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Abstract

The sensitivity of an immunoassay depends on a complex combination of the 
physicochemical characteristics of antigens, antibodies, and reaction surfaces, which 
are the main elements on which the analytical principle of this technique is based. 
Among these characteristics is possible to include the type of surfaces, the affinity 
and avidity constants of antibodies, as well as antigen properties. This chapter focuses 
on the importance of the capturing surface in determining the analytical sensitivity 
of an immunoassay. It is an established knowledge that the sensitivity of immunoas-
says is affected by the orientation, the valence, and the spatial distribution of the 
capturing antibody. In addition, the size and the number of epitopes on the antigens 
(monovalent or multivalent) can influence the performances of these assays. In this 
chapter, the authors discuss how the combination of these factors reflects on the 
sensitivity of immunoassays.

Keywords: antibody, antigens, ELISAs, LFIAs, immunoassay, oriented-binding, 
affinity, avidity

1. Introduction

Enzyme immunoassays are based on the use of antibodies (Abs) to detect specific 
antigens (Ags). Among them, the enzyme-linked immunosorbent assay (ELISA) is 
the most frequently used. ELISA is a heterogeneous enzyme immunoassay technique, 
where one of the reaction components is nonspecifically adsorbed or covalently 
bound to the surface of a solid phase; the latter being usually provided by 96-well or 
384-well polystyrene plates. The most common approach to using the ELISA tech-
nique is the “sandwich” type in which the antigen is bound by a so-called “capture 
antibody” immobilized on the solid surface. Then, an enzyme-labeled antibody 
(Ab*) is added to form an Ab-Ag-Ab* sandwich. The immunocomplexes are revealed 
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by adding the enzyme-substrate, which is converted to a detectable product whose 
amount is proportional to the quantity of Ag [1–3] (Figure 1).

ELISAs were first described in 1971 by Engvall and Perlmann as a rapid and sensi-
tive method for detection and quantification of an antigen [4]. Today, this method is 
widely used in many different contexts, such as in clinical chemistry, environmental 
analysis, or quality control laboratories.

The lateral flow immunoassay (LFIA) or immunochromatographic strip is another 
widely used immunoassay format. Its success is mainly due to fast result (> 30 min), 
low development costs, and ease of production [5]. LFIAs contain all the required 
reagents within the strip itself that is usually supplied as a plastic cassette. The sample 
is loaded into a well that is in proximity to the conjugate pad containing the detection 
Abs that are conjugated with latex or gold microparticles. The Ags bind to the detec-
tion Abs and the so-formed immunocomplexes flow by capillary forces along a solid 
phase constituted by paper or nitrocellulose. The immunocomplexes are bound by the 
capturing Abs, which are coated on a specific region of the solid phase that is called 
“test line.” The presence of the looked-for Ag is highlighted by the appearance of a 
colored line [3] (Figure 2). For a detailed description of LFIAs see Ref. [6]

LFIAs are used in medicine for the qualitative and quantitative detection of 
specific Ags, but they are also employed in veterinary medicine, food and environ-
mental science, and even by police forces and regulatory authorities for the rapid 
detection of drugs [5].

The wide use of both ELISAs and LFIAs justifies the many ongoing studies aimed 
at improving their analytical performances.

Although the affinity of the antibody for its antigen may be considered the main 
factor determining the sensitivity of immunoassays, the question is far more com-
plex. The overall design of ELISAs and LFIAs relies on a stepwise addition of “layers,” 

Figure 1. 
Main phases of ELISA sandwich.
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where each one affects the performance of the following one. Indeed, the type of 
surfaces, the distribution of Abs, and the physicochemical properties of Ags contrib-
ute to determining the analytical performances of immunoassays.

The aim of this chapter is to describe the importance of these features in the 
development of ELISAs and LFIAs.

2. Antibodies adsorption

ELISA is particularly useful when testing for low levels of analytes in biological 
samples since the antigen is concentrated by the antibody, which coats the solid sur-
face. Since 90s, researchers have studied how antibodies interact with different plastic 
surfaces to obtain an efficient binding of the antigen. Stevens and coworkers inves-
tigated the adsorption of antibodies on several types of polystyrene microtiter plates 
with different protein binding capacities [7]. The authors observed two possible pat-
terns of binding. The first followed the Langmuir model, according to which Abs were 
adsorbed as a monolayer without lateral interactions among them. The second pat-
tern, instead, was characterized by the presence of Ab-Ab interactions. Interestingly, 
Abs coated according to the second pattern were more susceptible to desorption in the 
subsequent steps of the ELISA. This could be due to a supersaturating concentration 

Figure 2. 
Representation of the working principle of LFIA.
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of coated antibodies resulting in the formation of protein multilayers, which are less 
stable than protein adsorbed directly on hydrophobic surfaces of polystyrene [8, 9]. 
Therefore, it is recommended the choice of surface materials that allow the formation 
of Ab monolayers.

