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Persistent viral reservoirs (PVR) of SARS-CoV-2 (or long COVID-19) and latent COVID-19 disease have been of
great concern to clinicians. Several studies have identified spike protein (S1) as a definitive biomarker for the
early detection of persistent viral reservoirs and latent COVID-19. A novel sandwich-format electrochemical
immunosensor integrating a nanocomposite material was engineered for rapid and sensitive latent COVID-19
detection. The platform structure, AuSPE||strep|Nb;|BSA|biotin|S1 |strep-LiSmZrO3-Nb, + BSA (AuSPE = gold
screen-printed electrode, strep = streptavidin-thiol, Nb; = primary nanobody, Nb, = secondary nanobody, BSA
= bovine serum albumin, and spike (S1) protein = S1), featured a disposable AuSPE modified with strep to
anchor a biotinylated camelid Nb; specific to the spike protein. A Nby conjugated to streptavidin-labelled
LiSmZrO3 perovskite completed the sandwich complex, enhancing both affinity and signal transduction. Elec-
trochemical responses of the sensor were studied via electrochemiluminescent (ECL) signal transduction. The S1-
sensitive sandwich immunosensor had a detection range of 0-1000 pg mL ™! with a limit of detection of 0.04 pg
mL~! via ECL. As feasibility studies, commercial spike protein in buffered solutions and human serum, high-
lighting the potential for the immunosensor to be used in SARS-CoV-2 patients and PVRs. The nanobody
sandwich immunosensor showed excellent stability, selectivity, sensitivity, and reproducibility. The immuno-
sensor serves as a broad PVR for a SARS-CoV-2 screening tool, detecting elevated S1 levels to enable early,
targeted diagnostics.

nanobody-based biosensor
spike protein (S1)
sandwich immunosensor
persistent viral reservoirs

1. Introduction

Persistent viral reservoirs (PVRs) of Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV-2) refer to specific tissues or cells, such
as the brain, gastrointestinal tract, lungs, lymphoid tissue, fat, and im-
mune cells like monocytes, where viral RNA, proteins, or antigens can
remain long after the acute infection has resolved [1]. Although SARS-
CoV-2 does not establish classical viral latency, it may persist at low,
subclinical levels in these reservoirs, contributing to a state often
described as latent or chronic coronavirus disease (COVID). This

persistent presence is believed to be a key driver of long COVID symp-
toms, due to continuous immune stimulation or residual antigenic
exposure [2]. Standard diagnostic tests often fail to detect the virus in
these hidden sites, making detection and characterization of PVRs crit-
ical. Identifying these reservoirs can help improve diagnostic accuracy
for long COVID, guide the development of targeted antiviral or immu-
nomodulatory therapies, and inform vaccine strategies [3]. Moreover,
detecting persistent viral components in blood or tissue could serve as
valuable biomarkers for monitoring disease progression and therapeutic
response. Currently, new technological advancements are underway to
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address the limitations of existing PVR of SARS-CoV-2 (or long COVID-
19) and latent COVID-19 detection methods. Most of the ELISA systems
that are currently being employed rely on antibodies, which are the
main components of the immune system’s recognition system [4].
Although antibodies are commonly used as a routine part of the devel-
opment process, they have several drawbacks, such as their large,
complex structure and size, which can cause various defects. Addition-
ally, one of the main drawbacks of using polyclonal antibodies is their
variability in batch-to-batch conditions. This can prevent the develop-
ment of protein engineering [5]. Another issue with antibodies is
random attachment to the support, which can lead to partial loss of
function, such as binding via the antigen site or denaturation upon
adsorption. Due to the technological advancements that have occurred
in the field of biologics, there is a growing movement toward the use of
recombinant antibodies and non-antibody binding proteins. This
method allows the continuous production of a stable protein with no
variation. Moreover, the obstacles that occur when using conventional
antibodies can be overcome by a single entity that has the full antigen-
binding properties of a functional antibody; this is known as a nanobody
(Nb). These new products are designed to carry a variable domain of
heavy-chain antibodies found in animals from the Camelidae family [6].
When compared to conventional antibodies, these nanobodies have
several advantages, such as higher thermostability and flexibility,
improved solubility, ease of recombinant expression, and the ability to
interact with a variety of antigens [7]. Nbs have a shorter half-life in
vivo, which allows the kidneys to quickly clear the unbound portion of
the product. They can also be produced in large quantities using various
types of bacteria and yeast [6]. It is also more affordable to develop and
maintain these types of antibodies than to produce multiple types of
conventional antibodies. Therefore, Nbs might solve several problems,
since they can detect clinically relevant antigens with good sensitivity
even under harsh conditions, creating many opportunities to diagnose
diseases or infections and treat them. As such, they have been regarded
as outstanding features in the field of therapeutic [8] and diagnostic [9]
applications.

In recent years, there has been growing interest in biosensors for
detecting disease markers associated with persistent viral reservoirs
[10-16]. These methods have various advantages, such as a wide linear
range, high sensitivity, and reproducibility, which endow these methods
with broad prospects of extensive application in the diagnosis and
treatment of disease. Extensive research has been undertaken to improve
the efficiency, accuracy, and sensitivity of biosensors. One of the
prominent factors is the incorporation of nanomaterials into the system.
However, to date, there are very few that incorporate perovskite nano-
materials. Perovskite nanomaterials have become an emerging material
due to their unique properties. Although perovskite nanomaterials have
been applied in various biosensing platforms for cancer and kidney
biomarkers [8-10], their application in SARS-CoV-2 antigen-antibody
sensors remains largely unexplored. Wang et al [17], reported on the use
of encoded probes that were based on DNA-LaMnOj3; (DNA-LMO)
perovskite material. This formed their aptasensing platform for the
detection of alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA),
and prostate-specific antigen (PSA) biomarkers. They showed that the
enhanced amplification effect of their material toward the aptasensor
was due to their numerous LMO-M-enriching properties. Then, Chak-
raborty and co-workers [14] developed an immunosensor based on
nickel oxide nanoparticles modified cerium-copper oxide perovskite for
the detection of acute kidney injury, specifically lipocalin 2. They ob-
tained a detection limit of 4.23 pg mL™! and highlighted that the com-
bination of chemically modified perovskite oxide and transition metal
oxide nanoparticles results in a significantly improved electrochemical
conductivity of the sensing electrode. Likewise, Yu et al [18], reported
on a photoelectrochemical (PEC) immunoassay that was enhanced using
a perovskite-based (lanthanide-doped bismuth ferrite/reduced gra-
phene oxide/tungsten oxide nanohybrids) photo-sensing material. They
showed that the use of the perovskite material enabled the transferred
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charges to move in the circuit, which allowed for a separation of the
photo-generated holes and electrons. They were able to sensitively
detect PSA with a detection limit of 49.4 pg mL~!. These research arti-
cles highlight the fact that the use of perovskite materials in sensing
applications is possible, further confirming the benefits that these ma-
terials offer, such as excellent electrochemical stability, ferroelectricity,
superconductivity, and excellent catalytic activity. These results may be
crucial to the area of improving detection techniques to diagnose and
prevent diseases. In this study, the perovskite nanomaterial used was
LiSmZrOs. Previous studies have demonstrated the superior electro-
chemical properties of this material. January et al [19] recently showed
its effectiveness in amplifying electrochemical signals for interferon-
gamma detection, confirming its stability and sensitivity in biosensing.
Likewise, rare-earth-doped LizZrOs perovskites have been reported to
enhance electrocatalytic efficiency and durability [20]. The successful
application of rare-earth-modified materials in sensitive electrochemical
biosensors [21] further supports the rationale for employing LiSmZrOs.
Taken together, these findings highlight that LiSmZrOs is not only
structurally stable but also provides distinct electrochemical advan-
tages, making it an excellent choice for electrochemiluminescent (ECL)
signal amplification in biosensor development.

