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Enhancing the sensitivity of nanobodies through
covalent and non-covalent polymerization

Feng Wang, (2 *2 Jun Chen,” Jing-Hua Chen,” Xue-Mei Liu,® Li-Qiao Hu®
and Li-Jun Huo*?

The precise identification of disease using antibodies is crucial for guiding therapeutic interventions. Among
these binding proteins, the nanobody is the smallest known antigen-binding fragment. This study aimed to
enhance antigen detection sensitivity by integrating covalent dimerization and non-covalent
heptamerization strategies to increase the density of nanobodies for improved antigen capture. First, we
synthesized a SpyTag-Catcher-fused nanobody and a heptamerization protein using a prokaryotic
expression system. Western blot was used to preliminarily verify the nanobody's antigen-binding
capability. Surface Plasmon Resonance (SPR) analysis revealed that the enhanced immunoactivity of the
nanobody polymerization resulted from their increased affinity. Finally, we employed these nanobodies
to improve the sensitivity of sandwich immunoassays, specifically immuno-magnetic beads and ELISA,
for detecting antigens in solution. Our findings demonstrate that the 14-mer nanobody, formed by
covalent dimers and non-covalently self-assembled heptamers, enhanced antigen capture capability by

rsc.li/rsc-advances more than tenfold.

1 Background

Precise disease diagnosis is essential for early detection and for
optimizing clinical treatment. Traditional Y-shaped antibodies
have been extensively used in scientific research, diagnostics,
and therapeutics. However, the large size of conventional anti-
bodies limits opportunities for sequence modification,
complicates their expression, and restricts their application in
vivo.

In camelids, first identified antibodies consisting of only
heavy chains." These heavy-chain-only antibodies lack light
chains and the first constant region (CH1). They bind to anti-
gens solely through the variable region of the heavy chain.? This
structure is similar in both sequence and conformation to the
VH domain of human IgG3.> Analogous antibodies were
subsequently discovered in cartilaginous fish, including sharks
and rays.* The variable domain of these heavy-chain antibodies
measures 4 x 2.5 nm and has a molecular weight of 12-15 kD,’
making it the smallest known antigen-binding protein. This
fragment, known as a nanobody, is approximately one-tenth the
size of a conventional antibody. Nanobodies can be produced
cost-effectively at a large scale in E. coli. Compared to traditional
antibodies, they offer significant advantages, including high
editability, solubility, binding affinity, stability, and specificity.
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Their small size facilitates genetic engineering, library
screening, protein purification, and access to hidden epitopes
that are often challenging for conventional antibodies to
recognize.*” As a result, nanobodies are increasingly being
employed to treat various diseases and identify pathogens.*®
In contrast to IgG antibodies, which have been successfully
used in clinical practice for decades, nanobodies remain
a nascent and largely unexplored area of research. Although
nanobodies exhibit high stability and solubility,* their mono-
valent interaction with antigens often results in insufficient
affinity for detection systems.” To address this limitation,
polymerization strategies are employed to enhance the detec-
tion sensitivity of nanobodies.”* One approach involves engi-
neering macromolecular polymeric antibodies to replicate the
characteristics of pentameric IgM,* which plays a key role in the
initial stage of hyperacute immunological rejection in
mammals. For instance, Uchanski et al. generated large anti-
body constructs by conjugating nanobodies to pentameric
scaffold proteins via fusion expression,'* enabling the stable
and efficient production of polymeric proteins. Polymerization
methods include domain switching,* transpeptidation, fusion
expression, covalent chemical ligation'® (using tools such as
inteins'” and sortase’®), and non-covalent interactions (such as
self-associating peptides® and streptavidin-biotin systems’).
C4bp (also known as IMX313) is an abundant plasma protein
first identified in mice.** The C4BP scaffold used in our study is
a hybrid derived from the original chicken heptamerizing
oligomerization coiled-coil.?* Separately, Zakeri et al. developed
a rapid covalent linkage system based on a protein from S.
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dysgalactiae,”® which forms spontaneous isopeptide bonds for
irreversible protein conjugation. This system consists of
a peptide tag (SpyTag) and its binding partner (SpyCatcher),**
representing a significant advance for protein engineering. We
implemented the SpyTag/Catcher protein ligation system,>
along with the SnoopTag/Catcher system, which can be used in
conjunction with SpyTag/Catcher to enable flexible modular
assembly.”® In the heptameric C4BP structure, which resembles
an octopus, the N-terminal is located at the top.>” C4BP contains
an amphipathic helix and two cysteine residues,”® forming
a self-associating, spider-like heptameric protein® capable of
linking seven VHH domains and seven biotin molecules at its
protein terminus (RCSB database: 4BOF).*®

