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Abstract: The realization of the oriented immobilization of antibodies onto the surfaces of
solid or nanometal particles constitutes a significant approach for enhancing the perfor-
mance of electrochemical immunosensors. In light of the research findings of predecessors,
this review showcases several immobilization methods, categorizing them into covalent
binding pathways, bioaffinity techniques, and other binding modalities for elaboration.
Emphasis is placed on expounding the binding sites, binding mechanisms, as well as
the merits and drawbacks of binding techniques such as those involving disulfide bonds,
glycan chains, protein A, G, and DNA.
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1. Introduction

Biosensors have been extensively employed within the multifarious realms of bioanal-
ysis, owing to their inherent simplicity, remarkable high sensitivity, excellent selectivity,
and reliable reproducibility. With the aim of augmenting their detection capabilities, the
precise modulation of the orientation of the molecular recognition layer represents one
of the most straightforward and highly effective strategies for amplifying the sensitivity
of biosensors [1,2]. This mini-review accentuates the contemporary research endeavors
and sophisticated methodologies associated with the immobilization of antibody (Abs)
surfaces. It expounds in a more elaborate and profound manner on two principal classifica-
tions of antibody immobilization techniques: covalent immobilization and immobilization
mediated by bioaffinity mechanisms.

Antibodies, alternatively denominated as immunoglobulins (Igs), are soluble glyco-
proteins possessing a molecular mass in the vicinity of 150 kDa. Endowed with a pair of
binding sites, they manifest the distinctive faculty to recognize, expunge, and neutralize
specific targets or antigens (such as viruses or bacteria), thereby occupying a central and
crucial position within the human immune system.

The complementary “Y”-shaped architecture of an antibody is constituted by four
polypeptide chains: two identical heavy chains (H chains), each of which incorporates four
domains, flanked by two identical light chains (L chains), each harboring two domains.
Each domain typically comprises approximately 110 amino acids. The domains are inter-
connected through peptide bonds, while the chains are conjoined by disulfide bonds. For
illustration, the heavy and light chains are tethered together via disulfide bridges. The
region tasked with antigen recognition is designated as the antigen-binding fragment (Fab)
region [3], positioned at the apical portion of the “Y” configuration. In contradistinction,
the basal segment is termed the fragment crystallizable (Fc) region, which is competent in
interacting with other constituents of the immune system, inclusive of complement and
cell receptors [4]. In mammals, IgG prevails as the most preponderant immunoglobulin in
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serum, constituting approximately 80% thereof, and functions as the cardinal immunoglob-
ulin implicated in the adaptive immune response. Human IgG can be discriminated into
four subclasses (IgG1, IgG2, IgG3, and IgG4) in accordance with the disparities in the
constant regions of the heavy chain sequences [5].

Through intensive and detailed research, the variability and relative positions of
individual domains can be accurately defined. The light chain comprises a variable domain
(VL) and a constant domain (Cy,), and the heavy chain consists of the Fab domain’s variable
domain (Vy), the constant domain (Cy1), and the Fc domain’s constant domains (Cgy2,
Cy3). Principally, the collective region of six complementarity-determining regions (CDRs)
in Vy and V[, domains dictates antibody binding specificity and affinity, as per [6,7].

To enhance the sensitivity of antibody probes in detecting antigen analytes and to
lower the detection limit of immunosensors, orienting and immobilizing intact antibodies
on metal or particle surfaces via physical adsorption, chemical, or bioaffinity techniques is
crucial. These methods typically rely on specific antibody regions for chemical fixation or
bioaffinity. As a result, during immobilization, some antibody domains may not contribute
positively; instead, increased steric hindrance can reduce the number of bound antibodies,
and the antibody’s charge can cause improper orientation of other antibodies [8]. Numerous
studies [8-10] have compared the sensor sensitivities of fragmented and intact antibodies.
The results indicate that appropriate antibody fragmentation can enhance antigen-binding
ability. Notably, antibody fragmentation might expose and activate groups that were
previously internal or inactive, thereby involving them in the antibody immobilization
process [11].

Hence, various antibody cleavage approaches have been explored, as shown in Figure 1.

F(ab’)
~100kDa

N/ 0
Pepsin \\\_ " +

F(ab), F(ab’)

2-MEA/DTT/TCEP +§ * %

F(ab’)

Fc
~50kDa

Figure 1. Schematic diagram of IgG antibody structure and fragmentation pathway.

1. Papain, a thiol protease, specifically cleaves the hinge region between heavy chains
of antibody molecules. In the case of IgG antibodies, it generates two Fab and one Fc
fragment, thereby significantly modifying the antibody’s structure and function.

2. Pepsin, an acidic protease optimally active at pH 1.5-2.5, cleaves between heavy
chains closer to the Fc segment than papain. When acting on IgG antibodies, it forms an
F(ab’), and small Fc fragments. As reported in [9], these can be further cleaved to F(ab’) by
a stronger reducing reagent.

3. Chemical reductants like DTT, 2-MEA, and TCEP donate electrons to reduce sulfur
atoms in disulfide bonds. For IgG antibodies, this results in the breakage of bonds between
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and within heavy and light chains, leading to separated chains or fragments such as F(ab)
and Fab/Fc, depending on the reaction conditions.

4. Cyanogen bromide (CNBr), a reagent that cleaves peptide bonds with methionine
residues, fragments antibody molecules. However, its high toxicity may potentially affect
antibody activity and compromise their functional performance.

5. Genetic engineering methods, such as CRISPR-Cas or site-directed mutagenesis,
introduce specific cleavage sites in antibody-encoding genes. This enables precise control
of cleavage, as seen in svFv and Vhh [12]. These smaller antibody fragments, lacking the
constant domains involved in immune system interactions, exhibit reduced steric hindrance
and enhanced penetrability while retaining a substantial portion of their antigen-binding
capabilities, opening up new possibilities for biomedical applications.

As previously discussed, the sensitivity of immunosensors hinges on maximizing the
number of antibodies immobilized in an orderly and oriented fashion on a limited metal
surface, facilitating their interaction with trace antigen samples. Extensive research has
been conducted on the covalent and non-covalent binding of antibodies to solid surfaces or
metal ions. However, with technological advancements, it has become evident that mere
random physical adsorption and covalent immobilization result in non-directional protein
attachment. This leads to disordered antibody orientation, which in turn causes protein-
structure distortion and active-site occlusion, significantly diminishing the antibody’s
activity. Ideally, immobilized antibodies should have the Fc facing the substrate and the
Fab upward towards the antigen, termed “end-on”. But randomly immobilized antibodies
may have different orientations like “front”, “side”, and “lying flat”. Thus, devising proper
strategies for oriented antibody immobilization is a challenging task.

2. Strategies for Immobilization Design Approaches

The surface of an antibody is characterized by hydrophilicity, and within particular
domains, specific active groups such as amino, carboxyl, glycosyl, and disulfide moieties
are present. In the pursuit of directionally immobilizing these active groups onto solid
surfaces and metal nanoparticles, it is requisite to implement chemical modifications on
the substrate. Alternatively, a double-active-center sandwich structure can be employed to
effectuate the linkage between the antibody and the substrate, thereby facilitating the ori-
ented immobilization process and potentially enhancing the performance and functionality
of the antibody-based constructs in various biomedical and biotechnological applications.

2.1. Plasma Treatment Substrate

Plasma treatment, a technique for material surface modification, is applied in antibody
immobilization. Plasma is generated via discharge or high-frequency electromagnetic
oscillation. The active species like free radicals, ions, and electrons therein react with
surface chemical bonds, activating the surface layer for subsequent chemical treatment
and covalent antibody protein grafting [13]. M.C. Baican plasma-treated polyvinylidene
fluoride (PVDF) with CO;, N, and N /Hj, mixtures to attach carboxyl- or amine groups for
protein covalent immobilization [14], and then used EDC/NHS chemistry to attach IgG or
Protein A (for subsequent IgG binding) onto the treated PVDEF. Through N, /Hj treatment
and Protein A grafting on PVDE, an end-on IgG orientation was achieved. E. Kosobrodova
utilized plasma-immersion ion implantation (PIII) to improve polymer wettability and
protein binding, reducing the tail-up orientation of CD34 antibodies [15]. As depicted in
Figure 2, the anti-CD34 antibodies on the polycarbonate (PC) surface treated with 360 s
plasma-immersion ion implantation (PIII) (Figure 2B) formed a denser layer than those on
the untreated PC surface (Figure 2A).
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Figure 2. (A) Rat anti-mouse CD34 antibody immobilized on untreated PC and (B) rat anti-mouse
CD34 antibody immobilized on 360 s PIII treated PC. Reproduced with permission from [15]
(Copyright 2015, Elsevier).

2.2. Three-Dimensional Substrate

Three-dimensional substrates present a larger surface area for antibody binding,
e.g., via reactive ion etching, and permit multi-layered antibody stacking, jointly aug-
menting antibody loading. Their spatial architecture may mitigate steric hindrance during
antibody fixation and antigen capture. Moreover, antibody microarrays can be fabricated,
enabling precise patterning of specific substrate regions, yielding high-density and highly
specific arrays for concurrent detection of multiple antigens [16]. As shown in Figure 3,
Wang and Feng comprehensively reviewed three-dimensional substrates, positing that gels
and sol-gels of agarose or dextran enhance antibody binding owing to their high surface
area [16].