Similarly, nanobody-based sensors have shown promise for SARS-
CoV-2 detection [16-20], but existing designs typically rely on anti-
bodies or hybrid formats, and few adopt a sandwich-type configuration.
To date, no report has combined nanobodies with perovskite nano-
materials in an electrochemiluminescent sandwich immunosensor for
detecting the S1 protein as a biomarker of persistent viral reservoirs.
Maher et al [22] reported on the use of lateral flow test (LFT) strips
based on dual gold conjugates (Au-Nbs as the detector probe, and Au-
ACE 2 as the capture probe) for the detection of SARS-CoV-2S protein.
Their results show that the conjugation resulted in an exaggerated signal
intensity and an improved sensitivity, specificity, and limit of detection
when compared to monoclonal antibody (mAb)-based strips. Yame He
and co-workers [23] then reported on the use of nanobodies in SARS-
CoV-2 whole-cell biosensors. They made use of nanobody-displayed
yeast as the capture probe and AuNPs functionalized HRP conjugated
to anti-SARS-CoV-2 mAb as their signalling probe. They were able to
detect SARS-CoV-2S protein with a limit of 0.037 pg mL ™! and showed
that through the expression of nanobodies, the engineered yeast can
quickly purify and concentrate SARS-CoV-2-related S proteins found in
complex matrices. Similarly, Kamel et al [24] developed a protocol
based on a sandwich enzyme-linked immunosorbent assay. In their
protocol, they made use of recombinant S1 mAb and Au-conjugated Nb’s
as their antigen capture and detection probes, respectively. After the
AuNPs functionalization, the reaction of these conjugates with free
nanobodies was compared. The results of their study revealed that the
use of AuNPs Nbs significantly increased the absorbance reading, ulti-
mately resulting in an impressively elevated sensitivity in both saliva
and nasal swabs. Then, Yun Chen and co-workers [25] fabricated a
nanobody-based photoelectrochemical immunoassay for SARS-CoV-2S
protein and used Au@TiO, photoactive nanomaterial as their sensing
platform. The interaction of the TiO spheres and the AuNPs directly
immobilized the Nb, leading to a low detection limit of 5 fg mL L. They
highlighted that the small size of the Nb, coupled with a higher density
on the PEC immunosensor, improved the signal-to-noise ratio of the
instrument. This helped reduce the detection limit and obtain a sensitive
analysis. Lastly, Pagneux et al [26] reported on an Nb-functionalized
voltametric system for the detection of whole SARS-CoV-2 viral parti-
cles (RBD). An Au-modified surface was used as their sensing platform.
They found that the incorporation of their anti-fouling technique and the
nanobody’s surface orientation were the underlying factors in this pro-
ject’s success. In addition, the device’s sensitivity exceeded the reverse
transcription polymerase chain reaction’s detection rate. They reported
that the only possible drawback is the device’s ability to detect the virion
in the presence of mutant RBDs, which can affect the epitopes of the Nb.
However, the sensitization of the device and its chosen ligand prevented
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this issue. Based on the information obtained, it is evident that the
research area of nanobodies’ functionality in biosensors is limited, and
current approaches either exploit nanobodies for SARS-CoV-2 detection
without advanced signal amplification or nanomaterials, such as pe-
rovskites. This leaves a clear gap in developing highly sensitive plat-
forms that integrate both strategies to enable ultra-low-level detection of
the S1 protein as a biomarker of persistent viral reservoirs, a critical
unmet need in long COVID diagnostics. This work addresses this gap
through three unique innovations: (i) the first integration of perovskite
nanomaterials (LiSmZrOg) into a nanobody-based immunosensor for
SARS-CoV-2 detection, (ii) direct application to detecting the S1 protein
as a biomarker of persistent viral reservoirs, an area currently lacking
reliable diagnostic tools, and (iii) the use of nanobodies as both capture
and detection probes in a sandwich configuration using electro-
chemiluminescence, ensuring high selectivity and reduced steric hin-
drance. By addressing the limitations of conventional antibody-based
methods, the sensor enables sensitive and reliable detection of persistent
viral antigens, offering a novel diagnostic tool for monitoring post-acute
SARS-CoV-2 infection.

The goal of this study is to develop and evaluate a highly sensitive
electrochemiluminescent immunosensor that employs perovskite
nanomaterials as signal enhancers and nanobodies as selective recog-
nition elements for the detection of the spike protein. Gold screen-
printed electrodes (AuSPE) modified with streptavidin-thiol (strep)
were employed to immobilize the biotinylated primary nanobody (Nby),
functioning as the capture probe. Biotin-streptavidin interaction ensures
proper orientation of each nanobody. Then, the secondary nanobody
was labelled with a perovskite-type nanomaterial to serve as a signal
amplifier and detection probe. This was done by tagging the perovskite
nanomaterial (LiSmZrOs) with streptavidin-thiol to allow for a non-
covalent binding to the secondary biotinylated nanobody (Nbz). The
high affinity between streptavidin and biotin enables high coupling ef-
ficiencies. Additionally, the use of a strep-labelled LiSmZrOs tag reduced
steric hindrance and strengthened the interaction between the S1 and
the detection nanobody, leading to improved sensitivity. To test the
immunosensor’s performance, different concentrations of S1 were
introduced. The fabricated immunosensor exhibited a wide linear range,
a low detection limit, and showed comparable analytical performance.
By targeting the S1 protein as a biomarker of persistent viral reservoirs,
this sensor aims to enable accurate, low-level detection of residual viral
antigens associated with long COVID, thereby contributing to improved
diagnostics and monitoring of post-acute SARS-CoV-2 infection.

2. Materials
2.1. Chemicals and sample preparation

The following analytical-grade reagents, used without further puri-
fication, included 70 % isopropanol, EDC [1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride], NHS [N-
hydroxysuccinimide], Dulbecco’s phosphate-buffered saline (10 mM
DPBS, pH 7.4), bovine serum albumin (BSA), human serum (obtained
from male AB plasma and stored at —80 °C) and 1 mg mL " streptavidin-
thiol were all purchased from Sigma Aldrich (South Africa). The
LiSmZrO3 perovskite nanomaterial used in this study was not re-
synthesized but employed as received from our previously synthesized
and fully characterized batch. Its structural, morphological, and
compositional properties have been comprehensively reported in our
earlier work [19,20], confirming the successful formation of phase-pure
LiSmZrO3 with characteristic perovskite features. SARS-CoV-2 spike
RBD-His recombinant protein was purchased from Sino Biological
Europe GmbH (Europe). The production of both nanobodies
Nb1RBDnoCys (Nb;) and Nb2RBDNoCys (Nby) is done via cloning the
cDNA into an Ncol-digested pET22b vector. Thereafter, a double trans-
formation is performed using the pET22b plasmid and the BirA plasmid
for in vivo biotinylation of the nanobodies. Purification of both
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nanobodies was carried out using nickel (Ni) affinity resin, targeting
their Hisg-tags. Dulbecco’s phosphate-buffered saline (10 mM DPBS)
was used as the base solution to prepare the following concentrations:
10 pg mL™! of biotinylated S1 Nb1 (Nby), 10 pg mL™! of biotinylated
Nb2 (Nby), 100 pg mL ! streptavidin, and an S1 antigen stock at 5 x 10°
pg mL~L. Antigen working solutions ranging from 0 to 1000 pg mL~!
were prepared by serial dilution in DPBS. All solutions, nanobodies,
streptavidin, and antigen were stored at —20 °C when not in use.

