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Introduction

Nanobody engineering for enhanced-sensitivity
rapid COVID-19 tests

Eunji Jeong,? Seo Yeong Oh,” Seong Uk Son,”¢ Sojeong Lee,® Ryunhyung Kim,?
Jaewook Lim, 22 Sunjoo Kim,® Taejoon Kang,”® Juyeon Jung,”<¢
Seung-Yong Seong,"¥"" In-Young Jang,' Jong Hyun Kim,' Eunhee Jang,
Hyoung Hwa Jeong, Eun-Kyung Lim*<© and Seungjoo Haam ) *2

Nanobody-based diagnostics enable rapid and highly specific detection of infectious diseases, supporting
early intervention and effective outbreak control. With their small size, high stability, and ease of pro-
duction, nanobodies serve as promising alternatives to conventional antibodies in various diagnostic plat-
forms, including lateral flow immunoassay (LFIA) for point-of-care testing. In this study, we present a
nanobody-based LFIA for the rapid and early detection of coronavirus disease (COVID-19), caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which had a profound global impact,
while addressing the limitations of conventional antibody-based LFIAs. Instead of conventional antibodies,
we developed nanobodies with high specificity against the SARS-CoV-2 nucleocapsid protein and conju-
gated them to the surface of gold nanoparticles (GNPs). Various parameters were optimized to effectively
incorporate the nanobody-GNPs (nb-GNPs) into the LFIA platform. The resulting nb-GNP-based strip
exhibited a lower limit of detection (10**> PFU mL™) and higher reliability (R* = 0.9874) compared to
existing antibody-based rapid tests, achieving results within 15 minutes and demonstrating strong discri-
minative power for clinical samples. Moreover, our nb-GNPs-based strip demonstrated high specificity,
distinguishing COVID-19 from other respiratory viruses with similar symptoms. Our nanobody-based LFIA
exhibited excellent sensitivity and accuracy without the need for additional reagents or target amplifica-
tion steps. This LFIA approach can serve as an effective alternative to conventional antibody-based LFIAs
and play a crucial role in ongoing SARS-CoV-2 surveillance and preparedness for future pandemics.

went on to become one of the most severe global health crises
in history." This unprecedented pandemic had devastating

The coronavirus disease (COVID-19) pandemic, caused by the consequences on global public health, resulting in over
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 777 million confirmed infections and more than 7 million

fatalities worldwide by December 8, 2024, according to the
World Health Organization (WHO).> Due to its high transmis-
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necessity for early and accurate diagnosis to control infectious
diseases. The COVID-19 pandemic has reinforced the essential
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diagnosis, isolation, and timely clinical care. Although the
pandemic has waned, COVID-19 remains a significant public
health threat, and the WHO has urged countries to maintain
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monitor the situation.>* Thus, timely and accurate diagnosis
of SARS-CoV-2 infections remains essential for effective
disease management, controlling transmission, and prevent-
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Real-time quantitative polymerase chain reaction (RT-
gPCR) is considered the gold standard because of its remark-
able sensitivity and accuracy. However, this technique can be
executed only by skilled personnel; furthermore, obtaining
results requires approximately 1-4 hours and involves the use
of expensive equipment and reagents. Therefore, RT-qPCR is
impractical for on-site testing of rapidly spreading respiratory
viruses and does not allow for prompt isolation of infected
individuals to curb further spread.”® Lateral-flow immuno-
assay (LFIA) was introduced to overcome the limitations of RT-
gPCR, particularly its complexity and long processing time,
and has proven indispensable during pandemics due to its
user-friendliness, simplicity, and rapid turnaround time.>"°
Given the urgency of immediate identification of infected indi-
viduals for rapid initiation of countermeasures, COVID-19
LFIAs have gained FDA approval, further acknowledging their
role in SARS-CoV-2 diagnostics."""?

Although COVID-19 LFIAs are widely adopted, they exhibit
notable drawbacks, particularly high rates of false-negatives
and false-positives, owing to their low sensitivity and speci-
ficity."®> Many researchers have focused on the development of
advanced LFIA technologies that utilize additional materials
and signal amplification techniques to improve sensitivity,
specificity, and diagnostic accuracy.'*'® Sena-Torralba et al.
developed a modified LFIA with time-delay wax barriers that
selectively accumulate nanoprobes on the test line (T-line).
This sensitivity-enhancement strategy extends the incubation
time and promotes immune complex formation on the T-line,
resulting in a 51.7-fold increase in sensitivity compared to
that by conventional LFIA. Preechakasedkit et al. achieved
signal amplification and a 20-fold increase in sensitivity by
performing gold enlargement through the catalytic reaction
directly on the LFIA strip. These systems employ various
approaches to enhance sensitivity and overcome the limit-
ations of conventional antibody-antigen-based LFIA.
However, such strategies introduce additional processes,
making it less user friendly and have raised concerns about
increased unit costs owing to additional components (e.g.,
different nanoparticles and enzymes) required in the LFIA
manufacturing process. Hence, alternative approaches are
required to maximize the advantages while addressing the
limitations of conventional LFIA without escalating costs or
increasing complexity.'*™°

