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Abstract

Inexpensive, noninvasive immunoassays can be used to quickly detect disease in humans.
Immunoassay sensitivity and specificity are decidedly dependent upon high-affinity, antigen-
specific antibodies. Antibodies are produced biologically. As such, antibody quality and suitability
for use in immunoassays cannot be readily determined or controlled by human intervention.
However, the process through which high-quality antibodies can be obtained has been shortened
and streamlined by use of genetic engineering and recombinant antibody techniques. Antibodies
that traditionally take several months or more to produce when animals are used can now be
developed in a few weeks as recombinant antibodies produced in bacteria, yeast, or other cell
types. Typically most immunoassays use two or more antibodies or antibody fragments to detect
antigens that are indicators of disease. However, a label-free biosensor, for example, a quartz-
crystal microbalance (QCM) needs one antibody only. As such, the cost and time needed to design
and develop an immunoassay can be substantially reduced if recombinant antibodies and
biosensors are used rather than traditional antibody and assay (e.g. enzyme-linked immunosorbant
assay, ELISA) methods. Unlike traditional antibodies, recombinant antibodies can be genetically
engineered to self-assemble on biosensor surfaces, at high density, and correctly oriented to
enhance antigen-binding activity and to increase assay sensitivity, specificity, and stability.
Additionally, biosensor surface chemistry and physical and electronic properties can be modified
to further increase immunoassay performance above and beyond that obtained by use of traditional
methods. This review describes some of the techniques investigators have used to develop highly
specific and sensitive, recombinant antibody-based biosensors for detection of antigens in simple
or complex biological samples.
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Introduction

Chemical sensors and biosensors are defined as sensors that use chemical and/or biological
molecules as recognition elements to quantitatively measure chemical or biomolecular
analytes with sufficient sensitivity and selectivity. The most used biological recognition
elements are antibodies. Antibodies are produced by vertebrate animals as part of their
defensive immune response when exposed to foreign organisms or toxic substances. For
example, the human immune system contains approximately one trillion B-cells. When the
immune system encounters foreign antigens, B-cells respond by producing Y-shaped
immunoglobulins called antibodies. Each arm of an antibody contains a pair of antibody
heavy (~55 kDa) and light (~25 kDa) chains that are connected by interchain disulfide
bonds. An antibody can be divided into two distinct regions, variable (located at the top of
the Y) and constant (located at the bottom of the Y) regions. An antigen binds to the
paratope of an antibody that is located at the top of the Y in a region called the antibody’s
idiotype (discussed below). The amino acids present within the variable region vary from
one antigen-specific antibody to another, whereas the amino acids present within the
constant region are quite similar from one class (e.g. an 1gA, IgD, IgE, IgG, or IgM) of
antibody to another within an animal species. The variable region of an antibody heavy
chain is known as the Vh (variable heavy) chain region whereas the variable light chain
region is known as the VI region. Together, the Vh and VI regions structurally make up the
antibody’s idiotype. The idiotype contains six complementary regions with three CDRs (i.e.
CDR1, CDR2 and CDR3) each being found on the VVh and VI chains. The amino acids
present within the CDRs can complement and interact with the amino acids present on an
antigen. Interactions between a positively charged amino acid on an antibody with a
negatively charged amino acid on an antigen would be an example of a complementary
interaction. The Vh CDR3 region is generally responsible for antigen-binding specificity
whereas VI CDR3 contributes to antibody affinity (antigen binding strength). The CDR
regions are also known as hypervariable (HV) regions, because the amino acids present
within these regions vary substantially from one antigen-specific antibody to another. The
idiotype amino acids that do not directly interact with the antigen provide a framework (FW)
to support the amino acids that are primarily involved in antigen binding. Four FW regions
support the three CDRs found on each of the VVh and VI antibody chains. The antigenic site
on an antigen that is bound by an antibody is referred to as an epitope and is usually 4-10
amino acids in size; however, some epitopes can be much larger.