(a) Fc Fab Fab Fab (d)

Fab Fab

(b)
Intermediate molecule

Figure 3. Schematic presentation of immobilization models on the matrix surfaces. (a) Random
immobilization, where the active sites of antibodies may be partially or totally blocked by the matrix
surface. (b) Oriented immobilization, where all of the active sites are fully exposed, usually resulting
in a lower surface density of immobilized (c) The capacity of antibody immobilization on a 3D matrix
is much higher than on a conventional 2D surface. (d) The 3D antibody immobilization on a planar
matrix surface based on the formation of an orderly organized aggregate of immunoglobulin G (IgG)
and staphylococcal protein A (SPA). Reproduced with permission from [16] (Copyright 2015, Pleiades
Publishing, Inc., Warrensburg, MI, USA).

2.3. Self-Assembled Monolayer Substrate

The formation of self-assembled monolayers (SAMs) offers an alternative means of
surface chemistry modification, facilitating the establishment of chemical or semi-chemical
linkages between antibodies and chemically modified solid surfaces or nanoparticles. It
serves as a potent tool for biomolecule immobilization on diverse solid substrates [17].
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SAMs usually consist of linear carbon chains or long-chain bio-derived small molecules with
active functional groups at both termini after chemical or bioengineering modifications. As
shown in Figure 4, Upon attachment to solid particle surfaces, they promote self-assembly,
while the other end is employed for antibody conjugation or adsorption. A typical SAM
example is the utilization of alkanethiols as linkers, exploiting the gold-thiol interaction to
bind antibodies to gold nanoparticle substrates [18,19].

Organic Interface:
— Determines surface properties
— Presents chemical functional groups

Terminal | l [

Functional [ | 5 - T
| Grou B rganic Interphase (1-3 nm):
—L — Provides well-defined thickness
Spacer - Acts as a physical barrier

(Alkane Chain) —— - Alters electronic conductivity

and local optical properties

Ligand !
|or Head Group ——

Metal-Sulfur Interface:
Metal | — Stabilizes surface atoms
Substrate ™ - Modifies electronic states

Figure 4. Schematic diagram of an ideal, single-crystalline SAM of alkanethiolates supported on

a gold surface with a (111) texture. The anatomy and characteristics of the SAM are highlighted.
Reproduced with permission from [18]. (Copyright 2005, Reproduced with permission from ACS).

2.4. Layer-by-Layer Assembly Substrate

Layer-by-layer (LBL) assembly represents a technique for fabricating multi-layer
thin films, relying on electrostatic interactions between oppositely charged substances
to construct multi-layer architectures. The LBL approach permits precise control from
the nanometer to micrometer scale by modulating parameters like immersion time and
polyelectrolyte concentration. Moreover, a diverse range of materials, such as nanoparticles
(e.g., gold nanoparticles, quantum dots) and biomacromolecules (proteins, DNA, antibod-
ies), can be utilized for LBL assembly. As shown in Figure 5, This allows nanoparticles
with catalytic capabilities and antibodies with bio-recognition functions to be integrated
via LBL, thereby erecting a framework for the directional immobilization of antibodies [20].

Covalent binding
to Chitosan

Immobilization

Covalent binding to AuNP Passively adsorbed

Covalent binding Oriented on
to rGo passively adsorbed
protein A

Figure 5. Studied antibody immobilization techniques on screen printed carbon [20]. (Copyright
2020, Reproduced with permission from RSC).

3. Covalent Binding Pathway

Physical adsorption, being the simplest immobilization approach, exhibits limitations
such as random antibody orientation, proneness to denaturation, and poor reproducibility,
thereby often serving as an ancillary technique. Typically, amino acids within the cor-
rectly folded protein architecture result in hydrophilic residues with chemical reactivity,
viz., amine, carboxyl, and hydroxyl groups on the antibody surface, facilitating covalent
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~14nm

binding. Upon appropriate modification of the functional groups on the protein surface,
directional connection of the antibody to the metal surface or nanoparticles can be achieved
via bifunctional intermediates. Covalent coupling guarantees robust and irreversible at-
tachment, enhancing substrate density and orientation. As shown in Figure 6, The fixation
of diverse groups via distinct chemical reactions hinges on multiple factors, including
substrate nanostructure [21], planar roughness [22], functional modification (e.g., IgG1
exhibits a predominantly upright orientation on -COOH surfaces, an intermediate orienta-
tion between end-on and side-on on -NH surfaces, and a mainly “lying” orientation on
-CH3 surfaces [19]), and target groups on the antibody, as well as external conditions like
pH [2,23-28], temperature [29], electric field [2,5], ionic strength [19,23,24,26], and solvent
surface tension [30-32].

’ Complementarity - determining regions (CDRs)
Amino (NHz) group
Hydrophobic domain site

Nucleotide binding site (NBS)

Carboxyl (COOH) group

SH  sulthydryl group

Sugar chains

~10nm

Figure 6. Schematic of IgG antibody-related activity domains.

3.1. Nucleotide-Binding Site (NBS)

The nucleotide-binding site (NBS) of antibodies, a hitherto underexploited yet highly
conserved region, resides between the light and heavy chains within the Fab domain
of nearly all antibodies [33]. Rajagopalan and colleagues have furnished a relatively
comprehensive characterization. Comprising amino acid residues with aromatic side
chains in the Vi, domain, the NBS was later found by Meisenheimer, Koch, and others to
generate active free radicals upon exposure to ultraviolet light (254 nm), permitting covalent
photocrosslinking with small aromatic ring ligand molecules such as IBA. Directional
immobilization via NBS can be effected under mild conditions, optimizing the retention
of antibody 3D structure and antigen-binding affinities [34]. Subsequently, reactive thiols,
click chemistry reagents, biotin, and other linking moieties can be coupled to the NBS
through aromatic-ring ligands for antibody directional immobilization, as typified by (IBA-
FITC) and (IBA-iRGD). Nathan J. Alves also validated the feasibility of the NBS-specific
ultraviolet-photocrosslinking biotinylation method (UV-NBS-biotin) (Figure 7), manifesting
a site-specific immobilization strategy [35]. Nevertheless, it is noteworthy that antibody
denaturation may ensue from exposure to ultraviolet radiation of shorter wavelengths and
higher energies [36,37].
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Figure 7. Schematic representation of the UV-NBS-Biotin immobilization method. Reproduced with
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permission from [35] (Copyright 2013, Elsevier).

3.2. Amine, Carboxyl, and Hydroxyl Binding Sites

Active primary amine moieties, typified by lysine and arginine, along with active
carboxyl groups, as represented by aspartic acid and glutamic acid, constitute crucial foci
in the research of covalent and directional antibody immobilization. Substantial endeavors
have been dedicated to employing a multitude of intermediate layers for the directional
conjugation of antibodies to electrode or metal surfaces. The prevalently utilized 1-ethyl-
3-(3-(dimethylamino) propyl) carbodiimide/succinimide ester (EDC/NHS) [29,38-40] fa-
cilitates the formation of covalent amide linkages via carbodiimide chemistry [41-44].
Moreover, carbonyl diimidazole (CDI) [45,46], glutaraldehyde [47-50], maleimide, and
phenyl diisothiocyanate [51,52] have also been subjects of practical investigations. As
shown in Figure 8.

OH

N
o
A 0\\C/OH & ’Q§ Prcleln
i
< — o~/
s s‘, A Sn=c= N/\/\H‘/
(&
B . T .
—Si— N i T, I
Sln OH + cHo-si o o J— —Si—O—Si/\/\O/\l)
OCHj [ S O
| — I
L _O\/\/\ o NN i
ei\ o-si o/j/ h e NS Yy
7 ¢ T,

Figure 8. Antibody immobilization through the (A) EDC/NHS [38] and (B) CDI [45] pathway.
Reproduced with permission from ACS.

Despite the relative paucity of hydroxyl groups in amino acids (confined to serine and
threonine), the presence of glycan chains in antibodies endows hydroxyl moieties with the
potential to function as active sites. Hyun-Ju Um exploited the interaction between the
cyano group and the hydroxyl functionality within the antibody crystallizable region (Fc)
to effectuate the immobilization of antibodies on the surface of a gold electrode modified
with poly(2-cyanoethylpyrrole) (PCEPy) [53].

Nevertheless, given their ubiquitous distribution across the antibody surface, site-
specific covalent immobilization targeting these groups presents a formidable challenge. It
has been ascertained that:

1. For directional antibody immobilization, preference is accorded to the amino and
carboxyl segments within the Fc region over the antigen-binding fragment (Fab) to preserve
antigen-binding capacity.
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2. The commonly occurring directional targets can be rendered specific through the
application of particular external conditions.

In the intricate three-dimensional architecture of antibodies, the presence of charged
amino acids engenders a characteristic variable charge distribution pattern. The polarity of
antibodies predominantly stems from the existence of regions with opposing charges in
disparate regions of the macromolecular space. Although the approximate surface spatial
charge distribution of antibodies can be prognosticated from their sequences and spatial
configurations, organic solvents or external conditions during the immobilization process
can precipitate spontaneous charge alterations in antibodies [2,5,25,26] (Figure 9). In Sun’s
study, EDC/NHS coupling was employed to introduce NHS reactive groups into random
antibody loci. Subsequently, an electric field (E-field) was imposed during the antibody
immobilization process to affect the directional translocation of antibodies, which then
engaged in a reaction with the free amine on cysteine immobilized on a gold electrode,
thereby realizing the orientation of antibodies. For instance, Shipeng Gao et al. capitalized
on the differential activation extents of diverse amino active groups under varying pH
conditions. By modulating the conjugated amino group during the covalent interaction,
the orientation of IgG on the carrier surface could be regulated. Claudio Parolo harnessed
the principle that when the pH of the solution is subjacent to the isoelectric point of the
antibody, a high-density positive charge prevails on the principal plane of the antibody,
permitting the formation of peptide bonds between the amino group of lysine residues in
the antibody molecule and the carboxyl group on the surface of pegylated AuNP to ensure
the directional fixation of the antibody [54]. Hye Jin Kim also corroborated the theory of
aligning IgG orientation based on the E-field by applying an electric field (E-field) during
antibody translocation [55], As illustrated in Figure 9, antibodies deflect in the electric field
(as indicated by the arrow), leading to their directional movement.