Antibodies are the key components that determine the per-
formance of LFIA. Although antibodies are fundamental for
molecular recognition and detection, there are several signifi-
cant drawbacks associated with the widely used polyclonal and
monoclonal antibodies. These include large molecular weight,
expensive preparation processes, poor reproducibility, and sus-
ceptibility to inactivation. These limitations must be addressed
for more efficient use in various applications, particularly
LFIA.>>*' Nanobodies, which are recombinant variable
domains of heavy chain-only antibodies, have emerged as
promising alternatives. Nanobodies are small binding units
originating from the antigen-binding regions of camelid-
derived antibodies. As the smallest antibodies, with a size of
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approximately 15 kDa, nanobodies are remarkably stable
under extreme pH and high temperature, and they have a low
production cost.*>** Additionally, they exhibit high-affinity
binding to their targets, making them highly suitable for appli-
cations in point-of-care testing (POCT) technologies.>*?
Therefore, using nanobodies instead of antibodies in LFIA is a
potentially advantageous approach. A key factor of POCT plat-
forms is their ability to provide an output signal that is amen-
able to rapid and error-free identification through visual
inspection. Gold nanoparticles (GNPs) are widely used in LFIA
because of their ability to generate strong optical signals via
localized surface plasmon resonance, enabling rapid visual
detection. In addition, their stable surface properties allow
efficient modification with biomolecules.”®?” Nanobodies are
typically of a small size; therefore, we anticipate that incorpor-
ating nanobodies into GNPs as signal probes will increase the
density of the target-binding moieties. This could contribute
to a more effective binding of the nanoprobe to the target
molecule even when only small amounts of the target are
present, potentially improving the sensitivity of diagnostic
signals and making them superior to those of existing nano-
probes.”® Herein, we propose a modified LFIA for SARS-CoV-2
detection with improved sensitivity achieved through the
precise integration of nanobodies and GNPs (Fig. 1). We pro-
duced nanobodies targeting the nucleocapsid protein of
SARS-CoV-2 and established a pipeline for their production,
which was subsequently employed to develop an LFIA diagnos-
tic strip. First, we extracted mRNA from alpaca peripheral
blood mononuclear cells (PBMCs) and synthesized comp-
lementary DNA (cDNA). The ¢DNA was used for library con-
struction via nested PCR, cloned into pComb3x, and trans-
formation into XL1-Blue cells. Phage clones were screened
using biopanning and enzyme-linked immunosorbent assay
(ELISA), and the monoclonal phage clone with the highest
binding affinity was selected. The selected monoclonal clone
was cultured to produce nanobodies, and its high affinity was
confirmed using characterization assays (Fig. 1a). Nanobodies
produced using this approach were either conjugated to GNPs
or immobilized on a T-line. The strips and nanoprobes for
detection were fabricated under meticulous optimization and
validated using viral samples, including clinical samples. The
developed nanobody-conjugated gold nanoparticle (nb-GNP)
strips demonstrated excellent sensitivity compared to the anti-
body-based rapid kit within 15 min, with a straightforward
and user-friendly operation (Fig. 1b). Therefore, we introduced
a powerful tool that surpasses existing POCT technologies by
applying nanobodies as a substitute for traditional antibody-
based rapid kits. This approach not only improves diagnostic
accuracy but also facilitates accessible SARS-CoV-2 detection,
which is essential for effective outbreak management.
Moreover, it offers a fast, straightforward, and highly sensitive
diagnostic method within a simple, low-cost workflow that
requires no extra instruments or reagents, thereby preserving
the practicality and scalability of conventional LFIA while
enhancing its performance for monitoring SARS-Cov-2 resur-
gence and future outbreaks.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Overview of nanobody-based lateral flow immunoassay (LFIA) for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) detection.
(a) Schematic illustration of key steps involved in nanobody production and selection for application in LFIA for SARS-CoV-2 detection. (b) Workflow
of nanobody-based LFIA for SARS-CoV-2 detection. By using nanobodies, a stronger detection signal with greater sensitivity is produced within

15 min, offering an alternative to the conventional antibody-based rapid kit.

Materials and methods

Details of all reagents and methods are described in the SI.