An antibody binds to an antigen specifically to form an immune complex. This is the basis
for antibody-based immunoassay and immunosensor procedures. The 1gG class of antibody
is typically used in immunoassays because they bind antigens with greater affinity and
specificity than other classes of antibodies. For biosensors and other immunoassays, the
constant region of an antibody does not usually contribute to antibody—antigen binding and
can non-specifically bind to other molecules present in biological samples. Researchers have
created smaller, antibody fragments (Fabs, scFvs, minibodies, nanobodies, etc.) through
genetic engineering to enhance antibody performance and reduce assay costs [1, 2, 3]. In this
review, we will focus on the analytical aspects of antibody fragments (e.g. scFvs) as
recognition elements and their applications in biosensing.
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ScFv recognition elements and their productions

ScFv recombinant antibodies (~27 kDa) were first developed in the 1980s as an alternative
to the larger (~150 kDa), natural antibodies produced in animals and humans [2]. An scFv is
made up of an antibody’s variable light (VI) and heavy (\VVh) chain fragments, usually joined
together by a peptide amino acid sequence termed a linker (Fig. 1). The scFv represents the
idiotype of an antibody and is one of the smallest antibody fragments that retains the
antigen-binding specificity of the parent antibody (e.g. an 1gG, Fig. 1) [4]. The advantage of
using small scFvs is that they can be genetically engineered to contain, for instance, metal-
binding amino acids (e.g. cysteines, histidines, etc.) in the linker peptide so that the scFv can
self-assemble on sensor (e.g. gold) surfaces, at high density, in the proper orientation to
enhance scFv antigen-binding activity. Most scFvs use a 15-20 amino acid glycine (G),
serine (S) linker peptide (e.g. GGGGSGGGGSGGGGS) to tether the Vh and VI chains
together as a monomeric fragment [2, 3]. ScFvs bearing either fewer than 15 amino acids or
no linker amino acids cannot fold over to form an scFv, but can become bound to other scFv
or intertwined with other VVh-VI fragments to form diabodies (2 scFvs), triabodies (3 scFvs),
tetramers (4 scFvs), bis-scFvs (two different scFvs joined in tandem), etc. (Fig. 2). The scFv
multimers can be useful in enhancing assay sensitivity when used to detect antigens (e.g.
viruses) with multivalent epitopes or antigen sites. As the number of interactions between a
multimeric scFv and a multi-valent antigen increases, the avidity and stability of the scFv-
antigen interaction will also increase to enhance the sensitivity of the immunoassay [1, 5].
ScFvs can also be engineered as minibodies (e.g. scFv engineered to contain the Fc region of
an antibody) or can be conjugated to radionuclides, cytotoxic drugs, peptides, lipids,
nanoparticles, and other molecules to generate bi-functional scFvs for diagnostic or
therapeutic applications [6, 7].

Antigen-specific scFvs can be selected from large phage (bacterial virus) ribosome or cell
(e.g. E. coli; yeast) displayed recombinant antibody libraries, then expressed in large
quantities by use of bacterial or eukaryotic expression systems [8]. The source of antibody
genetic information used to make these libraries is the B-cells. Total or messenger RNA (m-
RNA) is isolated from B-cells and reverse transcribed to make complementary DNA (c-
DNA). The c-DNA is amplified using the polymerase chain reaction (PCR) using DNA
primers that anneal to antibody Vh and VI chains. The amplified Vh and VI chain DNAs are
joined together to form a single chain fragment by using, for instance, synthetic DNA oligo-
nucleotides that encode for the peptides found in the scFv linker. The single-chain DNA is
cloned into a bacterial or yeast DNA vector (e.g. a plasmid or phagemid) and then
introduced into bacterial or yeast cells by a process called transformation to produce a
library of many (between 1x108 and 1x1012) different antigen-specific scFv antibodies. For
phage display, the transformed bacteria are rescued with a helper virus to establish an active
phage (viral) infection that results in the production of phage particles. Each phage particle
contains the scFv DNA and displays on the phage surface the scFv protein encoded by the
scFv DNA. To select for antigen-specific scFv, the phage library is applied to an
immobilized antigen. The immobilized antigen is washed to remove unbound phage. The
antigen-bound phage-displayed scFvs are then used to infect bacteria (typically £. coli) to
introduce the recombinant antibody DNA into the bacteria. The bacteria are plated on to
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agar in Petri dishes. Each colony that grows on the Petri dish produces a unique scFv. The
colonies are picked and induced to express scFv that can then be assayed by an enzyme-
linked immunosorbant assay (ELISA) or similar assay to identify scFv specific for the
antigen [9].

Antigen-specific scFv can also be obtained by using £. coli or yeast cell display. ScFvs are
displayed on the surface of the cell. The antigen is labeled with a fluorescent dye and mixed
with the cell-displayed scFv library. Cells that display scFv reactive with the antigen will
become fluorescently labeled and can be selected by use of a fluorescence-activated cell
sorter (FACS) [10, 11]. Alternatively, cells displaying antigen-binding scFv can be selected
by use of biotinylated antigen. Biotin binds to avidin, streptavidin or neutravidin with high
affinity. Biotin binds to avidin, streptavidin or neutravidin with high affinity. Cells bearing
scFv that bind to the biotinylated antigen can be selected from a library of cells by using
magnetic beads bearing streptavidin and a magnet [10, 11].

