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A fluorescence nanosensor based on modified
sustainable silica for highly sensitive detection of
the SARS-CoV-2 IgG antibody+t
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This study presents an innovative fluorescence nanosensor utilizing modified sustainable silica for the ultra-
sensitive detection of SARS-CoV-2 IgG antibodies. The sensor employs fluorescent dye-doped silica nano-
particles (FSNPs) synthesized via the sol—-gel method and functionalized with rhodamine B as a fluorescent
dye. Fourier-transform infrared (FTIR) analysis confirmed the successful immobilization of anti-IgG on the
FSNP surface, as evidenced by the characteristic amide | and Il peaks at 1641 cm™ and 1530 cm™, respect-
ively. Detection of SARS-CoV-2 IgG antibodies was achieved through the enhanced fluorescence intensity
of FSNP-anti-IgG at 582 nm. Optimal detection conditions were established with a 15-minute incubation
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period, demonstrating a linear detection range from 1078 to 1072 ug mL™ and a limit of detection (LOD)
of 53 fg mL™. This research highlights the potential of modified sustainable silica-based fluorescence
nanosensors, particularly those utilizing FSNP-anti IgG, for advancing sensitive, rapid, and cost-effective
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Introduction

COVID-19 continues to pose a significant public health
concern, requiring advancements in detection, vaccination,
and treatment. Since the 2020 outbreak, the virus has under-
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COVID-19 diagnostics, making them a viable option for pathogen detection in resource-limited settings.

gone multiple mutations, leading to new variants, which have
influenced the development of updated vaccines and detection
methodologies. The U.S. Food and Drug Administration (FDA)
has recommended developing monovalent vaccines targeting
the JN.1 lineage for the 2024-2025 season, which aligns with
the current circulating strains.” These updated vaccines aim to
enhance protection against severe diseases caused by the pre-
dominant variants. Therefore, researchers are now seeking to
develop updated vaccines that will provide immunity against
the newest variants. For instance, the updated vaccines for the
2023-2024 period target the Omicron XBB.1.5 subvariant and
its related strains. In the same way as the influenza vaccine,
these vaccines are updated as the virus evolves.” Health
officials recommend additional doses for older adults and
those with compromised immune systems to maintain high
immunity levels.® Early and accurate detection of SARS-CoV-2
is critical for controlling the spread of the virus and managing
the pandemic.

Conventional diagnostic methods like real-time polymerase
chain reaction (RT-PCR) remain the gold standard due to their
high sensitivity and specificity. A number of factors, including
the long procedure time, certification of laboratories, expen-
sive reagents and equipment, and requirement of well-trained
technicians, limit the use of RT-PCR, particularly in rural and
isolated areas.” The limitations of conventional diagnostic
methods have led to the development of alternative tech-
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niques, such as lateral flow immunoassays (LFIA) and enzyme-
linked immunosorbent assays (ELISA). LFIA, a serological test
based on point-of-care (PoC), is a more simplified testing
system that can be applied. LFIA qualitatively detects blood
samples with a fast response time of about 15 minutes.
Although it does not directly confirm the presence of the virus,
it provides serological evidence of infection.® On the other
hand, ELISA is a well-established method that detects antigens
and antibodies resulting from the immune response.” ELISA
assays rely on antigen-antibody interactions in a simple
binding to immobilize on a solid surface to form an antigen—
antibody complex. Enzymes play a vital role in ELISA by cata-
lyzing reactions that generate detectable signals. In most
ELISA assays, enzymes are linked to secondary antibodies,
binding to the primary antibodies attached to the antigen of
interest. These enzymes facilitate reactions that produce colori-
metric, fluorometric, or chemiluminescent signals, enabling
the quantification of the antigen-antibody complex.® However,
conventional ELISA methods are characterized by limitations,
particularly in the simultaneous detection of multiple bio-
markers. These methods can also be time-consuming® and
prone to enzyme use problems, such as substrate solution con-
tamination and the need to read the microwell shortly after
the enzyme/substrate reaction is completed."’