Results and discussion

Production of SARS-CoV-2 nucleocapsid (NC) protein-specific
nanobody

To obtain SARS-CoV-2 NC protein-specific nanobodies, we
intramuscularly administered the immunogen to alpacas
thrice at 2-week intervals. Subsequently, antibody responses
against the immunogen were assessed in the serum of immu-
nized alpacas at four different time points: days 0, 14, 21, and
35 (Fig. 2a). The antibody response was evaluated by measur-
ing the antibody titer in each blood sample using an ELISA.
Each immunization dose induced a progressive increase in
antibody response, with the highest titers observed at a 1:100
dilution, showing a characteristic dilution-dependent decrease
in signal intensity (Fig. 2b). A variable domain of heavy chain

This journal is © The Royal Society of Chemistry 2025

of immunoglobulin (VHH) library was constructed using
PBMCs from immunized alpaca blood collected on day 35. The
size and diversity of the library were estimated by colony-
forming units (CFU), assessed by plating serial dilutions
(ranging from 0.1 to 0.001 pL) in Super Optimal broth with
Catabolite repression media onto selective agar plates. Based
on the resulting colony counts, the library size was estimated
to be approximately 4.5-5.0 x 10® CFU mL™", indicating the
construction of a diverse library (Fig. 2c and Table S1). Colony
PCR and gel electrophoresis were performed on 20 randomly
selected colonies to confirm the insert sizes and sequences,
revealing a consistent VHH insert size of approximately 700 bp
across all samples (lanes 1-20), confirming the quality and
uniformity of the constructed library (Fig. 2d).

Enrichment analysis of nanobody candidates was con-
ducted through successive rounds of bio-panning. ELISA
results demonstrated significant enrichment of SARS-CoV-2
NC protein-specific nanobodies after two rounds of bio-
panning. A progressive increase in binding specificity was
observed using polyclonal phage ELISA, with the highest

Nanoscale, 2025,17, 23329-23342 | 23331
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Fig. 2 Synthesis of SARS-CoV-2 nucleocapsid (NC) protein-specific nanobodies. (a) Immunization and blood collection schedule for nanobody
production in alpacas. (b) Antibody response against the SARS-CoV-2 NC protein in immunized alpaca serum. (c) Colony-forming unit assessment
of the immune library by serial dilution (0.1-0.001 pL). (d) PCR analysis of randomly selected colonies (lanes 1-20) showing a consistent VHH insert
size. (e and f) ELISA results showing the enrichment of NC-specific nanobodies. (g) Identification of NC protein-specific nanobody candidates using
monoclonal phage ELISA. (h) SDS-PAGE analysis of the purified nanobodies expressed in ExpiCHO cells. The Fragment crystallizable region (Fc)-
nanobody showed a single band at approximately 76.8 kDa, whereas (i) the histidine tagged (His)-nanobody showed a single band at approximately
39.9 kDa. (j) The amino acid sequence of the identified nanobody is shown, with the complementarity-determining regions (CDRs) highlighted in

red and the Fc tag and His tag highlighted in gray.

enrichment observed in round 2. This indicated that the
selected phages had a significantly greater specificity to
SARS-CoV-2 NC than to bovine serum albumin (BSA), which
served as a negative control (Fig. 2e and f). To assess and
select NC protein-specific nanobodies, we performed mono-
clonal phage ELISA using BSA as a negative control. Among
the 40 randomly selected clones, clone 13 demonstrated excep-
tional binding specificity to the NC protein, with an absor-
bance value of approximately 3.8, and showed minimal cross-
reactivity with BSA (Fig. 2g). The remaining clones exhibited
relatively low binding signals. These results indicated success-
ful isolation of a highly specific nanobody candidate for the
NC protein and that the two biopanning rounds successfully
enriched SARS-CoV-2—specific nanobodies. The VHH
sequences from the selected monoclonal phages were cloned
into TGEXTM vectors to link them, and the nanobodies
expressed in Expi-CHO cells were purified using Protein G
columns.

We prepared two types of nanobodies for use in LFIA. Of
the two nanobodies, the one with the Fc tag was immobilized

23332 | Nanoscale, 2025, 17, 23329-23342

on the T-line, whereas the one in which the Fragment crystal-
lizable region (Fc) region was replaced with a histidine (His)
tag was taken for subsequent conjugation to GNPs for use as a
nanoprobe. The nanobodies showed a single band at approxi-
mately 76.8 and 39.9 kDa on SDS-PAGE, confirming the
efficient production and purification of the functionally active
nanobody (Fig. 2h and i). The expression system demonstrated
high productivity, yielding 200 mg L™" of purified Fc-nanobody
and 41.2 mg L' of purified His nanobody. The binding
affinity of the purified nanobodies to the NC protein was
assessed using a bio-layer interferometry assay (Fig. S1).
Sensorgrams confirmed the association and dissociation
phases of the interactions at different concentrations (100, 50,
25, 12.5, 6.25, and 3.125 nM). Kinetic parameters were deter-
mined based on experimental data, revealing a high-affinity
interaction with a dissociation constant (Kp) of 1.17 nM, which
is superior to that of conventional monoclonal antibodies.>®
The association rate constant (K,,) and dissociation rate con-
stant (Kg;) were 8.32 x 10* L M~ s™' and 9.72 x 107> L s,
respectively, indicating strong and stable binding between the

