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19 Abstract

20

21 Rapid and accurate detection of SARS-CoV-2 is crucial as the spread of COVID-19 has
22 reported more than 5.4 million deaths worldwide, causing the pandemic. SARS-CoV-2, being
%i an RNA virus, is prone to mutations over time. A point mutation in RNA can lead to structural
95 variations in the spike protein, the primary target of vaccines and immune responses. This can
%6 make the virus less recognizable to antibodies generated from previous infections or
27 vaccinations. In this study, we present a novel flow-through assay for the detection of SARS-
%g CoV-2 in saliva targeting conserved regions of the viral spike protein. The designed assay
20 includes angiotensin-converting enzyme 2 (ACE 2) functionalized gold-nanoparticles (AuNPs)
§1 for viral capture and signalling platform. ACE 2 is the key receptor for the spike protein,
32 offering a precise binding mechanism. Also, the use of saliva makes the test more user-friendly,
gi preventing false results arising from incorrect and inadequate sample collection. The viral
g5 capture by ACE2 leads to changes in the optical properties of the AuNPs, causing the visual
86 color change. The characterization of specialized nanoparticles was done by UV spectroscopy,
%7 Dynamic light scattering, Zeta potential, and Transmission Electron Microscopy. This assay
_g demonstrates high sensitivity and specificity of 96.67% and 95% respectively, with Area under
40 the Curve 0f 0.99. The LoD of 0.02 pg/ul is comparable to standard PCR tests with significantly
41 reduced processing time. Moreover, the kit outperformed the saliva-based marketed LFA-kit
42 when tested for 30 spiked samples. The simplicity of the developed flow-through design
ji enables point-of-care applicability, preventing future outbreaks.

45

46

47 Keywords: SARS-CoV-2, ACE2, gold nanoparticles, saliva, flow-through assay, rapid
jg detection, COVID-19 diagnostics
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52

53 Introduction

54

55 The global outbreak of SARS-CoV-2 has underscored the urgent need for rapid, sensitive, and
?? scalable diagnostic platforms. The World Health Organization (WHO) has extensively
gg documented the global impact of SARS-CoV-2 since the onset of the COVID-19 pandemic.
60
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SARS-CoV-2, like all RNA viruses, is highly prone to mutations, which can significafitlySs o0 c
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impact its transmissibility, immune evasion, and detection !. Even a single point mutation in
the viral genome can lead to structural changes in the spike (S) protein, the primary target of
both vaccines and immune responses 2. These alterations can reduce the ability to neutralize
antibodies generated from prior infections or vaccinations, potentially leading to breakthrough
infections and reinfections 3. The continuous evolution of SARS-CoV-2 demands that
diagnostic strategies be designed to remain effective against emerging variants. Traditional RT-
PCR remains a highly sensitive method for viral detection, but it can become less effective
when significant mutations occur in the viral genome, particularly in the targeted regions of
the primers and probes #. Therefore, a critical approach in diagnostic development is targeting
conserved regions of the spike protein rather than rapidly mutating epitopes. By focusing on
conserved regions of the virus, biosensors can maintain high sensitivity and specificity even as
new variants emerge. Additionally, integrating advanced materials such as graphene (Sadique
et al., 2022; Zaccariotto et al., 2021), gold nanoparticles (Ahmed et al., 2016), and carbon
nanotubes (Bardhan et al., 2021) enhances signal transduction, improving detection limits for
early-stage infections °. The low detection limits of biosensors ensure accurate detection even
at lower viral loads, enabling timely isolation and treatment before widespread transmission

reoccurs.

Beyond the current landscape of SARS-CoV-2, the development of diagnostic kits targeting
conserved viral regions is essential for future outbreak preparedness. Such an approach ensures
adaptability for detecting novel variants and even related coronaviruses that may pose future
pandemic threats like SARS-CoV-1 (2003 outbreak), MERS, and common cold coronaviruses
(HCoV-0OC43, HCoV-HKUI, etc.), RSV, and paramyxoviruses . As COVID-19 transitions
into an endemic phase, these next-generation diagnostics will play a crucial role in continuous

surveillance, variant monitoring, and rapid response to emerging infectious diseases.

Detection of SARS-CoV-2 in saliva has proven to be comparable to, and in some cases more
advantageous than nasopharyngeal swabs. It provides advantages due to its non-invasive nature
and ease of sample collection 7. Saliva-based testing minimizes the discomfort and risks
associated with nasopharyngeal swabs, such as patient-induced coughing or sneezing during
collection 8. Studies have demonstrated similar sensitivity and specificity between the two
methods, providing evidence of saliva as a reliable diagnostic alternative °. A few studies
reported in the literature show evidence of its potential. A study reported '° employs graphene-