To overcome these limitations, fluorescence-linked
immunoassays offer advantages, including increased sensi-
tivity'" and more excellent stability of reagents.'® Fluorescence
methods also use lower reagent volumes and decrease the
assay time."> However, challenges are posed by spectroscopi-
cally detecting multiple analytes in a single-well assay, such as
the cross-reactivity of antibodies and the need for discrete
spectral bands that do not overlap too closely.'* The solution
to these challenges is using fluorescent nanoparticles as
immunoassay labels. These nanoparticles can overcome some
limitations associated with conventional ELISA methods,
making them promising tools for detecting biomarkers."

Biosensors are compact devices for detecting important
analytes or pathogens in the food industry, environment, and
healthcare. An applicable biosensor should fulfill several
requirements, including excellent sensitivity and response
accuracy, specific targeting, non-toxicity, and cost-effective-
ness.'® Optical biosensors as among the most widely used
devices offer an alternative method for virus detection due to
their safe, easy-to-use, and cost-effective technology.'” Optical
biosensors operate on the principle of detecting changes in
optical properties, such as absorption, fluorescence, or surface
plasmon resonance (SPR),'® induced by the binding of target
molecules to recognition elements immobilized on a sensor
surface. These recognition elements, including antibodies,
aptamers, enzymes, and nucleic acids, selectively capture the
target analyte, leading to a measurable signal correlating with
its concentration in the sample. Fluorescence-based optical
biosensors are highly valued in research and clinical settings
due to their unique advantages, including high sensitivity and
biocompatibility."> These attributes make them particularly
effective for detecting various analytes, including viruses and
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disease biomarkers."” Organic fluorescent dyes such as fluor-
escein isothiocyanate (FITC) and rhodamine B have been
widely used in bioimaging and bio-tracing of analytes.
However, these dyes deteriorate from photobleaching and are
chemically unstable. The incorporation of these dyes into
nanoparticles results in a more reliable and sensitive fluo-
rescence signal output. Advances in nanotechnology have pro-
vided nanoparticle-based fluorescence sensors with high sensi-
tivity and photostability.’>>" FSNPs have been widely used for
bioimaging and biosensing applications,*® including cell
imaging,* detection of bacteria,** virus detection,* and anti-
body detection.”® In addition to high sensitivity and photo-
stability, FSNPs have properties such as high surface area,
ability to bind molecules, biodegradability, and low toxicity.
Based on these properties, FSNPs can be developed for sensi-
tive detection of biomarkers.*”

The sol-gel method is the most commonly used method to
synthesize FSNPs. It involves acid or base-catalyzed hydrolysis
of alkoxide precursors followed by condensation reactions,
ultimately forming a gel-like material that includes both solid
and liquid phases. The specific process parameters, such as
the type of catalyst, significantly influence the structure and
properties of the resulting silica network.?® Chitra et al. have
reported that the aging process for the synthesis of FSNP is
18 hours at room temperature.>® This was confirmed by the
works of Jenie et al.,*® which showed that the optimum time
for aging was 18 hours, resulting in a surface area of 289 m>
g~'. During aging, continued polycondensation increases the
thickness between colloidal particles and decreases porosity. It
also enhances the overall stability and surface area of the
material. This step is crucial for ensuring the FSNPs achieve
the desired structural and functional properties for various
applications, including biosensing and imaging.*! Untoro
et al. have developed FSNPs, where the silica precursor was
derived from modified sustainable silica. FSNPs were syn-
thesized by adding cetyl trimethyl ammonium bromide (CTAB)
as a surfactant to form a uniform pore size and rhodamine B
as the fluorescent dye.*” The result showed that rhodamine B
is incorporated within the pores of silica nanoparticles, having
a uniform pore distribution and surface area of 190.22 m* g™ "
The FSNP samples also produced a highly fluorescent signal.

