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ABSTRACT: The biosensing field faces a significant challenge in efficiently detecting multiple analytes in a single diagnostic sample
in order to compete with other established multiplex molecular diagnostic technologies such as PCR and ELISA. In response, we
have developed a colorimetric nanobiosensor based on multiple morphological forms of functionalized gold nanoparticles (AuNPs)
for the simultaneous detection of the influenza virus and SARS-CoV-2 virus. Gold nanospheres (GNSp) were modified with
oligonucleotides specific for the influenza A virus, while gold nanoshells (GNSh) were modified with oligonucleotides specific for the
SARS-CoV-2 virus. In the presence of their respective targets, AuNPs remain stable due to DNA—DNA interactions; conversely, in
the absence of targets, AuNPs aggregate. Consequently, the hybrid system exhibits an indigo color with the SARS-CoV-2 target, a
blue color with the Influenza A target, and a purple color with both targets, visible to the naked eye. Analytical sensitivity was 100
nM, and no cross-reactivity was observed with potentially confounding pathogens. This approach holds great promise for the
simultaneous identification of multiple pathogens in a rapid manner without the need for equipment or trained personnel.

B INTRODUCTION

Biosensors have attracted widespread attention from the
scientific community due to their wide range of applications."”
Capable of performing both qualitative and quantitative
analyses of biological components through detectable signals,
biosensors have become indispensable tools in the recognition
of harmful viruses,” bacteria,’ and fungi5 or for monitoring
levels of metabolites in the human body using wearable sensors
for instance.® Ever since the invention of biosensors designed
for quantifying glucose in biological samples,” the widespread
adoption of biosensors extends across various domains,
includinﬁg food,* '° biomedicine,"' ™** environmental monitor-
ing,"*™'° drug development, and numerous other fields.

In particular, different clinically relevant techniques have
been developed to detect DNA, RNA, antigens, or antibodies
acting as biomarkers of viruses, bacteria, or fungi. Molecular
diagnosis (i.e, nucleic acid detection) remains the gold
standard of infectious disease diagnostics, and PCR is the
most widely used technique for molecular diagnostics.
However, PCR is expensive, has a long turnaround time, and
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requires centralized laboratories, specialized equipment, and
trained personnel, which makes it unsuitable for resource
limited settings."” Loop isolated mediated amplification
(LAMP) is an emerging alternative molecular diagnostic
technology to PCR; however, it also has a relatively high
cost, is enzyme-based, and needs the isolation of DNA/ RNA.'®
More recently, new molecular techniques such as CRISPR are
being used for precise biosensing by coupling them with visual
readout using gold NPs'” or electrochemical sensing.”’
Nanotechnology has enabled the fabrication of new
biosensors based on the use of nanoparticles of different
materials that offer alternatives to enzyme base amplification
molecular diagnostic systems such as PCR and LAMP.”"**
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Figure 1. Schematic diagram of multiple analyte detection based on different forms of gold nanoparticles.

Certainly, owing to their remarkable optical and electrical
properties, functionalized gold nanoparticles can transduce
molecular binding events, such as DNA/DNA, DNA/RNA, or
antibody/antigen interactions. The detection readout of these
colloidal biosensors can be detected through visual observa-
tion, colorimetric changes, or electrical signals. Gao et al
designed a novel labeling free adaptive sensor for colorimetric
determination of small molecules.”> Under salt-induced
conditions, the target formed a double-stranded structure
with the hairpin DNA, causing the unmodified gold nano-
particles to aggregate when exposed to the solution, leading to
a change in the red-to-blue color. As an example of
electrochemical readout, Zeng et al. used antibody labeled
gold NPs as the electrode coupled to a smartphone for
electrochemical readout to sense nucleocapsid proteins from
SARS-COV2.** Finally, lateral flow assays (LFA) employing
gold nanoparticles are frequently used for detecting antibodies
or antigens and provide a visual readout. Additionally, LFAs
can be used to detect nucleic acids using biotinylated
oligonucleotides.”® Recent advances in biosensing systems
have led to the development of novel gold nanoparticle
biosensors based on colorimetric changes in solution. These
innovations are garnering interest as potential alternatives to
LFAs methodologies, which can suffer from low sensitiv-
ity.”>"** Typically, these assays rely on oligonucleotide-
functionalized gold nanoparticles that can be used to detect
a wide range of microorganisms.29 Moreover, they offer a user-
friendly and rapid detection platform, demonstrating promising
potential for widespread applications.”” However, to date,
these biosensors have been limited to detecting a single
pathogen/analyte.