based field-effect transistor (FET) biosensors for label-free virus detection, leveraging
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z advanced nanomaterials for enhanced sensitivity. Meanwhile, another study introdugces) afi5;,oaic
5 electrochemical biosensor with single-walled carbon nanotubes and gold nanoparticles for
? nucleocapsid protein detection 8. In contrast, !' and ! focus on saliva as a diagnostic sample;
S the former highlights the RT-LAMP method for cost-effective and rapid detection. While the
1(1) latter underscores saliva’s non-invasive nature and reliability compared to nasopharyngeal
12 swabs. Further study '3 explores a colorimetric biosensor using gold nanoparticles for RNA
12 detection, enabling easy visual readouts, whereas ' introduces a plasmonic photothermal
:2 biosensor combining optical and thermal detection mechanisms. Finally, !> evaluates clinical
17 diagnostic methods focusing on laboratory-based RT-PCR for sensitivity and accuracy.
12 Collectively, these studies illustrate a diverse range of technologies, sample types, and
;1) detection principles, showcasing the multifaceted nature of SARS-CoV-2 diagnostic research.
2

@3 Although working with real viral samples can be dangerous and life-threatening. To overcome
gg this limitation, virus-like particles (VLPs) that mimic the structure of SARS-CoV-2 have
%g emerged as a safe and effective tool for diagnostic research and assay development. VLPs lack
%8 the viral genome, rendering them non-infectious. However, they retain the key structural
—§g proteins, including the spike protein, enabling them to interact specifically with the ACE2
g; receptor '°. By exploiting this interaction, novel biosensor platforms are being developed to
gi achieve rapid and accurate detection of SARS-CoV-2 VLPs !7 18, On the other hand, gold
35 nanoparticles (AuNPs) have proven to be highly effective in biosensing applications due to
g? their unique optical properties, high surface-area-to-volume ratio, and ease of functionalization
zg 19 When conjugated with ACE2 receptors, AuNPs enable specific binding to SARS-CoV-2
2(1) VLPs, thereby enhancing both detection sensitivity and specificity. Integrating these
42 functionalized nanoparticles into a flow-through assay format offers additional advantages,
ji which include reduced assay time, minimal sample handling, and the potential for high-
jg throughput applications 2°. Most SARS-CoV-2 diagnostic techniques rely on sandwich assays
47 using antibodies, but these have significant limitations. Antibody-based assays are prone to
jg reduced sensitivity when viral mutations alter the antigen structure, leading to false negatives
g? 21 Additionally, antibodies can exhibit cross-reactivity, causing false positives with other
gg coronaviruses. Production of high-affinity antibodies is costly, time-consuming, and subject to
54 batch-to-batch variability 22. In contrast, very few techniques directly target the antigen, rather
?2 have shown the detection of host-generated antibodies, which also have drawbacks. Antibody
;73 detection is ineffective for early diagnosis, cannot differentiate between past and active
Zg infection, and is influenced by declining immunity, limiting its diagnostic reliability 23-24.
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Additionally, incapable of detecting the immune escape variants 2!. After understanding the’; oo
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demerits of the reported and existing techniques, we have tried to address them in our study.

Therefore, in this study, we report the development of a rapid flow-through assay for the
detection of SARS-CoV-2 virus-like particles (VLPs) using the nitrocellulose membrane
cassette in saliva using gold nanoparticle-ACE2 receptor functionalization (Fig. 1b). The assay
exploits the high affinity between the conserved regions of the spike (S1) protein and the ACE2
receptor to achieve specific and sensitive detection without the use of additional antibodies or
probes (Fig. 1a). The incorporation of AuNPs enhances signal readout by observing the color
change. Additionally, the developed assay performance is compared to the marketed Angcard
saliva-based LFA kit to analyze its potential in large-scale screening. By leveraging the flow-
through format, this platform offers significant advantages in terms of speed, ease of use, and
adaptability to high-throughput screening. The integration of saliva as the primary sample

matrix further enhances the assay’s practicality for non-invasive and large-scale testing.

Materials and Methods

Reagents.

Gold(Ill)  chloride  trihydrate = (HAuCl4-3H,0), Uranyl acetate, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS) Sigma Aldrich
(India), ethylenediaminetetraacetic acid (EDTA), SARS co-Virus Like Particles (VLPs)
sodium citrate dihydrate (C¢HsNa3;07.2H,0), sodium chloride (NaCl), bovine serum albumin
(BSA), ACE-2 receptor (Sigma-Aldrich), spike-1 protein (Sigma-Aldrich), and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were from Sigma-Aldrich (India).
This study also used carboxythiol-polyethylene glycol (CT-PEG) linker (MW, 634.77 Da)
from Fisher Scientific (India), absolute ethanol (EMSURE; Merck, Germany), Nitrocellulose
membranes (CX-1, SCNM-I), and absorbent pads (type-AP080) (Advanced Micro Devices
Pvt. Ltd., India), saliva-based test kit (Angcard). All other standard reagents used were of
analytical grade. All solutions were prepared using ultrapure deionized Milli-Q water (~18.8
mQcm resistivity, CDUFBI001; Millipore, USA). Due to the known pyrogenicity and toxicity
of Uranyl acetate, strict safety guidelines were followed in the laboratory while handling these

molecules (17).
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" Methods. DO 10,1035/ DNS02091C
Z Synthesis of AuNPs conjugates