Several researchers studied the Abs adsorption on planar surfaces with the aim 
to describe their distribution and orientation in monolayers. When adsorbed on 
polystyrene surfaces, Abs can assume four different orientations: end-on (Fab-up or 
Fab-down), side-on, or flat-on (Figure 3).

Buijs and coworkers [10] established the mass of Ab monolayers composed of 
only one of the possible orientations. The flat-on orientation allowed the binding of 
200 ng/cm2 Abs and the end-on orientation of 370 ng/cm2 or 550 ng/cm2, depending 
on the distance between fragment antigen-binding regions (Fabs). Quartz crystal 
microbalance measurements showed that monolayers obtained on planar polysty-
rene by random adsorption contained 468 ng/cm2 Abs. This value corresponded to 
a mixture of antibodies orientations, in fact, Abs are initially adsorbed in a flat-on 
orientation, then the residual binding sites are filled up by Abs in an end-on orienta-
tion [11–14].

Several studies showed that the formation of an Ab monolayer depends on the 
concentration of the solution used to coat polystyrene surfaces. The use of coating 
solutions containing Abs up to 20 μg/ml was associated with a progressive increase 
of both adsorbed Abs molecules and antigen-binding capacity. Solutions exceeding 
the 20 μg/ml threshold favored the deposition of Abs in multilayers that negatively 
affected the antigen-binding capacity of the surface since the access of antigens to the 
binding sites is limited by steric hindrance [7, 12, 13, 15–18].

The adsorption of molecules to polystyrene surfaces can be mediated by inter-
molecular attraction forces (i.e., van der Waals forces), hydrophilic bonds (e.g., 
hydrogen bonds), or hydrophobic interactions. The type of bond predominantly used 
by proteins depends on the prevalence of hydrophobic or hydrophilic amino acid 
residues [19]. Based on this, several types of adsorbent polystyrene surfaces have been 
developed to promote the adsorption of predominantly hydrophobic or hydrophilic 
proteins. Regarding Abs, their adsorption is maximized on microtiter plates made 
from polystyrene modified by adding hydrophilic groups. These types of plates favor 
also more orderly adsorption of Abs through the interaction between the carbohy-
drate moieties in their Fc fragments and the hydrophilic groups of the polystyrene 
surfaces [19].

Physical adsorption of Abs was mainly studied on polystyrene surfaces, but the 
same principles can be extended to other kinds of solid surfaces such as paper and 
cellulose membranes. In fact, physical adsorption of Abs may occur on these kinds 

Figure 3. 
Different antibodies orientations on polystyrene surface.
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of surfaces by van der Waals forces, hydrogen bonds, and hydrophobic interactions. 
But the leading forces involved in Abs binding on cellulose membrane are the electro-
static interaction between cationic groups of proteins and anionic groups of cellulose 
itself [20]. Despite the hydrophilic nature of cellulose, also in these cases a partial 
denaturation and random orientation of Abs have been observed [21, 22]. Currently, 
researchers are investigating strategies to increase the sensitivity of paper or cellulose-
based immunoassays by functionalizing them with suitable chemical compounds to 
obtain a more homogeneous capturing surface without affecting the folding of Abs. 
These approaches will be discussed in the next session.

3. Antibodies orientation

As described above, Abs are adsorbed on polystyrene in different orientations that 
can affect the biological function of Abs. Three out of the four possible orientations 
(i.e., Fab-down, side-on, or a flat-on) cause the reduction or the loss of antigen-
binding capacity [12]. In fact, only 5–10% of the antigen-binding sites are effectively 
available when Abs are randomly adsorbed on the polystyrene surface [23]. Moreover, 
the adsorption on polystyrene can induce a partial denaturation of Abs [11, 23–26]. 
Overall, the spontaneous adsorption of Abs on polystyrene is a widely applied 
technique due to its ease of use, but it reduces the total antigen-binding capacity of 
capturing surfaces, and it is associated with a poor signal-to-noise ratio. It is now well 
established that surfaces coated with Abs uniformly bound in the Fab-up orienta-
tion lead to a significant improvement of ELISAs sensitivity. For this reason, several 
researchers have studied strategies to orient Abs on planar surfaces while preserving 
their original folding (Figure 4).

The first method described to orient Abs is the covalent coupling of their amine 
or carboxylic groups on chemically activated surfaces [27–31]. This method allowed 
an improvement in ELISAs sensitivity, but not a uniform distribution of Abs since 
amino and carboxylic groups are throughout the Ab structure [32]. For this reason, 
the covalent coupling is not a site-controlled orientation method.