The ribosomal display technique involves the formation of a stable scFv-ribosome-mRNA
complex that enables selection of the scFv. The ribosome-displayed scFv library is applied
to immobilized or biotinylated antigen to select for antigen-specific scFv. The scFv mRNA
coupled to the ribosome is reverse transcribed and amplified by PCR to obtain scFv DNA
sufficient for cloning. The scFv DNA is cloned into a DNA vector and used to transform
cells that can express larger quantities of scFv [11]. Of the three techniques, phage display is
most popular because of its high-throughput capabilities. This methodology is simple,
inexpensive, scalable, and has been used to generate large numbers of scFvs, Fabs, and
peptides [12, 13]. Compared with standard hybridoma monoclonal antibody technology,
antigen-specific antibodies can be readily selected using phage display without the need to
immunize animals to obtain antibodies [14].

The selected scFv fragments can be expressed in both prokaryotes (mainly £. coli) and
eukaryotes (yeast, insect cells, plant cells, and mammalian cells). Expression in £ coliis
mainly used for small, non-glycosylated scFv and very large expression levels of 2 gL ™1
have been achieved. ScFv expression in yeast cells can be carried out as rapidly as in £. coli.
Expression of larger recombinant antibodies in plant and mammalian cells has also been
demonstrated [7].

Recombinant DNA and library display techniques have been used to identify single-domain
antibodies (sdAbs) that arise from camelids (e.g. camels and llamas) [15], sharks, etc.
Antibodies from these animals contain heavy chains only. The heavy chains pair with one
another to form homodimers that can bind to antigens [1, 16, 17]. Shark new antigen
receptor antibodies (IgNAR) are 12-13 kDa in size and contain only two CDR regions rather
than the six CDRs normally found in humans, mice, rats, etc. Shark IgNAR are highly
soluble and thermally stable and are an alternative source of engineered antibodies for a
wide range of antigen recognition and binding applications [18]. Phage-displayed IgNAR
antibody libraries can be obtained from either antigen-immunized or naive (non-immunized)
sharks to obtain highly soluble, high affinity, nano-sized sdAbs [19]. Phage antibody
libraries derived from antigen-immunized animals, camels, sharks, etc., are usually biased
and more specific for the immunizing antigens, whereas libraries derived from naive (non-
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immunized) animals have greater antigen-binding diversity and are more suitable for
obtaining antibodies to a wide variety of antigens.

ScFvs may be developed for virtually any antigen by use of the display techniques described
above. By use of a phage display peptide library, phage display techniques can also be used
to select peptides that mimic antigen epitopes [13]. Economic production of scFvs creates a
number of opportunities that might be more difficult to accomplish with classical antibodies.
ScFvs have found widespread use as the recognition element in therapy and imaging
procedures (e.g. cancer imaging) because of their small size and cellular penetration ability
[7]. However, the literature describes few applications in which scFvs were used as
components of bioassays and biosensors [5]. This review focuses on the assessment and
evaluation of the scFvs as molecular recognition elements for immunosensor and
immunoassay development.