573 Gold nanoparticles (AuNPs) with an approximate diameter of 16 nm (AuNP-ACE2-1) and 40
?o nm (AuNP-ACE2-2) were synthesized using the Turkevich method, as described in previous
1; studies 2°. Briefly, 5 mg of 0.01% w/v gold (III) chloride (HAuCl,) was dissolved in 39 mL of
12 deionized (DI) water. Simultaneously, a reducing solution was prepared by combining 2 mL
15 of 1% w/v trisodium citrate with 8 mL of DI water. The gold precursor solution was then heated
1? to its boiling point under continuous stirring, at which point, 1 ml of reducing solution was
B introduced dropwise, a critical step in the synthesis process. The reaction was allowed to
51) proceed until the solution developed a characteristic wine-red color, indicative of AuNP
22 formation. The resulting nanoparticle suspension was subsequently quenched in an ice bath
%i and stored at 4 °C for further use.

95

%S AuNP-ACE?2 particle synthesis

%g The synthesized AuNPs were aliquoted (Iml) in different glass vials. These synthesized
g? particles were stabilized by carboxythiol-polyethylene glycol (CT-PEG) coating by applying
32 10 pl of 0.1% w/v to every 1 ml of aliquoted AuNP solution to enhance colloidal stability.
gi Further, these particles were left for overnight incubation in a shaker incubator at 30°C at 125
gg rpm. After incubation, particles were stepwise centrifuged at 4000 rpm and 6000 rpm for 15
%7 minutes each. Finally, the particles were resuspended in 1 ml of 40 mM HEPES buffer with
_2 pH 6.0. The PEGylated AuNPs were then functionalized with the angiotensin-converting
2(1) enzyme 2 (ACE2) receptor via EDC-NHS coupling chemistry. Specifically, 6 ul of 0.2 M EDC
fé was added to 1 mL of the AuNP-PEG coated suspension and incubated for 30 minutes at 30°C.
44 After which, 12 ul of 0.2 M NHS was introduced and allowed to react for 30 minutes at 30°C.
22 After incubation, particles were again stepwise centrifuged at 4000 rpm and 6000 rpm for 15
j; minutes each. Finally, the particles were resuspended in 1 ml of 40 mM HEPES buffer with
49 pH 7.4. The AuNP-ACE2-1 and AuNP-ACE-2 conjugates were then prepared by adding 1.2
?1) puL and 1.8 pl of ACE2, respectively, from a 0.5 pg/uL stock solution to 1 mL of the AuNP
gg suspension. The functionalized AuNPs were stored at 4 °C and remained stable for at least one
gg week.

?? Particle characterization

58

59

60


https://doi.org/10.1039/d5nj02091c

New Journal of Chemistry Page 6 of 24

ticle Online

The synthesized solution was characterized using UV-visible spectroscopy ,(UY-2600555,061c
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Shimadzu), dynamic light scattering (DLS, Zetasizer Nano ZS90; Malvern Instruments Ltd.),
and transmission electron microscopy (TEM, Tecnai G2). For TEM analysis, a 4% diluted
AuNP suspension was deposited onto a carbon-coated copper TEM grid (CF200 CU; Electron
Microscopy Sciences, USA), air-dried, and imaged at an accelerating voltage of 200 kV.
Micrographs obtained at different magnifications were analyzed using ImageJ software to
determine the average particle size. The measurements were repeated three times, and the
results were reported as the mean + one standard deviation (SD). Additionally, in the case of
spike protein, virus-like particles (VLPs) and AuNP-ACE2 conjugates were characterized
using TEM (JEOL JEM-1400). For this, 10 pL. of each sample was deposited onto TEM grids,
air-dried, and stained with 5 pl of 0.5 % uranyl acetate to enhance contrast and stability.
Imaging was performed at an accelerating voltage of 120 kV across multiple magnifications.

Micrographs obtained at different magnifications were analyzed.
UV-Visible titration experiment with spiked protein

The stock solution (0.99 ng/pl) of spike protein was diluted to 0.33 pg/ul using HEPES buffer.
The AuNP-ACE2 conjugates were titrated with 1 pl of the above diluted spike protein solution
and incubated for 2 minutes. The absorbance spectra were recorded after each addition of spike

protein. The experiment was repeated till there was no further shift observed in the spectra.
Biological matrix collection and preprocessing

Approximately 1 mL of self-collected saliva was collected in a 2 mL Eppendorf tube and
subjected to centrifugation at 3000 rpm for 15 minutes at room temperature. The resulting
supernatant was carefully collected for subsequent analysis. Similarly, plasma samples
available in the laboratory were aliquoted into 1 mL portions and centrifuged under the same
conditions at 3000 rpm for 15 minutes at room temperature. The supernatant was carefully

separated, avoiding the pellet, and used for further experimentation.
Preparation of spiked saliva and plasma samples.