Another approach consisted of the immobilization of Abs based on Ab-biotin/
streptavidin-surface complexes that increased the availability of antigen-binding sites 
up to 70% when Ab was randomly biotinylated [23, 33, 34]. Peluso and coworkers 
compared the effect of the random or site-direct biotinylation of Abs and Fab frag-
ments on their binding capacity [35]. In this work, Abs were specifically biotinylated 
on the oligosaccharide moiety of the Fc fragment, while Fab were biotinylated on 
the reduced thiols of the hinge region. Results showed that site-direct biotinylation 
of Abs and Fab’ provided 10- and 5-fold higher signals, respectively, in comparison 
with the randomly biotinylated counterpart. As a result of these observations, several 
site-direct methods to orient Abs have been developed.

A common specific method to orient Abs takes advantage of intermediate proteins 
that bind the Fc fragment of Abs [36]. Protein A and protein G are cell wall proteins 
expressed by Staphylococcus aureus and Streptococcus species, respectively. Both 
proteins A and G specifically bind amino acid residues at the interface between the 
constant domains CH2 and CH3 of mammalian IgGs [37].

Protein A binds all human immunoglobulin G (IgG) subclasses except for IgG3. It 
can also bind human IgA, IgM, IgE, and mouse IgG2a, IgG2b, and IgG3 [38]. Protein 
G recognizes Fc domains of all human IgG subclasses, as well as rabbit, mouse, and 
goat IgGs [39].
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Protein G/A were first used in affinity chromatography to purify Abs [40], then 
their use was extended to immunoassays applications. The first described applica-
tion was a biosensor for human IgGs detection based on protein A and quartz crystal 
microbalance [41]. This approach was then applied by Prusak-Sochaczewski and 
Luong, that described the use of protein A for Ab immobilization in immunoassays 
[42]. Since then, a number of immunoassays that use protein A/G to orient Abs on the 
surface were developed; for extensive review elsewhere [43, 44]. It could be argued that 
also the orientation of protein A/G might affect the overall binding capacity of captur-
ing surface. Orientation of protein A/G affects the Ab density, but experimental results 
showed that the maximum increase in antigen-binding capacity was obtained with 
non-oriented protein G/A-Ab complexes compared to randomly adsorbed Ab. Protein 
A/G orientation did not provide a further significant increase [43].

Another interesting method of site-directed Ab immobilization involves disulfide 
bridges located in the hinge region of Abs. These disulfide bridges can be specifically 
reduced by mild reducing agents, such as tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP), dithiothreitol (DTT), or 2-mercaptoethanolamine (2-MEA). The 
so-obtained monovalent Abs can self-assemble and spontaneously orient on conve-
niently functionalized surfaces [45–49]. The functionalization of surfaces includes 
the layering of gold [50], maleimides [51], and pyridyl disulfides [52]. ELISAs, 
performed with oriented monovalent antibodies, showed improved antigen-binding 
capacity compared to the same assay performed with randomly adsorbed Abs [53].

The contribution of reduction and orientation on the antigen-binding capacity 
was investigated separately by coating monovalent and whole Abs on polystyrene or 
maleimide functionalized microplates. Results highlighted that the chemical reduc-
tion by itself increased the antigen-binding capacity of Abs, probably as a conse-
quence of folding rearrangements that influence the affinity for the antigen-binding 
site. Orientation was shown to improve both the sensitivity and the reproducibility of 
the results likely providing a more homogeneous capturing surface [54].

Figure 4. 
Antibodies orientation strategies on polystyrene surface. a) Random orientation by adsorption. b) Random orientation 
by covalent coupling. c) Site-direct orientation by biotinylated antibody and streptavidin-coated surface. d) Site-direct 
orientation by protein G-coated surface. e) Site-direct orientation by reduced ab on gold or maleimide surface.
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Some of the approaches previously described to orient Abs on ELISA surfaces 
have now been applied also to LFIAs to improve their sensitivity. Capturing Abs on 
the test line (Figure 2) can be oriented by using fusion proteins that have a binding 
site both for cellulose and Fc fragments of Abs. Yang and coworkers [21] developed a 
fusion protein composed of a cellulose-binding module and the Fc-binding domain 
of protein A. Authors found that the orientation of capturing Abs on the test line, 
obtained by the developed fusion protein, increases the sensitivity of the LFIAs when 
compared to randomly adsorbed Abs [21]. Another interesting approach involves the 
orientation of the detection Abs instead of the capturing ones. It was shown that also 
the orientation of Abs on the detection beads increased the sensitivity of the assay 
and this increase was obtained even if the amount of immobilized Abs was lower in 
comparison with a random absorption on the beads [55, 56].

To conclude, orientation of Abs increases the overall antigen-binding capacity 
of ELISA and LFIA surfaces and this contributes to enhance the sensitivity of these 
kinds of assays. This is especially true for small antigens that have a Stoke radius 
smaller than those of Abs since, in this case, the simultaneous binding of two antigens 
for Ab molecule is possible [35].