2.2. Nanobody selection

The spike protein has multiple antigenic sites, which can be cate-
gorized into seven distinct binding regions, including the receptor-
binding motif (RBM), the outer surface of the RBD, and its inner sur-
face. Research conducted by Xiaojing Chi and colleagues [27] identified
three nanobodies, Nb1, Nb2, and Nb15, that exhibited cross-protective
effects against the spike protein at a concentration of 0.33 pM, each
displaying a unique and either overlapping or complementary neutral-
ization profile. Among these, Nbl and Nb2 were found to possess
especially strong binding affinity and potent neutralizing capabilities.
Epitope mapping revealed that although the binding sites of Nb1 and
Nb2 partially overlap, they target distinct regions: Nbl primarily en-
gages the outer surface of the RBD, while Nb2 is directed toward the
RBM. Notably, antibodies targeting the RBM tend to show the highest
neutralization potency, whereas those binding the outer face of the RBD
offer broader neutralization coverage. Furthermore, experiments
showed that when Nbl or Nb2 was introduced to an ACE2-saturated
probe, no additional binding occurred, indicating direct competition
between these nanobodies and ACE2 for the RBD. The fact that Nb1 and
Nb2 recognize different, non-overlapping epitopes supports their se-
lection for biosensor development, as their non-competitive interactions
enhance assay performance and sensitivity.

2.3. Electrochemiluminescence measurements

Gold screen-printed electrodes (AuSPEs, Ref. C220AT) were pur-
chased from Metrohm-Dropsens (Asturias, Spain) and used in the
fabrication of the immunosensor. The stepwise assembly of the modified
bioelectrode and its electrochemical behavior were characterized using
ECL and various other electrochemical techniques. For electrochemical
measurements, the modified electrodes were inserted into a screen-
printed electrode connector linked to a PalmSens Trace 4.4 potentio-
stat (Randhoeve, GA, Houten, The Netherlands), which featured an in-
tegrated Windows 10 computer for data acquisition and analysis. ECL
measurements were conducted using a CH Instruments Model 760B
electrochemical workstation. The ECL signal was detected with an Oriel
70,680 photomultiplier tube (PMT), powered by an Oriel Model 70,705
high-voltage supply and connected to an Oriel Model 70,701 amplifier/
recorder. The electrode modification and sensor development were
initially assessed through cyclic voltammetry (CV), using a potential
range from —1.5 V to 1.5 V and a scan rate of 50 mV/s. These experi-
ments were performed at room temperature using 0.1 M PBS or 10 mM
DPBS, pH 7.4 aqueous electrolytes. Thereafter, the modification steps
and the immunosensor’s analytical capabilities were assessed via ECL,
using a potential range of 0.4 V to 1.3 V and a scan rate of 50 mV/s. All
ECL experiments were performed in a light-tight enclosure using a
custom-designed holder, where the three-electrode cell was positioned
with the working electrode facing directly opposite a fiber optic bundle.
The opposite end of the bundle was aligned with the PMT to ensure
optimal light collection. Measurements were carried out in 2 mL of DPBS
(0.1 M, pH 7.5) containing 50 pM [Ru(bpy)s]?>* and 100 mM TPA, at
room temperature. ECL spectra were recorded during a cyclic volta-
metric scan, with the potential swept from 0.3 V to 1.3 V (vs. Ag/AgCl)
at a rate of 30 mV/s. The PMT was operated at a bias voltage of —850 V
throughout the measurements. All the results were analyzed using Ori-
ginPro (Version 2021, OriginLab Corporation, Northampton, MA, USA),
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and baseline correction was applied with the software’s built-in
correction tool. To enhance signal clarity, baseline correction was per-
formed within the software, applying either a linear or segmented model
based on the characteristics of the background signal. This approach
successfully eliminated non-faradaic contributions, enabling precise
identification of faradaic currents related to analyte binding events.

2.4. Labelling and conjugation of LiSmZrO3z with secondary nanobody
(Nb2)

Two distinct approaches were employed to functionalize the perov-
skite material (LiSmZrOs) for conjugation with the secondary nanobody
(Nby), involving either cysteine or streptavidin functionalization.

Approach 1: Cysteine-capped LiSmZrOs and covalent coupling with
Nbs.

Bioelectrochemistry 168 (2026) 109137

To prepare cysteine-capped LiSmZrOs, 5 mg of cysteine was dis-
solved in 50 mL of deionized water (0.1 g/L) and added dropwise to a 1
mM suspension of LiSmZrO3 (15 mg), under constant stirring. The
mixture was stirred for 2 h at room temperature, allowing the thiol
groups of cysteine to interact with samarium ions on the nanoparticle
surface. After incubation, the mixture was centrifuged to remove excess
reagents, and the pellet was stored in a dark glass container at 4 °C.

For conjugation, a 1 mL solution of Nby (10 pg mL™!) was activated
with an EDC: NHS mixture (4:1 ratio) for 15 min at 4 °C. Then, 100 pL of
cysteine-capped LiSmZrO; (10 mg mL™!) was added dropwise to the
activated nanobody solution under vigorous stirring, followed by gentle
stirring for 12 h at room temperature to facilitate covalent attachment
between the thiol-functionalized nanoparticles and activated carboxyl
groups on Nby.

Approach 2: Streptavidin-labelled LiSmZrO3 and biotin-streptavidin
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Scheme 1. Development of a perovskite-enhanced sandwich-format nanobody immunosensor employing various strategies for the detection of the spike (S1) protein
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interaction with Nbo.

In this approach, 1 mL of 1.0 mg mL™! streptavidin-thiol was added
to 1 mL of LiSmZrO3 (15 mg in 10 mM DPBS, pH 7.4), and the mixture
was gently stirred for 30 min at room temperature to enable Au-SH
binding. Excess streptavidin was removed by repeated centrifugation
and washing, and the labelled nanoparticles were stored in DPBS at 4 °C.

To conjugate Nby, the nanobody was first biotinylated. Then, 100 pL
of streptavidin-labelled LiSmZrO3 (10 mg mL 1) was added dropwise to
1 mL of the biotinylated Nb, solution (10 pg mL™!) under vigorous
stirring. The mixture was gently stirred for 12 h at room temperature,
allowing the non-covalent binding of biotinylated Nby to the
streptavidin-functionalized nanoparticles.

Post-conjugation processing (Common to both approaches).

Following nanobody attachment in both approaches, 1 mL of 1 % (w/
v) bovine serum albumin (BSA) was added to block nonspecific binding
sites. After a 1 h incubation, the mixture was centrifuged at 4000 rpm to
remove unbound molecules. The supernatant was discarded, and the
pellet was washed with DPBS and redispersed in 0.1 M DPBS (pH 7.4).
The resulting Nb,-LiSmZrO3; bioconjugates were stored at 4 °C until
further use.