To advance the development of recombinant nanobodies for
antigen, we aimed to create a highly sensitive, self-assembling
nanobody platform. This was achieved by combining COVID-
19 nucleocapsid protein-specific nanobodies®* with hepta-
meric C4BP scaffold proteins.*” The design links seven cova-
lently bonded N-terminal VHH dimers to a non-covalent, self-
assembled C4BP heptamer, forming a 14-mer megamolecular
complex to significantly enhance nanobody sensitivity (Fig. 1).
This megamolecular system represents a versatile and modular
platform for engineering high-avidity nanobody displays.

2 Method

Anti-HIS tag antibody, LB medium, isopropyl alcohol, b-p-1-
thiogalactopyranoside (IPTG), and all buffer salts were obtained
from Shanghai Sangon. Nickel Sepharose high-performance
resin, prepacked columns, and Superdex 200 size exclusion
chromatography columns were obtained from Cytiva. All
restriction enzymes and cloning buffers were obtained from
Thermo Fisher (MA, USA). The prokaryotic expression vector
pET22b and all primers (Table S1) were obtained from
Guangzhou Ruibo Xingke.

2.1 Prokaryotic expression and purification of nanobodies

Escherichia coli is the most widely used system for recombinant
protein production. To express nanobodies, the coding
sequences were cloned into the pET22b vector with an N-
terminal PelB signal peptide (22 amino acids, 2.2 kD) to direct
secretion into the oxidative environment of the periplasm,
which facilitates correct folding and disulfide bond formation.
The nanobodies used in this study are specific to the COVID-19
nucleocapsid protein. Dimeric nanobodies were constructed by
linking two VHH domains with a 3x (GGGGS) linker. The
recombinant nanobody genes were cloned into the pET22b
vector and verified by DNA sequencing (Table S2 and Fig. S1).
The confirmed plasmids were transformed into E. coli BL21
(DE3) cells. Protein expression was induced in competent cells
grown in ampicillin (100 pg mL~") with 1 mM IPTG at 16 °C for
16 hours. Nanobodies were released from the periplasmic space
by osmotic shock. The resulting lysate was purified using a Ni-
NTA affinity column to isolate the 6x His-tagged nanobodies.
The molecular weight and purity of purified nanobodies were
analyzed by a 15% SDS-PAGE (PAGE Gel Rapid Preparation Kit,
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Shanghai Yase Biotechnology Co., Ltd, PG114) (Fig. S2). The
nanobodies constructs included the PelB leader sequence, VHH
domains, 3C protease site, sortase recognition motif, SpyTag,
and 6x His tags (B6: 189 amino acids, 20 kD; C2: 183 amino
acids, 20 kD; E2: 188 amino acids, 21 kD; see Fig. S1 and Table
S2). The dimeric nanobody proteins consisted of two VHH
domains connected by a linker, and contained restriction sites,
SpyTag, sortase sites, and 6x His tags (C2-B6: 331 amino acids,
35 kD; E2-E2: 334 amino acids, 36 kD). SDS-PAGE analysis with
Coomassie Brilliant Blue staining confirmed that the purified
nanobodies were distinct, pure, and free of degradation. The
purified samples were flash-frozen in liquid nitrogen and stored
at —80 °C for long-term preservation.