The contribution of analyte and antibody properties to the sensitivity of oriented 
ELISAs is discussed in the next section.

4.  Effects of antibody and antigen properties on the sensitivity of 
immunoassays

In the development of immunoassays, one of the key steps is the selection of 
the Ab to be immobilized on the surface. In this regard, the two factors certainly 
taken into consideration are the specificity toward the Ag of interest and the affinity 
constant of the Ab for the selected epitope on the Ag. Anyway, the orientation of the 
Ab, its avidity, and the physicochemical characteristics of the antigens (size, mono-
multivalency) should be also considered.

The importance of Ag properties on the effect of uniform orientation of Abs 
has been investigated by a few authors. Trilling and coworkers [57] studied how 
the dimension of Ags affects the sensitivity of ELISAs based on oriented Abs. 
Considering the Stoke radius of Ags, the authors showed that the greatest advantage 
in using oriented ELISAs was observed with small Ags, since they could interact with 
all the accessible antigen-binding sites. Whereas oriented ELISAs for large Ags did 
not allow for a significant increase in sensitivity in comparison with the non-oriented 
counterpart. This is probably due to the steric hindrance of Ags that limits access to 
neighboring antigen-binding sites. These results find confirmation in publications by 
other researchers [35, 54].

Studies aimed to investigate oriented ELISAs analytical performances in the pres-
ence of different concentrations of Ags revealed the importance of considering the 
affinity of Ab in the setup of ELISAs. The affinity of an Ab for its Ag can be described 
by the dissociation constant which is a measure of the strength of the interaction 
between an epitope and a single antigen-binding site. Collected data suggested that 
affinity is a major determinant of the analytical sensitivity of all types of ELISAs [57], 
especially in the oriented ELISAs in which the maximum advantage was observed for 
Ag concentration below the dissociation constant [35, 58].

Avidity is a measure of the overall strength of binding of Ab-Ag complexes, and 
it depends on the affinity and valency of both Abs and Ags. The role of avidity is 
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especially evident with multimeric Ags, which can engage multiple antigen-binding 
sites by the repeated epitopes exposed on their surface. The multiple binding leads 
to the stabilization of the Ab-Ag complexes, suggesting that avidity is the leading 
force involved in the binding of multimeric Ags. This occurs in both oriented and 
non-oriented ELISAs [59, 60]. A clue to the role of affinity and avidity on the analyti-
cal sensitivity of ELISAs was obtained by comparing a non-oriented and an oriented 
ELISA for ferritin, a multimeric protein. The same capturing Ab was used for the 
two assays: in the non-oriented assay polystyrene was coated with whole Ab, while in 
the oriented assay reduced monovalent Ab was used. As mentioned above, chemical 
reduction improves the affinity of the antigen-binding site [54]. No differences were 
observed between the two types of ELISAs for ferritin. These data suggested that the 
avidity is predominant in affinity when considering multimeric Ags [58].

In light of the described studies, it is possible to conclude that Ag properties, such 
as dimension and valency, have an important role in the setup of ELISAs, and for 
extension also in the setup of LFIAs.

5. Conclusions

The formation of the Ab-Ag immunocomplex is one of the factors determining the 
sensitivity of ELISAs and LFIAs. Its formation is dependent both on the orientation 
and density of Abs coated on the surface and Ags properties. In ELISAs, the selected 
polystyrene and the concentration of the Abs coating solution should ensure the 
formation of a monolayer of Abs in which each Ab molecule interacts directly with 
the surface. This is the condition that ensures the maximum stability of the binding 
between Abs and polystyrene but not the maximum accessibility of antigen binding 
sites. The direct interaction with the surface (polystyrene, paper, or cellulose mem-
brane) can cause a partial denaturation of Abs and the random orientation can mask 
an unpredictable amount of antigen binding sites. Indeed, it was estimated that only 
5–10% of the antigen-binding sites remain effectively available.

To overcome these limits, several strategies have been developed to preserve Abs 
folding and to orient them with their antigen-binding sites facing outwards the surface. 
These strategies showed to be efficient in enhancing the sensitivity of ELISAs and 
LFIAs, besides, studies to develop them stand out the importance of Ags characteristics 
in determining the formation of Ab-Ag complexes. It can be easily understood that the 
quantification of small Ags takes advantage of the orientation of Abs as small Ags can 
effectively use the greater number of accessible antigen-binding sites provided by ori-
entation. It is not so clear the role of the Abs coated surface on the binding of multiva-
lent Ags that can engage multiple antigen-binding sites. Thus, the main property of Abs 
contributing to the formation of Ab-Ag complexes is avidity, which is often overlooked.