A master stocks of virus-like particles (VLPs) at a concentration of 5.6 pg/uL in VLP storage
buffer were obtained from the Kusuma School of Biology, IIT Delhi. The VLP storage buffer
comprised 50 mM HEPES, 100 mM NaCl, and 1 mM EDTA, with the pH adjusted to 7.4. The
VLPs exhibited a stability period of 72 hours, during which all subsequent experiments were

conducted. For interaction studies under controlled conditions, a working solution of VLPs at


https://doi.org/10.1039/d5nj02091c

Page 7 of 24 New Journal of Chemistry

icle Online

a concentration of 1.4 ug/uL was prepared. A calculated volume of VLP solution,was spiked;;,oic
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into the required volume of human saliva and plasma to achieve final concentrations ranging
from 0.5 ng/mL to 1000 ng/mL. The spiked samples were stored at 4°C until further use. Before
analysis, the samples were vortexed using a micropipette for a few minutes at room temperature

to ensure homogeneity.
Flow through assay procedure.

A standard flow-through assay was designed using a nitrocellulose membrane positioned atop
a set of absorbent pads enclosed within custom-fitted plastic cassettes. The absorbent pads
functioned as liquid reservoirs and provided mechanical support for the thin membrane. Before
the sample application, the membrane surface was treated with 30 pL of 1% surfactant solution
(PF68) and allowed to incubate for 2 minutes. Subsequently, 10 pL of the test sample
containing either spike protein or virus-like particles (VLPs) was drop-cast at the center of the
membrane, followed by the addition of 40 puL of 1% (w/v) bovine serum albumin (BSA) to
minimize nonspecific binding. After another 2-minute incubation, 20 uL. of a AuNP-ACE2
nanoparticle solution was applied to the membrane. The formation of a distinct pink spot
against a white background was indicative of the presence of VLPs in the test sample. Finally,
the membrane was washed with 10 pL of VLP buffer to remove any unbound nanoparticles.
For the control cassette same procedure was followed; the only variation was that saliva
without VLPs spike was used at step 2. The entire assay was conducted under ambient

conditions, with a relative humidity of 30% to 70% and a temperature of 30 + 5°C.
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Figure 1: Schematic representation of (a) SARS-CoV-2 VLPs with synthesized AuNP-ACE2
nanoparticles and (b) steps for application on the membrane cassette for stratification of
infected individuals.

Synthesis and characterization of AuNPs-ACE2 particle: Monodisperse gold nanoparticles
(AuNPs) have demonstrated exceptional signal amplification and a strong visual colorimetric
response, making them widely utilized in various biosensors and point-of-care (POC)
diagnostic assays. However, multiple studies have reported the inherent instability of AuNPs,
which can lead to rapid aggregation and a color shift from red to purple 2°. A critical design
consideration of the system for its successful implementation was the minimization of
nonspecific interactions between AuNPs and the membrane or biological interface. To mitigate
this issue, the nanoparticle's surface was passivated using PEG. This modification prevented
nonspecific binding by eliminating background signal interference and significantly enhanced
nanoparticle stability. PEG capping was employed to maintain monodispersity and prevent

undesired aggregation, resulting in nanoparticles that remained stable for several weeks post-
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Comprehensive characterization of the synthesized AuNP-ACE2 nanoparticles was-conducted; s, c
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using UV-vis spectroscopy, dynamic light scattering (DLS), and zeta potential analysis.
Transmission electron microscopy (TEM) imaging, followed by size analysis using Imagel
software, confirmed the nanoparticle dimensions to be 34 nm. DLS and zeta potential
measurements were consistent with these findings (Fig. 2). Conjugation of ACE2 receptors
onto the AuNP-PEG surface was achieved using EDC-NHS chemistry, a well-documented
approach for stable biomolecular attachment 27?8, Successful conjugation was evidenced by a
2 nm and 3 nm red shift in the UV-Vis spectra for AuNP-ACE2-1 and AuNP-ACE2-2,
respectively (Fig. 2a). The DLS study showed a ~2-fold increase in hydrodymanic particle
diameter from 34 nm AuNPs particle size to 54 nm and 62 nm for AuNP-ACE2-1 and AuNP-
ACE2-2, respectively confirming successful conjugation of ACE2 receptor on the surface of
AuNP nanoparticles (Fig. 2b). Additionally, zeta potential analysis showed a clear reduction
following PEG capping, which subsequently increased upon ACE2 receptor conjugation (Fig.
2d), further confirming successful functionalization. The representative TEM image showing
dispersed nanoparticles used for the ACE2 conjugation is provided (Fig. 2e). The particle count
was done using the TEM data from ImagelJ, and there were 45 particles found in the range of

35-40 nm (Fig.2c¢).
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Figure 2: Characterization of gold nanoparticles (AuNPs) and particles coated with
ACE2 receptor using EDC-NHS coupling reaction (a) UV-Vis absorbance spectra
with a red shift after conjugation with ACE2 receptor, (b) DLS data showing increased
hydrodynamic diameter with successful conjugation, (c) particle count of AuNP-
ACE2-2 form TEM imaging data, (d) Zeta potential confirming conjugation of ACE2
receptor with AuNP. (e) TEM images of AuNP-ACE2-2 at 60000X and 44000X
magnification at 20 nm and 50 nm scale bar, and all the data is reported as the average

of triplicate readings.