ScFv immunosensors and immunoassays

Antibodies including scFv and sdAbs have been used in a wide variety of immunoassays.
Immunoassays are often classified into two general types—heterogeneous and homogeneous
[20]. In the heterogeneous assay format (e.g. an enzyme-linked immunoassay, or ELISA), an
antigen-specific antibody is immobilized on a solid support (e.g. a microtiter plate, bead,
etc.) and used to capture an antigen from a sample (e.g. human serum). The solid support is
washed to remove unbound antigen or contaminants, and a labeled (e.g. fluorescent dye,
enzyme, radioactive isotope, etc.) antigen-specific antibody directed to a different epitope on
the same antigen is used to detect the captured antigen. The solid support is washed to
remove any unbound secondary antibody, and an assay signal (e.g. fluorescence, enzyme-
induced color change, radioactivity, etc.) is generated and picked up by a fluorescence, color,
or radioactivity detector in a microtiter plate reader to yield a quantifiable result. The
strength of the assay signal in these non-competitive assays generally correlates with the
antigen concentration in the sample. Examples of traditional direct, sandwich and
competitive heterogeneous assay formats are presented in Fig. 3. In a homogeneous
immunoassay format, immunoreactions take place in solution and do not require a
separation step. An example of a homogenous assay is a FRET (fluorescence energy
resonance transfer) assay. In a FRET assay, two different antibodies specific for different
epitopes on the same antigen are labeled with two different FRET compatible fluorescent
dyes. When the sample containing the antigen is excited with light that excites the first dye-
labeled antibody, but not the other fluorescent dye-labeled antibody, the light emitted by the
dye on the first antibody can excite the dye on the second antibody if both antibodies are
close to one another (i.e. bound to the same antigen). If the excited second dye-labeled
antibody emits light that can be picked up by a fluorescence micraotiter plate reader, then
both dye-labeled antibodies are bound to the same antigen. Homogenous assays such as
FRET assays do not require washing steps and can be prone to sample assay interference
[21]. The interactions between an antibody and an antigen can be detected directly by use of
label-free transducers (e.g. quartz crystal microbalance (QCM), surface plasmon resonance
(SPR) [22] and electrochemical impedance spectroscopy (EIS). In Table 1 we list a few
examples of engineered antibody (e.g. scFv, Vh, Fab)-based immunoassays for detection of
viruses, cytochrome P450s (catalytic cellular enzymes that oxidize organic substances), 1gG
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by use of a QCM [23, 24], small molecules, toxins, prostate-specific antigen (PSA), and
bacteria by SPR [22], and Her2 by use of a piezoelectric microcantilever [25] and other
biosensors [26-28].

ScFv-based direct label-free heterogeneous immunosensors

One of the simplest immunoassay formats is the direct label-free immunosensor in which the
interaction between a single immobilized antibody and a captured antigen is detected by use
of an electrical, mechanical, electromagnetic (including light), chemical, acoustic, or thermal
transducer to produce a quantifiable signal. The most common label-free transducers are
QCM, SPR, and EIS, in which binding between an immobilized antibody and an antigen
leads to a change of resonance frequency (QCM), refractive index (SPR), or electrical
impedance (EIS). Direct label-free scFv-based immunosensors combine the high sensitivity
and high selectivity rendered by the scFv or sdAb, as a capture agent, that is immobilized on
a sensor surface. The binding between the antibody and antigen can be directly transduced to
a signal for readout. The problem most often encountered in immunosensor or assay
development is the failure to immobilize antibodies at high, uniform density in a correct
orientation to reduce assay insensitivity and eliminate inter-assay variability and

inefficiency. Our laboratory and others have developed several approaches to genetically
engineer scFv to address such problems. These will be briefly summarized in the review.

Engineering scFv for sensor surface immobilization

ScFv can be immobilized on transducer surfaces by use of a variety of approaches (Fig. 4).
ScFv can be engineered to contain metal-binding cysteine (Cys) or histidine (His) amino
acids in the peptide linker so that the scFv will correctly self-assemble on to metal surfaces
of many transducers at high density (Fig. 4a) [24]. ScFv can be engineered to contain
positively charged amino acids (e.g. arginine or Arg) in the peptide linker for scFv
immobilization on to negatively charged self assembled monolayer (SAM)-modified
transducer surfaces (Fig. 4b). The 6-histidine (6xHis) amino acid sequence engineered on to
the end (carboxy or C-terminus) of some scFvs can be used to non-covalently immobilize
scFv to Ni-NTA sensor surfaces (Fig. 4¢). ScFv can be conjugated to biotin via scFv-free
amines (e.g. the e-amino group on lysine amino acids) and immobilized on to streptavidin
sensor surfaces (Fig. 4d). The e-amino group on scFv genetically engineered to contain C-
terminal or naturally occurring lysines can be used to couple scFv to the sensor surface with
carboxyl functional group using carbodiimide-mediated covalent coupling chemistry (Fig.
4e) [35].