This journal is © The Royal Society of Chemistry 2025
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nanobody and its target antigen. Additionally, the isoelectric
point (pI) of the nanobody was determined to be 9.6. The
amino acid sequences of selected NC protein-specific nanobo-
dies are shown in Fig. 2j. The framework regions maintain the
structural integrity, whereas the complementarity-determining
regions are crucial for the identification of antigens. The com-
plete sequence represents the mature nanobody structure
derived from the clone that exhibited the highest binding speci-
ficity for the NC protein.

Fabrication of nb-GNPs

To use nanobodies in LFIA, we aimed to fabricate nb-GNPs
using a physisorption method that relies on electrostatic inter-
actions without chemically modifying the His-tagged nanobo-
dies. This strategy minimizes the structural alterations of
nanobodies while preserving their antigen-binding affinity and
serves as a versatile approach applicable to various types of
nanobodies. We first examined the conjugation process gov-
erned by the pI of the nanobody and the pH of the GNP solu-
tion. At its pI, a nanobody becomes electrically neutral, which
may reduce its binding efficiency to the negatively charged
GNP surface. When the pH of the GNP solution is higher than
the pI of the nanobody, the nanobody becomes negatively
charged and can absorb onto the citrate-stabilized gold surface
by partially replacing the citrate layer. This adsorption pro-
motes stable GNP-nanobody conjugation without aggregation.
In contrast, when the pH of the GNP solution is lower than the
pI of the nanobody, the nanobody acquires a positive charge,
which enhances electrostatic interactions with the negatively
charged citrate layer surrounding the GNPs. Under these con-
ditions, protein-mediated bridging between nanoparticles can
occur, leading to strong aggregation.’°* To investigate this
correlation, highly monodisperse GNPs of two different sizes
were synthesized (Fig. S2). Subsequently, they were adjusted to
varying pH values (7.8-11.8) by adding K,CO;. pH 9.8 was con-
firmed as the optimal condition using the absorbance ratio of
optical density (OD;,  /ODs30), indicating colloidal stability,
where OD;__ corresponds to 15 nm GNPs at ODs,, and 30 nm
GNPs at ODs3 (Fig. 3b).*>® These results confirmed the pres-
ence of aggregates in the GNP-nanobody solution under acidic
conditions and indicated a decrease in the stability of GNPs
before nanobody treatment under highly basic conditions,
such as pH 11.8 (Fig. S3). Therefore, maintaining the pH of
the GNP solution slightly above the pI of the nanobody was
determined to be a key factor in facilitating stable conjugation
to GNPs.

The concentration of nanobodies also plays a crucial role in
optimizing the conjugation process as it determines both the
detection efficiency and colloidal stability of nb-GNPs.?” As
shown in Fig. 3c and S4, the decrease in the stability of nb-
GNPs with increasing nanobody concentration was confirmed
by the reduction in the recovery ratio, which is the ratio of the
ODs of the GNPs after and before nanobody treatment. This
trend indicates the higher amount of nanobody affect the col-
loidal stability of the GNPs. One possible explanation is that,
under our experimental conditions, the pH of the GNP solu-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

tion was adjusted close to the nanobody’s pI to enable success-
ful conjugation to the GNP surface. However, this condition
caused the nanobody to carry minimal net charge, thereby
reducing  electrostatic  repulsion  between  particles.
Consequently, protein-mediated bridging and displacement of
the stabilizing citrate layer are promoted, leading to further
destabilization of the colloidal suspension.***® Notably,
Fig. 3b and c, and S4 indicate that 15 nm GNPs were more
stable than 30 nm GNPs, which can be attributed to the lower
molecular weight (MW). If the GNPs are too small, the surface
area is limited, making it difficult to achieve sufficient nano-
body conjugation. However, if the particle size is too large, the
surface may not be adequately covered, leading to particle
aggregation and decreased stability.*® Therefore, we chose
15 nm GNPs as the optimal size for nanobody conjugation.
Additionally, the blocking buffer, along with the nanobody
concentration, exerts a significant influence on effective diag-
nostic signaling and the prevention of non-specific binding in
LFIA, while minimizing false-positive signals. Therefore, we
synthesized nb-GNPs under varying combinations of nanobody
and blocking buffer concentrations and evaluated their par-
ticle stability and assessed target-specific diagnostic signals
using a dot blot assay (Fig. 3d, S5, and S6). As previously
reported, an increase in nanobody concentration led to
decreased particle stability, whereas lower concentrations
resulted in a reduced signal-to-noise (S/N) ratio. In contrast, a
higher concentration of the blocking buffer enhanced particle
stability but reduced the S/N ratio, whereas a lower concen-
tration compromised stability while improving the S/N ratio.
Based on these outcomes, 0.5 pg mL™' nanobody and 0.1%
BSA blocking were identified as the optimal conditions to
maximize both particle stability and the S/N ratio. Various
blocking agents were similarly evaluated using the same
method, and BSA was selected as the optimal blocking agent
(Fig. S7).