2.2 Western blotting and Coomassie brilliant blue staining

For western blot analysis, 5 pg of COVID-19 nucleocapsid
protein antigen was mixed with protein loading buffer. The
sample, along with a protein ladder (26 619, PageRuler, Thermo
Fisher Scientific, MA, USA), was loaded onto a 15% SDS-PAGE
gel (PAGE Gel Rapid Preparation Kit, Shanghai Yase Biotech-
nology Co., Ltd, PG114) and electrophoresed at 150 V for 50
minutes. The separated proteins were then transferred to
a PVDF membrane (22 860, Thermo Scientific, Rockford, USA)
using a mini ¢rans-blot cell (022 711, Bio-Rad, MA, USA) at 300
mA for 2 hours at 4 °C in transfer buffer (25 mM Tris pH 8.3,
192 mM glycine, 20% methanol). The PVDF membrane was
blocked by incubating in 1% BSA prepared in Tris-buffered
saline with Tween 20 (TBST: 20 mM Tris-HCl pH 7.6, 137 mM
NaCl, 0.1% Tween 20) for 30 minutes at room temperature. It
was then incubated with the primary nanobody (diluted in 1%
BSA with 0.1% TBST, as specified in Table S2) overnight at 4 °C
on a rocker. Following primary incubation, the membrane was
washed three times with approximately 50 mL of TBST for 20
minutes per wash. In this detection scheme, the VHH-SpyTag
nanobody first binds to the antigen on the membrane. The
SpyTag then mediates the attachment of a polymeric structure.
This polymer contains SnoopCatcher, which binds covalently to
SnoopTag-biotin, thereby labeling the complex with biotin. The
biotinylated complex is subsequently detected using
streptavidin-conjugated horseradish peroxidase (SA-HRP) and
visualized with ECL reagents. The membrane was incubated
with ECL reagents at room temperature and the signal was
captured on X-ray film (ProSignal Blotting Film, Genesee
Scientific). For total protein visualization, the SDS-PAGE gel was
stained directly by soaking in Coomassie Brilliant Blue (CBB)
solution and then imaged on a light plate.

2.3 Affinity assessment of nanobodies via surface plasmon
resonance (SPR)

The binding affinity of the nanobodies was evaluated using
surface plasmon resonance (SPR) on a Biacore 8K instrument
(Cytiva, USA). The COVID-19 nucleocapsid protein was immo-
bilized on a sensor chip via amine coupling with EDC/NHS (1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride/
N-hydroxysuccinimide). Binding kinetics for each nanobody
were assessed at 25 °C by injecting six serial dilutions (ranging

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematics of nanobody-based sandwich immunoassays for magnetic bead detection (A) and enzyme-linked immunosorbent assay (B).
(A) Dimerized nanobodies were used to detect antigens in solution using magnetic beads, with eGFP-SpyCatcher serving as the fluorescent label.
(B) Nanobodies were immobilized at the bottom of an ELISA plate to capture antigen proteins in solution. The recruitment of more biotin
molecules through multimers, followed by amplification with streptavidin-HRP (SA-HRP), enabled the detection of lower antigen concentra-
tions. We also attempted to use multimers in magnetic bead detection, but the specific affinity tags on the polymers that were recruited to
different magnetic beads led to bead adhesion.

from 300 nM to 0 nM) over the antigen-coated surface at a flow 2.4 Antigen analysis with nanobody-conjugated magnetic
rate of 100 L min . The dissociation phase was monitored for ~beads

600 seconds following each injection. The Magnetic Bead (MB) sandwich immunoassay employs a bi-

otinylated capture nanobody immobilized on MB and a paired,
fluorescently labeled detection nanobody. To generate the
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biotinylated capture nanobody, a tenfold molar excess of Snoop-
Tag-biotin was incubated with the VHH-SnoopCatcher construct
for 30 minutes to allow complete conjugation. Unreacted
SnoopTag-biotin was removed using an ultrafiltration tube. For
each assay, 300 ng of the resulting VHH-SnoopCatcher-Snoop-
Tag-biotin conjugate was immobilized onto 100 pg of 2.8 pm
streptavidin-MB (SA-MB, 10 mg mL; Biomagnetic Technology Co.,
Ltd, Wuxi, China). The MBs were then blocked by incubation with
1 mL of 1% BSA at 37 °C for 30 minutes. Following blocking, 400
ng of antigen was added to MBs according to the experimental
groupings outlined in Fig. S1. A separate nanobody, serving as the
detector, was fluorescently labeled as a VHH-SpyTag- > Spy-
Catcher-GFP construct. After each incubation step, which was
performed for 30 minutes at room temperature, the MBs were
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separated from the solution using a magnetic rack (12321D,
DynaMag, Thermo Fisher Scientific, USA) and washed three times
with 1 mL of PBS. Binding events were confirmed by fluorescence
microscopy at 400x total magnification, and images were
acquired using a Nikon Ni, confocal microscope. The final
immune-sandwich complex was structured as follows: MB-SA- >
biotin-SnoopTag-SnoopCatcher-VHH- > NP- > VHH-SpyTag-
SpyCatcher-GFP.