The capacity to concurrently detect multiple pathogens in a
single reaction (MULTIPLEXING) is becoming increasingly
prevalent in diagnostic technologies. Multiplexed PCR, a well-
established technique, has been commercially available with
kits designed for the detection of sexually transmitted diseases
offered by numerous manufacturers.”’ More recently, multi-

plexed lateral flow assays have emerged and are now being
marketed for the simultaneous identification of influenza A,
influenza B, and SARS-CoV-2.”" Some assays integrating LFA
with PCR/LAMP have demonstrated multiplexed detection of
sexually transmitted diseases.”> Below we describe a system
based on different morphologies of gold nanoparticles to
simultaneously detect multiple pathogens providing multiplex
ability to the colloidal biosensor system in a simple-to-use,
economic, point-of-contact (POC) format direct from the
sample to visual output visible to the naked eye (Figure 1).

B EXPERIMENTAL SECTION

Materials and Characterization. Ultrahigh concentration
colloidal gold nanoparticles (AuNPs; 60 nm, 100 OD) were
acquired from Zhengzhou Lingsi Bio-Tech Co., Ltd. Sodium
citrate-modified GNSh was obtained from Zhongkekeyou.
Sodium dodecyl sulfate (SDS), sodium citrate tribasic
dihydrate, and Triton X-100 were sourced from Sigma-Aldrich.
Ethylene diamine tetraacetic acid (EDTA, 0.5 M, pH = 8.0)
and TRIS hydrochloride were procured from Thermo Fisher
Scientific Inc. Phosphate buffer solution (1.0 M, pH = 7.4) was
purchased from Aladdin. Proteinase K was acquired from
Beyotime Biotechnology. Sodium chloride was obtained from
Sinopharm Chemical Reagent Co., Ltd. Custom-made
oligonucleotides (ssDNAs) functionalized with thiol moieties
at the 5’ end were purchased from Generay biotech. UltraPure
DNase/RNase-Free Distilled Water was obtained from
Thermo Fisher Scientific Inc. Custom oligonucleotides (100
uM) were diluted with UltraPure DNase/RNase-Free Distilled
Water. All other reagents were prepared by using Milli-Q
water. The UV—visible spectra of AuNPs were measured by
using a dual-beam UV-—visible spectrophotometer (Beijing
General Analytical Instruments). The hydrodynamic diameter
and zeta potential of AuNPs were determined by using a
dynamic light scatterer (Opptronix Technology Shanghai
Ltd.). The UV—visible spectra of the AuNPs-based assay
were recorded with a Plate Reader (ThermoFisher Multiskan
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Figure 2. Ultraviolet scanning spectra and dynamic light scattering of GNSp (A—C) and GNSh (D—F). (A) Changes in ultraviolet scanning
spectra during the synthesis of oligonucleotide-capped GNSp. (B) Particle size change of GNSp. (C) Zeta potential change of GNSp. (D) Changes
in ultraviolet scanning spectra during the synthesis of oligonucleotide-capped GNSh. (E) Particle size change of GNSh. (F) Zeta potential change

of GNSh.

SkyHigh). Transmission electron microscopy (TEM) images
were taken using a fei talos120c microscope from Thermo
Fisher Scientific China.

Functionalization of AuNPs with ssDNA. Gold nano-
spheres (GNSp) were diluted from 100 to 1.5 OD by using
sodium citrate. For gold nanoshells (GNSh), the purchased
solution was utilized as provided (0.05 mg/mL). Sodium
dodecyl sulfate (SDS, 0.1%) and phosphate buffer (PB, 1 M,
pH = 7.4) were introduced to the solution, with concentrations
of SDS and PB adjusted to 0.0055% and 0.0055 M,
respectively. Subsequently, oligonucleotides (refer to Table
S1 for GNSp and Table S2 for GNSh, in Supporting
Information (SI)) were incorporated into the solution, and
the concentration was adjusted to 2 uM. Oligonucleotides
corresponding to the influenza A virus were added to the
solution of GNSp, while those corresponding to SARS-CoV-2
were added to the solution of GNSh. Subsequently, the
oligonucleotide/AuNPs solution was placed on a shaker at
room temperature for 15 min. The concentration of NaCl was
increased to 0.005 M using 2 M NaCl without altering the
concentrations of SDS and PB, in order to increase the
oligonucleotide density on the NP.

The oligonucleotide/AuNPs solution underwent sonication
for approximately 20 s, followed by a 15 min incubation period
at room temperature. This procedure was iterated with
increments of 0.005 0.015, 0.025, and 0.05 M NaCl until
reaching a concentration of 0.1 M NaCl. The salting process
was concluded with an overnight incubation at room
temperature.