To confirm the successful fabrication of the nb-GNPs, we
performed a series of characterizations. The characteristic
peak shift from 520 to 525 nm provided evidence of the suc-
cessful conjugation of nanobodies to GNPs (Fig. S8a).*°
Furthermore, the conjugation of nanobodies to the surface of
GNPs led to an increase in their diameter, hydrodynamic
radius, and zeta potential, which contributed to enhanced col-
loidal stability and the formation of a neutral capping layer
(Fig. 3e and S8b). During conjugation, the nb-GNPs main-
tained their spherical morphology and monodispersity as con-
firmed using transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) (Fig. S8c and S8d). When
salt was added to plain GNPs, aggregation was induced
because of the neutralization of particle repulsion maintained
by the electric double layer. In contrast, when proteins or anti-
bodies are adsorbed onto the particle surfaces, they act as pro-
tective shields, preventing aggregation.’ Therefore, a salt
aggregation assay was performed to evaluate nanobody adsorp-
tion, which indicated complete coating of GNPs with nanobo-
dies (Fig. 3f). The characteristic absorption peaks of the nano-
bodies conjugated to GNPs were analyzed using Fourier-trans-

Nanoscale, 2025, 17, 23329-23342 | 23333
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Fig. 3 Fabrication of nanobody-conjugated gold nanoparticles (nb-GNPs). (a) Schematic illustration of the stability of GNP—nanobody conjugates
according to the pH of the GNP solution and the isoelectric point (pl) of the nanobody. (b) Stability test after nanobody conjugation with 15 nm and
30 nm GNPs. (c) Recovery ratio showing the stability of 15 nm and 30 nm GNPs according to the concentration of nanobody solution used for conju-
gation. (d) Signal-to-noise (S/N) ratio heat map of dot blot assay results according to the nanobody concentration and BSA blocking percentages
(w/v). (e) Hydrodynamic diameter and zeta potential of bare GNPs and nb-GNPs before and after nanobody conjugation. (f) Salt aggregation assay,
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stability.

form infrared (FT-IR) spectroscopy (Fig. 3). The typical bands
of nanobodies confirmed their presence on the surface of
GNPs, with bands observed at 1000-1500 cm™" (C-N stretch-
ing), 1650-1750 cm™" (C=O0 stretching), and 2800-3000 cm™"
(C-H stretching).”> Subsequently, the grafting density of the
nanobody on the GNP surface was determined using thermo-
gravimetric analysis (TGA). Through TGA, the number of nano-
body molecules attached to a single GNP was calculated to be
63.4. This value was significantly higher than that observed
with antibodies (Fig. S9), because the MW of the nanobody
was smaller than that of the antibody, thereby enabling a
higher grafting density. This suggests that owing to its smaller
size, the nanobody can coat the surface of GNPs more densely
than antibodies, which is expected to enhance both the detec-
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tion efficiency and target specificity in LFIA compared with
what can be achieved using antibodies.

After confirming the successful synthesis of nb-GNPs, we
determined their target-binding response using the NC
protein before applying them to LFIA. The target NC protein
was prepared at varying concentrations (0-1000 pug mL™") and
30 pL was incubated with 90 pL of nb-GNPs (OD 0.2) for
15 min (Fig. 3h). We analyzed the aggregation of nb-GNPs
upon binding to the target NC protein and observed a sigmoi-
dal curve in response to concentration (R = 0.9874). In
addition, an increase in particle size owing to aggregation was
confirmed through the size distribution analysis of a solution
containing 500 pg mL™" of NC protein and nb-GNPs, demon-
strating successful target binding (Fig. 3i). Finally, nb-GNPs
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exhibited excellent stability when stored at both 4 °C and at
room temperature (25 °C) for 7 days, indicating their potential
suitability for use in LFIA strips (Fig. 3j).