E-field direction
Pa ratop'e

Initial ,,, Aligning ,,, Final

Figure 9. Schematic diagram of antibody charges [5] (A) and their motion trajectories in an electric
field [55] (B). Reproduced with permission from ACS.

3.3. Thiol Binding Sites

In IgG antibodies, the light and heavy chains, as well as between the two heavy
chains, are interconnected via disulfide bonds. Consequently, the application of disulfide
bonds for site-specific antibody immobilization has drawn extensive scholarly attention.
The cysteine-linked disulfide bonds can be severed by reducing agents, yielding active
thiol groups that are capable of self-assembling onto gold nanoparticles or modified metal
nanoparticles [56,57]. Moreover, a greater quantity of activated thiol groups engenders
enhanced affinity interactions, facilitating a more robust covalent coupling than a single
thiol moiety [58]. H. Sharma employed TCEP and 2-MEA to reductively cleave the disulfide
bonds within the antibody hinge region, generating half-antibody molecules with free thiol
groups. These can react with maleimide- or iodoacetyl-activated surfaces, thereby realizing
a directional immobilization strategy. Julija Baniukevic further developed an immunosensor
for bovine leukemia virus (BLV) antigen (gp51) using a similar approach and a plasmon
resonance device, demonstrating a lower detection limit and favorable repeatability [59].
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The disulfide bond between the two heavy chains is distal from the antibody active
center and exerts no critical influence on the protein structure. To avert unnecessary steric
hindrance and without compromising the antibody binding site, the disulfide bonds in
the hinge region can be reduced, fragmenting the intact IgG into two half-IgG fragments.
Post-cleavage, the protein activity alteration is minimal or accompanied by only a slight
structural deformation [59].

The cleavage yields two monovalent antibody fragments F(ab’) with antigen-binding
capabilities. The potent interaction between the thiol group and the gold surface represents
the most direct strategy for thiolated antibody immobilization. Hua Wang successfully
chemically conjugated the 2-MEA-reduced F(ab’) onto gold nanoparticles, accomplishing
antibody immobilization [60]. Kathryn L. Brogan compared the direct fixation of F(ab’) and
F(ab) fragments on the gold (Au) surface to form gold-sulfate bonds and established that
the specifically fixed F(ab’) fragment exhibits a higher antigen-binding efficiency [9].

A. Kausaite-Minkstimiene contrasted the surface concentration and antigen-binding abil-
ity of immobilized intact anti-hgh and fragmented anti-hgh via surface plasmon resonance
and ascertained that the antigen-binding signal was augmented by 50-fold [8,61] (Figure 10).
However, it is crucial to note that the direct attachment of antibody fragments onto a
metal platform may precipitate metal-induced denaturation or impact protein activity
post-adsorption [62].

1 =-SH HS- L o
El-f 2-MEA SI-SH Hs.-la i ¢4
—— | —_— | |
1 2

Figure 10. Schematic of connection to metal surface upon disulfide bond cleavage [8]. Reproduced

with permission from ACS.

Arkady A. Karyakin adopted this method. Despite the exposure of only one antigen-
binding epitope, compared to randomly fixed antibodies, the quantity of antigens attached
on the semi-IgG-modified gold carrier was substantially higher than that of non-specific
adsorption, attaining the directional fixation of antibodies. Additionally, the semi-IgG-
modified electrode manifested considerable operational stability [11].

Nevertheless, reduction via a reducing agent may induce alterations in the antibody’s
three-dimensional structure. R. Funari utilized 258 nm and 10 kHz ultraviolet pulses to pho-
toreduce the disulfide bridges in the antibody hinge region, generating free thiols. Zhang
also employed an ultraviolet light-induced approach to form half-antibody molecules with
free thiol groups and self-assemble them onto a gold substrate, with the immunosensor
exhibiting enhanced sensitivity [34]. Concurrently, it is essential to recognize that compared
to other functional groups such as amines and carboxyl groups, the number of manipu-
lable thiol groups on proteins is relatively restricted, potentially leading to a diminished
capture efficiency of antibodies on solid particle carriers. Hermanson GT proposed that the
system should be oxygen-free and chelating agents such as EDTA should be incorporated
to preclude thiol oxidation in the solution and the formation of disulfide crosslinks.

Furthermore, digestion by pepsin into F(ab’), (a divalent fragment comprising two
Fab fragments) is characterized by the retention of covalent bonds between antibody
chains, modification of disulfide bonds at a location remote from the antibody binding
site, and upward orientation of the antibody. Michelle K. Greene utilized F(ab’), to insert
a pyridazine dione moiety into the disulfide bond via a reductive reconnection method.
Through the other end of a novel heterobifunctional linker, the 1,3-dipolar cycloaddition
between azide and alkyne was harnessed to achieve the directional fixation of Fab on
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nanoparticles, augmenting the coupling efficiency [63]. Harsh Sharma initially fixed the
half-antibody fragment obtained by TCEP reduction through Protein G, and the resultant
directional antibody exhibited a more pronounced specific antigen-binding ability [10].

Owing to the potent covalent binding affinity between thiols and gold nanoparticles
and the well-regulated size, shape, and other properties of synthesized gold nanoparticles,
extensive investigations have been conducted on diverse ligand exchange reactions on gold
nanoparticles under thiol protection. These have been extended to water-dispersible gold
nanoparticles with terminal functional groups, including carboxylic acids, amines, azides,
alcohols, carbohydrates, amphiphilic polymers, amino acids, nucleic acids, polypeptides,
and proteins, proffering a comprehensive perspective for antibody immobilization within
the thiol covalent binding framework and the adsorption fixation of substrates in bioaffinity
techniques [64].

3.4. Carbohydrate Binding Sites

Immunoglobulins harbor polysaccharide chains within the C2 domain of the heavy
chain, situated in the Fc region and distal from the critical active center or binding
loci [65,66]. Thus, the directional manipulation of antibodies can be attained by furnishing
fixation targets via carbohydrates. The Fc region per se is also exploited for directional
immobilization. Through the binding of sugar chains to the Fc, antibodies are oriented up-
ward, and their binding sites are rendered accessible to antigens. Generally, three strategies
for fixation via sugar chain residues are recognized, which are as follows:

1. Conversion of multiple hydroxyls to active aldehydes.

Empirical investigations have revealed that periodate oxidation is among the simplest
means to transform multiple hydroxyls in sugar residues into active aldehydes. The
aldehyde moieties with fixation sites can react with amine or hydrazide groups under
mild conditions to form relatively stable covalent bonds (hydrazone bonds), irreversibly
tethering antibodies [67]. For instance, Hoffman and O’shannessy devised an antibody
fixation protocol predicated on the hydrazine bond between the substrate and aldehyde
groups [68-70]. Huang et al. oxidized the sugar chain of anti-alpha-fetoprotein to aldehyde
and covalently conjugated it to an APTES-modified silicon substrate. In comparison to
physical adsorption, the amount of immobilized antibody was augmented by 32%, and
the antigen-binding capacity increased by 16%. Gering et al. effected a condensation
reaction between the hydrazide group modified on the glass surface and the aldehyde
group derived from the carbohydrate in the Fc moiety [71]. Beatriz Prieto-Simén established
hydrazone bonds between the active aldehyde and the hydrazide group introduced by
the electrografting of diazonium salts or the self-assembly of mono- and dithiohydrazide
linkers, thereby realizing the directional fixation of antibodies on the functionalized gold
electrode [72], as shown in Figure 11.

Although the directional immobilization based on sugar oxidation has been suc-
cessfully accomplished in terms of antibody fixation on the carrier orientation, concerns
regarding the accidental cross-linking of antibodies via Schiff base linkages persist [73].
Given the heterogeneous nature of proteins, which are composed of multiple functional
groups, including amine, carboxyl, thiol, and hydroxyl, the aldehyde groups generated by
oxidation may cross-link and aggregate with other groups in the molecule. The potential
for significant oxidation side reactions, including protein denaturation, also restricts the
immobilization efficiency and the biological activity of proteins to a certain extent [74]. The
incorporation of boric acid may offer a viable solution [75].
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2. Exploitation of boric acid derivatives for binding.

Boric acid (BA) and its derivatives can rapidly and reversibly form cyclic boronic
esters with diols at room temperature, presenting the potential for directional antibody
fixation [75-78]. In 2009, Lin et al. first reported the utilization of boric acid for directional
Ab fixation. Moreno Guzman et al. reported the construction of an electrochemical im-
munosensor, in which the adrenocorticotropic hormone (ACTH) antibody was directionally
attached to a phenylboronic acid-modified screen-printed carbon electrode, enabling the ul-
trasensitive determination of adrenocorticotropic hormone [79]. Wei-Ching Liao facilitated
the directional connection of sugar groups on the gold surface through a thiophene-3-
boronic acid intermediate layer [80]. Jie Zhao employed the covalent binding of boric acid
and GMA to directionally immobilize antibodies on the SBMA and GMA copolymer [81].
The directional fixation of antibodies using boric acid is expounded in more detail in Florine
Duval’s review [75].