To eliminate excess oligonucleotides, the AuNPs were
centrifuged, and the supernatant was carefully removed. The
solution of GNSp underwent centrifugation at 2000 g for 40
min, while the solution of GNSh was centrifuged at 3500 g for
20 min. Following the removal of the supernatant, the AuNPs
solution was subjected to two cleaning cycles using 0.01% SDS
at the respective speed and time. Consequently, TE buffer 1X

37165

(Tris 0.01 M, pH = 8, EDTA 0.001 M) was introduced to the
solution, and measurements were conducted by using a UV
spectrophotometer and dynamic light scatterer. After another
round of centrifugation, the supernatant was removed, and the
concentration of GNSp was adjusted to 15 OD, while the
concentration of GNSh was set to 1 mg/mL by using TE
buffer.

120-nt Synthetic Target Detection. In a typical
detection experiment, 46.5 uL of stock solution (SDS 0.1%,
Triton X-100 0.1%, and Proteinase K 0.54 mg/mL) and 8.5 uL
of functionalized AuNPs were added to a 96-well plate and
mixed well by shaking. Then, 1 L of water was added to the
negative control group, and 1 uL of target at the concentration
of 1 uM was added to the positive control group. Finally, a
NaCl (5 M) solution was added to the mixture in desired
volume. The optimal salt concentration for different types of
nanoparticles was found by varying the amount of NaCl (5 M)
added to a detection experiment. UV—vis spectra were then
recorded at different waiting times using a microplate reader.
DLS measurements of the NPs in the presence or absence of
short target were also recorded by diluting 10 yL of the AuNPs
into 990 uL of water.

The limit of detection (LOD) was determined by assessing
serially diluted short targets under the optimal salt
concentration conditions outlined for the hybrid systems.

GNSp and GNSh were combined in equal proportions
within a 96-well plate to observe the color changes monitored
by UV—vis spectroscopy. The hybrid systems underwent the
same detection experiments as described previously, except
that each test well received 8.5 uL of GNSp and 8.5 uL of
GNSh. Optimal NaCl concentration was determined for both
GNSp and GNSh of 0.924 and 1.267 M, respectively, for the
hybrid system.
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on the M gene of influenza A using viennaRNA 2.5.** The
oligonucleotides were selected to maximize binding energy,
minimize self-binding energy, and avoid secondary structure
formation. Sequences of the designed oligonucleotides can be
found in the Supporting Information (Table S1).

Synthesis of AuNPs Capped with Designed Oligonu-
cleotides. The designed oligonucleotides were utilized to
functionalize citrate-stabilized gold nanospheres (GNSp) and
gold nanoshells (GNSh) by binding the thiol group, located at
the 5’ end of the oligonucleotides, to the gold surface. While
GNSp were functionalized with oligonucleotides targeting
influenza A, GNSh were functionalized with oligonucleotides
targeting SARS-CoV-2 (Figure 1). Confirmation of the
formation of single-stranded DNA (ssDNA)-conjugated
AuNPs was achieved through various characterization
techniques, including UV—vis absorbance spectroscopy and
dynamic light scattering (DLS).

Prior to functionalization, GNSp displayed an absorption
peak at 536 nm and GNSh displayed an absorption peak at 615
nm due to their respective plasmon resonance. After
functionalization, the plasmon resonance of GNSp and
GNSh shifted by 2 nm (see Figure 2A and 2D), indicating
successful oligonucleotide binding to the nanoparticles.
Additionally, an absorption peak was observed at 262 nm,
attributable to the presence of unbound ssDNA in solution,
which disappeared after the nanoparticles were washed to
remove excess oligonucleotides. Further characterization of the
ssDNA-stabilized AuNPs was conducted by using DLS. Figures
2B (GNSp) and 2E (GNSh) illustrate the increase in the
average size of AuNDPs after functionalization, confirming the
formation of ssDNA-conjugated thiol-stabilized AuNPs. The
increase in the electric potential, resulting from the removal of
negatively charged citrate molecules from the gold nanoparticle
surface, further supports their formation (Figure 2C for GNSp
and Figure 2F for GNSh).