Engineered scFv Piezoimmunosensors (QCM)

Antibody and antigen interactions can be characterized through the use of a variety of
transducers. Piezoimmunosensors use a QCM to measure antibody—antigen interaction by
monitoring a change in frequency due to the mass change when an antibody, immobilized on
a quartz crystal Au sensor surface, captures an antigen from a sample (e.g. serum).
Piezoimmunosensor assays are simple, rapid, sensitive, and typically only require a single
antibody to carry out the analyses. Thus, we will focus on discussing piezoimmunosensors
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as representative label-free biosensors to illustrate methods of using engineered scFvs as
recognition elements for immunosensor development. As with any immunoassay, assay
sensitivity and specificity are directly correlated with, and dependent upon, antibody
sensitivity and specificity. Assay performance also depends on the components present in
samples such as serum. Components such as complement and heterophilic antibodies (e.qg.
human serum antibodies that bind to mouse monoclonal antibodies) can bind to and interfere
with the antigen-specific antibodies used in the assays [11]. In some cases, these
components bind to the constant, but not the variable antigen-binding site of an assay’s
antibodies. One way of overcoming this problem is to remove the constant regions of the
antibodies used in the assays and just use the antigen-binding variable region (e.g. scFv,
sdAb, etc.). To demonstrate the suitability of this approach, we used a model system
involving the mouse 1gG monoclonal antibody designated A10B and its antigen, rabbit 1gG,
a relatively inexpensive and abundant protein. The A10B was engineered as an scFv by
using the hybridoma cells producing the A10B monoclonal antibody as the source of genetic
material for the scFv. The A10B scFv, similar to the monoclonal antibody, bound rabbit IgG.
Additionally, the A10B 1gG monoclonal antibody was digested with papain and passed over
a protein-A affinity column (to remove A10B IgG Fc constant regions) to obtain rabbit 1gG-
binding A10B Fab fragments that contain constant light and constant heavy chain 1 regions.
The A10B scFv contained a cysteine amino acid within the linker peptide joining the A10B
Vh and VI regions. The A10B IgG, Fab and scFv fragments were immobilized on QCM
gold sensor surfaces and used to capture rabbit 1gG and to determine non-specific binding
activity to serum components. Non-specific serum-binding activity was greatest on the
A10B IgG and Fab-fragment-coupled sensor surfaces and nearly non-existent on the A10B
scFv-cys sensor. Antigen-binding activity was greatest on the A10B scFv-cys sensor and
much less on the A10B IgG and Fab fragment sensors [60].

The amino acids that make up the linker region of the A10B scFv were re-engineered to
contain amino acids such as histidine, which can also bind metal (e.g. gold) [61], and
arginine, which can couple to a negatively charged surface to form a self-assembled
monolayer (SAM) [24]. Similar to cysteine, the histidine and arginine amino acids enabled
the scFv to self-assemble as a monolayer and to assume optimum antigen-binding
orientation on the QCM gold sensor surface. In previously published studies, average surface
coverage of 1.7x10711 mol cm~2 and 5.3x10712 mol cm~2 have been reported for Fab’-SH
fragment-modified and whole IgG antibody-modified surfaces, respectively. By comparison,
surfaces modified with scFv containing a linker cysteine (scFv-Cys) show nearly ten times
(1.74 + 0.53 x1071% mol cm™2) as many antigen-binding sites per square centimeter as those
modified with Fab’-SH fragments, and 35 times as many binding sites as surfaces modified
with whole 1gG antibody [60]. Results demonstrated that the A10B scFv engineered to
contain arginine linker amino acids (A10B scFv-RG3) coupled to a negatively charged SAM
template gave the highest antigen (i.e. rabbit 1gG)-binding activity with a 42-fold
improvement in binding activity over the A10B Fab fragment sensor (Figs. 5 and 6). Protein-
A-coated gold nanoparticles (AuNP) bind to rabbit 1gG. When used to detect rabbit IgG
bound to A10B scFv-RG3 on SAM sensor surfaces, assay sensitivity was enhanced from
nanomolar to picomolar and subpicomolar levels [24]. Assay sensitivity could also be
increased five-fold by incorporating QCM sensors with a 25 MHz rather than 10 MHz

Anal Bioanal Chem. Author manuscript; available in PMC 2018 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zeng et al.

Page 8

oscillation frequency. Recently, we have shown that the CGSGSGS and RGRGRG peptide
linker can be added to short synthetic peptide recognition elements for piezoimmunosensor
development. We demonstrated the generic applicability of these linker peptide sequences
for immaobilization of a Her2 mimotope-derived synthetic peptide, which is only 2007 (g/
mol) in molecular weight and 19 amino acids long, on Au and successfully used it for
detection of Herceptin in human serum with high sensitivity and specificity by use of a
QCM piezoimmunosensor [62].