However, the reversible binding process of boric acid groups to form boronic esters
entails the risk of feeble antibody binding, such as fluctuations in the concentration of diols
and pH values in the system. Avijit K. Adak developed a directional Ab fixation method us-
ing boric acid [74,82]. By irradiating with ultraviolet light, (trifluoromethyl)phenyldiazine
can irreversibly tether antibodies to the BA surface to enhance the sensitivity of antigen
detection, thereby constructing a functional Ab microarray capable of detecting analytes
such as RCA120, PSA, and IL-6 at low picomolar concentrations. In a subsequent study,
an antibody microarray constructed by the BA—benzenesulfonate strategy was utilized.
Through the SN2 reaction, Abs were directionally immobilized on glass slides through
a boric acid ligand containing phenylsulfonate, and a photoaffinity group (photoactive
phenyldiazine) was incorporated into the boric acid ligand. Through photoinitiated cross-
linking, Abs were irreversibly attached to glass slides and nanoparticles, resulting in a
heightened level of Ab fixation and antigen detection sensitivity. Nevertheless, in the
method of fixing Abs based on boric acid, several significant challenges remain, such as
the pretreatment of boric acid derivatives, the identification of antibodies with suitable
sugar chains, the determination of binding conditions conducive to effective directional
fixation of Abs, and the assurance that the immobilized antibodies are not dislodged from
the surface by reverse reactions or other factors. Concurrently, Tacias-Pascacio noted that
the sugar chain is a long and flexible spacer arm, and the fixed antibody may lose activity
after collapsing on the solid carrier, and excessive exposure of the antibody to oxidizing
chemicals may also lead to a diminution in antibody activity [83].

3. Connection of sugar chain residues with special structural functional groups.

In Anand K. Agrahari’s review [84], sugar chain residues can be relatively facilely
converted into or conjugated with certain special structural functional groups, such as
azide groups, double bonds, triple bonds, etc. These groups are directionally immobilized
on the active substrate through the corresponding bifunctional linker intermediates. For
example, in a typical Staudinger reaction, azide and phosphane react in an aqueous solution
at room temperature to generate a phosphinane intermediate, which further reacts to form
a permanent amide bond. Owing to the diminutive size of the azide, which engenders
minimal steric hindrance, this reaction is an ideal candidate for the immobilization of
biomolecules with high grafting density. For example, in the presence of a monovalent
copper catalyst, Amblard, F. realized the directional fixation of antibodies and substrates
through the [2 + 3] cycloaddition between azide and alkyne to form a five-membered
triazole ring. However, the catalysis of metal ions can precipitate protein denaturation
and a reduction in affinity efficiency. The success of Maximilian Briickner in generating
nanocarrier conjugates through copper-free click chemistry also attests to the progress of
metal-free click chemistry [85]. Since azide, conjugated diene, and other active sites scarcely
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exist in any naturally occurring biomolecules, such chemical fixation methods minimize
the mislocation of reaction sites and exhibit favorable bio-orthogonality.
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Figure 11. Antibody immobilization on residue glycan via (A) hydrazone [72], (B) boric acid deriva-
tive [74], and (C) click reaction [84]. Reproduced with permission from ACS.

4. Bioaffinity Immobilization Technology

Covalent bond fixation is robust and irreversible. Nevertheless, challenges such as
the high and heterogeneous distribution of specific antibody functional groups, potential
alterations in protein conformation, shielding of active binding sites, partial antibody orien-
tation, and additional losses in chemical environments [86] have spurred the exploration
of milder alternatives. Bioaffinity immobilization technology has emerged as a viable
solution. It capitalizes on selective, non-covalent linkages between proteins or nucleic
acids and proteins, exemplified by the immobilization strategies involving Protein A and
Protein G, biotin/(strept)avidin complexes, material-binding peptides orientation, and
histidine-tagged protein immobilization on Ni?*-chelating surfaces, thereby enabling the
bio-directional fixation of antibodies.

4.1. Specific Binding of Protein A and Protein G

Protein A, originating from Staphylococcus aureus, is capable of specifically bind-
ing to the Fc moiety of antibodies, thereby facilitating the establishment of a directional
system [87,88]. Raffaele Caroselli constructed a protein A intermediate layer on the sensor
surface via a ring-resonator sensor, attaining the directional immobilization of antibodies
through a physical approach and augmenting the interaction with the target antigen under
detection [89].

These proteins, serving as intermediate sublayers bridging nanoparticles and antibod-
ies, possess conspicuous advantages (Figure 12), which are as follows:

1. The antibodies in linkage necessitate neither chemical environment modification nor
optimization of decoration, thereby circumventing potential impacts on biological activity.

2. Their specific binding to the Fc segment enables directional anchoring on the
substrate surface, rendering it facile for Fab to conjugate with the corresponding antigen.
Xinyi Mao developed a lateral flow immunoassay (LFIA) through the directional fixation
of time-resolved fluorescent microspheres by protein G, which exhibited high detection
precision in the assay of aflatoxin B1 (AFB1) [90].

Nonetheless, their drawbacks are also evident:

1. Protein A selectively binds to specific IgG subclasses rather than all antibodies,
thereby constraining its extensive application [91].

2. The binding between protein A and the Fc domain is reversible [92], mandating
the presence of metal ions (such as Zn?*, Cu?*, Ni?*) or other adjuncts including chemical
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bonding to effectuate irreversible binding. With the aid of protein A or G, numerous
immunosensors have been fabricated. In comparison to the scenario of random antibody
attachment, the detection performance has been substantially enhanced. Xianbao Sun
exploited the recombinant combination of protein A and cysteine residues (SPACys) to
achieve the directional binding of antibodies to the AuNPs-PEI-MWCNTs nanocomposite
via a one-pot protocol, demonstrating favorable linear response, selectivity, and anti-
interference capacity in the recognition of kidney bean lectin (KBL) [93]. Jianguo Chang
employed the co-coupling of phenylboronic acid and protein A to directionally tether
antibodies on a polymethyl methacrylate (PMMA) polymer substrate and utilized MPC
and BSA as blockers to attenuate background noise, endowing its detection with high
sensitivity, specificity, and reliability [94]. Guangyu Shen indirectly attached protein A to
the sensor through a hyperbranched polymer (HBP) synthesized from p-phenylenediamine
and tricarboxylic acid via cysteamine treatment, accomplishing the directional control of
immobilized protein A for the immunoadsorbent layer [95].
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Figure 12. Schematic of protein A linking substrates to antibodies via bifunctional moieties. Repro-
duced with permission from [95] (Copyright 2011, Elsevier).

3. Protein A can interact with other albumins, albeit to a considerably lesser extent,
which may give rise to impurity signals or false positive outcomes. Nevertheless, such
detections can be intervened by pliable external conditions such as pH, salt concentration,
and additives.

A more comprehensive exposition can be retrieved from the reviews of Min Park and
Liu [73,96]. The IgG-binding capabilities of these proteins vary across species. Protein G
resembles protein A, yet generally, IgG exhibits a higher affinity for protein G than for
protein A, and protein G can bind IgG from a broader spectrum of species [97]. Consid-
erable attention has been directed toward protein G and the coordinated functionality of
protein A and protein G.

4.2. Biotin Immobilization

Biotin, a water-soluble B vitamin found in all living cells, maintains its binding affinity
with avidin and streptavidin even when attached to macromolecules. Streptavidin, a
60 kDa protein derived from Streptomyces affinis, consists of four identical subunits,
each housing a biotin-binding site. The interaction between biotin and streptavidin is
characterized by an extremely high affinity (Ka = 1015 mol~'), over one million times
stronger than the binding strength of antigen-antibody interactions [98]. This powerful and
nearly irreversible binding, along with its high tolerance to extreme pH and temperature
conditions, as well as its remarkable structural stability, makes the biotin-streptavidin
system an ideal choice for a variety of biosensor applications [99]. Cho explored the
directed fixation of antibodies on solid surfaces through site-specific biotinylation in the
hinge region of antibodies. By biotinizing the reduced intact antibody with maleimide-
activated biotin, the reaction predominantly occurs on the sulthydryl group between the
Cyl and Cy, domains, and between the Cy2 and Cyy2 domains at the hinge [100]. Based
on these findings, the authors developed a method to bind biotin to the Cy2 and Cy2
domains under optimal conditions by introducing free maleimide to compete with activated
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biotin for priority sites between the Cyl and C;, domains. The results demonstrated
that the ability of a site-biotinylated intact antibody and F(ab’), fragment in sandwich
immunoassay was 2.6 times and 20 times higher than that of a randomly biotinylated
antibody, respectively. This suggests that site-specific biotinylation significantly enhances
antibody fixation efficiency and detection sensitivity. Yang proposed a method for the
Fc-specific biotinization of antibodies, which involves the engineered photoactivation of
Z-Biotin (ZBpa-Biotin) [101]. This is achieved by incorporating ZBpa-Biotin into the target
protein using the aaRS/tRNA system, followed by light activation. The process results
in a specific binding to the Fc region of the antibody. The efficiency of this site-specific
photobiotinized IgG in biosensing was assessed using the surface plasmonic resonance
(SPR) technique, with the tumor biomarker carcinoembryonic antigen (CEA) serving as
a model. The limit of detection (LOD) on the surface coated with photobiotinylated
IgG was found to be 2 ng-mL~!, which is five times lower than that of randomly NHS-
biotinylated IgG (10 ng-mL~!). The Human Mammary Tumor Virus (HMTV), also known
as mouse mammary tumor virus, is an endogenous retrovirus belonging to the retrovirus
family. It primarily infects human and mouse epithelial cells [102]. With advancements
in nanobiosensors, an ideal interdigital electrode (IDE) is employed for the detection of
HMTYV. Cost-effective lithography techniques can be utilized to fabricate aluminum-rich
IDEs (ALIDESs). In a 2019 study, Ghosh outlined a method for enhanced sensitivity using
a modified aluminum finger electrode (ALIDE) and a streptavidin-biotin quadruvalent
complex [103]. This approach enables the highly sensitive detection of human breast tumor
virus (HMTV) DNA, achieving quantitative detection values as low as 100 aM.