Various techniques are commonly used to functionalize
silica nanoparticle surfaces, such as layer-by-layer assembly,
physisorption, and silane coupling agents (co-hydrolysis).
Among them, the hydrosilylation method is widely used to
modify silica surfaces. This process involves the thermal, cata-
Iytic, or photochemical reaction of alkene chains or double
bonds with the silicon surface to form silicon-carbon and
hydrogen-carbon bonds. Therefore, the surface functionalized
nanoparticle can further be conjugated with biomolecules
such as antibodies.**™** The current research builds upon pre-
vious studies by leveraging fluorescent nanoparticles for the
rapid and sensitive detection of biomarkers. These fluorescent
nanoparticles have demonstrated exceptional potential in
identifying pathogens and antigens with high sensitivity and
specificity. Jenie et al. have succeeded in detecting E. coli bac-
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teria using FSNPs as the biosensing platform as low as 8 CFU
per mL in the concentration range of 10-10"> CFU per mL.*
Kurdekar et al. used fluorescent silver nanoparticles to develop
highly sensitive assays for detecting early HIV infections."
This assay was capable of detecting HIV p24 antigen between
10 and 1000 pg mL™" in a linear dose. Kim et al. have reported
on the antigen-conjugated FSNPs to detect biomarkers with an
immobilized-antigen =~ immunofluorescence  glass  slide
system.>” The results showed the increasing fluorescence
intensity due to the formation of a complex between the
antigen and bioconjugate in the 0.1 to 0.25 mg mL™" range.
Another study by Kasetsirikul et al. has described the detection
of SARS-CoV-2 antibodies within 30 minutes using the ELISA
method.® This rapid detection capability is crucial for the
timely diagnosis and management of COVID-19. Apriyani et al.
have successfully modified FSNPs based on natural silica to
detect IgY antibodies using the ELISA method with a detection
time of 60 minutes.?® The fluorescence intensity of the FSNP-
anti IgY nanoprobe decreased upon detecting the IgY anti-
body, demonstrating that modified FSNPs with anti-IgY can
effectively detect antibodies based on fluorescence. These
studies collectively highlight the potential of fluorescence
nanoparticles as powerful tools for biomarker detection,
offering high sensitivity, specificity, and versatility across
various applications.

This research focuses on the latest wupdates in
COVID-19 management and applying a fluorescence nanosen-
sor for ultrasensitive SARS-CoV-2 IgG antibody detection using
modified sustainable silica. In this study, an innovative
approach of using silica from geothermal precipitate as a
natural and environmentally friendly precursor was used for
the synthesis of nanoparticles to minimize the ecological
impact. A surface-modified fluorescent silica nanoparticle
(FSNP) is applied in this study as a biosensing platform for
detecting SARS-CoV-2 IgG antibodies. The fluorescent nano-
structures were synthesized from geothermal silica via the sol-
gel method and subsequently modified with rhodamine B as a
fluorophore.*® The surface of the FSNP was characterized by
Fourier transform infrared (FTIR) spectroscopy, the Brunauer—
Emmett-Teller (BET) method, scanning electron microscopy
(SEM), and X-ray diffraction (XRD). A fluorescence immuno-
assay is used to detect IgG antibodies, and the LOD value is
calculated using the linearity of the FSNP-anti IgG fluorescence
intensity while detecting antibodies.

Experimental
Materials

The geothermal precipitate was obtained from Geodipa Power
Plant, Central Java, Indonesia as the silica precursor. Sodium
hydroxide (NaOH), hydrochloric acid (HCl 37%), undecylenic
acid, n-hydroxy succinimide (NHS), and cetyltrimethyl-
ammonium bromide (CTAB) were purchased from Merck
Chemicals (Darmstadt, Germany). Phosphate-buffered saline
(PBS), rhodamine B, Tween-20, and 1-(3-dimethyl aminopro-

5440 | Nanoscale, 2025, 17, 5438-5446

View Article Online

Nanoscale

pyl)-3-ethylcarbodimide (EDC) were purchased from Sigma
Aldrich (St Louis, MO, USA). SARS-CoV-2 IgG nucleocapsid
antibody [6H3] (mouse monoclonal antibody) and goat anti-
mouse IgG (Fc fragment) antibody [RMGO06] were purchased
from GeneTex (Irvin, CA, USA). All chemicals were used
without further purification and reagents were prepared with
deionized water.