Viral Short Target Sequences Analysis Based on
Single AuNP. The stability of the NPs was assessed through
UV—vis spectroscopy. In the presence of their respective
synthetic targets, the NPs remained stable, as indicated by the
consistent absorption peaks at 538 nm for GNSp and 616 nm
for GNSh due to their respective plasmon resonance.
Conversely, in the absence of the short targets, NP aggregation
occurred, resulting in weakened and broadened absorption
peaks, along with increased absorption toward longer wave-
lengths due to plasmon resonance coupling in gold NP
aggregates (see Figure 3B,D). This phenomenon demonstrates

400 500 600 700 800

Concentration(nM) Wavelength(nm)

Figure 3. Sensitivity study based on AuNPs analysis: (A) LOD
analysis of GNSp (water, 10, 33, 100, and 1000 nM; ratio = Absg;s/
Abs;s). (C) LOD analysis of GNSh (water, 0.1, 1, 10, 100, and 1000
nM; ratio = Absgs/Absgy). Specificity study was based on the (B)
Influenza A detection spectrum by GNSp and (D) SARS-CoV-2
detection spectrum by GNSh.

the stability of the AuNPs against salt-induced aggregation
when hybridized with their complementary targets, while
aggregation occurs in the absence of targets due to reduced
electrostatic repulsion conferred by the presence of oligonu-
cleotides on the surface of the AuNPs.

The absorption characteristics of the AuNP aggregates
allowed monitoring the aggregation state by calculating
absorption ratios at specific wavelengths Abs (538 nm)/Abs
(750 nm) for the GNSp and Abs (616 nm)/Abs (800 nm) for
the GNSh. Optimal salt concentrations were determined
through series of experiments to obtain the maximum
difference in absorption ratios between negative controls and
synthetic target detection for both GNSp and GNSh and the
effect of salt on the aggregation of functionalized AuNPs was
tested (see Figures S1 and S2 in SI). As shown in Figures S3
and S4 from S, testing at the optimal salt concentration, in the
presence of synthetic target, no increase or small increase in
hydrodynamic diameter was observed by DLS measurements.
However, in absence of synthetic targets substantial increases
in hydrodynamic diameter was observed, from 80 to 254 nm
for GNSp and from 71 to 233 nm for GNSh.

Transmission electron microscopy (TEM) images further
supported these findings, showing more pronounced aggrega-
tion of gold nanospheres in the negative electrode group
compared to that in the positive electrode group at optimal salt
concentrations (see Figure SS in SI). This differential
aggregation behavior between the groups, along with distinct
color changes over time, underscores the mitigating effect of
target presence on NP aggregation, highlighting the potential
for real-time detection applications.

Sensitivity and LOD of the Single AuNPs-Based
Assay. The assay’s limit of detection (LOD) was determined
by conducting detection experiments with varying concen-
trations of synthetic targets for influenza A and SARS-CoV-2.
The absorption ratios of these experiments with GNSp and
GNSh, corresponding to different target concentrations, are
depicted in Figure 3A and C, respectively. Both GNSp and
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GNSh exhibited responses that were proportional to the
concentration of the synthetic target, with absorption ratios
containing synthetic target sequences higher than those of the
negative control wells. Despite decreasing target concen-
trations, the absorption ratios remained higher than those of
the negative control, enabling the detection of lower target
concentrations. Specifically, the lowest detected concentrations
were 33 nM for GNSp and 10 nM for GNSh.

Specificity of the Single AuNPs-Based Assay. To
evaluate the specificity of GNSp and GNSh toward their
respective complementary targets, each system was tested
against noncomplementary targets. Figure 3B illustrates that
when using GNSp, test wells containing water or SARS-CoV-2
targets became transparent, accompanied by a significant
decrease in the absorbance at 538 nm. At the same time, wells
containing influenza A target retained their red color,
confirming the assay’s specificity for influenza A. Similarly,
with GNSh (Figure 3D), wells containing water or influenza A
targets became transparent, with a notable decrease in
absorbance at 616 nm, while wells containing SARS-CoV-2
targets retained a blue color, indicative of specific SARS-CoV-2
detection. These results demonstrate that in the presence of
their complementary short targets, the probes on the AuNPs
hybridize with them, resulting in the stabilization of the AuNP
system against salt-induced aggregation. In the absence of a
specific probe or in the presence of another short target
sequence, no hybridization occurs, leading to AuNPs
aggregation and subsequent transparency after the addition
of salt due to salt-induced aggregation.

Testing the Hybrid System of GNSp and GNSh. In
order to look at the multiplex ability of the system, we
investigated the concurrent use of GNSp and GNSh as a
hybrid system by mixing the two morphologies of gold
nanoparticles. This hybrid system was then assessed for its
ability to detect synthetic targets for SARS-CoV-2 and
Influenza A, aiming to understand their interactions and assess
their potential for dual identification. As illustrated in Figure
4A, dispersed GNSp exhibited a red color attributed to their
plasmon resonance peak at 538 nm, while GNSh displayed a
blue color due to their plasmon resonance at 616 nm. Upon
their combination, the hybrid system exhibited a purple color,
with a predominant peak at 546 nm. This slight shift in the
plasmon resonance from 538 to 546 nm is attributed to the
color mixing between the plasmon resonance of gold
nanospheres at 538 nm and that of gold nanoshells at 616 nm.