Antigen—-antibody interactions are based on the spatial complementarities of groups of
amino acids within the antigenic site or epitope of an antigen with those in the paratope or
antigen-binding site of the antibody. In favorable cases, antibodies can be used to recognize
a single antigenic site in the presence of several thousand different antigenic sites. The
problem with immunoassays is that individual monoclonal antibodies target antigenic sites
or epitopes, not the whole antigen. Antibodies that bind to the same or similar epitopes on
two or more relatively unique molecules can cross-react with and bind to different molecules
bearing similar epitopes to produce a false-positive assay signal [63, 64]. However, similar
but distinct molecules seldom share two or more epitopes and can be distinguished from one
another by using a pair of antigen-specific capture and detecting antibodies. A true positive
assay signal will only occur if both antibodies simultaneously bind the same antigen at the
same time. We demonstrated that this approach was feasible using a QCM and human
CYP1B1 (a P450 enzyme) as an antigen [23]. Six different CYP1B1-specific scFvs were
biotinylated and coupled to neutravidin (immobilized on gold QCM sensor surfaces) and
used to capture CYP1B1 from solution. Verification of positive CYP1B1 binding was based
on at least two different CYP1B1-specific scFvs simultaneously binding to CYP1B1. The
specificity of the CYP1B1 QCM assay was confirmed by utilizing negative control antigens
—rabbit 1gG, fetal bovine serum, and an irrelevant cytochrome P450 (designated BM-3, a
P450 obtained from Bacillus megatarium) in place of CYP1B1. This approach successfully
reduced false-positive assay signals even for molecules (e.g. BM-3) closely related to
CYP1B1.

ScFv used in other immunoassays

ScFvs and sdAbs can be used in lieu of whole antibodies as capture agents in sandwich-
based immunoassays [65, 66] with the benefits of increased sensitivity, flexibility, and
higher intrinsic stability of the antibody recognition elements. These benefits enable scFv
based immunoassays to be robust so that they have low cross-activity and less non specific
adsorption from sample matrix. Different scFvs selected from phage display are ideal for use
as capture antibodies to develop multiplexed immunosensor microarrays. ScFv-based
immunosensors have been used to detect bacteria in real biological samples [31] and small
molecules, for example UO,, in environmental water samples [67].

ScFvs have been used to develop biological (e.g. enzyme) sensors [68]. Biological sensors
are functional proteins engineered to display peptides to which antibodies bind. When
antibodies bind to the peptides on the proteins, the biological activity of the proteins is
altered to produce a measurable signal that can be quantified. Protein sensors have been
described for p-lactamase [69], B-galactosidase [70], alkaline phosphatase [71], green
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fluorescent protein [72], and the tail spike protein of the P22 bacterial virus [73].
Conceivably, an enzyme similar to alkaline phosphatase can be engineered or chemically
modified to display a peptide representing a domain on HIV. If an scFv specific for the HIV
peptide binds to the peptide on the enzyme and the enzyme loses catalytic activity, the
enzyme will not produce a visible color change when alkaline phosphatase substrates, for
example p-nitrophenol phosphate are used in an assay. However, if a sample contains HIV,
then the peptide-specific scFv will bind to HIV and not to the peptide on the enzyme. In
such a situation, the enzyme will produce a color change whenever HIV is present. Such
approaches have potential in new, simple, and inexpensive assays. ScFv can be conjugated
with nanoparticles to develop sensitive colorimetric scFv immunosensors. We have used
1gG-specific scFvs coupled to Au nanoparticles to detect IgG in solution (Fig. 7). In the
presence of 1gG, Au nanoparticles bearing scFvs aggregate and undergo a visible color
change [29].

Affinity is the measure of the binding strength between a single paratope on an antibody and
a single epitope on an antigen. High-affinity antibodies bind antigens more quickly and
release antigens more slowly than low-affinity antibodies, and are more suited to use in
assays to detect trace concentrations of antigens. Avidity measures the cumulative binding
strength that occurs between multiple paratopes on one antibody (e.g. the ten paratopes on
one IgM antibody) with multiple repeating epitopes on one particle (e.g. a virus with ten or
more epitopes).

A monomeric scFv has only one paratope. If a monomeric scFv has high antigen-binding
specificity but low affinity, it may not be suitable for use in assays to detect small amounts
of antigen (e.g. a virus) simply because it cannot rapidly bind and hang on to an antigen
flowing by it in solution. However, if a large number of monomeric scFv are grouped
together (e.g. when engineered as dimers, trimers, etc.) or immobilized as a layer of scFv on
a sensor surface, the avidity of the scFv and the sensitivity of the assay to detect an antigen
(e.g. a virus) can be increased.