In conclusion, a broader perspective that goes beyond the selection of Abs just on 
the basis of affinity should be introduced in ELISAs and LFIAs development. Indeed, 
the best solution to favor the antigen-binding event should be tailored to both the Abs 
and Ags properties.

Conflict of interest

The authors declare that they have no known competing financial interest or personal 
relationships that could have appeared to influence the work reported in this paper.



Antibody-Antigen Binding Events: The Effects of Antibody Orientation and Antigen Properties…
DOI: http://dx.doi.org/10.5772/intechopen.1001374

9

Author details

Vanessa Susini*, Chiara Sanguinetti, Silvia Ursino, Laura Caponi and Maria Franzini
Department of Translational Research and of New Surgical and Medical 
Technologies, University of Pisa, Pisa, Italy

*Address all correspondence to: vanessa.susini@med.unipi.it

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Rapid Antigen Testing

10

References

[1] He J. Chapter 5.1 - practical guide to 
ELISA development. In: Wild D, editor. 
Immunoass. Handb. Fourth ed. Oxford: 
Elsevier; 2013. pp. 381-393. DOI: 10.1016/
B978-0-08-097037-0.00025-7

[2] Jordan W. Dual-antibody Sandwich 
enzyme-linked immunosorbent assay. In: 
Burns R, editor. Immunochem. Protoc. 
Totowa, NJ: Humana Press; 2005. pp. 207-
214. DOI: 10.1385/1-59259-873-0:207

[3] Wilson K, Walker J, editors. Principles 
and Techniques of Biochemistry and 
Molecular Biology. 6th ed. Cambridge: 
Cambridge University Press; 2005. 
DOI: 10.1017/CBO9780511813412

[4] Engvall E, Perlmann P. Enzyme-
linked immunosorbent assay (ELISA). 
Quantitative assay of immunoglobulin G,  
Immunochemistry. 1971;8:871-874. 
DOI: 10.1016/0019-2791(71)90454-x

[5] Koczula KM, Gallotta A. Lateral 
flow assays. Essays in Biochemistry. 
2016;60:111. DOI: 10.1042/EBC20150012

[6] Di Nardo F, Chiarello M, 
Cavalera S, Baggiani C, Anfossi L. Ten 
years of lateral flow immunoassay 
technique applications: Trends. 
Challenges and Future Perspectives, 
Sensors. 2021;21:5185. DOI: 10.3390/
s21155185

[7] Stevens PW, Hansberry MR, 
Kelso DM. Assessment of adsorption 
and adhesion of proteins to polystyrene 
microwells by sequential enzyme-
linked immunosorbent assay analysis. 
Analytical Biochemistry. 1995;225:197-
205. DOI: 10.1006/abio.1995.1144

[8] Butler JE. Solid supports in enzyme-
linked immunosorbent assay and 
other solid-phase immunoassays. 

Methods. 2000;22:4-23. DOI: 10.1006/
meth.2000.1031

[9] Butler JE, Lü EP, Navarro P, 
Christiansen B. Comparative studies 
on the interaction of proteins with a 
polydimethylsiloxane elastomer. I. 
Monolayer protein capture capacity 
(PCC) as a function of protein pl, 
buffer pH and buffer ionic strength. 
Journal of Molecular Recognition. 
1997;10:36-51. DOI: 10.1002/(SICI)1099-
1352(199701/02)10:1<36::AID-
JMR353>3.0.CO;2-G

[10] Buijs J, Lichtenbelt JWT, Norde W, 
Lyklema J. Adsorption of monoclonal 
IgGs and their F(ab′)2 fragments 
onto polymeric surfaces. Colloids and 
Surfaces. B, Biointerfaces. 1995;5:11-23. 
DOI: 10.1016/0927-7765(95)98205-2

[11] Wang X, Wang Y, Xu H, Shan H,  
Lu JR. Dynamic adsorption of 
monoclonal antibody layers on 
hydrophilic silica surface: A combined 
study by spectroscopic ellipsometry and 
AFM. Journal of Colloid and Interface 
Science. 2008;323:18-25. DOI: 10.1016/j.
jcis.2008.04.024

[12] Wiseman ME, Frank CW. Antibody 
adsorption and orientation on hydrophobic 
surfaces. Langmuir: the ACS Journal of 
Surfaces and Colloids. 2012;28:1765-1774. 
DOI: 10.1021/la203095p

[13] Xu H, Zhao X, Grant C, Lu JR, 
Williams DE, Penfold J. Orientation of 
a monoclonal antibody adsorbed at the 
solid/solution Interface: A combined 
study using atomic force microscopy 
and neutron reflectivity. Langmuir. 
2006;22:6313-6320. DOI: 10.1021/
la0532454

[14] Zhao X, Pan F, Lu JR. Interfacial 
assembly of proteins and peptides: 



Antibody-Antigen Binding Events: The Effects of Antibody Orientation and Antigen Properties…
DOI: http://dx.doi.org/10.5772/intechopen.1001374