MicroRNAs (miRNAs) serve a crucial regulatory function in cells [104,105], and their
dysregulation has been associated with various diseases [106], thereby establishing them as
potential biomarkers. In a study by Ding et al. (Figure 13), a novel biosensing strategy was
introduced that leverages surface plasmonic resonance (SPR) in tandem with DNA super-
sandwich and biotin-streptomycin amplification techniques to detect miRNAs without
the need for labels [107]. The target miRNAs are selectively captured by surface-bound
DNA probes. Following hybridization, streptavidin amplifies the signal on the extended
DNA super-sandwich components by binding to biotin, resulting in a significant increase
in the SPR signal. This method exhibits high sensitivity, capable of detecting miRNAs at
concentrations as low as 9 pM within a span of 30 min. Additionally, Zhai et al. highlighted
the application of DNA hybridization chain reaction (HCR) and biotin-streptomycin based
amplification [108]. In the presence of the target miRNA, a hairpin DNA capture probe
affixed to the gold electrode surface is activated. Subsequently, the initiating DNA strand
hybridizes with the exposed capture probe, initiating the HCR process and culminating
in the formation of an extended double-helix DNA structure. The proposed biosensor
exhibits exceptional sensitivity, capable of detecting target miRNAs at concentrations as
low as 0.56 fM, and maintains linearity over a range from 1 fM to 100 pM. Furthermore,
it demonstrates high specificity, effectively distinguishing between target miRNAs and
mismatched sequences.

Surface plasmon resonance (SPR) is a well-established optical biosensor technology
that detects biomolecular interactions without the need for fluorescence or enzyme labeling.
Yang et al. developed a sensitive SPR biosensor using ZnO@Au nanomaterial, which
detected human IgG (hIgG) through the classic sandwich strategy of a biotin-streptavidin
secondary signal amplification system [109]. The high selectivity of streptavidin (SA)
in interacting with biotin led to the construction of GNRs-SA-biotin-Ab2 (GSAB-Ab2),
which provided a secondary enhancement of the SPR signal. Under optimal experimental
conditions, the GSAB-ADb2 conjugate sandwich format was introduced, resulting in an SPR
biosensor that measured hlgG in a range of 0.0375-40 pg-mL~!. The minimum detection
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concentration of hIgG achieved by this method was approximately 67 times lower than that
of conventional gold film-based SPR sensors. In light of these findings, Ozawa proposed a
principle in 2017 to explain the enhancement [110]. The Cy/pi interactions at biotin binding
sites and subunit interfaces were explored and analyzed using the fragment molecular
orbital method (FMO) and its extended applications: PIEDA and FMOy. The results
indicated that the Cg/pi interaction contributed to the high affinity of streptavidin binding
sites to biotin. Furthermore, we demonstrated that the Cyj/pi networks involved in the
Ch/pi interaction and expansion at the subunit interface played a more critical role in
determining high affinity, rather than participating in binding sites.
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Figure 13. Schematic representation of miRNA detection assay using SPR biosensor based on DNA
super-sandwich assemblies and streptavidin amplification. Further signal enhancement can be
achieved by using multiple probes to bind specifically to the target. Reproduced with permission
from [107] (Copyright 2015, Elsevier).

4.3. DNA Bio-Immobilization Technology

Jung developed a multifunctional biosensor for efficient antibody fixation by specifi-
cally binding protein G to DNA oligonucleotides (Figure 14) [111]. This protein G-DNA
conjugate allows controlled fixation of the antibody at a predefined location on the bioassay
chip or particle surface, while maintaining the activity and orientation of the bound anti-
body. A streptococcal protein G variant, with an n-terminal labeled with a cysteine residue,
is covalently linked to amine-modified single-stranded DNA. Surface plasmon resonance
(SPR) analysis revealed that protein G-DNA conjugates selectively bind to complementary,
surface-fixed DNA probes. Notably, protein G hybridized to the DNA surface exhibits
superior antibody/antigen binding ability compared to protein G chemically attached to
the surface with the appropriate orientation. Lin uses tetrahedral DNA nanostructures
(TDN) to construct a biosensing platform for sensitive detection of protein antigens by
connecting antibodies (such as PSA monoclonal antibodies) at the vertices of the TDN [112].
Antibodies are bound to TDN using click chemistry by designing DNA probes with alkynyl
modifications as linkers. This platform significantly enhances the efficiency and sensi-
tivity of antigen-antibody binding by reducing the effect of disordered antibody fixation.
Targeted detection can also be achieved through other targeted modifications. Konc pro-
poses a novel platform for the preparation of DNA-antibody bioconjugates using a simple
benzoylacrylate pentafluorophenyl ester (BA-PFP) reagent [113]. Benzoylacrylate-labeled
oligonucleotides generated using this reagent can achieve site-specific conjugation of acces-
sible cysteine residues on various proteins and antibodies. The method offers a site-specific,
stable structure that addresses the limitations of maleimide bioconjugates, including the
hydrolytic instability of reagents and challenges associated with anti-Michael addition reac-
tions. It can also be stored as a solid for months or maintained in solution for weeks without
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degradation. Furthermore, it enables the modification of various amino-containing small
molecules or biomolecules while maintaining high reactivity. The homogeneity of the ob-
tained DNA-antibody bioconjugates was confirmed by a newly developed LC-MS protocol.
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Figure 14. Schematic representations of DNA-directed antibody immobilization by the protein

G—DNA conjugate [111]. Reproduced with permission from ACS.

These bioconjugated probes have been successfully applied to fluorescence and super-
resolution microscopy for cell-imaging experiments. This study underscores the versa-
tility and robustness of the proposed bioconjugation method, which offers site-specific,
well-defined, and plasma-stable DNA-antibody bioconjugations for diverse biological ap-
plications. Kazane introduces an innovative platform for the preparation of site-specific
DNA-antibody bioconjugations using pentafluorophenyl benzoylacrylate reagents [114].
This approach employs benzoylacrylic acid-labeled oligonucleotides to achieve site-specific
conjugation with accessible cysteine residues in antibodies. This method effectively ad-
dresses the drawbacks of conventional bioconjugation techniques, such as hydrolytic
instability and non-specific labeling, producing homogeneous, plasma-stable structures
suitable for biological applications. These structures demonstrate maintained structural in-
tegrity and functional specificity across various applications, indicating their vast potential
in the realm of biosensors. Bano presents a novel platform that utilizes benzoylacrylic acid-
labeled oligonucleotides for the creation of site-specific DNA-antibody biocouplings. Using
AFM nanografting technology, DNA nanopatches of varying sizes were prepared [115].
The DNA-protein couplings were then nanografted onto the sensor surface through DNA
directional immobilization (DDI), proving highly suitable for biosensing applications and
facilitating the preparation of multi-feature protein nanoarrays. In 2013, Arrabito intro-
duced a site-specific DNA-antibody biocoupling platform utilizing the benzoylacrylate
pentafluorophenyl ester reagent [116]. This method achieves high homogeneity and plasma
stability by coupling DNA oligonucleotides to accessible cysteine residues on antibodies.