Preparation of FSNPs

The method used to synthesize FSNPs is based on our previous
work.>®*® A total of 10 g washed silica powder was mixed and
heated at 90 °C with 400 mL of 1.5 N NaOH to form sodium
silicate, and then stirred for 1 hour at room temperature.
Subsequently, 2.5 mg g~ " of thodamine-B dye was mixed with
the sodium silicate solution and titrated with 2 N HCI to form
the gel under acidic conditions (pH 5). The gel was immersed
in 2 wt% of CTAB in aquadest and aged for 18 hours at room
temperature. After the aging process, the gel was washed with
aquadest until neutral pH. The sample was then oven-dried at
100 °C for 24 hours to obtain FSNPs.

Surface modification of FSNP

The surface modification of FSNPs aims to activate the
chemical groups on the surface to immobilize the
SARS-CoV-2 anti-IgG antibody as bio-receptors (Fig. 1). The
first modification step was the hydrosilylation reaction. 1 g of
FSNP sample was immersed in 7 mL undecylenic acid in a
round bottom flask and stirred at 120 °C for 3 hours. The dec-
anted mixture was washed with ethanol 3 times and dried at
room temperature overnight. The product of this process was
denoted as the FSNP-COOH sample. Subsequently, 1 mg of
FSNP-COOH was dissolved in 1 mL of PBS solution and soni-
cated for 10 minutes. Then, 10 pL of 10 mg mL~" EDC and
100 pL of 5 mg mL™' NHS in PBS were added. The sample
was mixed for 30 minutes and centrifuged at 10 000 rpm for
20 minutes, obtaining the FSNP-NHS sample. In the final
surface modification step, 1 mg of FSNP-NHS in 250 pL PBS
was added with 25 pL of 10 pg mL™" anti-IgG. The sample was
mixed for 1 hour, then centrifuged at 10 000 rpm for 10 min
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Fig. 1 Modification process on the functionalization of FSNP-anti IgG.
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for drying at room temperature. The finished product was
labelled as FSNP-anti IgG.

Characterization of FSNPs and FSNP-anti-IgG

XRD patterns were recorded using a secondary graphite
monochromator (Rigaku Miniflex, Rigaku, Japan) with (Cu
Ko) radiation at 40 kv and 30 mA. The morphology of the
nanoparticles was obtained using field emission scanning
electron microscopy (FESEM) measurements (Hitachi
SU3500, Japan). The FESEM-EDS images were obtained with
a JIB-4610F equipped with a Schottky electron gun and a
new FIB column capable of sizeable current processing with
a maximum ion current of 90 nA installed into one
chamber. The software used to generate spectra was IR solu-
tion (Shimadzu, Japan). Nitrogen adsorption-desorption iso-
therms were recorded on a NOVA 2200e surface area and
pore size analyzer (Quantachrome, USA). Before each
measurement, all samples were degassed at 150 °C for six
hours to remove the physisorbed moisture. FTIR characteriz-
ation was carried out by using an FTIR Prestige-21
(Shimadzu, Japan) in transmittance mode at 16 ecm™" resol-
utions over the range of 400-4500 cm™" with an accumulat-
ing average of 10 scans. The fluorescence intensity was
measured using a Varioskan Flash Spectral Scanning
Multimode Reader (Thermo Scientific, Finland) at an exci-
tation wavelength of 545 nm and an emission range of
550-600 nm.

Immunoassay protocol for SARS-CoV-2 IgG antibody detection

The SARS-CoV-2 IgG antibody was detected by the changes in
the fluorescence intensity at a 582 nm emission peak using
100 pL at various concentrations, which were added to the
well plate and incubated at 4 °C overnight. The concentration
of the antibody was varied from 107% to 107> pg mL™*
Following this, the plate was washed three times with 100 pL
of washing buffer, which was prepared by diluting 0.5 mL
Tween-20 into 1 L PBS. After the target had been coated on
the well, 200 pl of blocking solution made from 1% bovine
serum albumin (BSA) in PBS was used to block the non-
specific binding of antibodies and incubated for 1 hour. The
unattached targets were removed throughout the washing
process. After washing, 100 pL of 0.5 ug mL™' FSNP-anti-IgG
was added to the plate to detect the target, incubated for
15 min, and washed 3 times to ensure that only
IgG-COVID-19 bound with FSNP-anti IgG. The final step was
adding 100 pL PBS to the well, and the maximum fluo-
rescence intensity was examined at 582 nm with excitation at
545 nm (Fig. 2).