Many multivalent scFvs have been successfully developed to target cell surface receptors for
cancer imaging and therapy [7, 74, 75]. These scFvs can be used to develop cell-based
immunosensors to detect, capture or enrich cells from complex biological fluids or biopsy
suspensions. An anti-GD2 scFv tetravalent multimer that binds to a disialosyl ganglioside
receptor (denoted GD2) [75] was immobilized on the Au QCM surface to prepare a QCM-
based immunosensor. GD2 is highly expressed (e.g. 5108 molecules per NB cell) in a wide
variety of human tumors including neuroblastoma (NB) and melanoma cells. The scFv
multimer provides more binding sites which can increase antigen-binding avidity and assay
sensitivity. As shown in Fig. 8, the scFv-bearing immunosensor successfully captures GD2-
positive cells whereas a sensor without scFv does not. This preliminary work demonstrated
that a multivalent scFv immobilized on an immunosensor can be used to detect cancer cell-
surface receptors such as GD2 [76].

Monovalent scFvs can be used to immaobilize the constant Fc region of an antibody so that
the Fc domain can bind to the Fc receptor on a cell’s surface [77]. As illustrated in Fig. 8,
A10B scFv was immobilized on a preformed 11-mercaptoundecanoic acid (MUA) sensor
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surface to form a SAM that bound to the CH1 region of rabbit 1gG, leaving the rabbit 1gG Fc
region exposed and available for binding to an Fc receptor on a eukaryaotic cell and to protein
A on the surface of the Staphylococcus aureus bacterium.

Conclusions

One of the most important components of any sensor device is the recognition element; this
is the part of the sensor which detects a specific analyte. Antigen-specific antibodies (e.g.
IgG) or antibody fragments (e.g. Fab) are probably the most difficult component of an
immunoassay to acquire, simply because they are derived biologically and their binding
specificities and affinities cannot be readily controlled. Additionally, when labeled with a
reporter molecule (e.g. biotin, dye, enzyme, etc.) or immobilized as a capture agent on to a
surface, their binding activity and specificity can change. Some of the challenges in selecting
high affinity, antigen-specific antibodies can be overcome by use of recombinant antibody
techniques, for example phage or yeast display. Once selected, recombinant antibodies
(scFv, sdAb, peptides [62], etc) can be re-engineered to contain metal-binding or positively
charged amino acids that will not interfere with the antibody’s antigen-binding specificity.
These amino acids can be used to correctly orient an antibody on a surface so that it can
retain antigen-binding activity.

There are several distinct advantages in using recombinant antibodies (scFv, sdAb, etc) to
develop immunosensors or immunoassays. Antigen-specific scFv and sdAb can be readily
selected from large bacterial virus (phage) displayed recombinant antibody libraries and can
be readily formatted by genetic engineering or chemical conjugation for scFv coupling to the
sensors used to detect antigens. Whether it is a protein released by an infectious agent or a
protein produced by our bodies in response to the disease, recombinant antibodies can be
produced to specifically bind to them. Additionally, scFv-based label-free immunosensors,
for example piezoimmunosensors, only need a single recombinant antibody to detect an
antigen with high specificity, thus eliminating the need for a second (i.e. detecting) antigen-
specific antibody. This greatly simplifies assay procedure, because in some cases it can be
extremely difficult to generate and produce just one antigen-specific antibody, let alone two.
The surface of the sensor can be fabricated and chemically modified under controlled
conditions so that scFv can be correctly oriented (e.g. on Au) at high density to enhance
assay avidity and sensitivity. A wide variety of sensing transducers and imaging technology
can be developed by using recombinant antibodies to replace traditional whole antibodies for
use in antigen detection. Techniques such as cyclic voltammetry (CV), surface plasmon
resonance (SPR), surface acoustic wave (SAW), quartz crystal microbalance (QCM), and
many other detection techniques offer researchers options needed to optimize conditions to
achieve high assay sensitivity and specificity even when complex samples (e.g. blood) are
being analyzed. For example, a QCM can readily sense a change in mass on the sensor’s
surface. As such, an scFv-based piezoimmunosensor surface can be readily interrogated to
ensure that the same concentration of scFv is immobilized on the sensor surface every time,
to enhance inter-assay reproducibility, which is something that cannot readily be achieved
for most traditional immunoassays (e.g. ELISAS) [78, 79]. Although scFvs have found
widespread use in clinical therapy and imaging procedures, the same cannot be said for their
uses in biosensors. Here we have described the situations in which scFvs have been used as
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the recognition elements for biosensors to detect antigens or cells bearing antigens. With
advances in biomarker research, a combination of several good biomarkers that correlate
well with disease state will enable scFv-based biosensors to be developed for use in disease
diagnosis and detection. Because antibody-based sensing platforms are so common, it is
only a matter of time before we begin to take advantage of scFvs for routine use as
component in biosensors.
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Fig. 1.
Configuration of 1gG and scFv recombinant antibodies, and locations of the antibody heavy