The target DNA array is procured through DNA directional immobilization and can be
further functionalized using a covalent DNA-streptavidin (DNA-STV) conjugate. The high
homogeneity of the DNA-antibody conjugate was confirmed via liquid chromatography-
mass spectrometry (LC-MS). Furthermore, these couplings have been successfully em-
ployed in fluorescence and super-resolution microscopy techniques, underscoring their
efficacy in cell imaging. This method’s strength lies in its ability to generate chemically
defined and site-specific conjugators, effectively minimizing non-specific interactions while
preserving the functional integrity of the antibody. This robust platform has broad applica-
tions in diagnosis and treatment. DNA-directed enzyme immobilization technology offers
an efficient and adaptable solution for developing multi-enzyme catalytic systems. By
immobilizing glucose oxidase (GOx) onto functionalized nitrogen-doped graphene quan-
tum dot-modified ferrite nanocomplexes (Fe304@N-GQDs), we significantly enhanced the
system’s catalytic activity and stability using a DNA-directed immobilization strategy [117].
This method leverages the Watson—-Crick base pairing properties of DNA to direct the
enzyme to the nanocore under mild conditions, thereby addressing the instability and
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storage issues of natural enzymes and boosting the efficiency of the multi-enzyme cascade
reaction. Fe304@N-GQDs not only function as a nanase mimic but also provide high
peroxidase activity, optimizing substrate entry channels, and facilitating product formation.
The technique under discussion offers a reversible fixation of the enzyme, allowing for the
regeneration of the enzyme carrier through a gentle DNA-dehybridization process. This
introduces a novel concept for the extended use of multi-catalyst systems. Furthermore, a
new sensing system, based on electrochemical-luminescence nanosurface energy transfer
(ECL-NSET), facilitates ultra-sensitive detection of procalcitonin (PCT) by incorporating a
DNA-directed fixation strategy [118]. The researchers employed HWRGWYVC heptapeptide
to capture antibody Fc fragments, ensuring the exposure of the antibody active site, thereby
significantly enhancing the sensor’s sensitivity and specificity. The multifunctional DNA-
mediated spatially restricted assembly (SCA) strategy notably amplified electrochemical
signal peaks compared to randomly arranged antibody fixation strategies, underscoring
the benefits of DNA in antibody-directed fixation. In a separate study, the authors delve
into various immobilized-technology microarrays for antibody generation, with a specific
emphasis on a method that utilizes DNA-directed fixation of antibody-DNA couplings
to establish a universal and robust protein array [119]. The DDI method, direct antibody
spotting on chemically activated glass slides, and immobilization of biotinylated antibod-
ies on streptavidin-coated slides were compared. In the model system studied, varying
amounts of goat anti-rabbit IgG antibodies were immobilized as capture reagents to detect
serial dilutions of rabbit IgG antigens. The detection limit achieved was 0.001 nM (150
pg/mL). Among the methods compared, both the DDI method and direct spotting yielded
the highest fluorescence intensities. However, the DDI technique demonstrated superior
spot uniformity and reproducibility. Notably, microarrays fabricated using DDI and direct
lattice techniques displayed superior fluorescence intensity, facilitating the highly sensitive
detection of antigens, even at reduced trapping reagent concentrations. Moreover, exper-
iments utilizing the DDI-based microarray demonstrated optimal point uniformity and
minimized internal and external standard deviations.

These outcomes unequivocally underscore the merits of DDI in crafting antibody
microarrays. When contrasted with traditional approaches, DDI not only matches or
surpasses them in signal strength, detection sensitivity, and repeatability but also offers
marked benefits in flexibility and adaptability during the immunoassay configuration.
This is attributed to the modular preparation of functional reagents, which optimizes the
utilization of precious antibodies.

In addition, aptamers have garnered increasing attention in recent years. Ap-tamers
are single-stranded DNA or RNA molecules selected through the SELEX (Systematic Evolu-
tion of Ligands by Exponential Enrichment) process to specifically bind to target molecules.
Compared to antibodies, aptamers offer significant advantages in terms of stability, flexibil-
ity, and reproducibility, as they are selected in vitro and are less likely to trigger immune
responses [45]. Their binding affinity is comparable to, or in some cases even better than,
antibodies. Aptamers can be chemically modified to attach to various surfaces, such as
metals [120], nanomaterials [121], or carbon nanotubes [122], enhancing their stability and
enabling effective immobilization on sensor surfaces for signal transduction. They are
also more chemically stable than antibodies, with higher resistance to heat and enzymatic
degradation, and once the sequence is established, they can be reliably synthesized at
scale [123]. Furthermore, aptamers can be regenerated under specific conditions, mak-
ing them more cost-effective and efficient for repeated use in sensors [124]. In terms of
sensitivity, aptamers exhibit high affinity for their targets, with detection limits in the mi-
cromolar to sub-nanomolar range, making them highly effective in biosensors [120]. Their
application has shown remarkable progress in electrochemical, surface plasmon resonance
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(SPR), and piezoelectric sensors, demonstrating sensitivity comparable to antibody-based
sensors [125]. These properties, including stability, regenerability, and high sensitivity,
position aptamers as a competitive choice for use in biosensor development.

4.4. Material-Binding Peptide Orientation Technology

MBP, a specific short peptide, possesses the capability to recognize and bind to a
substrate’s surface. In addition, compared to full-length antibodies, antibody fragments
often exhibit lower specificity, stability, and affinity [126]. Previous research has identified
numerous MBPs for various target substrates, spanning from inorganic to organic materials.
The application of MBPs is extensive in the fields of biomineralization and crystalliza-
tion, recombinant protein purification, and site-selective immobilization. A significant
advantage of the MBP-mediated approach, compared to other affinity-based methods,
is its ability to effectively affix the target protein to a specific substrate surface without
necessitating any chemical modification. This is achieved by combining MBP with the
target protein in the chosen region through genetic fusion or chemical coupling. The direct
and site-specific adhesion of the target protein on the substrate surface is facilitated by the
specific binding between MBPs and the substrate material. Fuchs and Raines demonstrated
this by constructing a poly-Arg9 (R9)-labeled RNase a, which showed that the fused RNase
a could be directly adsorbed onto glass slides or silicone resins without any loss of enzyme
activity. But there are results on the surface adding additional cationic residues is likely
to decrease the conformational stability of RNase a by increasing unfavorable Coulombic
interactions within the protein [127]. Korodi presents a method for covalently immobilizing
antibodies on a standard 96-well microplate [128]. This is achieved by optimizing the
crosslinking procedure, enabling the reuse of the antibody-protein G complex on a minute
scale. The process encompasses affinity binding of the antibody to the protein G surface
fixation using various cross-linking agents (DMP and BS), termination of the cross-linking
reaction, and subsequent binding of antibody-specific antigens. The research indicates that
affixing peptides to a gold chip’s surface via a hydrophilic linker can effectively capture
IgGs in both humans and rabbits. Furthermore, antibodies captured through peptides
demonstrate enhanced antigen-binding capacity compared to randomly immobilized anti-
bodies (Figure 15) [129]. Kishimoto introduces a chemical conjugation technique utilizing
peptides with high affinity to human IgG-Fc-termed affinity peptide chemical conjugation
(CCAP) [130]. This approach facilitates rapid, site-specific modification of a specific residue
(Lys248 on Fc) under mild conditions, resulting in a stable peptide-Fc amide bond. Remark-
ably, this monovalent peptide-IgG conjugate retains its antigen-binding capability and also
associates with Fc receptors (FcRn, FcyRI and FeyRlIlla). Tanwar delves into the design of
inhibitor peptide sequences, leveraging insights from the interface of protein G-IgG crystal
complexes [131]. Utilizing the binding interface knowledge of the IgG-protein G complex
(PDB:1FCC), a series of peptide sequences were designed to inhibit these interactions. Both
experimental and computational studies confirmed that all peptide sequences aligned
closely with anticipated IgG binding sites, ensuring complex stability. Yoo’s research ex-
plored the identification of a peptide ligand using phage-displayed heptapeptide libraries,
with the aim of immobilizing antibodies on biosensor surfaces [132]. The chosen peptide,
KHRFNKD, exhibited not only high specificity and affinity for rabbit antibodies but also
proved its efficacy in antibody capture and antigen detection within QCM biosensors.
This offers a novel approach for the directional and stable integration of antibodies in
biosensor applications.
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Figure 15. Schematic representation of antibody immobilization based on the antibody-binding cyclic
peptide. Reproduced with permission from [129] (Copyright 2008, Elsevier).

Seo presents a comprehensive method for constructing antibody arrays, which facil-
itates regionally selective covalent fixation of antibodies on solid supports [133]. This is
achieved by utilizing truncated forms of antibody binding proteins A, G, and L. These
recombinant proteins possess C-terminal CVIX protein transferase recognition motifs, en-
abling the incorporation of biologically orthogonal azide or alkynyl functional groups.
They are then affixed to suitably modified glass surfaces via a Cu(I)-catalyzed Huisgen
cycloaddition reaction. Notably, this technique effectively allows for the regionally selective
fixation of antibodies on solid surfaces without necessitating any modification of the anti-
bodies themselves. Schroeder [134], on the other hand, introduces an innovative protein
cross-linking approach for the directed irreversible fixation of antibodies on surfaces. This
method ensures the directed and covalent fixation of the antibody in the Fc region by chem-
ically pre-activating protein A or G and employing a chosen conventional cross-linking
agent, followed by the introduction of an antibody for cross-linking. This pre-activated
antibody orientation fixation approach circumvents issues associated with random orienta-
tion and the generation of inactive by-products inherent in traditional methods. Moreover,
it eliminates the need for recombination and modification of binding partners and offers
a superior signal output compared to conventional techniques. Consequently, it holds
significant advantages in systems where minimizing antibody loss and maximizing binding
capacity are paramount.

Aoyagi developed a reagent-free, renewable, and rapid immunosensing system for
detecting immunoglobulin G based on the fluorescence enhancement of fluorescein isoth-
iocyanate (FITC) induced by protein interactions. In hydrophobic environments, the
fluorescence intensity of FITC generally increases, and thus the fluorescence intensity rises
with the concentration of IgG bound to protein A. High reproducibility was achieved by
washing the system with PBS at pH 4 after each measurement.

5. Other Binding and Fixation Technologies
5.1. Hydrophobic Domain Binding Sites

On the antibody surface, numerous hydrophilic domain binding sites are present,
while internally, hydrophobic groups exist. The hydrophobic amino acid residues, such
as leucine and isoleucine, contribute to the maintenance of the overall structural stability
of the antibody. Through hydrophobic interactions, they stabilize the three-dimensional
architecture of the antibody, ensuring that the antigen-binding sites retain an appropriate
conformation for antigen recognition and binding. For instance, hydrophobic regions
within the framework regions of the antibody variable regions furnish structural sup-
port for the antigen-binding sites; those in the Fc segment maintain its tertiary structure,
permitting correct recognition and binding by Fc receptors and complement proteins. Addi-
tionally, hydrophobic portions are located between the two heavy chains and in the regions
where the light and heavy chains connect. Via the synergistic effect of disulfide bonds
and hydrophobic interactions, the overall structural integrity of the antibody molecule is
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conserved, guaranteeing the proper functioning of the antibody in antigen recognition and
effector activities.