2.5. Sandwich-immunosensing procedure

Scheme 1 illustrates the step-by-step fabrication of the developed
sandwich-type immunosensor. The process begins with the cleaning of
the bare AuSPE, which is rinsed sequentially with ethanol and deionized
water, followed by drying under a gentle stream of nitrogen gas. Next,
10 pL of strep solution (100 pg mL™Y) is drop-cast onto the electrode
surface and incubated overnight at 4 °C to enable surface functionali-
zation. After incubation, 10 pL of primary nanobody (Nb,) at a con-
centration of 10 pg mL ™! is applied to the electrode and incubated for 1 h
at 37 °C, allowing the Nb; to bind to the streptavidin via the strep-biotin
interaction. The electrode is then thoroughly washed with deionized
water and DPBS (pH 7.4) to remove loosely bound Nb’s and subse-
quently dried at room temperature. To block nonspecific binding and
saturate any remaining biotin binding sites, a two-step blocking pro-
cedure is performed: The electrode is incubated with 1 % (w/v) BSA for
1 h at 4 °C to block nonspecific adsorption between the electrode and
biomolecules. Then, 10 pL of biotin solution (0.5 mg mL~!, ~2 mM in
DPBS) is added and incubated for 30-60 min at room temperature to
occupy any residual streptavidin sites. Following another DPBS wash,
the immunosensor surface is exposed to varying concentrations of the
target antigen (0-1000 pg mL™1!), drop-cast, and incubated for 1 h at
37 °C, allowing specific binding to the immobilized Nb;. After removing
unbound antigens by washing with DPBS, 10 pL of streptavidin-labelled
LiSmZrOs-Nby bioconjugates is applied to the electrode and incubated
for 1 h at 37 °C, completing the formation of the sandwich immuno-
complex. Finally, the sensor is gently washed with 10 mM DPBS (pH 7.4)
to eliminate any unbound conjugates. The fully assembled immuno-
sensor is stored at 4 °C until further use.

2.6. Optimization and validation of the sandwich immunosensor for S1
detection

To achieve the most effective analytical performance of the fabri-
cated immunosensor for S1 detection, different important experimental
conditions were optimized by measuring the achieved currents using
DPV and confirmed by SWV. For these experiments, 1000 pg mL™* S1
was used in 10 mM Dulbecco’s PBS (pH 7.4).

2.6.1. Optimization of nanobody concentrations

The selection of the best detector and capture probes for this pro-
cedure was carried out to optimize the performance of the immuno-
sensor. We used three different serial concentrations (2.5, 5, and 10 pg
mL™Y) of the Nb1-biotin (Nb;) and Nb2-biotin (Nby).
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2.6.2. Optimization of immunoreaction time

The time required for an effective immunocomplex to be formed
between the nanobody and the antigen is crucial to the performance of
the system. The selection of the best immunoreaction time between the
capture probe (Nb;) and the target antigen (S1) was performed to
determine the most suitable time for optimal antigen-nanobody binding
efficiency. We assessed the immunosensor at different times, ranging
from 5 to 75 min with 15 min intervals.

2.6.3. Selectivity and cross-reactivity evaluation

To confirm the specificity of the immunosensor, cross-reactivity
studies were conducted using potential interferent species, including
glutamic acid, glutathione, L-tryptophan, and mouse serum protein (a
complex mixture). Each interferent was tested individually at 10,000 pg
mL~! by incubating 10 pL on the sensor surface for 1 h. Additionally, a
mixed solution containing S1 (1000 pg mL™!) and all interferents
(10,000 pg mL ™! each) was also evaluated. The immunosensor’s
response in these tests, using the previously optimized nanobody con-
centration and immunoreaction time, was compared to the specific
target signal to confirm its selectivity and reliability for detecting the
spike protein.

3. Results and discussion

3.1. Validation of the use of different labelled perovskite nanomaterials
for secondary nanobody

The validation of the use of the perovskite material as a signal
amplifier in the system is shown in Fig. S1. Perovskite nanomaterials
possess many advantages as a material, such as being electrochemically
stable, having enhanced ferroelectricity, and having high catalytic ac-
tivity [28]. Therefore, it is expected that the coupling of this perovskite
material to the detection nanobody (Nby) will result in an improved
performance of the system. Furthermore, different approaches were
assessed to analyse which specific modification of the Nb will give better
results. Thus, three different approaches were used: (i) label-free, (ii)
streptavidin-LiSmZrOs, and (iii) cysteine-LiSmZrOs. Based on the DPV
and SWV results obtained in Fig. S1, it is evident that in the (ii) and (iii)
approaches, the conjugation of the perovskite material to Nb, effectively
increased the immunosensor’s response toward S1 when compared to
the label-free approach. Additionally, we can see that the streptavidin-
labelled LiSmZrO3 conjugation gave the highest signal. This is ex-
pected owing to the strong affinity that streptavidin has to the bio-
tinylated Nby. Thus, we were able to confirm via electrochemical
analysis that the presence of the perovskite nanomaterial served as a
signal amplification, ultimately resulting in an improved current
response of our immunosensor.

3.2. Electrochemical characterization of the step-by-step fabrication
process of the sandwich immunosensor

Based on the morphological and electrochemical properties of the
perovskite material reported by Monama and co-workers [20],
LiSmZrOs has the potential to serve as an electroactive material in the
construction of a sandwich-type biosensor. The fabrication steps are
highlighted in Scheme 1. Streptavidin was first immobilized on the
AuSPE surface via Au-SH interactions. The primary biotinylated nano-
body (Nb;), specific for the SARS-CoV-2 spike protein, was then effec-
tively captured on the AuSPE||strep surface through the strong
streptavidin-biotin affinity. To prevent nanobody degradation and
block nonspecific adsorption, BSA was applied. Subsequently, the sec-
ondary nanobody (Nby), labelled with L-cysteine-LiSmZrOs via cross-
linking chemistry, was immobilized onto the modified electrode surface.
This configuration forms a sandwich-type nanobody-based immuno-
sensor employing a perovskite material as the ECL label. The fabrication
process and the interactions among the electrode, nanobodies, antigen,
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and perovskite label were characterized using ECL measurements in 10
mM DPBS (pH 7.4) containing 50 pM [Ru(bpy)g]2+ and 100 mM TPA
(Fig. 1). Additional characterization using CV, DPV, and SWV
(Fig. S2a-c) further confirmed the successful construction of the sand-
wich immunosensor.