11

Recent examples studied by neutron 
reflection. Journal of the Royal 
Society Interface. 2009;6:S659-S670. 
DOI: 10.1098/rsif.2009.0168.focus

[15] Chen H, Huang J, Lee J,  
Hwang S, Koh K. Surface plasmon 
resonance spectroscopic characterization 
of antibody orientation and activity 
on the calixarene monolayer. Sensors 
Actuators, B: Chemistry. 2010;147:548-
553. DOI: 10.1016/j.snb.2010.03.033

[16] Le NCH, Gubala V, Gandhiraman RP, 
Coyle C, Daniels S, Williams DE. Total 
internal reflection ellipsometry as a label-
free assessment method for optimization 
of the reactive surface of bioassay devices 
based on a functionalized cycloolefin 
polymer. Analytical and Bioanalytical 
Chemistry. 2010;398:1927-1936. 
DOI: 10.1007/s00216-010-4099-4

[17] Yuan W, Dong H, Li CM, Cui X,  
Yu L, Lu Z, et al. pH-controlled 
construction of chitosan/alginate 
multilayer film: Characterization and 
application for antibody immobilization. 
Langmuir. 2007;23:13046-13052. 
DOI: 10.1021/la702774a

[18] Zhao X, Pan F, Cowsill B, Lu JR, 
Garcia-Gancedo L, Flewitt AJ, et al. 
Interfacial immobilization of monoclonal 
antibody and detection of human prostate-
specific antigen. Langmuir. 2011;27:7654-
7662. DOI: 10.1021/la201245q

[19] Esser P. Principles in Adsorption 
to Polystyrene. Thermo Scientific 
Application Note. 2014. Available from: 
https://assets.thermofisher.com/TFS-
Assets/LSG/Application-Notes/D19559.
pdf

[20] Kong F, Hu YF. Biomolecule 
immobilization techniques for bioactive 
paper fabrication. Analytical and 
Bioanalytical Chemistry. 2012;403:7-13. 
DOI: 10.1007/s00216-012-5821-1

[21] Yang JM, Kim KR, Jeon S, Cha HJ, 
Kim CS. A sensitive paper-based lateral 
flow immunoassay platform using 
engineered cellulose-binding protein 
linker fused with antibody-binding 
domains. Sensors Actuators, B: 
Chemistry. 2021;329:129099. 
DOI: 10.1016/j.snb.2020.129099

[22] Zhu H, Snyder M. Protein chip 
technology. Current Opinion in Chemical 
Biology. 2003;7:55-63. DOI: 10.1016/
S1367-5931(02)00005-4

[23] Butler JE, Ni L, Nessler R, Joshi KS, 
Suter M, Rosenberg B, et al. The physical 
and functional behavior of capture 
antibodies adsorbed on polystyrene. 
Journal of Immunological Methods. 
1992;150:77-90. DOI: 10.1016/0022- 
1759(92)90066-3

[24] Ball V, Huetz P, Elaissari A, 
Cazenave JP, Voegel JC, Schaaf P. Kinetics 
of exchange processes in the adsorption 
of proteins on solid surfaces. Proceedings 
of the National Academy of Sciences. 
1994;91:7330-7334. DOI: 10.1073/
pnas.91.15.7330

[25] Butler JE, Ni L, Brown WR, 
Joshi KS, Chang J, Rosenberg B, et al. The 
immunochemistry of sandwich ELISAs-
-VI. Greater than 90% of monoclonal 
and 75% of polyclonal anti-fluorescyl 
capture antibodies (CAbs) are denatured 
by passive adsorption. Molecular 
Immunology. 1993;30:1165-1175. 
DOI: 10.1016/0161-5890(93)90135-x

[26] Huetz P, Ball V, Voegel J-C, 
Schaaf P. Exchange kinetics for a 
heterogeneous protein system on a solid 
surface. Langmuir. 1995;11:3145-3152. 
DOI: 10.1021/la00008a046

[27] Dixit CK, Vashist SK, MacCraith BD, 
O’Kennedy R. Multisubstrate-compatible 
ELISA procedures for rapid and high-
sensitivity immunoassays. Nature 



Rapid Antigen Testing

12

Protocols. 2011;6:439-445. DOI: 10.1038/
nprot.2011.304

[28] Bin L, Xie J, Lu C, Wu C, Wei Y.  
Oriented immobilization of fab’ 
fragments on silica surfaces. Analytical 
Chemistry. 1995;67:83-87. DOI: 10.1021/
ac00097a014

[29] Nakanishi K, Muguruma H,  
Karube I. A novel method of 
immobilizing antibodies on a quartz 
crystal microbalance using plasma-
polymerized films for immunosensors. 
Analytical Chemistry. 1996;68:1695-
1700. DOI: 10.1021/ac950756u