2.5 Antigen analysis with enzyme-linked immunosorbent
assay (ELISA)

A sandwich Enzyme-Linked Immunosorbent Assay (ELISA) was
subsequently employed to analyze the COVID-19 nucleocapsid

D: TEM

C2-C4BP

C2-B6-C4BP

Fig.2 Construction of the heptameric scaffold protein. (A) Schematic representation of the molecular structure of the C4BP heptamer (IMX313;
PDB: 4BOF). Views from the bottom, side, and top are shown. The N-terminus is located at the top of the octopus-like structure. (B) Coomassie
Blue-stained SDS-PAGE gel of purified heptameric C4BP samples. The scaffold protein SpyCatcher-C4BP-SnoopCatcher has a total molecular
mass of 37 kD. (C) Analysis of nanobody biotinylation and polymerization. (Left) Biotinylation of E2-SnoopCatcher via conjugation to SnoopTag-
Biotin, resulting in an approximate 2 kD shift and the formation of biotinylated E2-SnoopCatcher-SnoopTag-Biotin. (Right) Heptamerization of
the dimeric nanobody E2-E2 by linkage to the C4BP scaffold. (D) Transmission electron microscopy (TEM) images of the C4BP scaffold bound to

monometic (C2) and dimeric (C2-B6) nanobodies.
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protein. Unlabeled dimeric capture nanobodies (300 ng each of
C2-B6 and E2-E2) were immobilized separately on polystyrene
microplates (FST015, Beyotime Biotechnology, Shanghai, China).
The coated plates were then blocked with 2% gelatin to prevent
nonspecific binding. After blocking, the plates were washed three
times with 250 puL of PBST for 5 minutes per wash. A gradient
concentration series of COVID-19 nucleocapsid protein (0 to 10 pug
mL ") was then gently added to the wells and incubated at room
temperature for 1 hour. Following another PBST wash cycle, the
plates were incubated with 100 pL of a prepared 200 pg per mL
VHH-C4BP-biotin solution for 30 minutes. After a further wash
step, 100 pL of a 1:2000 dilution of streptavidin-HRP (SA-HRP)
conjugate was added to each well and incubated at room
temperature for 30 minutes with gentle agitation. Finally, an ECL
substrate was added to the wells for detection. The resulting
signal was quantified using an ELISA microplate reader.

2.6 Statistical analysis

Data were analyzed by linear regression using GraphPad Prism
7. The limit of detection was defined as the mean absorbance of
the blank control plus three standard deviations.

3 Result

3.1 Successful expression of nanobodies and polymeric
scaffold protein

The molecular structure of the recombinant heptameric C4BP
(IMX313: PDB, 4BOF) is shown in Fig. 2A. The purity of the
polymer and its molecular weight of approximately 37 kD were
confirmed by 15% SDS-PAGE (Fig. 2B). C4BP protein with high
concentration and purity was collected and concentrated to
1 mg mL~". Nanobodies were pre-equipped with a SpyTag for
subsequent linkage to the polymeric C4BP scaffold (Fig. 2C). For
the immune-sandwich MBs and ELISA assays, capture nano-
bodies were biotinylated by conjugating VHH-SnoopCatcher to
SnoopTag-biotin. The binding of the 12-amino-acid SnoopTag
peptide results in an approximate 2 kD increase in the

NP-CBB E2-E2 C2-B6
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%
B
.
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molecular weight of the biotinylated VHH (Fig. 2C). We further
characterized the mono-heptamer (E2-C4BP) and dimer-
heptamer (E2-E2-C4BP) constructs using transmission elec-
tron microscopy (TEM). The TEM images confirmed that the
nanobody units extend radially from the central C4BP scaffold
(Fig. 2D). To assess the solution-state properties of these
megamolecules, we employed NanoTemper Panta plus (Nano-
Temper Technologies GmbH, Munich, Germany) to measure
MicroScale Thermophoresis/Temperature-Related Intensity
Change (MST/TRIC). This analysis verified the differentiation in
the hydration sizes and diameters of the nanobodies and their
polymers. Consistent with the TEM observations, we found that
the hydrodynamic diameter increased with the molecular
weight of the multipolymer complex (Fig. S3).

The antigen capture efficacy of the nanobodies was first
validated by western blot (Fig. 3). The COVID-19 nucleocapsid
protein was evenly loaded across six sample lanes. Three
monomeric nanobodies (E2, C2, and B6) and two dimeric
nanobodies (C2-B6 and E2-E2) all successfully bound the target
antigen. This result confirmed that the macromolecular
assembly, comprising immune recognition and biotin tagging
via the VHH-SnoopCatcher-SnoopTag-Biotin system, pro-
ceeded successfully on the membrane. Interestingly, the stain-
ing intensity was stronger for monomeric nanobodies than for
conventional antibodies. We hypothesize that under the
conditions of antigen excess on the PVDF membrane, each
antigen monomer binds one antibody molecule and carries one
biotin label. In contrast, a dimeric nanobody, while capable of
binding more antigen, would still be labeled with only one
biotin molecule, resulting in a lower signal per antigen unit
under these saturating conditions.