A similar immunosensing procedure was examined by January and
co-workers [21], with CV, DPV, and SWV profiles of the sandwich
immunosensor being extensively reported. Owing to the successful
electrochemical analysis of the developed immunosensor, an ECL
approach was used for this system. The ECL signals of each fabrication
step are shown in Fig. 1. In Fig. 1, the electron transfer kinetics of the
AuE||[Ru(bpy)s]**/TPA system show a well-defined ECL signal. In the
system, both the ruthenium complex and tripropylamine are electro-
chemically oxidized at the electrode surface. [Ru(bpy)s]*t loses an
electron to form [Ru(bpy)3]3+, while TPA is oxidized to TPAe", which
rapidly undergoes deprotonation to generate a highly reducing radical
species (TPAe). This radical then reduces [Ru(bpy)g]3+ back to [Ru
(bpy)s]?t, but in its electronically excited state. The excited Ru complex
subsequently relaxes to the ground state, emitting a photon in the pro-
cess. The detected ECL signal, therefore, originates from this radiative
decay of the excited [Ru(bpy)s] 2+ with TPA acting as a co-reactant that
enables the efficient generation of the luminescent species. This ECL
signal was enhanced when streptavidin-thiol (strep) was deposited on
the electrode. The unexpectedly high ECL intensity observed from strep
can be attributed to several synergistic factors. Firstly, the strong Au—S
bond formed by thiolated streptavidin ensures the formation of a dense
and stable monolayer on the gold electrode, which facilitates efficient
electron transfer necessary for the oxidation of [Ru(bpy)s]?* to [Ru
(bpy)s]®*, a key step in the ECL process [29]. Additionally, the pro-
teinaceous nature of streptavidin may create a microenvironment that
locally concentrates either the luminophore or TPA near the electrode
surface via electrostatic or hydrogen bonding interactions, thus ampli-
fying ECL output [30]. The streptavidin layer may also enhance the
oxidation of TPA by reducing the required overpotential and promoting
the generation of reactive TPAe ' species [31]. Furthermore, the strep-
tavidin coating can act as a protective barrier that minimizes quenching
by preventing non-radiative decay pathways or access by interfering
species, effectively increasing the ECL quantum yield [32]. Altogether,
these surface, chemical, and electrochemical factors collectively explain
the enhanced ECL signal in the presence of streptavidin-thiol. Then, after

0.45 -
z\ AuE
B 0.30 4 : AuE||strep
c \_AuEllstreple‘
9 ~ AuE||strep|Nb,|BSA
£ ——— AuE||strep|Nb,|BSA|S1
iy AuE||strep|Nb,|BSA|S1|
8 0.15 - strep-LiSmZrO,-Nb,-BSA
0.00 ~ - .
1.0 1.2 14 16
E/V (vs Ag/AgCl)

Fig. 1. Electrochemiluminescence profiles illustrating the stepwise fabrication
of the sandwich-type immunosensor, which utilized 10 mM DPBS (pH 7.4)
supplemented with 50 pM [Ru(bpy)s]?* and 100 mM TPA. The data reflect the
average of three independent replicates (n = 3), and baseline correction was
applied to all recorded curves.
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modification with Nb, there was a decrease in ECL signal, confirming
the successful immobilization of the capture nanobody. This decrease
can be attributed to several factors, such as Nbs can block active sites on
the electrode, they can absorb or scatter the emitted light, lowering
luminescence [33]. Similarly, Nbs can increase the distance between
ECL labels and the electrode, which diminishes ECL efficiency, and they
provide high coverage, which can cause steric hindrance, reducing label
accessibility to the electrode [34]. Thereafter, the modified electrode
was incubated in a blocking buffer (BSA) to block any inactive surface.
The conductivity of the modified electrode was decreased, and the ECL
signal was further reduced. Immediately after successive sandwich im-
mune responses with S1, the ECL signal continued to decrease, high-
lighting the successful antigen-nanobody interaction. The interactions
between the antigen and nanobodies can hinder the transfer of electrons
between the electrode surface and the electrolyte. This reaction causes
variations in the electrochemical signals [35]. Lastly, the electrode was
incubated with the perovskite nanocomposite-bioconjugate (Nby),
increasing the ECL signal. The enhancement arises from the perovskite
nanomaterial label on Nby, which increases the ECL response through its
unique photophysical properties and efficient electron transfer, com-
bined with the dual-nanobody sandwich format that ensures non-
competitive binding and higher antigen capture. This amplification is
further supported by the [Ru(bpy)s]?*/TPA system, which provides a
robust ECL signal [36,37]. All these results indicate that the proposed
immunosensors have been successfully developed.

3.3. Electrochemical verification of the optimized parameters for the
sandwich immunosensor

It is important to optimize the S1 binding time and dual nanobody
concentration to find out which condition achieves the fastest detection
and the best biosensing performance. Thus, to enhance the sandwich
immunosensor’s ability to detect the S1 antigen, a series of optimization
experiments was conducted. Fig. S3a shows the relationship between the
peak current signal and S1 concentration for the sandwich immuno-
sensor. The current signal intensity was directly related to the concen-
tration of the target analyte at the modified electrode, due to more
electrons being transferred with increasing S1 concentration. Thus,
based on the results obtained, 10 pg mL ™! S1 was selected as the opti-
mized concentration. Then the intensity of the peak current response of
the immunosensor was analyzed against the incubation time between
the antigen-antibody complex for 75 min, with approximately 15 min
intervals. Based on Fig. S3b, it is evident that there is a steady increase in
the peak current response with an increase in the incubation time of S1,
ranging from 5 to 60 min. Thereafter, we see a reduction in the signal.
The current maximum was achieved for S1 with an incubation time of
60 min. Thus, the optimality of immunoreaction time was selected as 60
min. These results were all confirmed by a subsequent electrochemical
technique shown in Fig. S4.

3.4. Immunosensor microscopic characteristics

The Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray (EDX) analysis presented in Fig. 2 provide a comparative evaluation
of the surface morphology and elemental composition of a bare AuSPE
and the fully constructed immunosensor. In the SEM image of the bare
AuSPE (Fig. 2a), the surface appears smooth and uniform with a fine
granular texture typical of unmodified gold, serving as a reference for
subsequent surface modifications. Correspondingly, its EDX spectrum
(Fig. 2b) confirms an Au-dominant composition (72.03 % atomic con-
centration), with a small amount of oxygen likely due to environmental
exposure or mild surface oxidation. In contrast, the SEM image of the
immunosensor (Fig. 2c) reveals a highly heterogeneous surface with
increased roughness and dense nanoparticle-like aggregates, indicative
of successful biomolecular immobilization and nanomaterial integra-
tion. This transformation reflects the cumulative effect of layer-by-layer
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Element | Element | Element Atomic |Weight
Symbol | Name Conc. | Conc.
Number
8 (6] Oxygen 27.971 3.197
79 Au Gold 72.029| 96.803
@
v @
| 1o T E
Element | Element | Element Atomic | Weight
Symbol | Name Conc. Conc.
Number
6 C Carbon 21.383 2.100
7 N Nitrogen 0.000 0.000
8 (6] Oxygen 17.579 2.300
16 S Sulfur 1.144 0.300
40 Zr Zirconium 0.402 0.300
62 Sm Samarium 2.440 3.000
79 Au Gold 57.052| 92.000

Fig. 2. The SEM micrographs at 100 pm of (a) bare AuSPE and (c¢) immunosensor AuSPE||strep|Nb; |BSA|biotin|S1|strep-LiSmZrO3-Nb, + BSA and their corre-

sponding energy dispersive X-ray analysis (b) and (d).

modifications, including nanobody attachment and the deposition of the
LiSmZrOs3 perovskite. The EDX analysis of the immunosensor (Fig. 2d)
supports this, showing a more complex elemental profile with the
presence of carbon, oxygen, sulfur, zirconium, and samarium, which are
attributed to the biological components and perovskite nanomaterial.
The reduction in gold signal (to 57.05 % atomic concentration) further
confirms the effective coverage of the Au surface. Collectively, these
results validate the successful fabrication of the immunosensor through
both morphological and compositional evidence.