[30] Spitznagel TM, Clark DS. Surface-
density and orientation effects on 
immobilized antibodies and antibody 
fragments. Bio/Technology. 1993;11:825-
829. DOI: 10.1038/nbt0793-825

[31] Vijayendran RA, Leckband DE. A 
quantitative assessment of heterogeneity 
for surface-immobilized proteins. 
Analytical Chemistry. 2001;73:471-480. 
DOI: 10.1021/ac000523p

[32] Goddard JM, Hotchkiss JH. Polymer 
surface modification for the attachment 
of bioactive compounds. Progress in 
Polymer Science. 2007;32:698-725. 
DOI: 10.1016/j.progpolymsci.2007.04.002

[33] Morgan H, Taylor DM. A surface 
plasmon resonance immunosensor based 
on the streptavidin-biotin complex. 
Biosensors & Bioelectronics. 1992;7:405-
410. DOI: 10.1016/0956-5663(92)85039-d

[34] Rowe CA, Scruggs SB, 
Feldstein MJ, Golden JP, Ligler FS. An 
array immunosensor for simultaneous 
detection of clinical analytes. 
Analytical Chemistry. 1999;71:433-439. 
DOI: 10.1021/ac980798t

[35] Peluso P, Wilson DS, Do D, Tran H, 
Venkatasubbaiah M, Quincy D, et al. 

Optimizing antibody immobilization 
strategies for the construction of protein 
microarrays. Analytical Biochemistry. 
2003;312:113-124. DOI: 10.1016/
s0003-2697(02)00442-6

[36] Sauer-Eriksson AE, Kleywegt GJ, 
Uhlén M, Jones TA. Crystal structure of 
the C2 fragment of streptococcal protein 
G in complex with the fc domain of 
human IgG. Structure. 1995;3:265-278. 
DOI: 10.1016/S0969-2126(01)00157-5

[37] Deisenhofer J. Crystallographic 
refinement and atomic models of a 
human fc fragment and its complex 
with fragment B of protein a from 
Staphylococcus aureus at 2.9- and 2.8-Å 
resolution. Biochemistry. 1981;20:2361-
2370. DOI: 10.1021/bi00512a001

[38] Surolia A, Pain D, Islam Khan M.  
Protein a: nature’s universal anti-
antibody. Trends in Biochemical 
Sciences. 1982;7:74-76. DOI: 10.1016/ 
0968-0004(82)90082-2

[39] Bjorck L, Kronvall G. Purification 
and some properties of streptococcal 
protein G, a novel IgG-binding 
reagent. Journal of Immunology. 
1984;133:969-974

[40] Bürckstümmer T, Bennett KL, 
Preradovic A, Schütze G, Hantschel O, 
Superti-Furga G, et al. An efficient 
tandem affinity purification procedure 
for interaction proteomics in mammalian 
cells. Nature Methods. 2006;3:1013-1019. 
DOI: 10.1038/nmeth968

[41] Muramatsu H, Dicks JM, 
Tamiya E, Karube I. Piezoelectric crystal 
biosensor modified with protein a for 
determination of immunoglobulins. 
Analytical Chemistry. 1987;59:2760-2763. 
DOI: 10.1021/ac00150a007

[42] Prusak-Sochaczewski E, Luong JHT. 
A new approach to the development of a 



Antibody-Antigen Binding Events: The Effects of Antibody Orientation and Antigen Properties…
DOI: http://dx.doi.org/10.5772/intechopen.1001374

13

reusable piezoelectric crystal biosensor. 
Analytical Letters. 1990;23:401-409. 
DOI: 10.1080/00032719008052452

[43] Makaraviciute A, Ramanaviciene A. 
Site-directed antibody immobilization 
techniques for immunosensors. 
Biosensors & Bioelectronics. 2013;50:460-
471. DOI: 10.1016/j.bios.2013.06.060

[44] Shen M, Rusling J, Dixit CK. Site-
selective orientated immobilization 
of antibodies and conjugates for 
immunodiagnostics development. 
Methods San Diego California. 
2017;116:95-111. DOI: 10.1016/j.
ymeth.2016.11.010

[45] Balevicius Z, Ramanaviciene A, 
Baleviciute I, Makaraviciute A, Mikoliunaite L, 
Ramanavicius A. Evaluation of 
intact- and fragmented-antibody 
based immunosensors by total internal 
reflection ellipsometry. Sensors and 
Actuators, B: Chemistry. 2011;160:555-
562. DOI: 10.1016/j.snb.2011.08.029

[46] Baleviciute I, Balevicius Z, 
Makaraviciute A, Ramanaviciene A, 
Ramanavicius A. Study of antibody/
antigen binding kinetics by total internal 
reflection ellipsometry. Biosensors 
& Bioelectronics. 2013;39:170-176. 
DOI: 10.1016/j.bios.2012.07.017