3.2 Polymerization-enhanced affinity of nanobodies

The affinity and kinetics of the recombinant nanobodies were
evaluated by SPR (Fig. 4). Sensorgrams demonstrate that both
dimeric and dimer-polymeric nanobodies interact robustly with
the immobilized COVID-19 nucleocapsid protein (Fig. 4A). The

B6 C2 E2

Fig. 3 Analysis of nanobody immunobinding and biotinylation using the heptameric scaffold protein. (Left) Coomassie Blue staining of the 55 kD
SARS-CoV-2 nucleocapsid protein. (Right) The SARS-CoV-2 nucleocapsid protein was transferred to a PYDF membrane. Immunobinding activity
was detected using the nanobody-C4BP-biotin complex via immunoblotting.
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binding affinity of the dimeric and polymeric forms was
substantially greater than that of the monomeric nanobodies
(Fig. 4B). Furthermore, polymerization generally conferred
a higher affinity than dimerization alone (Fig. 4C). When
comparing the difference in binding affinity between dimers
and heptamers, calculated as [(—log Kp, nM;) — (—log Kp, nM,)],
the heptamers consistently showed an increase of no less than
0.5 (~5 folds). This corresponds to an improvement of 0.5 to 1
order of magnitude for the E2 and C2 epitopes in their dimeric,
heptameric, and 14-mer assemblies. Analysis of the Kkinetic
parameters revealed distinct behaviors. For the C2-B6
construct, the association rate constants (k,) of the dimer and
polymer were not significantly different (4.95 x 10* vs. 7.54 x
10* 1/Ms). However, the dissociation rate constant (kg) of the
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polymer was markedly slower than that of the dimer (5.44 x
107" vs. 2.29 x 107° 1/s), indicating greatly improved complex
stability. In contrast, for E2-E2, both the association (1.66 x 10°
vs. 6.46 x 10° 1/Ms) and dissociation (3.72 x 10™* vs. 5.05 x
107" 1/s) parameters differed significantly between the dimer
and polymer. We speculate that these differences arise from the
distinct structural properties of their respective binding
domains. The affinity of the polymeric nanobodies reached
a level comparable to that of most murine-derived antibodies.
Finally, we performed a cross-competition SPR assay. When
a complementary dimeric nanobody was injected over an SPR
sensorgram already saturated with the initial nanobody (either
C2-B6 or E2-E2), a further increase in the binding response was
observed (Fig. 4D). This indicates that C2-B6 and E2-E2 bind to
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Fig. 4 Affinity analysis of recombinant polymers by surface plasmon resonance (SPR). (A) SPR sensorgrams with fitting curves for dimeric and
polymeric nanobodies. (B) Affinity of monomers, dimers, and polymers, expressed as —log(Kp, VHH [nM]). (C) Relative affinity comparison
[—log(Kp, VHH1/Kp, VHH2)] between dimers and heptamers. The dotted line indicates a 5-fold increase in KD. Dimerization and heptamerization
significantly enhance nanobody affinity. (D) Epitope competition SPR analysis of the two dimeric nanobodies. E2-E2 and C2-B6 bind to non-
overlapping antigen-binding sites. The blue dotted line marks the injection time of the second nanobody.
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non-overlapping epitopes on the NP protein and can form
a ternary complex simultaneously.

3.3 Nanobody immunological activity for immuno-sandwich
analysis

To further validate the efficacy of nanobodies in identifying and
capturing the COVID-19 nucleocapsid protein in solution, we
performed a series of sandwich immunoassays (magnetic bead-
based assay in Fig. 5 and ELISA in Fig. 6). In this design, the
VHH-SnoopCatcher-SnoopTag-biotin pair served as the
capture nanobody, immobilized on magnetic beads via

Blank
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streptavidin-biotin affinity, while fluorescently labeled nano-
bodies functioned as detection antibodies (forming the
complex: MBs-SA- > biotin-VHH1- > NP- > VHH2-GFP). Initial
experiments included blank and negative controls. The blank
control consisted of untreated beads (Fig. 5A), while the nega-
tive control used beads with both E2 as the capture antibody
and E2 as the detection antibody (Fig. 5B). In this negative
control, the epitope for the detection antibody was blocked by
the identical capture antibody, resulting in no detectable
background signal from autofluorescence or nonspecific
binding. Fig. 5C-F demonstrate that antigen captured by one