and light-chain variable, constant, and idiotype regions, the antibody paratope framework
(FW), and complementary determining (CDR) regions
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(a) Direct immunoassay: an antigen immobilized on a solid support is detected and
quantified by use of an antigen-specific antibody conjugated with a reporter molecule; b)
Sandwich immunoassay: an antibody specific for an antigen captures the antigen from a
sample. The captured antigen is detected and quantified by use of an antibody labeled with a
reporter molecule (e.g. dye, enzyme, isotope, etc.); ¢) Competition immunoassay: a capture
antibody specifically captures an antigen from a sample. The antigen in the sample competes
with a purified labeled antigen for binding to the capture antibody. As the concentration of
unlabeled antigen in a sample increases, assay signal decreases
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Coupling of scFvs to the Au QCM sensor surface
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Fig. 6.

Signal vs. time curves of different A10B scFv QCM sensors for detection of 132 nmol L1

rabbit 1gG
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(AuNPs)
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Schematic diagram depicting the interactions and aggregations of scFv-conjugated gold
nanoparticles with the antigen, 1gG

Anal Bioanal Chem. Author manuscript; available in PMC 2018 January 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zeng et al.

Fc receptor

Peptide
Linker

154

GD2 /5 x 10" cells/mL EL4-GD2+ cell

-154

AF (Hz)

-304

-45

-60 T

B: Control surface: MUA

A: scFv-QCM surface

Time (Min)

Fig. 8.
(a) scFv-based Fc sensor; (b) scFv sensor for detection of cancer cell surface receptor
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Representative engineered antibody (scFv, VHH, Fab)-based immunoassays
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Detection methods Examples (targets) Ref.
scFv  Label Colorimetric (ELISA) Rabbit 1gG, ricin toxoid [29-31]
Fluorescence Human epidermal growth factor receptor 2(HER2)/neu, c-  [31-34]
Met protein (on lung cancer cell), Sa/monella O-
polysaccharide, B. anthracis spore (exosporium)
Chemiluminescence MUC1 (on breast cancer cells), HER2 [35, 36]
Luminescence Salmonella antigen [37]
Label-free  Immunoelectron microscopy Hemocyanin of the Tunisian scorpion Androctonus [38]
australis
Electrochemical L. monocytogenes, \lenezuelan equine encephalitis virus [39, 40]
QCM Parathion, HIV-1 virin infectivity factor, cytochrome [23, 41, 42]
P4501B1, rabbit IgG
SPR Morphine-3-glucuronide, prostate-specific antigen, [22, 40, 43-45]
aflatoxin B1, L. monocytogenes,
Piezoelectric microcantilever HER2 [25]
Vh Label Radiochemical Lysozyme-expressing tumors and metastatic lesions [46]
Crystallography Carbonic anhydrase [47]
ELISA Tetanus toxoid and lysozyme, caffeine [48, 49]
Label-free  SPR Human prostate-specific antigen [15]
Fab  Label ELISA Rabies virus [50]
Electrochemiluminescence assay (ECLA)  Ranibizumab [51]
Luminescence Prostatic acid phosphatase (PAP) [52]
Label-free  Electrochemical Deoxynivalenol (DON), atrazine, testosterone [53-56]
QCM Cocaine [57]
SPR Simazine, diphenylurea [58, 59]

*

Abbreviations/acronyms: Her2/Neu-a molecule found on the surfaces of cells, for example breast cancer cells; c-Met: a small molecule found
within cells that controls cell signaling; Sa/monella O-polysaccharide: a carbohydrate—lipid polymer found on the surface of Gram-negative
bacteria such as Sa/monella; exosporium: the outer coat of spores found in some bacteria, for example Bacillus anthracis, MUCL1.: a glycoprotein
found on the surface of some cancer cells; parathion: an insecticide; atrazine: a herbicide; lysozyme: a proteolytic enzyme; carbonic anhydrase:

catalytic enzyme that converts water and CO2 to bicarbonate and H’; ranibizumab: a therapeutic antibody used to treat macular degeneration;

deoxynivalenol, a fungal toxin; simazine: a herbicide
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