Cyclodextrin (CD), a cyclic oligosaccharide formed by multiple glucose units con-
nected via «-1,4-glycosidic bonds, exhibits a distinct hollow cylindrical structure with a
relatively hydrophobic cavity inside and a hydrophilic exterior. During antibody immobi-
lization, it seizes hydrophobic side chain amino acids and forms a stable host-guest inclu-
sion complex to mediate antibody interaction. As exemplified by Juyeon Jung (Figure 16),
who utilized chiral a-cyclodextrin («x-CD) and SAM to effectively immobilize antibodies on
an unmodified gold surface, enhancing the sensitivity of antigen detection [135]. Moreover,
cyclodextrin offers several advantages, which are as follows:
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Figure 16. Schematic illustration of the antibody immobilization on bare gold, and on MUA SAMs
and x-CD SAMs, both on gold surfaces. Reproduced with permission from [135] (Copyright 2012,
Springer Nature).

1. Multiple modifiable binding sites are available on the cyclodextrin carrier surface.
These can associate with antibodies through chemical bonds (e.g., covalent, coordination)
or physical adsorption (e.g., hydrogen bonds, van der Waals forces), thereby augmenting
the amount and efficiency of antibody immobilization on the carrier.

2. The size and shape of different cyclodextrin types can modulate the steric hindrance
during antibody immobilization. Appropriately sized cyclodextrin can avert excessive ag-
gregation of antibodies during fixation and preclude mutual collisions between antibodies
and the shielding of active sites.

3. Functionalization of cyclodextrin can direct antibodies to be immobilized in a
specific orientation on the carrier. For example, the introduction of specific functional
groups on cyclodextrin that interact with the active groups of specific antibody regions
enables directional fixation and improves the efficiency of antibody—antigen binding.
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5.2. Metal Bonding

In the development of surface plasmonic resonance (SPR)-immune sensors, it
is crucial to effectively immobilize antibodies onto the sensing platform to enhance
sensitivity [136-138].

Studies have examined various antibody immobilization strategies, including random,
covalent, directed, and their combinations, on the performance of SPR-based immunoassays.
The covalent-directed fixation approach emerges as the most suitable for conducting SPR-
based HFA immunoassays due to its superior HFA response [139]. Ko devised a sensor
that integrates a gold-binding polypeptide (GBP) with a protein A (ProA) gene to create a
unique fusion protein adept at antibody immobilization [140]. This GBP-ProA protein self-
immobilizes directly onto the SPR chip surface, which is assembled with bare and AuNPs
through the GBP segment (Figure 17). It then directionally binds human immunoglobulin
G (hIgG) to the ProA domain, targeting both the antibody and anti-HIGG Fc region. Anti-
salmonella antibodies were immobilized onto two BGP-ProA layered chips for Salmonella
typhimurium detection. SPR analysis revealed that the hIgG and anti-hIgG consistently
bound to the GBP-ProA layered AuNPs assembly chip, resulting in a signal increase of
approximately 92%, significantly higher than the bare chip’s 30% under identical conditions.
In chips equipped with AUNPs, this signal enhancement led to a tenfold increase in the
detection sensitivity of Salmonella typhimurium compared to unmodified chips. Park
employed a similar strategy for the detection of aflatoxin B1 (AFB1) by fusing the gold-
binding protein (GBP), which has a strong affinity for gold surfaces, with the protein G
(ProG) gene [141]. This gene interacts with the Fc portion of the antibody, resulting in the
fusion protein. SPR chips prepared with the GBP-ProG crosslinker and an optimal density
of anti-AFB1 antibodies (100 mg/mL) can detect AFB1 at concentrations as low as 1 mg/mL
in both the buffer and corn extract. These chips also selectively detect AFB1 in the presence
of control toxins such as zearalenone and ochratoxin A, while SPR reactions are negligible.
This demonstrates excellent sensitivity and selectivity.

Fab
\\ '/ \ﬁr/ | Aminoethanethiol (AET)
Fc //'EM Eﬁ!‘ ) AuNP (30 nm)

“§ GBP-Protein A

Y Human IgG

Polarized light Reflected light

Figure 17. Schematic of the oriented immobilization of antibody onto the AuNPs-assembled SPR
immunosensor chip using GBP-ProA fusion proteins. Reproduced with permission from [140]
(Copyright 2009, Elsevier).

Dutta used a relatively mild method involving Fischer Carbene to modify the Au/glass
surface, enabling rapid fixation of protein A and thus achieving targeted fixation of rabbit
IgG [142]. Furthermore, a protein slide prepared using this protocol can purify rabbit
IgG from rabbit serum three-times consecutively without any loss of efficiency. Studies
have shown that the pH of the solution significantly influences the orientation of adsorbed
proteins on Au, with protein G exhibiting the most suitable orientation in two different
antibody-antigen systems (BSA and E. coli Oy57:Hy) at pH = 7.2. The mechanism of pro-
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tein adsorption was characterized by binding energy analysis, which revealed it to be a
pseudo-chemisorption process driven by significant entropy enthalpy, rather than a clas-
sical physical adsorption phenomenon [143]. Qu developed a surface-enhanced Raman
spectroscopy (SERS) immunoassay for the detection of human immunoglobulin G (HIgG)
in serum [144]. Once the ordered AuA binds to the SERSIA substrate, the localized surface
plasmon resonance (LSPR) effect is amplified by coupling with the SERSIA label, resulting
in a robust and consistent Raman signal. The superior sensitivity of this method for HIgG
detection is underscored by comparing its Raman characteristics with those of hemoglobin
(Hgb) and human serum albumin (HSA). The broad linear range and low limit of detection
(LOD) affirm its applicability in clinical settings. Juan-Franco introduces an innovative
approach for targeting antibodies to gold surfaces using fusion proteins, specifically the
protein A—gold binding domain (PAG) [145]. PAG comprises immunoglobulin binding
domains that are strategically coupled to staphylococcal protein A via a gold-binding
peptide (GBP). This fusion protein facilitates swift and directional immobilization of the
antibody, maintaining its native conformation while ensuring the antigen-binding site (Fab)
remains accessible. Consequently, the PAG method offers enhanced sensitivity.

Kausaite-Minkstimiene [8] undertook a comparative analysis of four distinct antibody
fixation techniques, each suitable for the modification of surface plasmon resonance (SPR)
chips. The study utilized an anti-human growth hormone antibody (anti-HGH) as a model
system to evaluate these methods: the random immobilization of intact antibodies via
self-assembly monolayer (SAM) based on 11-mercaptoundecanoic acid (MUA), the random
immobilization of intact antibodies in carboxymethyl glucan (CMD) hydrogel using the
direct covalent amine coupling technique, the directional coupling of Fc fragments to the
protein G layer, and the “segmentation” of intact antibodies into two fragments followed
by translocation via the chemical reduction method. These four SPR chip modification
techniques were assessed for their ability to directly couple sulthydryl groups to gold.
The findings indicate that the immobilization method of fragment antibody, generated
through chemical reduction, is the most suitable for designing SPR immunosensors to
detect human growth hormone. This is due to its adequate antigen-binding capacity, and it
offers a simpler and more cost-effective solution compared to other techniques.

The significance of Metal-Organic Frameworks (MOF) in biosensors is primarily
attributed to their high specific surface area, excellent chemical and thermal stability,
controllable pore size structure, and functionalization capabilities. These attributes render
MOF a crucial material for constructing high-performance biosensors. Four types of layered
copper metal-organic scaffolds (Cu-MOFs) were synthesized on the working electrode via
electrodeposition [146], subsequently serving as electrochemical sensors for the sensitive
detection of IgG in serum. The MOFs, synthesized under varying deposition potentials,
exhibit distinct morphologies and properties. Subsequently, IgG serves as a template for
the electropolymerization of pyrrole-imprinted films on glass carbon electrode surfaces.
Following this, the template proteins are extracted, resulting in molecularly imprinted
membranes with both qualitative and quantitative IgG signaling capabilities. Under
optimal conditions, the IgG sensor’s detection range was established between 0.01 and
10 ng-mL !, with a detection limit (LOD) of 3 pgomL_1 (5/N =3). The relative standard
deviation (RSD) for selectivity and reproducibility stood at 3.6%, while recovery rates
ranged from 95.2% to 102.0%. Additionally, a novel one-pot synthesis method for the
ZIF-8/1gG complex facilitates the directed synthesis of antibodies through IgG’s specific
binding to the Fc region of the antibody [147] (Figure 18).
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Figure 18. IgG specifically binds to the antibody’s Fc region, making the target-binding Fab region

protrude from the ZIF-8/1gG/anti-AFT composite surface. This may enhance target capture efficiency.

Reproduced with permission from [147] (Copyright 2024, Elsevier).