B: NCE2 get E2

eGFP Light Merge
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, — m
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Fig. 5 Magnetic bead-based sandwich immunoassay. (A) Untreated magnetic beads (blank control). (B) Negative control using E2—-biotin as the
capture antibody and E2—GFP as the detection antibody. (C and C’) B6-biotin as the capture antibody and C2—-GFP as the detection antibody. (D
and D’) E2—biotin as the capture antibody and B6—GFP as the detection antibody. (E and E’) E2-biotin as the capture antibody and C2—-GFP as the
detection antibody. (F and F') E2—E2-biotin as the capture antibody and C2-B6—-GFP as the detection antibody. (G) Positive magnetic bead ratio

intensity. *P < 0.05.
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Fig. 6 Polymerized nanobody-based sandwich ELISA. (A—C) Schematics of the three different HRP conjugation methods. (A) HRP directly
conjugated to the dimeric nanobody. (B) HRP first conjugated to C4BP, which is then linked to the SpyTag of the E2—E2 nanobody. (C) The
nanobody is first combined with C4BP, and the complex is then labeled with HRP. (D) Comparison of the detection performance for the three
labeling methods. The signal-to-noise ratio (log(S/N)) is shown on the y-axis.

monovalent nanobody does not occlude the epitopes recog-
nized by other nanobodies, and each nanobody retains its
ability to bind and generate a positive signal. Finally, we
configured an immuno-sandwich assay using the dimer E2-E2
as the capture antibody and the dimer C2-B6 as the detection
antibody for NP protein. This combination resulted in
a stronger positive signal and a higher percentage of positive
magnetic beads (Fig. 5G). Based on these results and our
previous findings, we anticipate that employing dimeric and
polymeric nanobodies in tandem will further enhance detection
sensitivity.

The immuno-sandwich ELISA detection of soluble proteins
is a prevalent method for diagnosing pathogenic infections.
Theoretically, the C2-B6 dimer can bind a larger amount of
antigen, whereas the E2-E2 dimer enables quicker and more
stable biotin labeling of the antigen. Consequently, a heterolo-
gous system was developed, utilizing C2-B6 as the capture
nanobody and E2-E2 as the detection nanobody. To enhance
the affinity of this nanobody pair and amplify the biotin signal,
C4BP was employed as a heptameric scaffold. Given that
random conjugation of HRP to the polymers could alter nano-
body function, two distinct polymer-labeling strategies were
implemented. The first strategy involves assembling the nano-
body and C4BP into a 14-mer complex, followed by the attach-
ment of HRP to the polymeric nanobody (Fig. 6B). The
alternative strategy first conjugates HRP to C4BP, which is
subsequently linked to the nanobody, thereby avoiding

3972 | RSC Adv, 2026, 16, 3965-3975

potential occlusion of the nanobody's epitopes (Fig. 6C). The
results from the three labeling groups were compared collec-
tively (Fig. 6D). The vertical axis illustrates the signal-to-noise
ratio (log(S/N)). We confirmed that both polymer-based
approaches, whether the nanobody was conjugated before or
after HRP labeling, significantly and indistinguishably
enhanced the detection sensitivity of the nanobody. Ultimately,
C4BP polymerization enhanced the limit of detection (LOD) for
the COVID-19 nucleocapsid protein.

4 Discussion

Precise in vitro disease diagnosis is crucial for guiding clinical
practice and fundamental research. Conventional Y-shaped
antibodies have been extensively used in research, diagnos-
tics, and therapeutics. However, their large size imposes limi-
tations in certain applications, hindering delivery and access to
internal antigenic epitopes.*” The discovery of nanobodies has
provided a dramatically smaller alternative. Nanobodies share
significant sequence and structural similarity with the VH
domain of human IgG3 apart from CH1. Their stability is partly
determined by the CH2 domain, involving four key amino
acids.”® At approximately one-tenth the size of conventional
antibodies, nanobodies represent the smallest known antigen-
binding fragments and are commonly referred to as nano-
bodies. Nanobodies offer numerous advantages, including
small size, high solubility, stability, strong specificity, ease of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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genetic modification, straightforward expression and
screening, and the capacity for further engineering. Their
compact dimensions enable them to recognize concealed
epitopes that are often inaccessible to traditional antibodies.
These distinctive properties make nanobodies a prominent
focus of scientific research.