Assembly and optimization of the nb-GNPs strip

Prior to applying nb-GNPs to the LFIA strip for SARS-CoV-2
detection, we optimized the strip conditions to achieve high
sensitivity and selectivity.**> The LFIA strip comprises a sample
pad for specimen loading and a conjugation pad pre-loaded
with nb-GNPs and IgY antibody-conjugated GNPs (IgY-GNPs),
which are released upon sample application and migrate along
the nitrocellulose membrane to form the test line (T-line) and
control line (C-line), respectively. The nitrocellulose membrane
is functionalized through the irreversible immobilization of
capture nanobodies containing an Fc tag (T-line nanobody)
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and capture antibodies (C-line IgY). The absorbent pad facili-
tates fluid flow, whereas the backing card provides structural
support to the assembly. This LFIA strip enables nb-GNPs to
form an immunosandwich with the target analyte at the
T-line, while IgY-GNPs are consistently captured at the C-line
by the IgY, resulting in the appearance of two lines in the posi-
tive case (Fig. 4a).

To comprehensively optimize our assay, we investigated the
interrelated effects of pore size (8, 10, and 12 um) of nitrocellu-
lose membranes and Tween 20 concentration in the elution
buffer (0.0625-0.5% w/v) under time-dependent conditions.
Because both pore size and Tween 20 concentration directly
influence the flow rate and consequently impact detection
time, signal intensity, and nonspecific signals, it was necessary
to evaluate these parameters in combination rather than
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Fig. 4 Assembly and optimization of the nb-GNPs strip. (a) Schematic illustration of LFIA using nb-GNPs. (b) S/N ratio and (c) normalized T-line
intensity (T/C), calculated using both positive and negative cases, for optimizing the concentration of hanobody immobilized on the T-line. (d) S/N
ratio and (e) Normalized T-line intensity (T/C), calculated using both positive and negative cases, for different OD values of nb-GNPs applied to the
conjugation pad. (f) S/N ratio and (g) C-line intensity for optimizing the mixing ratio of nb-GNPs and IgY-GNPs. (h) Photographic image of nb-GNPs
strip and (i) bar graph of T-line intensity according to detection time. (j) Scanning electron microscope image of GNPs in each strip part after positive
and negative cases were applied to the assembled nb-GNPs strip. The yellow circle indicates GNPs. The white scale bar indicates 0.5 pm. All positive
cases for S/N ratio were treated with 100 pL of 10° PFU mL™* of SARS-CoV-2 virus, and negative cases for S/N ratio were treated with 100 pL of
0.25% Tween 20 (w/v). The photograph images were analyzed using ImageJ software 1.47v. Significant differences are denoted by the asterisks with
p values analyzed by ordinary one-way analysis of variance (*p < 0.05 and ****p < 0.0001).
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through step-by-step optimization. We then evaluated the S/N
ratio, which is a crucial factor for maximizing signal intensity
and achieving high sensitivity in SARS-CoV-2 detection
(Fig. $10).*> The 8 pm membrane exhibited a slow flow rate,
which prolonged detection time and consistently yielded lower
S/N ratios across all Tween 20 concentrations. In contrast, the
10 um membrane achieved the highest S/N ratio at 0.25%
Tween 20, while the 12 um membrane performed best at
0.125%. For both 10 and 12 um membranes, signal intensities
reached saturation within 15 min. However, considering the
weakened signal caused by the rapid flow of the 12 pm pore
size membrane, we selected the 10 pm pore size with 0.25%
Tween 20 and a 15 min reaction time as the optimal condition
for subsequent experiments.

Next, because the concentration of the immobilized T-line
nanobody is essential for sandwich immunocomplex for-
mation with the captured target analyte, we adjusted the T-line
nanobody concentration to achieve optimal performance. If
the concentration of the T-line nanobody is too low, the target
analyte capture efficiency decreases, leading to a reduced sen-
sitivity. Conversely, if the concentration is too high, non-
specific binding and background signals may increase.** To
determine the optimal concentration, we refined the con-
ditions based on S/N ratio and T-line intensity. During this
process, we normalized T-line intensity by dividing it with the
C-line intensity. For the C-line, IgY-GNPs were prepared using
15 nm GNPs in the same manner as nb-GNPs, and the C-line
intensity was optimized by adjusting the concentration and
OD of IgY-GNPs (Fig. Sila and S11b). The IgY-GNPs main-
tained their optical properties without particle aggregation
even when mixed with nb-GNPs, indicating that a mixture of
the two particles is appropriate for application in LFIA
(Fig. S11c). Based on the S/N ratio and normalized T-line
intensity (T/C), 0.25 mg mL™" was identified as the optimal
concentration of the T-line nanobody (Fig. 4b and ¢, and
S12a). Subsequently, we focused on optimizing the conju-
gation pad by examining the OD of the nb-GNPs and IgY-GNPs
and determining the appropriate ratio for applying the GNP
solution to the conjugation pad. The OD of nb-GNPs and the
nb-GNP : IgY-GNP ratio are critical parameters as they directly
influence the intensity of the signal in both the T-line and
C-line as well as the limit of detection (LOD). As shown in
Fig. 4d and e, and S12b, an OD of 5 was determined, which
yielded the optimal S/N ratio compared to other ODs.
Furthermore, the optimal nb-GNP:IgY-GNP ratio was deter-
mined to be 4:6, based on the S/N ratio and saturation of
C-line intensity (Fig. 4f and g). The optimized conditions for
the nb-GNP strips were mounted on a backing card.