This process also ensures antibody protection by restricting structural alterations of the
antibody within the ZIF-8 framework, thereby enhancing the antibody’s targeting ability
and significantly improving its tolerance to organic solvents. Liao investigated a method to

augment the sensitivity of an electrochemical luminescence (ECL) immune sensor by ma-
nipulating the direction of the antibody [148]. This approach employs Fe3O4 nanoparticles
(FNs) and CdTe quantum dots (QDs) as nanocarriers and luminescent labels for modifi-
cation, respectively. The ECL immunosensor’s sensitivity and selectivity are enhanced
by encasing the FNs’ surface with SiO; layers to immobilize the primary antibody (Ab1).
Additionally, protein G is utilized to facilitate highly targeted immobilization of Ab1 while
obstructing non-specific binding sites. Furthermore, protein G-coated CdTe QDs serve as

signaling tags and are specifically targeted to secondary antibodies. The findings indicate

that the sandwich-structure immunosensor demonstrates exceptional stability in cyclic

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests. Controlling

the antibody direction significantly improves the immunosensor’s sensitivity in clinical

bioanalysis. Yang presented an electrochemical biosensor, leveraging Argonaute assisted

silver metallization, for detecting genomic fragments of the human pathogen Parvovirus
B19 (B19V) [149]. The study introduced an innovative nanocomposite g-C3N4/DWCNT-
COOH/PtNPs, synthesized via a one-step hydrothermal method, and applied it to the
electrode surface to amplify the primary signal. By integrating nucleic acid detection with

silver metallization methods, we developed a highly sensitive and specific electrochemical

Argonaute biosensor. This biosensor is designed to detect the non-structural protein 1 (NS1)

region of the viral genome.

A renewable, label-free electrochemical immunosensor was developed. In this study,

pyrrole (Py) and pyrrolepropionic acid (Pa) were co-electropolymerized in the presence of

gold nanoparticles to form a porous, conductive, stable, and hydrophilic nanocomposite.

This composite was then covalently attached to protein G to immobilize capture antibodies,

serving as probes for immunoassays. The sensor was regenerated by rinsing the electrode

with 0.1 M glycine buffer (pH 2.7).
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6. Conclusions and Outlook

This review outlines a diverse array of methods for the directional immobilization of
antibodies (as shown in Table 1), signifying the multiplicity of fixation approaches yet also
the absence of a universal one or an all-encompassing standard. Each method harbors its
own limitations and fails to concurrently address the following concerns: (1) the antibody
fixation strategy must avoid being deleterious and impinging on the biological activity of
antibodies; (2) the linkage site should be situated within the Fc domain, distal from the
antigen-binding site, and direct the antibody in an upward orientation; (3) antibodies ought
to be immobilized at a high density with stable interspacing; (4) the stability of antibody
conjugation should be substantial; (5) the overall antibody binding process should not be
overly convoluted.

Moreover, the ongoing exploration and development of novel immobilization sub-
strate materials is of critical significance. Take, for example, the silica-binding protein-
assisted directional immobilization technique and the polystyrene-surface-based nanobody-
directed immobilization method. It is expected that more materials with distinctive proper-
ties will find applications in this field in the future. Simultaneously, novel bioaffinity ligation
technologies, like nucleic-acid-molecular-hybridization-based immobilization, ALFA-tag-
based nanobody immobilization and molecular imprinting technology [150], are being
developed. Hence, before novel bioaffinity ligation technologies reach full maturity, the

integration of two or more binding techniques might be a more practical choice.

Table 1. Several common antibody immobilization methods.

Linking Method

Active Site Region

Mechanism

Path Advantage

Path Disadvantage

Nucleotide-binding
site (NBS)

Within the Fab domain,
between the light and heavy
chains [33].

Exposed to 254 nm ultraviolet
light, NBS forms active free
radicals and covalently
photo-crosslinks with small
aromatic-ring ligand molecules
like IBA.

The directional immobilization
of NBS proceeds under mild
conditions, maximizing the

retention of antibody 3D
structure and antigen-binding
affinity [33-35].

Exposed to ultraviolet radiation
of shorter wavelengths and
higher energy, antibodies may
denature [36,37].

Amine, carboxyl and
hydroxyl binding sites

In antibodies, active primary
amine groups (exemplified by
lysine and arginine), active
carboxyl groups (represented
by aspartic acid and glutamic
acid), and a few hydroxyl
groups (typified by serine and
threonine) are present.

Employ chemical binding
between active sites and bases
or double-active
interlayers [40].

Active sites are ubiquitous,
extensively studied with
mature methods.

Owing to the high distribution
of active sites, screening or
external condition interference is
necessary [2,5,25].

Thiol binding sites

Disulfide bonds are present
between light and heavy chains
and also between two heavy
chains [56].

Disulfide bonds, cleavable by
reducing agents, yield active
thiol groups with strong
interaction on gold
surface [57,58].

The fixed locations of disulfide
bonds allow antibody upward
adsorption; reductive cleavage
doubles thiol groups, improving
antibody binding
efficiency [9,60,62].

Disulfide bond cleavage may
impact protein activity;
reduction by agents may alter
antibody 3D structure and
biological activity [86].

Carbohydrate
binding sites

The heavy chain’s C2 domain,
within the Fc region, harbors a
polysaccharide chain [65,66].

1. Transform multiple
hydroxyls into active aldehydes
[67]. 2. Employ boric acid

derivatives for conjugation [75].

3. Attach special structural
functional groups to glycan
residues [84].

Glycan residues possess
relatively fixed positions and
have been intensively studied.
Special-structured functional
groups can be attached to enable
click reactions.

As along spacer, glycan may lead
to antibody collapse and
inactivation post-immobilization.
Excessive antibody exposure to
oxidants may reduce
its activity [73]. Certain reactions,
requiring metal ion catalysis,
might cause protein
denaturation and lower
affinity efficiency.

Specific binding of
protein A and G

The Fc portion of
an antibody [87,88].

Proteins A and G, capable of
specifically binding to the Fc
portion of antibodies, enable an
orientation system.

1. The antibody requires no
chemical environment
modification and optimization,
preventing the impact on its
biological activity. 2. Specifically
link the Fc part [90].

1. Proteins A and G bind merely
to specific IgG subclasses,
restricting their application [91].
2. The binding of Protein A to
the Fc domain is reversible,
necessitating metal ions or other
aids like chemical bonding for
irreversible binding [92].
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Table 1. Cont.

Linking Method

Active Site Region

Mechanism

Path Advantage

Path Disadvantage

Biotin immobilization
and binding

Streptavidin comprises four
identical subunits, each
possessing a biotin-binding
site [151].

Cy /pi interaction [110].

The biotin-streptavidin
interaction exhibits an extremely
high affinity, over a million times

stronger than that of
antigen-antibody interaction,
being irreversible and highly
tolerant to extreme pH and
temperature [98].

The coupling system commonly
employs light for activation.
However, certain aromatic
amino acids in antibodies are
prone to photo-oxidation,
leading to antibody
inactivation [33].

DNA
bio-immobilization
technology

Amino acid sequences or
domains with specific
interaction to DNA [152].

Enzymes are directionally
immobilized on the carrier
surface via DNA base
complementary pairing to
enhance multi-enzyme cascade
activity [152].

Efficient and controllable protein
localization and immobilization.
This technology averts protein
denaturation common in
traditional methods, with high
operability and
repeatability [152].

The DDI coupling is essentially
random. For a remarkable effect,
antibodies usually bear multiple

functional groups, causing
non-specific binding and
inactive conjugate formation.
Moreover, it leads to elevated
production costs and extended
operation time [73].

Material-binding
peptide orientation
technology

The Fc portion of an
antibody [153].

The short peptide sequence
shows specific binding affinity
to the antibody
Fc domain [154].

Requiring no antibody
engineering and binding rapidly
under mild conditions, short
synthetic peptides facilitate
screening numerous antibodies
in a single experiment. Their size
allows for enhanced control of
surface molecule grafting, averts
steric hindrance, and renders
them more apt for antibody
immobilization than proteins
such as SpA or SpG [155].

The Fc binding site on the
peptide is pH-dependent, with
its affinity affected by pH
fluctuations of the system [155].

Hydrophobic domain
binding site

Hydrophobic groups such as
leucine and isoleucine exist
within the antibody.
Hydrophobic regions are also
present between the two heavy
chains and at the junctions of
light and heavy chains.

In antibody immobilization,
hydrophobic compounds (e.g.,
cyclodextrin) can capture
hydrophobic side-chain amino
acids via stable host-guest
inclusion complex formation.

1. Antibody requires no
chemical environment
modification and optimization.
2. Functional modification of
hydrophobic compounds (e.g.,
cyclodedextrin [135]) is feasible.

The antibody stabilization and
immobilization via hydrophobic
interactions is unstable and
reversible. Irreversible binding
necessitates metal ions or other
aids like chemical bonding.

Polypeptides binding metals
frequently contain peptide
segments with specific
bioactivities like

Resonance angles vary with
ligand-analyte binding on
metal surface. Monitoring such

Flexible design and abundant
diversity can be attained by
modulating particle size or

Covalent binding has a long
reaction time, may inactivate
some biomolecules and impede
other molecules’
functionalization. Non-covalent

Metal bonding mode immunologically and changes reveals biomolecular dispersion state. whil tid interaction has a weak binding
unologicaly anc interaction details like affinity, Spersion state, whr'e peptide force and is sensitive to the
neuroactive peptides, while o chain editing offers numerous .
. . e association constant and A environment (e.g., temperature,
also exposing antigen-binding bindine kinetics [157 possibilities [156]. H he bound molecul
ites [156]. inding kinetics [157]. pH), so the bound molecu! es
s tend to detach from the particle
surface [156].
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