In mammals, polymeric antibodies such as IgA and IgM
temporarily enhance immune affinity during acute infections.**
Protein engineering is a pivotal tool across industrial, thera-
peutic, and research applications**—enabling the development
of antibody fusion proteins,* the design of biomaterials with
tailored scaffold matrices and functional groups,*® and the
regulation of gene expression via DNA-binding repressors or
activators.’” Most fusion proteins are genetically encoded
constructs connected by flexible, rigid, or cleavable linkers.*®
Beyond monovalent nanobodies, current research is exploring
bivalent, bispecific, and other fusion protein formats to
improve their target specificity and binding affinity, thereby
enhancing their therapeutic potential.* Binding modules have
been utilized to develop chimeric protein therapies based on
antibodies.*” For example, antibody-enzyme conjugates have
been designed as site-selectively activated prodrugs, such as
suicide domains for cancer therapy, where antibodies serve as
targeting moieties.** A dual-labeled recombinant antibody tar-
geting EGFR molecules has demonstrated superior tumor
growth suppression compared to a bivalent monospecific anti-
body.** While covalent in vitro assembly can form permanent
protein linkages, the inherent limitations of current ligation
systems constrain the variety of molecular topologies that can
be achieved. Sortase- and intein-mediated ligations are
restricted to connections between the N- and C-termini of target
proteins. The C4-binding protein (C4BP) features an octopus-
like structure composed of seven a-chains,* with a C-terminal
amphipathic helix and two cysteine residues that are well
characterized for their role in polymerization.*” Achieving
complex molecular architectures requires modular assemblies
incorporating multiple interacting domains. This goal can be
partially realized using two orthogonal protein pairs, SpyTag/
SpyCatcher and SnoopTag/SnoopCatcher, integrated into the
C-terminal display platform of C4BP, thereby enabling extensive
molecular assembly.** Our study presents a novel platform that
combines an N-terminal dimeric nanobody on C4BP with a C-
terminal biotin modification via an isopeptide bond, creating
a bifunctional tool for both high-affinity nanobody tracing and
sensitive signal detection. The scaffold protein SpyCatcher—
C4BP-SnoopCatcher has a total molecular weight of 37 kD
(Fig. S2). We used a pure, homogeneous protein sample at
a high concentration (10 mg mL™") to facilitate sandwich
immunoassays. The combination of C4BP and the E2-E2 dimer
produces a distinct band at approximately 75 kD (Fig. 2C, right).
Fig. 2D shows the heptamer (C2-C4BP), dimers, and dimer-
heptamer complexes (C2-B6-C4BP) visualized by TEM. We
also measured the hydration diameter of the proteins using
NanoTemper. The hydrodynamic diameter of the macromole-
cules also increases with molecular stacking and higher
molecular weight (Fig. S3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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We initially confirmed nanobody activity by western blot
analysis (Fig. 3). The COVID-19 NP antigen was immobilized on
a PVDF membrane and probed with VHH-SpyTag. SpyCatcher-
C4BP-SnoopCatcher was then added, followed by SnoopTag-
biotin to biotinylate the complex. Finally, streptavidin-HRP (SA-
HRP) was applied to detect specific binding. Our nanobodies
successfully bound to the membrane-immobilized antigen and
produced a positive HRP signal. These results preliminarily
verify that the nanobody retains its immunoreactivity on PVDF
membranes and can function effectively as a antigen detection
in western blot assays.

Affinity is a critical parameter for evaluating antibody
performance. We assessed the antigen-binding capability of the
recombinant polymers using SPR on a Biacore 8K instrument,*
which represents the most direct method for determining
protein affinity characteristics (Fig. 4). The COVID-19 nucleo-
capsid protein was covalently immobilized on the sensor chip
channels. The recombinant dimers and polymers demonstrated
substantially higher affinity than their monomeric counterparts
(Fig. 4B and C). Monomeric nanobodies (E2, C2, B6) exhibited
affinities ranging from 10~7 to 10~ ® M, which improved by 1-2
orders of magnitude (10-100 fold) through dimerization and
polymerization strategies (Fig. 4B). The C2-B6 dimer showed
particularly significant enhancement, exceeding one order of
magnitude improvement over the C2 and B6 monomers
(Fig. 4C). Overall, all dimeric constructs demonstrated 0.5 to 1.5
orders of magnitude (5-50 fold) higher affinity than their
monomeric forms. Consistent with previous research, both
heptameric structures and heptamerized dimeric structures
showed significantly enhanced affinity. This enhancement
likely results from the polymeric architecture, which clusters
multiple nanobodies to simultaneously engage antigens and
anchor more signaling molecules, thereby amplifying the
overall binding strength. In SPR-based epitope competition
experiments where dimers C2-B6 and E2-E2 served as capture
nanobodies, both effectively bound to the positive control
(Fig. 4D). We observed that E2-E2 exhibited faster binding
kinetics regardless of injection order, while C2-B6 demon-
strated higher antigen-carrying capacity. Based on these epitope
competition results, we infer that employing C2-B6 as a capture
nanobody increases signal density, while using E2-E2 as the
detection antibody provides rapid and stable antigen binding,
together enhancing overall detection sensitivity.