Optimization of membrane: A range of additional parameters were systematically

optimized to determine the ideal operating conditions for optimal assay performance (refer to

Table S1 in the supplementary material). Notably, surfactants played a critical role in the

immobilization process. The lipid bilayer and membrane proteins impart a degree of

10
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z lipophilicity to the VLPs, facilitating interactions with hydrophobic surfaces and gnhan¢ing;;,oa
5 immobilization on the membrane. The inclusion of surfactants improved the wettability of the
? injected solution. This adjustment ensured an optimal hydrophilic-lipophilic balance,
S promoting uniform adsorption of the VLPs. Additionally, minimizing nonspecific interactions
1(1) between AuNPs and the membrane or protein interface in the biological matrix was a key
12 consideration in assay design. Furthermore, to eliminate any surface-related nonspecific
:i binding, the membrane was pre-blocked with a BSA solution (Fig. S1)%°.

12 Interaction study of AuNp-ACE?2 with spike (S1) protein: Research has demonstrated
1573 that the Spike protein of SARS-CoV-2 exhibits a higher binding affinity for the ACE2 receptor
;g compared to that of SARS-CoV %°. A strong interaction between the target antigen and its
é; corresponding antibodies or receptor is essential. It enables the development of effective
@3 therapeutics, vaccines, and is also essential for designing highly sensitive and accurate
gg diagnostic assays for antigen detection. The spike (S1) protein identified in the literature as the
%g epitope of the virus with the highest reported affinity for the ACE2 receptor, was utilized as a
%8 controlled study to investigate and validate its interaction with the synthesized specialized
—§g nanoparticles (Fig. 3a, b). For this, UV-visible titration studies were conducted using spike S1
g; protein and synthesized nanoparticle AuNP-ACE2-1 and AuNP-ACE2-2. With addition of
gi 1.32 pg (4 pl) of spike protein, 7 nm of red shift with no visual change in the colour of AuNP-
35 ACE2-1 was observed upon addition of spike protein (Fig. 3a). However, in case of AuNP-
g? ACE2-2, red shift of 19 nm of was observed with visual color change from purple to violet
zg upon addition of spike protein. This could be due to the aggregation of AuNP-ACE2-2 upon
2(1) the addition of spike protein (Fig. 3b). The greater red shift in AuNP-ACE2-2 demonstrated
42 better binding ability of AuNP-ACE2-2 with spike protein than AuNP-ACE2-1. Further, the
ji interaction of AuNP-ACE2-2 with spike protein was confirmed by performing the DLS of the
jg synthesized particles after the addition of spike protein to the solutions. The DLS data plotted
47 in Fig. S2 showed an increase in hydrodynamic diameter by 11 nm, which is suggestive of the
jg successful binding of spike protein to the particle surface by non-covalent bonds, including
g? hydrogen bonds, van der Waals forces, and electrostatic interactions 3°. Since the final
gg application involved immobilization on a membrane surface, interaction studies were
54 conducted using membrane cassettes to evaluate the formation of a distinct pink spot upon the
?2 stepwise sample addition (Fig.3c¢). For this purpose, AuNP-ACE2 receptor conjugates binding
;73 efficiency was analysed with the spike protein, two different spike buffer-to-spike protein ratios
Zg (1:1 and 1:4) were evaluated, representing a diluted and a more concentrated condition,

11
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respectively. The optimal visual response was observed with the AuNP-ACE2-2, suspeas§iof;,oor-
which produced a well-defined and distinct pink spot, whereas the AuNP-ACE2-1 resulted in
patchy and faint spots that were difficult for the end user to interpret. However, the visibility
of the pink spot remained consistent across both spike protein concentrations (1:1 and 1:4)

(Fig.3d).
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Figure 3: Interaction studies by UV-vis titration with (a) AuNP-ACE2-1 and (b) AuNP-
ACE2-2 with increasing concentration of S1 spike protein of Sars Covid-19 virus, and (¢) study
on membrane cassette.