[47] Baniukevic J, Hakki Boyaci I, Goktug 
Bozkurt A, Tamer U, Ramanavicius A, 
Ramanaviciene A. Magnetic gold 
nanoparticles in SERS-based sandwich 
immunoassay for antigen detection by 
well oriented antibodies. Biosensors 
& Bioelectronics. 2013;43:281-288. 
DOI: 10.1016/j.bios.2012.12.014

[48] Hermanson GT. Chapter 2 - 
functional targets for bioconjugation. 
In: Hermanson GT, editor. Bioconjugate 
Tech. Third ed. Boston: Academic 
Press; 2013. pp. 127-228. DOI: 10.1016/
B978-0-12-382239-0.00002-9

[49] Ho JAA, Hsu W-L, Liao W-C, Chiu J-K, 
Chen M-L, Chang H-C, et al. Ultrasensitive 
electrochemical detection of biotin using 
electrically addressable site-oriented 
antibody immobilization approach via 
aminophenyl boronic acid. Biosensors & 
Bioelectronics. 2010;26:1021-1027. DOI: 
10.1016/j.bios.2010.08.048

[50] Dixit CK, Kumar A, Kaushik A. 
Nanosphere lithography-based platform 
for developing rapid and high sensitivity 
microarray systems. Biochemical and 
Biophysical Research Communications. 
2012;423:473-477. DOI: 10.1016/j.
bbrc.2012.05.144

[51] Billah MM, Hodges CS, Hays HCW, 
Millner PA. Directed immobilization of 
reduced antibody fragments onto a novel 
SAM on gold for myoglobin impedance 
immunosensing. Bioelectrochemistry 
Amsterdam, Netherlands. 2010;80:49-54. 
DOI: 10.1016/j.bioelechem.2010.08.005

[52] Iwasaki Y, Omichi Y, Iwata R. 
Site-specific dense immobilization of 
antibody fragments on polymer brushes 
supported by silicone nanofilaments. 
Langmuir: the ACS Journal of 
Surfaces Colloids. 2008;24:8427-8430. 
DOI: 10.1021/la801327a

[53] Kausaite-Minkstimiene A, 
Ramanaviciene A, Kirlyte J, 
Ramanavicius A. Comparative study 
of random and oriented antibody 
immobilization techniques on the 
binding capacity of immunosensor. 
Analytical Chemistry. 2010;82:6401-
6408. DOI: 10.1021/ac100468k

[54] Susini V, Caponi L, Rossi VL, 
Sanesi A, Romiti N, Paolicchi A, et al. 
Sensitivity and reproducibility 
enhancement in enzyme immunosorbent 
assays based on half fragment 
antibodies. Analytical Biochemistry. 
2020;616:114090. DOI: 10.1016/j.
ab.2020.114090



Rapid Antigen Testing

14

[55] Ryu Y, Jin Z, Kang MS, Kim H-S. 
Increase in the detection sensitivity of 
a lateral flow assay for a cardiac marker 
by oriented immobilization of antibody. 
BioChip Journal. 2011;5:193-198. 
DOI: 10.1007/s13206-011-5301-2

[56] Lou D, Fan L, Cui Y, Zhu Y, Gu N, 
Zhang Y. Fluorescent Nanoprobes with 
oriented modified antibodies to improve 
lateral flow immunoassay of cardiac 
troponin I. Analytical Chemistry. 
2018;90:6502-6508. DOI: 10.1021/acs.
analchem.7b05410

[57] Trilling AK, Harmsen MM, 
Ruigrok VJB, Zuilhof H, Beekwilder J. 
The effect of uniform capture molecule 
orientation on biosensor sensitivity: 
Dependence on analyte properties. 
Biosensors & Bioelectronics. 
2013;40:219-226. DOI: 10.1016/j.
bios.2012.07.027

[58] Susini V, Fierabracci V, Barria G, 
Dodoli L, Caponi L, Paolicchi A, et al. 
Signal enhancement in oriented 
immunosorbent assays: A balance 
between accessibility of antigen binding 
sites and avidity. Biosensors. 2021;11:493. 
DOI: 10.3390/bios11120493

[59] Bush DB, Knotts TA. The effects 
of antigen size, binding site valency, 
and flexibility on fab-antigen binding 
near solid surfaces. The Journal of 
Chemical Physics. 2018;149:165102. 
DOI: 10.1063/1.5045356

[60] Pukin AV, Branderhorst HM, Sisu C, 
Weijers CAGM, Gilbert M, Liskamp RMJ, 
et al. Strong inhibition of cholera 
toxin by multivalent GM1 derivatives. 
Chembiochem. 2007;8:1500-1503. 
DOI: 10.1002/cbic.200700266


