 1.10e-12 9.317 1.000 

3A6 2.03e-7 1.23 0.983 1.76e-12 16.05 1.000 

RVA-89 Dako na na na - - - 

12A4 - - - - - - 

3A6 4.44e-8 0.637 0.979 7.24e-13 7.214 1.000 

 

RVB-14 

Dako na na na - - - 

12A4 - - - - - - 

3A6 4.35e-8 0.79 0.988 8.02e-13 8.331 1.000 
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reducing antigen density may also decrease the assay sensitivity (Hadzhieva et 

al., 2017; Tobias & Kumaraswamy, 2013). 

 

In Octet measurements, 250 nM - 3.9 nM generated 3A6 mAb quantifiable bind-

ing response to CVA4, CVB1, E30, PV1, RV-A89, and RV-B14 comparable to 

ELISA with dilution series of 8 pM to 0.03 pM. Both Octet and ELISA-generated 

KD values were equivalent to micro-picomolar range concentration. Interestingly, 

the response of 12A4 mAb to all 8 VP1 proteins at 300 nM in Octet assay was 

insignificant. However, in ELISA at 8 pM-0.03 pM concentration range, 12A4 mAb 

detected CVA4, CVB1, E30, and PV1 with KD values of 1e-3 nM, 7e-5 nM, 2e-4 

nM, and 1e-3 nM respectively. The condition in which VP1-mAb interaction oc-

curred in ELISA and BLI differed greatly. The number of exposed epitopes and 

orientation of the VP1 could somehow explain why 12A4mAb detected CVA4, 

CVB1 E30, and PV1 in ELISA than in BLI. The 12A4mAb pattern of recognition 

of VP1 could be attributed to our experimental setup. However, to overcome this 

challenge, all the VP1 should be biotinylated and immobilized to streptavidin bio-

sensor in BLI and coated to 96 well plates in ELISA for true comparison and ref-

erence.  

 

Overall, our BLI and ELISA setup required a series of optimization such as opti-

mal antigen density, biotinylation of all VP1 antigens, utilization of streptavidin for 

VP1 immobilization, and a series of lower mAb concentrations in both ELISA and 

BLI to determine the mAb limit of detection. Also, customizing the ELISA to meas-

ure recombinant VP1 interaction with mAb can help generate reliable mAb affinity 

comparable to other bioassays. 

5.5 Future studies 

5.5.1 Recommended optimization steps 

 

Optimization is required for WB, BLI, and ELISA to achieve a more reliable mAb-

VP1 antigen interaction and to compare different mAb affinities across bioassays. 

For the BLI measurements, optimization is needed by immobilizing (loading) a 

mAb on the biosensor's surface. Then antibody-loaded biosensor can be dipped 
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into a solution containing the VP1 antigen during the association step and sub-

sequently dipping the antibody-antigen complex into a kinetic buffer to monitor 

the dissociation phase. The results can be compared to the current results pre-

sented here. Also, quality assessment of the biotinylated antigen/antibody needs 

to be carried out before starting real-time measurements and optimizing the anti-

body concentration to generate its own BLI affinity constant. For the instrumen-

tation, optimize the loading of antigen/antibody to the biosensor by modifying the 

current protocol. For example, an increase in the antibody's loading density will 

increase the mAb-VP1 antigen association phase.  

 

As for the ELISA, future studies should consider optimizing substrate dilution, 

incubation time, primary and secondary antibody concentration. Also, consider 

using a streptavidin-coated plate to maximize the number of antigens to coat onto 

ELISA wells. In WB, a further test should exclude a reducing agent during sample 

(VP1) preparation to test mAb antigenicity. A native PAGE, 2D-PAGE, and mass 

spectrometry or SEC can be helpful to identify possible contaminants in the pro-

duced recombinant proteins. The native PAGE technique can detect mAb-VP1 

complex based on their net charge, size, and shape (Valentijn et al., 2008). At 

the same time, affinity mass spectrometry can probe antigen-antibody interac-

tions as an alternative to WB (Zhao & Chait, 1996).  