A key consideration in POCT for respiratory infections is
establishing an adequate detection time to ensure that the
resulting signal is clearly visible to the naked eye.*> Therefore,
we applied SARS-CoV-2 (100 pL of 10> PFU mL™") to the nb-
GNPs strip and observed it for 30 min. During this time, all
the GNPs in the kit migrated from the conjugation pad, flowed
along the membrane, and reached the absorbent pad, allowing
us to determine the optimal detection time at which the inten-

23336 | Nanoscale, 2025, 17, 23329-23342

View Article Online

Nanoscale

sities of both lines reached saturation. Based on these results,
the optimal detection time was determined to be 15 min
(Fig. 4h and i). This duration is consistent with that of existing
commercial antibody-based rapid test kits, demonstrating that
our assay enables rapid detection, making it suitable for POCT
applications. In addition, after detection, GNPs were clearly
observed in all cross-sectional regions of the nb-GNP strips in
the positive samples, whereas in the negative samples, they
were absent only in the T-line, as confirmed using SEM

(Fig. 4j).

Performance evaluation of nb-GNP probes for SARS-CoV-2
detection

We evaluated the performance of our assay, the nb-GNP strip
compared with that of a commercial antibody-based rapid kit
to address the urgent need for a highly sensitive and selective
POCT technology for SARS-CoV-2 detection a. First, to assess
the sensitivity of our assay, we examined the detection signal
across a concentration range of 10°-10" PFU mL ™", which is a
clinically relevant titer range in viral diagnostics. This encom-
passes typical viral loads noted in clinical samples, demon-
strating the sensitivity of the assay across different stages of
infection.’® Simultaneously, we compared the detection per-
formance with that of an antibody-based rapid kit over the
same titer range, including an additional concentration of 2.5
x 10° PFU mL ™" owing to the lower sensitivity of the rapid kit.
Both our assay and the antibody-based rapid kit were photo-
graphed at the completion of the detection time (15 min) after
the virus sample was applied, and the images were analyzed
using the Image] software (1.47v) to obtain the signal plot and
intensity peaks. As shown in Fig. 5a and b and S13, both
assays exhibited stronger and more intense bands at the
T-lines with increasing virus concentrations. Our assay exhibi-
ted a wide dynamic range with a sigmoidal curve, with a
higher regression coefficient (R* = 0.9874) and an LOD (10*'°
PFU mL ") than the antibody-based rapid kit (Fig. 5c). This
demonstrates the capability of the developed LFIA for quanti-
tative detection, overcoming the disadvantages of traditional
antibody-based rapid kits and enabling the detection of a wide
range of viral loads typical seen from preclinical to sympto-
matic stages.”’

Moreover, a high specificity for the target virus is crucial for
minimizing false positives. Therefore, we evaluated the speci-
ficity of our assay for the SARS-CoV-2 virus by testing for respir-
atory viruses such as influenza A virus subtypes (H1N1, H3N2,
and H9N2), influenza B virus (IBV), and Newcastle disease
virus (NDV), which exhibit symptoms similar to those of
COVID-19. A visible test line (T) and control line (C) were
observed on our assay only in with SARS-CoV-2, whereas only
the control line (C) appeared when tested with non-target
viruses (Fig. 5d). This demonstrates the high specificity of our
assay for SARS-CoV-2 detection, indicating a low risk of mis-
diagnosis of other similar diseases.

Given the continuous emergence of SARS-CoV-2 variants
carrying mutations in nucleocapsid protein, we evaluated the
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The specificity analysis of photographic images and signal plots against a range of respiratory viruses. The virus samples include the target virus,
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diagnostic performance of our assay against Delta and
Omicron variants to ensure its robustness for detecting
SARS-CoV-2 variants (Fig. S14). Notably, considering that the
Omicron variant exhibits mutations affecting nucleocapsid
antigen levels and has been associated with reduced rapid
antigen test sensitivity,*® it is critical to validate diagnostic per-
formance against emerging variants. Therefore, our assay
reliably detected both Delta and Omicron strains, ensuring
robust detection of emerging variants.

One advantage of nanobodies is their excellent long-term
stability. The performance of rapid kits must not deteriorate
even after prolonged storage; therefore, we evaluated the per-
formance stability of our assay to ensure its reliability over
time (Fig. $15).* We determined that our assay had long-term
storage stability at room temperature (25 °C) for up to 6 weeks.
Consequently, our assay was validated to have an improved

This journal is © The Royal Society of Chemistry 2025

sensitivity and dynamic range compared to the antibody-based
rapid kit while maintaining the same detection time (Fig. 5e).