LOD was obtained by varying the concentration of the
SARS-CoV-2 IgG antibody. First, SARS-CoV-2 IgG antibodies
were detected by calculating the normalized fluorescence
intensity by subtracting the maximum (I,,,,) intensity and the
minimum (I,,;,) intensity. The percentage of normalized inten-
sity was calculated using the following equation:

((I max

%Normalized = — Imin)/Imin) X 100% (1)

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Washing 3x with Note:
iy
$E5:L Y’ 16G-Covid-19 antibody

Coated IgG-Covid-19
antibody

!

X

Blocking (1h)

o
== 3

« Anti IgG
@ s

@ FSNP-Anti IgG conjugated
1¢G-Covid-19

Add 100 ul PBS
! ' .... Adding FSNP-Anti
S ) 1gG
Fluorescence intensity was
measured at 582 mm emission
Washing 3x with .
PBS-T
®
ﬁn Q| oo
. o © ® ® @
FSNP-Anti IgG Detection process

Eliss reader detected IgG-Covid-19

Fig. 2 Detection scheme of SARS-CoV-2 IgG antibody through
fluorescence.

the Inmax and I, represent the maximum fluorescence inten-
sity of FSNP-anti IgG before and after detecting the
SARS-CoV-2 IgG antibody for 15 min incubation. The measure-
ments were conducted in triplicate. The standard deviation of
three measurement data to plot the error bars was calculated
using the equation as follows:

D= v/(( (o /() @)

where Y represents the sum of all data points, x; represents
each data point, ¥ represents the sample mean, and n rep-
resents the number of data points in the sample. Finally, LOD
was calculated using the equation as follows:

yLoD = yb + 3STDb (3)

where yb is the mean fluorescence intensity loss measured for
the blank control, and STBb is the associated standard deviation.*”

Results and discussion
Characterization of FSNPs

This study synthesized FSNPs using natural silica precursors
and rhodamine B as a fluorescent dye using a sol-gel method
in which precipitated silica was treated with NaOH to yield
sodium silicate. The formed sodium silicate then reacted with
HCI as an acid catalyst to form a gel.”” In the case of FSNPs,
the covalent attachment of rhodamine B ensures that it
remains within the silica matrix and does not leak out.*® The
crystallinity of the FSNP sample was characterized by XRD. As
shown in Fig. 3, the diffraction pattern of FSNP formed a
broad peak at 20 = 22.56, indicating that the fluorescent nano-
particles were in an amorphous phase.?”

SEM and SEM-EDS were performed to investigate the mor-
phology and components contained in the FSNP samples. Fig. 4
shows the SEM images of FSNPs which are further described in
Table S1.f The FSNP sample was primarily composed of silica
(Si) at 69.8 wt%, oxygen (O) at 15.4 wt%, and carbon (C) at
13.3 wt%. The average particle size of the FSNPs, as determined
by SEM analysis, was 294 nm (Fig. S17). Additionally, CTAB was
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Fig. 3 X-ray diffraction pattern of the FSNP sample.

Fig. 4 (a) SEM images of the FSNP sample and energy-dispersive X-ray
spectroscopy of FSNP showing total layered (b) and mapping analysis of
the layer of Si (c), layer of O (d), and layer of C (e). The incident electron
beam was at 90 nA.

used as a template surfactant for the synthesis of FSNP samples
in order to produce uniformly sized nanoparticles. The
measurement of the FSNP calculated by the BET method
resulted in a surface area of 208.95 m> g~'. A Barrett-Joyner-
Halenda (BJH) analysis of the FSNP samples revealed a cumulat-
ive pore volume of 0.578 cm® g~ and an average pore size of
19.051 A. Given these intrinsic properties of the nanoparticles,
the FSNP was sufficient for chemical modification and further
biomolecule immobilization on its surface.