5.5.2 Challenges in diagnosing HEV and RV infection  

 

EV infections are often underdiagnosed. Although, proper and early detection of 

EV and human rhinoviruses (HRVs) is essential at the individual and global level 

to reduce antibiotic usage and avoid or limit the unnecessary costly clinical inves-

tigation. Additionally, proper EV and HRVs can help minimize the risk of compli-

cations in susceptible individuals and shorten the length of hospitalization (Har-

vala et al., 2018). EV infection may have similar symptoms to bacterial infections. 

Thus, early detection of EV infecting species can help health providers respond 

on time, evaluate the appropriate treatment options, and avoid antibiotic overuse 

(Harvala et al., 2018; Kiselev et al., 2020). 
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Currently, the diagnostic of EV infections is done through serological examina-

tion. The virus is identified by immunoassays such as ELISA. Reverse transcrip-

tion-Polymerase Chain reaction (RT-PCR) is a highly sensitive and golden stand-

ard for diagnosing EV infections. RT-PCR reveals the infecting EV species in 

serological samples because it is specific. However, it is not considered liable for 

chronic EV infections since viruses are cleared quickly from the bloodstream. 

Thus, the chance of finding the viral RNA in the blood by PCR is low (Genoni et 

al., 2017). Other tests include immunohistochemistry (IHC) using biopsies or au-

topsy sections. However, biopsies are not likely to be obtained from the brain, 

heart, and muscles, limiting the IHC application (Harvala et al., 2018; Saarinen et 

al., 2020; Xu et al., 2010).  

5.5.3 Application of 3A6 and 12A4mAb 

 

Based on our results, both 12A4 and 3A6 mAb can detect EV species (CVA4, 

CVB1, E30, and PV1, but 3A6 mAb can also recognize HRV species (RV-A89 

and RV-B14). The use of 3A6 and 12A4 mAb together to detect EV infection can 

be fast and relatively reliable. Since both 12A4 and 3A6 mAbs bind to the N-

terminal segment of VP1 (Saarinen et al., 2018), sandwich ELISA cannot be per-

formed. Still, they could be utilized in WB, BLI, indirect and competitive ELISA. 

ELISA and BLI assay can detect EV species based on their antigenic structure; 

these assays are sensitive, specific, low price, require only simple sample pro-

cessing, and allow easy data analysis. Additionally, as broadly reactive and sero-

type-specific EV antibodies such as 3A6, 12A4, and Dako, 9D5 mAb become 

more and more available. They can be paneled together to identify specific EV 

groups or serotypes based on their binding kinetics and profile. 
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For example, as illustrated in Figure 27,  3A6, 12A4, and Dako mAb's can be used 

to recognize the presence of HEV/RV's infection in a patient's sample, such as 

serum or stools suspected to have a viral infection. Figure 27A, in indirect ELISA, 

we can first process the patient's serum suspected to have EV infection and coat 

it onto an ELISA plate. Second, add 3A6 or 12A6 mAb to the coated wells. Third, 

add HRP conjugated secondary antibody to the coated wells containing 

12A4/3A6 mAb-(serum) VP1 antigen complex to amplify the detection signal and 

quantify. The ELISA test will provide information about the presence and absence 

of HEV/RV infection. However, it cannot distinguish between HEV and HRV in-

fecting agents. Carrying out ELISA in parallel with some wells containing only 

3A6 mAb and other wells with only 12A4 mAb can distinguish HEV and HRV 

Figure 27. Possible techniques to determine mAb response to VP1 antigens. The purified 
antibody can be used to detect the HEVs and HRVs, A) ELISA assay, B) Antibody-protein 
Immobilization, and C) BLI assay.  
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infecting agents. Method optimization may be needed to achieve reliable results  

(Atmar, 2014; Harvala et al., 2018).  