Validation of applicability for POCT using clinical samples

Most importantly, we assessed the clinical efficacy of our assay
using clinical samples (COVID-19 positive and negative).
COVID-19-positive (n = 35) and -negative (n = 30) samples,
classified based on Ct values from the RT-qPCR (Table S2),
were tested simultaneously using both our assay and the anti-
body-based rapid kit (Fig. 6a). Fig. 6b and c and S16 show that
no false-positives were observed with either test. However, the
antibody-based rapid kit yielded false negative results, as no
detectable signal was observed in some of the samples. In con-
trast, our assay successfully provided a visible signal for all
positive samples. For a clearer comparison, the results were
analyzed using a violin plot (Fig. 6d). The signals detected in
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the positive samples using our assay were distinctly stronger
than those in the negative group. In contrast, the antibody-
based rapid kit produced relatively weak signals across the
positive samples. When the samples were grouped according
to their Ct values, our assay exhibited higher signal intensities
than the antibody-based rapid kit for samples with low Ct
values, while still producing detectable signals for samples
with higher Ct values, indicating a broader dynamic range of
detection (Fig. 6e). These findings suggest that our assay has
sufficient sensitivity to replace antibody-based rapid kits in a
POCT setting. Our assay provides a practical and rapid alterna-
tive for detecting SARS-CoV-2 in clinical samples. To enable
more accurate comparison between assays, the intensity of the
T-line was normalized to that of the C-line (T/C). The cut-off

23338 | Nanoscale, 2025, 17, 23329-23342

threshold for our assay was determined to be 0.068 (mean + 3
x standard deviation of the T/C values) based on negative
strips, and strips with T/C values above this threshold were
designated as positive.’® Our assay demonstrated superior
accuracy compared to antibody-based rapid kit in distinguish-
ing between positive and negative samples, which was compar-
able to that of RT-qPCR (Fig. 6f and S17). Furthermore, we
sought to integrate the result of our assay with smartphone-
based signal analysis, a feature that is becoming increasingly
common in next-generation point-of-care diagnostics.>'>> The
“RGB Color Detector” application extracts a hex color code
(e.g., #BAAEBO) from the strip image and converts it into
CMYK values, from which the M intensity (magenta channel)
was analyzed.>® This method was considerably simpler than
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the image analysis method employing Image J software. Using
the smartphone-based approach, our assay allowed more
precise quantification of signal intensities, revealing stronger
signals compared to the antibody-based rapid kit, and provid-
ing a more reliable and objective assessment than visual
inspection alone, thereby reinforcing its potential as a POCT
tool for resource-limited settings (Fig. S18).

Conclusions and outlook

To combat rapidly spreading respiratory viruses and enable
early diagnosis at the point-of-care, we propose the use of nb-
GNP strips, an LFIA platform that uses nanobody-conjugated
gold nanoparticles for detection of the SARS-CoV-2 nucleocapsid
protein. This platform retains the user-friendly nature and ease
of interpretation of traditional antibody-based rapid Kkits, while
overcoming sensitivity limitations through the use of nanobo-
dies. We established a pipeline for nanobody production and,
through optimization, successfully developed a strip with higher
sensitivity and specificity than antibody-based rapid kits, by
conjugating nanobodies to GNPs and integrating them into the
LFIA platform. Notably, our assay demonstrated outstanding
performance in accurately determining COVID-19 infection
status across a range of clinical samples, as well as in detecting
multiple SARS-CoV-2 variants. As summarized in Table S3, clini-
cal applicability and variant coverage of our assay surpass those
of previously reported nanobody-based LFIA platforms designed
to detect emerging and re-emerging viral pathogens, highlight-
ing its value as a practical, adaptable, and high-performance
diagnostic tool. In this study, nanobodies were used in a con-
ventional monomeric format without structural modifications.
To further enhance our assay’s performance, future work will
incorporate affinity maturation, multivalent scaffold, or fusion
constructs to improve binding affinity and assay functionality,
thereby broadening the assay’s diagnostic utility.>**® Moreover,
we will explore the integration of nanozyme-based transduction
strategies, in which nanomaterials with intrinsic enzyme-
mimicking activities catalyze chromogenic or electrochemical
reactions. Such integration is expected to provide catalytic signal
amplification, accelerate reaction kinetics, and enable more sen-
sitive and potentially quantitative detection, while preserving
the assay’s simplicity and cost-effectiveness.’”’° In addition,
with the robustness of our platform as a foundation, future
studies will extend validation across diverse clinical conditions
to ensure broad diagnostic applicability. This approach shows
high potential to become an important tool in ongoing
SARS-CoV-2 surveillance programs that can enable rapid
response, thereby contributing to effective outbreak manage-
ment and strengthening global public health efforts.
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