Interaction study of AuNP-ACE2-2 with SARS-CoV-2 VLPs: The amphiphilic nature of
VLPs can cause non-specific binding and self-aggregation due to the lipid bilayer membrane
31, Accomplishing the interaction of nanoparticles with the spike protein present on the surface
of in vitro synthesized VLPs in a controlled environment is of utmost importance. The
interaction of VLPs with AuNP-ACE2-2 particles was investigated using UV-visible
spectroscopy, taking VLP buffer and AuNP-PEG (without ACE2 receptor) as controls to
identify nonspecific binding and false aggregation. The result showed a decrease in the
absorbance intensity at 532 nm when AuNP-ACE2-2 is titrated with VLPs compared to their
controls (Fig. 4a). The DLS data recorded the increased hydrodynamic diameter from 55 nm
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of AuNP-ACE2-2 to 254 nm, demonstrating successful interaction of AuNP-ACE2-2 With'; 001
VLPs. This increase in the size could be attributed to multiple VLPs binding to a single particle
surface (Fig. 4b). This interaction was also confirmed by TEM imaging as shown in Fig. 4c.
The VLPs were consistently verified for their specific interaction with the ACE2-coated
AuNPs. Therefore, it can be used for further membrane-based optimization of the assay. The
use of antibodies was not found necessary as the ACE2 receptor itself gave specificity without

the use of secondary antibodies. This made the assay even more cost-effective.

a b AuNP-ACE2-2
0.44 4 —=— AUNP-ACE2-2+VLP 1.0 AUNP-ACE2-2-VLP
s AUNP-ACE2-2+VLP Buffer
0.424 —+— AUNP-PEG 0.84
3 2
€ 0.40 206
e 3
5 0.38 £ 0.4
2 0.4
0.36
< 0.2-
0.34+
S — 0.0 ———rrrs
0 1 2 3 4 5 6 7 10 100 1000
VLP concentration (ug/pl) Dynamic size (nm)

Figure 4: Characterization of the interaction of synthesized AuNP-ACE2-2 with VLPs of Sars
Covid-19, (a) UV-vis spectra for increasing concentration of VLPs with AuNP-ACE2, (b) DLS
data showing increased hydrodynamic diameter with successful interaction with VLPs (c)
representative TEM micrograph taken at 30000X magnification at 100 nm scale bar confirming
VLPs capture by synthesized AuNP-ACE2-2 particles at multiple sites denoted in red arrows
and a dotted circle.

Performance study in different biological fluids:

To evaluate the performance of the developed assay across different biological matrices, we
tested its efficacy in saliva and blood plasma. The performance of AuNP-ACE2-2
nanopraticles was evaluated using UV-visible spectroscopy by titrating VLPs spiked in the
biological matrices (saliva or plasma). As a control, the interaction studies were conducted

using a biological matrix with VLP storage buffer. The results indicated that the assay exhibited
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oNOYTULT D WN =

absorbance intensity of AuNP-ACE2-2 at 532 nm continuously increases in both, control and
spiked plasma with VLPs with minimal absorbance variation between them (Fig.5b). However,
in saliva samples spiked with VLPs demonstrated a distinctly higher absorbance compared to
the control (Fig.5a). The results also showed the VLPs spiked sample had a higher absorbance
consistently with increasing concentration of VLPs whereas the absorbance dropped with

increasing buffer concentration in the saliva sample in the respective controls.

Furthermore, for more practical applications, we extended the interaction studies between
AuNP-ACE2-2 with VLPs spiked in biological matrix from liquid-phase to membrane-based
experiments. Membranes serve as highly effective point-of-care (POC) affinity scaffolds. This
is due to their tunable surface properties, which allow for receptor-independent immobilization
of target molecules, and their adjustable porosity, which enables precise control over fluid
dynamics. The term "receptor-independent”" refers to the ability of analytes to be directly
captured on the membrane surface without the necessity of ligand- or receptor-based
interactions, such as those mediated by antibodies. The assay was performed within flow-
through membrane cassettes, wherein a drop of VLP-spiked sample in biological matrix (like
plasma and saliva) was first introduced, followed by the addition of an AuNP-ACE2
suspension. A well-defined visual spot was observed only in the saliva matrix, whereas in
plasma, no detectable color gradient was evident when compared with the control cassette (Fig.
S3). Further, the sequentially increasing concentration of VLPs spiked in the saliva developed
a very defined visual gradient in the pink spot (Fig. 5c¢) that can be combined with an optical
sensor to increase the scope of the assay, not only for qualitative analysis but also towards

quantitative analysis.
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%5 Figure 5: Comparative analysis of the interaction of synthesized AuNP-ACE2-2 particles in
%g two different biological matrices, namely, (a) saliva and (b) plasma, and (c) gradient developed
53 in flow-through assay for saliva samples.
% 9
_gO
31
32 Clinical Utility and Performance Validation: A distinguishing feature of our bioassay is its
33
34 potential applicability in both point-of-care (POC) bedside testing and large-scale screening
%2 programs. To evaluate this capability, we conducted a comparative analysis between our
%7 developed assay and a commercially available saliva-based diagnostic kit. The study involved
38