 

In Figure 27B, we could also design an assay that combines 12A4, 3A6, and Dako 

mAb to detect HEV/RV infection based on the idea of (Einavid & Bloomid, 2020; 

Koefoed et al., 2011; Laursen et al., 2018). Briefly, coat the processed patient's 

sample onto an ELISA plate or other surface, then add a mixture of 

3A6/12A4/DakomAb. After that, add the secondary antibody for detection and 

quantification. Note that the in-between step is needed based on the methods 

section. The paneling of mAb together enables mAb to compete for the binding 

site. Furthermore, the mixture composition, relative concentration of each mAb 

can affect each other's affinity (Einavid & Bloomid, 2020). Therefore, it is crucial 

to understand the behavior of each mAb participating in a mixture. 

 

As Figure 27C shows, the BLI technique described in the method section can be 

modified to the desired assay. Start by immobilizing biotinylated 3A6 mAb and 

DakomAb to a biosensor. Then dip the biosensor onto a well-plate containing 

processed serum samples suspected to have HEV/RV infection. Measure and 

monitor the signal based on the shift in wavelength (nm). Alternatively, we can 

perform a BLI-immunosorbent assay (BLI-ISA) (Figure 27). In BLI-ISA, the sec-

ondary HRP antibody can be used to detect the primary antibody (3A6 and 

12A4mAb)-Viral protein complex in serum or stool, a modification protocol from 

(Dzimianski et al., 2020). Table 7 shows a recommended stepwise approach for 

BLI-ISA. Optimization may be needed for the 3A6 or DakomAb loading, assay 

buffer, serum dilution, or stool procession for good results.  

 

 

Step# Step name Time (s) Flow (RPM) Sample plate column 

1 Baseline  30 1,000 1: Equilibration 

2 Loading  600 1,000 2: Plasma protein 

3 Baseline1 300 1,000 3: Baseline 

4 Quenching 300 1,000 4: Blocking  

5 Association 900 1,000 5: 1st Ab(3A6) binding 

6 Baseline2 60 1,000 6: Wash 

7 Assocition 1 900 1,000 7: 2nd Ab binding 

Table 7. Recommended steps that can be used to perform BLI-immunosorbent assay 
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Western blotting can also detect viral infections in serum samples, as demon-

strated by (Yang et al., 2016). 12A4, 3A6, including Dako mAb, can be used to 

recognize the HEV/RV infection in the Western Blot. When the patient sample is 

run out on the gel, the 12A4, 3A6, or Dako mAb will bind to the VP1 antigen. After 

adding the secondary antibody, the presence of viral antigen is detected (Atmar, 

2014). Based on the described method above, we can first process the sample 

to remove the albumin and other non-targeted proteins using commercial resin, 

PHEMA beads, or AC (Raoufinia et al., 2016) to reduce unspecific binding. Then 

perform immunodetection, pull down the antibody-antigen complex in the sample, 

and run the 3A6/12A4mAb-antigen complex on the SDS-PAGE. Perform WB us-

ing HRP as a secondary antibody and visualize the mAb-VP1 antigen complex 

(Figure 28).  

 

 

Figure 28. Possible methods to detect EVs in the human patient's sample using Indirect 
ELISA, proteinG-mAb complex, BLI, and BLI-ISA including WB. 
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6. CONCLUSIONS 

In summary, the binding response of five in-house rat mAbs (9B9, 4D12, 7C1, 

12A4, and 3A6) to eight VP1 antigens (CV-A4, CV-B1, PV1, EV-D68, E30, RVA-

89, RVB-14, and RV-C3), and the commercial mouse mab Dako 5D8/1 were 

mapped. In ELISA and BLI measurements, 3A6 mAb had broad specificity and 

strong affinity to CVB1 and E30. In contrast, Dako mAb showed specificity and a 

strong affinity to CVB1 in BLI and PV1 in ELISA. 3A6 mAb was found to be a 

better clone in detecting broadly VP1 antigens than 12A4 and Dako mAb's. 

Clones 9B9, 4D12, and 7C1 had low binding affinity or no reactivity to the VP1 

antigens. Therefore, 3A6, 12A4, and Dako mAb's could be investigated further to 

assess the possibility of using them as an alternative to each other or as a cou-

pled array of antibodies to study and distinguish EV infecting agents based on 

the binding response and specificity.  
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