3.5. Electrochemical properties of the immunosensor (AuSPE| |strep|Nb; |
BSA|biotin|S1|strep-LiSmZrO3-Nb; + BSA)

3.5.1. Sandwich immunosensor scan rate studies

CV techniques were employed to investigate the chemical kinetics of
S1 on the modified surface electrode (AuSPE||strep|Nb;|BSA|biotin|
strep-LiSmZrO3-Nby + BSA), in 10 mM DPBS, pH 7.4, at different scan
rates ranging between 10 and 100 mV/s. Based on this, a Randles-Sevéik
plot of redox peak current (Ip) vs. the square root of scan rate vY?) was
obtained as shown in Fig. S2d. The results confirm the validity of the
sandwich immunosensor for detecting S1, as evidenced by the linear
relationship between I, and Ip. and the square root of v!/2 and the
increased separation between redox peaks, indicating that electron
transfer is influenced by the diffusion of electroactive species. The
anodic peak at approximately +1.0 V (A) corresponds to the oxidation of
gold to surface oxides. Although this process is typically surface-
controlled on bare gold electrodes, the observed v*/? dependence sug-
gests mixed kinetic—diffusion behavior arising from ion and charge
redistribution within the modified electrode interface. The multilayered
surface architecture, comprising streptavidin, nanobody, antigen, and
perovskite nanocomposite components, introduces porous and hetero-
geneous domains that facilitate the movement of electrolyte ions and

redox species through interfacial films and nanocomposite pores. Thus,
the overall current response reflects a combination of surface-confined
gold oxidation and diffusional processes within the modified film,
highlighting the complex interplay between interfacial charge transfer,
ion mobility, and the electroactive structure of the sensing interface.

3.5.2. Detection of S1 in physiological buffer

Under optimized conditions, the analytical performance of the
sandwich electrochemical immunosensor was assessed by evaluating the
peak current response at various concentrations of the S1 antigen. Fig. 3
shows the ECL curves and their corresponding calibration curves. The y-
axis in the calibration plot represents the adjustment of the curve that
subtracts the signal of the biosensor and the signal from incorporating
the S1 antigen from one another. The labelled nanobody-based sand-
wich immunosensor achieved the sensitive determination for S1, which
can be attributed to the following three reasons: (i) the introduction of
the perovskite material influences the electrochemical activity of the
system leading to superior conductivity; (ii) biotinylated-Nb can facili-
tate the strong immobilization with AuSPE||strep to form a gold-
thiolate-biotin Nb bond and with Nb-perovskite nanomaterial conju-
gates (Nby); and (iii) the Nb has a high affinity for S1 which triggers an
immunological reaction resulting in the formation of an immunocom-
plex at the sensing interface. In Fig. 3, the ECL signal gradually increased
as the S1 concentration increased from 0 to 1000 pg mL ™. Thus, the ECL
intensity and the target analytes’ concentration had a very good linear
relationship. The gradual increase in the ECL signal with the concen-
tration of the target analytes is due to the nature of the ECL reaction. In
ECL, the analyte interacts with the luminophore or co-reactants at the
electrode surface. As the concentration of the analyte increases, more
molecules are available to participate in the electrochemical reactions,
leading to a higher production of excited states that emit photons
[38,39]. This results in a stronger ECL signal. Additionally, the
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Fig. 3. Conventional ECL generated for the sandwich nanobody-based immunosensor and its (b) corresponding calibration plot for triplicate analysis (n = 3) in 10

mM DPBS containing 50 pM [Ru(bpy)g]zJr and 100 mM TPA.

relationship between the analyte concentration and the ECL signal is
often linear within a certain range, making it a valuable tool for quan-
titative analysis in biosensing and diagnostics. Thereafter, using the
limit of detection (LOD) = 3¢ / k and limit of quantification (LOQ) =
100 /k, the values of 0.04 and 0.121 pg mL~! for ECL were obtained,
respectively.

Furthermore, the linear regression equation for the Sl-sensitive
immunosensor in DPBS was ECL intensity (I) = 0.00074x C (pg
mL™) + 0.0122, and the R-squared correlation coefficient (R?) was
0.9989. Based on its established linear calibration curve, the applica-
bility of the developed immunosensor for detecting the spike protein
was evaluated using human serum samples.

3.5.3. Detection of S1 in real sample

To confirm the validity of the immunosensor in this environment, the
immunosensor was evaluated in a real sample (human serum), as shown
in Fig. 4. For the detection, the sample was diluted 1:10 in 10 mM DPBS.
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Using the aforementioned LOD and LOQ equations, the following results
were obtained: 0.38 and 1.15 pg mL™!, respectively. The analytical
performance of the developed immunosensor, summarized in Table S1,
shows higher sensitivity and lower LOD and LOQ values in DPBS
compared to human serum. This is expected, as physiological buffers
like DPBS provide a cleaner environment that promotes efficient inter-
action between the target analyte and the sensor surface. In contrast,
human serum is a complex biological fluid containing various proteins,
enzymes, and other interfering substances that can interact with the
immunosensor, potentially blocking binding sites, causing nonspecific
adsorption, or fouling the electrode surface. These effects can impair the
sensor’s performance and reduce its sensitivity, supporting previous
findings that buffer systems are more favorable for optimal immuno-
sensor function. The obtained analytical characteristics demonstrate
that the developed Nb-based sandwich immunosensor can be used to
determine the S1 concentration to be tested, as well as its accuracy and
success in detecting the virus protein, making it an ideal platform for

(b)

1.0

-

0.8 4

=
o
1

ECL intensity
o
=

&
%)
L

0.0

0 200 400 600 800 1000

Concentration / pg mL™

Fig. 4. Conventional ECL generated for the sandwich nanobody-based immunosensor and its (b) corresponding calibration plot for triplicate analysis (n = 3) in 10 %

human serum containing 50 pM [Ru(bpy)?,]2+ and 100 mM TPA.
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assessing the presence of the virus.

3.5.4. Comparative studies

This work reports, for the first time, the development of an electro-
chemiluminescent sandwich-type Nb-based immunosensor incorpo-
rating a perovskite nanomaterial label for the sensitive and selective
detection of the SARS-CoV-2S protein. In Table 1, it is evident that only
one other nanobody-based immunosensor has been reported for the
detection of S1 protein; however, that platform achieved a slightly
higher sensitivity (LOD =5 x 10~ pg mL™!) using a PEC system with a
single nanobody. In contrast, our ECL immunosensor attained an LOD of
0.04 pg mL !, which, although marginally higher, was achieved under a
more complex sandwich configuration incorporating dual nanobodies
and a perovskite nanomaterial label, representing a distinctly different
transduction and recognition strategy. The modest numerical difference
is outweighed by the conceptual advance of combining two nanobodies
recognizing distinct S1 epitopes with a novel perovskite-based ECL
amplifier, producing a robust and reproducible sensing interface that
remains highly competitive with the lowest reported values for S1
protein. Table 1 also summarizes several nanobody-based sandwich
immunosensors for other biomarkers, many of which achieved pico-
gram- to femtogram-level sensitivities depending on analyte size and
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detection modality. Our platform achieved one of the lowest detection
limits reported for a large viral antigen (=30 kDa), emphasizing that
molecular-weight-related diffusion and steric constraints can be effec-
tively mitigated through rational nanobody pairing and nanoscale
interface design.