9 testing saliva samples spiked with virus-like particles (VLPs) alongside the standard control
40 . . . . . .
41 solutions provided with the commercial kit, using both platforms- the developed assay and the
jé marketed kit. The results obtained for the spiked saliva samples demonstrated high consistency
44 and comparability between both the systems (Fig. 6a). This was confirmed by running a t-test
45
46 across the two assays; the p-value was found to be 0.53. This obtained value implies that there
j; is no significant difference in the performance of the two assays at the confidence interval of
:g 95% (Fig. 6b). Further, we observed that the in-house assay could outperform the marketed kit
51 at a lower concentration, implying higher sensitivity and potential in the market. Sensitivity
52
53 and specificity were assessed using 30 aliquoted healthy saliva samples spiked with varying
gg’ viral loads and 20 controls (Fig. S4). The assay achieved a sensitivity of 96.67% and specificity
56 of 95%, with a limit of detection (LOD) of 0.02 pg/ul. Comparative analysis with a marketed
57
58 SARS-CoV-2 detection kit demonstrated the superior performance of our assay. The receiver
Zg operating characteristic (ROC) curve analysis yielded an area under the curve (AUC) of 0.997
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(p < 0.001), indicating excellent diagnostic accuracy (Fig. 6¢). Notably, the develgped assays;,oaic

exhibited a remarkable correlation with the performance of the commercial kit, exceeding our

initial expectations.

a b c
121 157 p=0.53
[ JAngcard self test - 100
10 4 [__Jin house assay I 2

0 T ; 104 80
2 g r [1 2 1 2
v T = >

> T » = 60
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a 6 57 g 40
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Figure 6: (a) Comparative analysis of the performance of marketed kit and inhouse developed
flow-through assay in saliva spiked with varying concentrations and (b) t-test test confirming
there is no significant difference in the performance of marketed kit and our flow-through assay
(p-value is 0.53) and (c¢) ROC analysis of flow-through assay.

Discussion:

The study aimed to evaluate the suitability of different biological matrices for SARS-CoV-2
detection with a particular focus on saliva as an alternative to nasopharyngeal swabs. The
decision to use saliva was supported by evidence that at certain stages of infection,
nasopharyngeal swabs may yield false negatives while saliva samples consistently provide
positive results. This observation aligns with previous findings where saliva tested positive in
patients whose respiratory tract specimens were negative for SARS-CoV-2, suggesting viral
shedding through saliva can persist even when nasopharyngeal samples appear clear 32. This
serves as a merit for our developed flow-through assay. Furthermore, the viral load in saliva is
reported to range from 9.9 x 102 to 1.2 x 10% copies/mL, implying a strong potential for its use
as a diagnostic matrix 33. A crucial limitation of existing RT-PCR-based methods is their
reliance on nucleic acid detection, which may lead to prolonged positive results even after the
infectious virus has been cleared 3#, 33. Our approach circumvented this issue by targeting viral
proteins instead of RNA, ensuring that the detection was specific to the presence of active viral
components. The studies reported in Table 1 provide a unique approach to the diagnosis of

SARS-CoV-2, reflecting their exclusivity and comparability to the developed assay reported
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1
2
z in this paper. Additionally, the use of gold nanoparticles (AuNPs) in the reported @s5aY55 0010
5 conferred several advantages, including low toxicity 39, ease of synthesis 37, a visual signal °,
? and functionalization capabilities 38. The characterization of the synthesized nanoparticles
g confirmed a monodisperse distribution, and the observed redshift and increase in
1(1) hydrodynamic diameter validate the successful binding of ACE2 on the gold surface in Fig.
12 2a, b. The decrease in zeta potential upon PEGylation, as well as the increase in surface
12 potential due to the positively charged domain of the receptor, further confirmed the stability
:2 and functionality of our nanoconjugates (Fig. 2¢, €)*°, 4°.
1573 For efficient antigen detection, the development of both capture and detection probes is
;g typically required. However, the urgent need for rapid diagnostic tools during the pandemic
é; necessitated an alternative approach. To bypass the constraints of developing two antibody
23 pairs, we utilized ACE2, the natural receptor for the SARS-CoV-2 spike protein as the capture
gg probe. In earlier reported studies, ACE2 demonstrated a high binding affinity for the viral
%g antigen, with KD values of 319.7 nM for S1 and 13.18 nM for the receptor-binding domain
%8 (RBD) #!. Previous studies have established that the proteolytically activated S protein of
—§g SARS-CoV-2 binds to ACE2 with a higher affinity than its SARS-CoV counterpart 42,
g; reinforcing the reliability of ACE2 as a capture agent. Our results demonstrated successful
%i sandwich detection of the S1 antigen using ACE2, confirming and making it a robust
%2 alternative to traditional antibody-based assays.
%é The superior performance of our AuNP-ACE2-2 assay in saliva compared to plasma can be
9 attributed to the distinct physicochemical properties of the two matrices. Plasma contains a
2(1) complex mixture of proteins, predominantly high-molecular-weight proteins like albumin,
g globulins, and fibrinogen (~50—70 mg/mL) that can strongly adsorb onto the gold nanoparticle
j;’ (AuNP) surface, forming a dense protein corona. This phenomenon can mask functional
46 surface ligands (e.g., ACE2), sterically hinder target binding, and lead to aggregation or altered
2573 particle behavior, ultimately reducing assay sensitivity and increasing background noise 4344
gg Saliva, in contrast, contains a lower total protein concentration (~0.7-2.4 mg/mL) and a
g; different proteomic profile with fewer high-affinity corona-forming proteins 4. This minimizes
53 nonspecific adsorption, leading to a weakly bound corona layer. As demonstrated by Grewal
gg et al. (2023), gold nanoparticle-based biosensors show greater stability and reduced
g? interference in saliva due to the lower presence of thiol- or amine-rich proteins and mucins that
gg compete for nanoparticle surface binding*. Furthermore, the reduced ionic strength and lower
60
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factors for optical signal reliability in colorimetric or plasmonic assays.