Surface modification of FSNPs and their functionalization on
anti-IgG

Functional groups were identified in the samples before and
after surface immobilization with anti-IgG antibody as the
bioreceptor via FTIR analysis. The FTIR spectra of FSNPs at
every stage of modification and functionalization are displayed
in Fig. 5. The absorption peaks at 1089 cm ™' and 810 cm™*
correspond to the symmetric and asymmetric Si-O-Si stretch-
ing bonds, respectively, while the absorption peak at 958 cm™"
indicates the presence of Si-O bonds.>® The spectrum of the
FSNP-COOH showed peaks at a wavenumber of 1710 cm™,
indicating the presence of the stretching C=0 bond of the car-
boxylic acid. This reaction also produced peaks at wavenum-
bers 2922 cm ™" and 2848 cm™", showing the presence of C-H
bonds derived from undecylenic acid.*"*?

The spectrum of the FSNP-NHS sample is shown in
Fig. 5(c). The disappearance of the peak at 1710 cm ™" indicates
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Fig. 5 FTIR spectra of (a) FSNP, (b) FSNP-COOH, (c) FSNP-NHS, and (d)
FSNP-anti IgG in transmittance mode.

the reaction of carboxylic acids with EDC and NHS was suc-
cessful.*® In this step, a -COO surface is obtained by reacting a
surface carboxyl group with EDC and NHS, which act as coup-
ling agents. This process, known as surface activation, forms a
succinimidyl ester from the NHS. In particular, one may notice
a small broadband at 1639 cm™" in spectra C. These bands are
intensely evocative of amide bonds. Amide bonds in
FSNP-EDC-NHS reactions are due to the incomplete activation
reaction of succinimidyl ester termination to acid groups
characterized by a remaining acid C=0 vibration at 1715 cm™".
Subsequently, this ester reacts with the amine group on anti-
IgG to form FSNP-anti IgG.***> The FTIR spectrum of FSNP
functionalized with the anti-IgG antibody is displayed in
Fig. 5(d). Peaks at wavenumbers 1641 cm™ and 1530 cm™"
correspond to amide I and amide II bonds, respectively,
showing the successful immobilization of the anti-IgG antibody
to the FSNP surface. Amide II bonds are primarily created by
combining N-H bending and C-N stretching vibrations. In con-
trast, amide I bonds are formed by the C=O stretching
vibrations of peptide bonds in the protein backbone.*

Detection of the SARS-CoV-2 IgG antibody

A fluorescence immunoassay (FIA) scheme can be seen in
Fig. 2, which depicts a biochemical procedure for detecting
antibodies by fluorescence. It is an alternative to the ELISA
method, substituting an enzyme with a fluorescent label. In
this process, a secondary antibody or anti-IgG specific to I1gG is
conjugated with a fluorescent label FSNP to be FSNP-anti IgG
to bind the target or IgG-COVID-19, in this case. The bound
FSNP-anti IgG is excited with light at a specific excitation of
545 nm, and the emitted fluorescence is measured at an emis-
sion of 582 nm (Fig. S21). The fluorescence intensity is directly
proportional to the amount of IgG antibody in the sample.
Using fluorescent labels allows for significant signal amplifica-
tion and makes detecting small quantities of the target anti-
body possible.*®

This journal is © The Royal Society of Chemistry 2025
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The sensor fluorescence intensity was measured before and
after the detection process. A 5-fold increase in fluorescence
intensity was observed after the detection of the SARS-CoV-2
IgG antibody (Fig. S37). This increase in fluorescence intensity
indicates the successful binding and detection of the
IgG-COVID-19 antibody and demonstrates the sensor’s efficacy
in identifying the presence of the target antibody. The increase
in fluorescence intensity observed in modified sustainable
silica nanosensors after detection may be attributed to several
factors. Initially, when SiNPs are functionalized with reco-
gnition elements (in this case, IgG antibodies against
SARS-CoV-2), they come in close proximity to the analyte. A
transfer of energy occurs between the excited state of the reco-
gnition element and the SiNPs, resulting in enhanced fluo-
rescence. The binding of IgG antibodies and fluorophores in
FSNP facilitates Forster resonance energy transfer (FRET)
between fluorophores. The proximity of the IgG can optimize
the distances between donor and acceptor fluorophores,
improving the energy transfer efficiency.””*® The energy trans-
fer from donor to acceptor fluorophores effectively reduces the
donor fluorophore’s non-radiative decay pathways and
increases its quantum yield. The increase in quantum yield
will enhance the fluorescence intensity of the FSNPs.*® As a
consequence of the modification of silica surfaces, the local
environment surrounding fluorophores is also altered. Not
only quantum yields but also fluorescence lifetimes can be
altered by this effect, ultimately affecting the overall fluo-
rescence intensity. In the presence of a silica matrix, nanoscale
confinement may enhance fluorescence by restricting mole-
cular motion and reducing nonradiative decay pathways.