Importantly, the current work represents the first reported dual-
nanobody, perovskite-labelled ECL immunosensor for SARS-CoV-2S1,
marking a significant step forward in nanobody-based viral di-
agnostics. Literature reports indicate that single-nanobody systems
typically achieve LODs around 0.1 ng mL™! [30]; in comparison, our
design demonstrates a roughly 2500-fold improvement in sensitivity,
achieved without reliance on conventional antibody chemistry. The use
of a LiSmZrOs perovskite nanomaterial as an ECL label enhanced
luminophore—co-reactant electron transfer and photonic efficiency,
further contributing to the high signal-to-noise ratio.

When compared with other ECL SARS-CoV-2S1 and S1-RBD bio-
sensors, our immunosensor achieved a sensitivity comparable to or
better than most reported systems, despite the differences in material
composition and transduction method. To date, only two ECL biosensors
have been reported for S1-RBD detection. Although one achieved a
lower LOD [48] than ours, it relied on high-surface-area nanomaterials
(such as CNDs and AuNPs) and strong luminophores integrated with

Table 1

Comparative performance of nanobody-based, electrochemiluminescence, and electrochemical SARS-CoV-2 immunosensors, and commercial ELISA Kkits.
Electrode modification Biomarker Technique Linear range (pg LOD (pg Protein MW Ref.

mL ™) mL ™) (kDa)
Nanobody-based electrochemical immunosensors
ITO|| Au@TiO|Nb|BSA|SP SARS-CoV-2SP PEC 0.015-15,000 5x 1073 76.9 [25]
SPCE||Au|PVA|CA NFM|AuNPs Parathion EIS 1.5-6400 x 10° 0.48 0.29126 [33]
AuSPE||cysteamine| GA|Nb H. pylori DPV 10,000-1000 x 10° 5.9 x 10° 7.1 [34]
SPCE||PVA|G-AuNPs NFM|SCP|GA Quinalphos EIS 60-1000 x 10° 50.74 0.2983 [43]
SPIEEJUPVA‘PAA NEM] 19-NT-OVA BSAIND:F7- g cv 6-100 x 10° 2.14 0.2744 [44]
GCE|| AuNPs@ZIF-8 @ MWCNTs| A1-C4bpa AFP DPV 0.1-1 x 10° 0.033 63 [45]
GCE|| rGO@AUNPs|Nb; |BSA|PSA|Nb,-SBP-HRP  PSA DPV 100-100 x 103 80 34 [461
GCE||GO-PB-PTCNH;|AuNPs|Nb|BSA| AFB; AFB, DPV 10-100 x 10° 3.3 0.312277 [471
GCE| |strep|biotin-Nb | Cry1Ab|HRP-Nb,-PAn CrylAb DPV 100-1000 x 103 70 130 [40]
GCE| | T-COF|Nb|TSLP-Ag" TSLP ECL 1-4 x 103 2.72 23 [25]
GCE||GR-GS|Nb; |BSA|PCT|CdTe@SiO_Nb, PCT ECL 10-20 x 10° 3.4 13 [41]
s 2+
G(élej‘\NaﬁonIcaCOS‘AulR“(bpy)s INb[BSA| OTA ECL 10-100 x 10° 5.7 0.404 [42]
Electrochemiluminescence SARS-CoV-2S1 biosensors
SPE||CNDs s1 ECL 75x107-7.5x107% 7.5 x 1077 180 [48]
SPE||AuNPS|luminol S1 ECL 1-100,000 1.0 180 [49]
GCE| |P-MOGs-Ab; [NP|Aby-Au@Cu,0@Fe;04 NP ECL 0.01 - 100,000 1.5 x 1073 114 [50]
ITO||Ru@bp-SNA SARS-CoV-2 IgG ECL 5-1000,000 29 150 [51]
GCE||DMSN@CdSe|ZnSQDs NP ECL 5-50,000 3.33 114 [52]
ITO||CoO@N-C NP ECL 0.008-4000 1.6 x 1073 114 [53]
Electrochemical SARS-CoV-2S1-RBD immunosensors
ITO||C-NC|Ab, |BSA|S1-RBD|Ab, S1-RBD EIS 0.0012-120 5.8 x 1074 25 [54]
ITO||GNPs@MUA|Ab, |BSA|S1-RBD|Ab, S1-RBD EIS 0.002-100 57 x 10°* 25 [55]
SPCE||Ab;|BSA|S1|HRP-Ab, S1 Chronoamperometry  500-10,000 130 180 [56]
SPCE||Si0-@Ui0-66|Ab S1 EIS 0.1-10,000 0.1 180 [57]
Graphite electrode||ACE2 peptide-mimic|Ab RBD S1 EIS 167-994 45.08 25 [58]
SPCE||Ni(OH),|Ab s1 DPV 0.001-1000,000 3x10°* 180 [59]
SARS-CoV-2S1-RBD ELISA assays
- ELISA 6.14-1500 4.5 30 ThermoFisher
- ;ABRDS'COVQSI' ELISA 390-25,000 90 30 Elabscience
- ELISA 630-40,000 140 30 BioLegend
AuSPE||strep|Nb; |BSA|S1 |strep-LiSmZrO3-Nb,- SARS-CoV-2S1- ECL (DPBS) 0.04 .
BSA srep e BSAISH RBD ECL (human serum) 001000 0.38 30 This work