The enhanced assay sensitivity and specificity observed in saliva (as supported by Fig. 5b)
likely stem from these favourable interactions, allowing the AuNP-ACE2-2 complex to
maintain its active conformation and interact more effectively with its viral targets.
Additionally, the lower autofluorescence and absorbance background of saliva contribute to
improved signal-to-noise ratios, a key advantage for point-of-care or field-deployable
diagnostic systems*’. The viral load in saliva was found to be within the range of 0.1 ng/uL to
1 pg/uL, which facilitated the development of a color gradient-based detection system. The
generated color chart enables semi-quantitative estimation of viral load, allowing individuals
to infer the progression of their infection (Fig. S5). For instance, a light pink spot corresponding
to chart 1 suggests early-stage infection, while a darker hue matching chart 3 or 4 indicates
later-stage viral shedding 33. This approach provides a user-friendly method for tracking
infection dynamics, enabling individuals to determine when to self-isolate and seek medical
attention based on persistent high viral loads. This approach ensures broad accessibility,
especially in low-resource or point-of-care settings where affordability and ease of
interpretation are critical parameters. The high performance of our assay compared to
commercial counterparts underscores its potential for widespread application in point-of-care

diagnostics.

By enabling early and continuous detection of the virus, our assay has the potential to improve
isolation strategies and curb transmission. The combination of saliva-based detection, ACE2
capture probes, and a visual color-based readout enhances user-friendliness, particularly for
individuals in quarantine settings. Though slightly lower in absolute sensitivity and specificity
than lab-based methods, the assay achieves strong discrimination in raw saliva. As shown in
Fig. 6, its performance aligns with rapid antigen tests, offering faster turnaround, simplicity,

and sample flexibility.

Table 1: A comparative study of saliva-based and recombinant antigen protein-based detection

techniques.
Sr Method Target LOD Chemistry | Clinical | Refere
. samples nce
N &
o. validatio
n
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Given its superior performance compared to commercial kits (Fig. 6), this assay holds
significant promise for large-scale diagnostic applications, particularly in resource-limited
settings. Future work may focus on further refining the assay's detection limits exploring its
applicability to emerging viral variants, and integrating it into broader public health
surveillance strategies. While SARS-CoV-2 and other coronaviruses are well-known for their
spike (S) proteins, several other respiratory viruses also have spike-like surface proteins that
mediate host cell entry. Although we have targeted the SARS-CoV-2 virus specifically in this
study, a less complicated design of the developed flow-through assay can enable the detection
of multiple viruses like SARS-CoV-1 and HCoV-NL63 due to shared ACE2-binding motifs 33
This can be addressed as a future scope to build a multi-detection platform in a single cassette
of respiratory viruses. Although previous studies have confirmed the high binding specificity
between SARS-CoV-2 spike protein and ACE2, with significantly lower or no affinity
observed for other viruses, cross-reactivity testing is a crucial step for clinical translation,

which is to be included in the study while clinical testing with real samples.
Conclusion:

This study presents the synthesis of specialized particles and the development of a feasible
system for a saliva-based, single-step flow-through assay. The results demonstrate that the
proposed system effectively differentiates SARS-CoV-2-infected individuals from healthy,
uninfected subjects, highlighting its potential for accurate SARS-CoV-2 diagnosis. Compared
to commercially available saliva-based detection techniques, the in-house-developed flow-
through assay offers several significant advantages, including a rapid analysis time of
approximately 10 minutes, minimal sample preparation without the need for RNA extraction,
reverse transcription, or thermal cycling, and the use of cost-effective equipment. Additionally,
the assay exhibits high diagnostic performance, with sensitivity and specificity values of
96.67% and 95%, respectively, supporting its potential for commercialization. The limit of

detection (LOD) of 0.02 pg/ul of the developed assay is comparable to other established
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methods in the literature. Given these advantages, this flow-through assay represedfs: a5, 0o:
promising tool for public health applications, as its implementation could enhance SARS-CoV-
2 detection capacity and contribute to efforts aimed at controlling the severe reoccurrence of

COVID-19.
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