Viral Short Target Sequence Analysis Based on the
Hybrid System. Detection experiments were subsequently
conducted utilizing the hybrid system, with UV—vis spectra in
the presence or absence of synthetic targets depicted in Figure
4B. In the absence of the short target, the test transitioned well
from purple to transparent. Upon introduction of the SARS-
CoV-2 short target, the test well turned from purple to blue.
With the UV—vis spectra revealing an absorption peak at 615
nm corresponding to the plasmon resonance of GNSh. Finally,
in the presence of the influenza A synthetic target, the test well
shifted from purple to indigo, and the UV—vis spectra
exhibited a plasmon peak at 542 nm corresponding to the
plasmon resonance of GNSp. Thus, the specific stabilization of
AuNPs upon binding to their respective short targets facilitated
the identification of the short target within the system based on
the color of the assay or through UV—vis spectroscopy.

The outcomes demonstrated that when only one type of
short target was introduced, AuNPs with their corresponding
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Figure 4. (A) UV-—visible spectra and digital photograph of the
GNSp, GNSh, and hybrid system. (B) UV—visible spectra and digital
photograph of the virus short target sequence test of the hybrid
system.

probes underwent hybridization, resulting in stability against
salt-induced aggregation, while the other type of AuNPs
aggregated under salt-induced conditions. Similarly, upon the
addition of both short targets, AuNPs with their respective
probes hybridized, and both types of AuNPs remained stable
against salt-induced aggregation. In the absence of a specific
probe, hybridization did not occur, leading to the aggregation
of both types of AuNPs and subsequent transparency following
the addition of salt.

Specificity and LOD Based on the Hybrid System
Assay. To assess the specificity of the hybrid-system-based
assay, several targets associated with other viruses (including
Influenza B) were tested. Four types of targets were selected,
and it was observed that these targets failed to stabilize the
AuNPs in the hybrid system. UV—vis analysis clearly depicted
a substantial decrease in the absorption of the plasmon
resonance in the test wells containing influenza B targets, akin
to the UV—vis spectrum observed in the negative control test
wells, indicating nanoparticle aggregation (Figure S) These
spectrophotometric results confirmed the specificity of AuNPs
detection using the hybrid system against both the influenza A
virus and the SARS-CoV-2 virus.

To further validate and determine detection limits using the
hybrid systems, different concentrations of the targets for the
two viruses were tested. Absorption ratios (GNSp ratio =
Absgis/Abs,,, and GNSh ratio = Absg s/Absgy,) were
employed to assess the aggregation state of AuNPs. As
illustrated in Figure 4B,C, the absorption ratio of the test wells
containing the targets was higher than that of the negative
control, indicating stabilization of the nanoparticles in the
presence of the synthetic targets. The hybrid system responded
to the synthetic target concentration with the absorption ratio
decreasing as the short target concentration decreased. The
lowest concentration of the short target detected for both
systems was 100 nM.
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B CONCLUSION

Two assays employing distinct nanoparticle shapes, gold
nanospheres and gold nanoshells, were successfully developed.
Functionalization of these nanoparticles with SARS-CoV-2 and
Influenza A oligonucleotides was validated through UV—vis
spectroscopy and DLS. Detection of synthetic SARS-CoV-2
and Influenza A targets was achieved with limits of detection of
10 and 33 nM, respectively, utilizing both nanoparticle
systems.

Subsequently, two types of nanoparticles into a hybrid
system capable of specifically identifying the presence of SARS-
CoV-2 or influenza A targets were integrated. This hybrid
approach facilitated the detection of both, with a limit of
detection of 100 nM. Furthermore, the assay’s specificity
toward SARS-CoV-2 and Influenza A was verified by testing
synthetic influenza B targets.

This innovative methodology presents a novel multiplexing
strategy for rapid nucleic acid testing based on gold
nanoparticle solutions. We envision further expansion of this
approach to enable simultaneous multiplexing of a broader
spectrum of diseases, leveraging the precise tuning of plasmon
resonance in differently shaped nanoparticles such as gold
nanorods. Compared to other methodologies employing
nanostructures, and in particular gold NPs for sensing of
viral DNA, our strategy enables detection of two diseases at the
same time in a fast (~20 min) and precise manner. Still our
method relies on a UV—vis spectrophotometer readout, and to
enhance the capabilities of our assay a portable reader or
smartphone based app could be developed.
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