Gold nanoparticles (AuNPs), horseradish peroxidase (HRP), two-dimensional (2D) metal-organic framework (MOF), interdigitated electrode (IDE), carbon cloth (CC),
differential pulse voltammetry (DPV), chronopotentiometry (CP), electrochemical impedance spectroscopy (EIS), magnetic beads (MBs), spike protein (SP), Nucle-
ocapsid protein (N), redox probe = Fc-R-COOH; R = -CONH- C¢H4-NHOC-(CH,),-, tetramethyl benzidine (TMB), gold nanoparticles-capped 11-mercaptoundecanoic
acid (GNPs@MUA), indium tin oxide (ITO), conducting nanocomposite (C-NC), chronoamperometry (CA), bismuth tungstate/bismuth sulfide composite (BioWOg/
BiyS3), graphitic carbon nitride sheet decorated with gold nanoparticles (AuNPs) and tungsten trioxide sphere composite (g-C3N4/Au/WOs3), localized surface plasmon
resonance (LSPR), photoelectrochemical (PEC), thymic stromal lymphopoietin (TSLP), tetrakis(4-aminophenyl)ethene- derived covalent organic frameworks (T-COF),
human procalcitonin (PCT), chitosan-graphene nanocomposite (GR-CS), ochratoxin A (OTA), carbon nanodots (CNDs), conducting nanocomposite (C-NC), gold
nanoparticles capped with 11-mercaptoundecanoic acid (GNPs@MUA), silica-coated with the metal-organic framework UiO-66 (SiO-@UiO-66), nickel hydroxide
nanoparticles (Ni(OH),, nucleocapsid protein (NP), metal-organic gels (MOGs), bipolar silica nanochannel array (bp-SNA), dendritic mesoporous silica nanospheres
loaded with CdSe/ZnS quantum dots (DMSN@QDs), magnetic N-doped carbon (CoO@N-C).
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antibody-based capture systems, rather than our dual-nanobody mixed
immobilization strategy. This distinction highlights that their enhanced
sensitivity likely stems from material and luminophore effects. Thus, in
contrast, our platform introduces perovskite nanomaterials as labels in
an Nb-based S1 sensor for the first time; these labels have distinct
photophysical properties that have not yet been fully optimized for
maximum ECL efficiency. Table 1 also summarizes electrochemical S1-
RBD immunosensors, most of which employ impedimetric or ampero-
metric detection. Among these, only two are sandwich-type configura-
tions, both based on electrochemical impedance spectroscopy (EIS),
with exceptionally low LODs of 5.7 x 10~ pg mL ™! and 5.8 x 10™* pg
mL L. These ultralow values can be attributed to the intrinsic sensitivity
of EIS toward interfacial charge transfer changes at the electrode sur-
face, coupled with the use of highly conductive nanostructured in-
terfaces such as C-NC and AuNPs@MUA that maximize electron transfer
and analyte binding efficiency. In contrast, our dual-nanobody ECL
sandwich-type immunosensor, though operating via a different trans-
duction mechanism, achieved a comparable LOD. When comparing
sandwich-type electrochemical biosensors with non-sandwich configu-
rations, it becomes evident that the sandwich format markedly enhances
detection performance by enabling bivalency analyte recognition and
improved target capture. Although EIS platforms attain lower LODs
through optimized nanomaterial interfaces and well-established anti-
body chemistry, our dual-nanobody ECL system introduces a novel
perovskite-based transduction strategy that offers high specificity,
photostability, and potential for multiplexed detection. Additionally, the
reported immunosensor achieved a comparable or lower LOD than
commercial SARS-CoV-2 RBD ELISA kits (e.g., Thermo Fisher 4.5 pg
mL~!; Elabscience 90 pg mL~!; BioLegend 140 pg mL 1), shows prac-
tical applicability, and offers a pathway for non-antibody-based, high-
affinity, and potentially more stable recognition elements for SARS-CoV-
2 diagnostics. The table reveals that only three nanobody-based
immunosensors employing electrochemiluminescence have been re-
ported to date, all of which target biomarkers other than the S1 antigen.
The complete absence of S1-specific electrochemiluminescent nanobody
platforms in the literature underscores the originality and potential
impact of the present work, which addresses this critical gap for the first
time.

3.5.5. Control studies to confirm the electrochemical analysis of the
immunosensor

Control experiments using SWV and DPV analysis were performed to
validate the electrochemical properties of the developed sandwich
nanobody-based immunosensor. This was achieved by developing
several electrochemical immunosensors in the absence of the Nb;, strep,
and the antigen (S1), and was compared to the bare electrode and the
complete modified electrode (immunosensor). These results are shown
in Fig. S5, which highlights that in the absence of any of the steps, there
will be a significant impact on the response of the system. In the figure,
control samples (i) to (iii) show an increase in the peak current response
when compared to the bare, which shows that we now have efficient
interactions occurring on the surface of the electrode. Then we see that
the immunosensor (iv) showed the lowest peak current response, con-
firming that antigen-antibody immunocomplexes were -effectively
formed and that each step is crucial to the successful fabrication of the
immunosensor. It also highlights that the primary and secondary Nb’s
exhibited selective recognition of the spike protein. This was further
highlighted via DPV in Fig. S6.

3.5.6. Selectivity, reproducibility, and stability studies

High-sensitivity and reliable biosensors need to have excellent
specificity. Apart from the target analyte, some proteins may also
interact with the immune substrate on the surface of the electrode. Thus,
to confirm the selectivity of the AuSPE||strep|Nb; |BSA|biotin|S1 |strep-
LiSmZrOs-Nb; + BSA electrode to S1, the immunosensor was tested by
incubating the target S1 (1000 pg mL™') against several inferring
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substances (1 x 10* pg mL™ 1Y) such as (i) glutamic acid (G.acid), (ii)
glutathione (GSH), (iii) tryptophan (Trp), (iv) mouse IgG, and a (v) mix
of all the interferents with the target analyte (S1). The results of the
study in Fig. 5a revealed that the immunosensor’s response was signif-
icantly different when it came to the specific and non-specific antigens.
For the non-specific antigens, the response was higher because there was
no binding, which allowed the maximum number of nanobodies to bind
to the electrode, showing that non-specific absorption occurred. On the
other hand, when the target protein was placed on the electrode at a
lower concentration, it exhibited strong interactions, as shown by the
significant decrease in current response. This was similarly seen in the
mixture (non-specific and specific antigens). However, in the figure, it is
evident that the mouse IgG sample had the greatest influence on the
current response of the electrode surface among the other interferents.
This is expected because the mouse IgG sample used contained a sig-
nificant number of proteins, which ultimately could’ve bound to the
surface of the modified electrode. Nonetheless, the results of the study
revealed that the sandwich-type immunosensor made using the two Nbs
had good selectivity and specificity toward the target analyte.

The peak current response of AuSPE||strep|Nb; |BSA |biotin|S1 |strep-
LiSmZrOs-Nby + BSA electrode with concentrations of 1000 pg mL~!S1
stored in the dark at 4 °C for 25 days was tested. After the long-term
storage, the immunosensor possessed less signal attenuation with a
retained signal of more than 85 % after 25 days, as shown in Fig. 5b,
indicating the exceptional stability of this fabricated sensor. This was
further confirmed via SWV in Fig. S7.

4. Conclusion

To summarize, we successfully developed a highly sensitive and se-
lective electrochemiluminescent immunosensor for the detection of the
spike (S1) protein, which is emerging as a critical biomarker for iden-
tifying and monitoring PVRs. Detecting the presence of residual viral
antigens like the S1 protein is vital for assessing ongoing infection risk
and understanding viral persistence mechanisms. The proposed immu-
nosensor employed a perovskite-labelled nanobody-based sandwich
configuration, where nanobody pairs (Nb1RBDnoCys as capture Nb and
Nb2RBDNoCys as detection Nb) provide exceptional specificity toward
the S1 antigen. The integration of perovskite nanoparticles amplifies the
electrochemical signal, resulting in superior analytical performance
suitable for point-of-care monitoring of PVRs. The electro-
chemiluminescent immunosensor achieved a LOD of 0.04 pg mL ™},
demonstrating excellent sensitivity and comparable analytical perfor-
mance. The biosensor did not show cross-reactivity with antigens such
as glutamic acid, glutathione, tryptophan, and mouse IgG protein,
implying high selectivity of the method, and was still shown to be
functional after storage at 4 °C for 25 days. To further enhance the
sensitivity, signal stability, and simplify the assay protocol, future de-
signs could benefit from directly coupling the detection nanobody (Nby)
to horseradish peroxidase (HRP). This strategy would eliminate the need
for intermediate signal amplification steps involving perovskite parti-
cles, reduce background interference, and streamline fabrication.
Moreover, HRP-Nby conjugates may improve reproducibility and facil-
itate broader clinical application by enabling a more robust, single-step
enzymatic signal transduction mechanism. Such optimization could
pave the way for the development of next-generation immunosensors for
rapid and accurate viral antigen detection.
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Experiments were performed in triplicate (n = 3).
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