The analytical performance of FSNP-anti IgG in detecting
antibodies was further investigated. The optimum detection
response time was determined by varying the incubation times
at a constant concentration of 0.01 pg mL™' SARS-CoV-2 1gG
antibody. As shown in Fig. 6, the fluorescence intensity value
is largely stable between 5 and 10 minutes and increases at
15 minutes. Longer incubation times showed that the intensity
decreased. Hence, the optimum response time for FSNP-anti
IgG to identify the targets is 15 minutes. To determine the sen-
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Fig. 6 The fluorescence intensity of 0.5 pg mL™ FSNP-anti IgG in the
presence of 0.01 ug mL™ SARS-CoV-2 IgG antibody after the corres-
ponding incubation time with 545 nm excitation and 582 nm emission.
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sitivity and LOD value of FSNP-anti IgG as a biosensing plat-
form, the concentration was varied, ranging from 107° to 1072
pg mL~. Using the optimum 15-minute incubation time, the
fluorescence intensity at 582 nm was observed for each con-
centration. The analytical results demonstrated that FSNP-anti
IgG effectively binds to the SARS-CoV-2 IgG antibodies, allow-
ing for accurate fluorescence-based detection. Fig. 7(a) shows
that the fluorescence intensity of FSNP-anti IgG decreases line-
arly with the reduction in antibody concentrations.
Additionally, Fig. 7(b) illustrates the correlation between the
normalized intensity of FSNP-anti IgG at 582 nm and
SARS-CoV-2 IgG antibody concentrations, further confirming
the sensor’s sensitivity and providing a clear relationship
between antibody concentration and fluorescence response.
The higher intensity values confirm successful detection by
the FSNP-anti IgG surface after targeting, as compared to the
control group.®® The highest intensity value observed was 493
a.u. at a concentration of 107> pg mL™", whereas the lowest
intensity value was 151 a.u. at 10™° pg mL™" SARS-CoV-2 IgG
antibody. These results indicate that the FSNP-anti IgG can be
effectively used as a detection system, capable of detecting
target concentrations as low as 10~° pg mL™".

o
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o
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Fig. 7 Fluorescence detection results for FSNP-anti 19G by varying
SARS-CoV-2 IgG antibody concentrations. (a) The fluorescence intensity
of FSNP-anti IgG (0.5 ug mL™Y) in the presence of SARS-CoV-2 IgG anti-
body (1078 to 1072 pg mL™) after 15 min of incubation time with 545 nm
excitation and 582 nm emission and (b) the correlation between normal-
ized intensity of FSNP-anti IgG at 582 nm and SARS-CoV-2 IgG antibody
concentrations after 15 minutes of incubation time. All measurements
were made in triplicate.
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Table 1 Comparison of different methods for the detection of antibodies
Incubation time

Methods Target Material (min) LOD Ref.
ELISA Human IgG antibody Meso]gorous SiNP* 30 0.5 ng mL™" 51
ELISA Human IgG antibody AuNP 15 0.3 ng mL™" 43
ELISA Mouse-IgG antibody Cu-MOF* 40 0.34 ng mL™* 52
SPR SARS-CoV 2 Gold nanospike 30 0.08 ng mL™* 53
LFIA Anti-SARS-CoV-2 1gG Selenium nanoparticles 10 5ng mL™" 54
LFIA Anti-SARS-CoV-2 IgG dan Superparamagnetic 10 5 and 15 ng 55

IgM nanoparticles mL™!
LFIA SARS-CoV-2 AuNP? 20 0.1 ng mL™" 56
Fluorescence SARS-CoV-2 IgG antibody FSNP 15 5.3 fgmL™" This
immunoassay work

“ Mesoporous SiNP: mesoporous silica nanoparticles.  AuNP: gold nanoparticles. ¢ Cu-MOF: copper-based metal-organic framework.