To detection the concentration of antigen in solution, we
conducted immune-sandwich assay with MBs and Elisa. To
prevent nonspecific aggregation of magnetic beads in the
absence of antigen, we implemented the VHH-SnoopCatcher
and SnoopTag-biotin system for site-specific biotinylation of
dimeric nanobodies in the sandwich immunoassay (Fig. 5).
Conjugation via the SnoopCatcher/SnoopTag system resulted in
an approximate 2 increase in molecular weight (Fig. 2C). The
absence of additional bands confirmed complete reaction
between SnoopCatcher and SnoopTag-biotin. The use of excess
SnoopTag ensured efficient biotinylation of all SnoopCatcher
fusion proteins. Our results demonstrate effective nanobody
function in solution-phase magnetic bead assays. As antici-
pated, no fluorescence signal was observed in either the blank
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control (untreated magnetic beads, Fig. 5A) or the negative
control. In the negative control, when all antigen binding sites
were occupied by the capture antibody, the fluorescently labeled
detection antibody of the same specificity could not form
additional immune complexes (E2-coated beads with E2
detection antibody, Fig. 5B). All other test groups showed the
expected positive fluorescence signals (Fig. 5C-F), with the two
paired dimeric nanobodies exhibiting stronger affinity than
other combinations. We subsequently applied the polymeric
nanobody-based sandwich ELISA for detecting antigen in
solution. Two unlabeled dimeric nanobodies, C2-B6 and E2-E2
(Fig. S2), were separately immobilized on microplates as
capture antibodies (VHH1). The plates were then incubated
with COVID-19 nucleocapsid protein followed by detection
nanobodies (VHH2), each for 30 minutes. To improve the
detection limit for NP, we employed C4BP as a heptameric
scaffold to recruit multiple detection antibodies and amplify the
fluorescence signal, thereby enhancing ELISA sensitivity. The
limit of detection was determined by calculating the signal-to-
noise ratio (Fig. 6). In this configuration, C2-B6 served as the
capture nanobody while the E2-E2-C4BP dimer-heptamer (14-
mer) acted as the biotinylated detection reagent. Both the C2-
B6-C4BP and E2-E2-C4BP dimer-heptamers enhanced the
detection limit by more than tenfold (Fig. 6). We propose that
this enhanced sensitivity results not only from improved
binding affinity but also from the heptamer's capacity to
concentrate multiple biotin tags, thereby amplifying the detec-
tion signal. This signal amplification effectively lowers the
detection limit, enabling earlier identification of infected indi-
viduals and facilitating timely therapeutic intervention.

Although nanobody applications are becoming increasingly
widespread,” their affinity often remains inferior to that of
conventional antibodies. Optimizing nanobodies typically
requires combined approaches of sequence engineering and
structural modification to validate improvement strategies. Key
research directions include elucidating antigen-antibody
binding interfaces and conjugation strategies, developing arti-
ficial directed evolution platforms for nanobody sequences, and
establishing more accessible naive affinity libraries. These
efforts aim to enhance antibody affinity, improve antigen
detection sensitivity, and achieve more efficient antigen
capture.

In this study, we developed a smart modular system using
the C4BP heptameric scaffold that simultaneously displays
seven N-terminal VHH domains and seven C-terminal biotin
tracers. This dimer-heptamer configuration creates a 14-valent
display platform designed to enhance nanobody avidity and
amplify signals in sandwich immunoassays. Our results
demonstrate over tenfold improvement in detection sensitivity
for COVID-19 nucleocapsid protein in both magnetic bead and
ELISA systems. This modular covalent-noncovalent 14-mer
system represents a promising toolkit for rapidly developing
highly sensitive detection platforms for pathogen antigens
during early infection stages.
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