To calculate LOD and determine the sensitivity of bio-
sensor, a linear correlation was established in the range of
107% to 10~® pug mL™". The relationship is described by eqn (1)
where normalized intensity = 56.66 log(SARS-CoV-2 IgG anti-
body) + 501.4 with R* = 0.9944, as shown in Fig. 7(b). Using
eqn (3) where yb is the mean fluorescence intensity measured
for the blank control and STDb is the associated standard devi-
ation, LOD was determined to be 5.3 fg¢ mL ™. Accordingly, the
FSNP-anti IgG shows an excellent performance in detecting
SARS-CoV-2 IgG antibodies. The comparison to other previous
works utilizing optical biosensors for the detection of various
antibodies is shown in Table 1.

Although the preparation of the test sample and the
addition of FSNP-anti IgG require careful handling and
precise timing, one significant advantage of our FSNP-anti
IgG method over ELISA is its cost-effectiveness. ELISA
reagents and kits are notably expensive depending on
the complexity and specificity required.’” In contrast, our
method employs inexpensive materials such as silica precur-
sors and rhodamine B, significantly reducing the overall cost.
This makes our approach more accessible and straight-
forward, especially in resource-limited settings where the
high cost of ELISA reagents can be prohibitive. Other bio-
sensors offer high sensitivity and rapid detection,®® yet
they often require sophisticated instrumentation, skilled per-
sonnel, and tedious washing steps which often compromise
the specificity. Optical chips, although providing high sensi-
tivity,>>®! tend to be more expensive and complex to fabri-
cate. The fluorescence nanosensor utilizing FSNP-anti IgG
strikes a balance of sensitivity, speed, and cost-effectiveness,
rendering it a viable option for pathogen detection, particu-
larly in resource-limited settings.

Specificity of FSNP-anti IgG

Fig. 8 shows the specificity performance of FSNP-anti IgG bio-
sensors by comparing their responses to various targets includ-
ing E. coli, chicken IgY, SAA, and human-IgG antibodies. The
data show that the biosensor’s response intensity to the
SARS-CoV-2 IgG antibody is significantly higher, reaching 429
a.u. In contrast, the responses to E. coli, Chicken IgY, SAA, and
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Fig. 8 Specificity of the FSNP-anti IgG (0.5 pg mL™) towards
SARS-CoV-2 IgG antibody compared to E. coli, chicken IgY, SAA, and
human IgG antibody. All target concentrations were made to 0.01 pg
mL™! with 15 minutes of incubation time and 545 nm excitation and
582 nm emission. All measurements were made in triplicate.

human-IgG antibodies are nearly identical to the control (i.e.
FSNP-anti IgG) and considerably lower than the response to
the SARS-CoV-2 IgG antibody. This significant difference in
response intensity demonstrates that FSNP-anti IgG biosensors
exhibit excellent selectivity for the target SARS-CoV-2 IgG anti-
body, distinguishing it from other non-target substances
tested.

Conclusions

This research successfully developed a fluorescence nanosen-
sor using modified sustainable silica for the ultrasensitive
detection of SARS-CoV-2 IgG antibodies. FSNPs were success-
fully synthesized using the sol-gel method with sustainable
silica as a precursor and rhodamine B dye and obtained a
surface area of 208.956 cm” g~ ' through an amorphous phase.
The surface functionalization of FSNP-anti IgG has been suc-
cessfully carried out using a hydrosilylation reaction and modi-
fication using the EDC and NHS and confirmed by FTIR ana-
lysis that shows amide I and II groups at wavenumbers
1641 cm™" and 1530 cm ™.

This journal is © The Royal Society of Chemistry 2025
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The fluorescence immunoassay demonstrated that the
FSNP-anti IgG platform could detect SARS-CoV-2 IgG anti-
bodies at concentrations as low as 10~® pg mL~" with an LOD
value of 5.3 fg mL™" in 15 minutes response time. This study
underscores the potential of FSNP-based fluorescence nano-
sensors in enhancing COVID-19 diagnostic strategies, provid-
ing a rapid, sensitive, and specific detection method. Future
research could focus on optimizing the sensor for point-of-
care applications and exploring its applicability in detecting
real samples and other biomarkers, further advancing the field
of biosensing technology.
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