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Abstract: To monitor the progress and prevent the spread
of the COVID-19 pandemic in real time and outside
laboratories, it is essential to develop effective tests that
can ensure rapid, selective, and reliable diagnosis of
infected persons in different environments. Key in this
regard is the lateral flow immunoassays (LFIAs) that
can detect the presence of the SARS-CoV-2 virus quickly,
with the aid of nanoparticles (NPs) and specific proteins.
We report the use of gold (Au) NPs AuNPs synthesised
from a gold(III) chloride tetrahydrate precursor in a USP
device and collected in a suspension composed of deion-
ised water with polyvinylpyrrolidone as a stabiliser
and cryoprotectant. In combination with freeze-drying
of the AuNPs’ suspension to achieve water elimination,
improved stability, and the target concentration, they
exhibit the necessary properties for use as markers in
LFIA rapid diagnostic tests. This was confirmed by com-

plementary characterisation determined by using the
techniques including inductively coupled plasma-optical
emission spectrometry, dynamic light scattering method
and zeta-potential, ultraviolet-visible spectroscopy, X-ray
diffraction, scanning electron microscopy with energy dis-
persion spectrometer, and transmission electron micro-
scopy, as well as with the preparation of a prototype
LFIA test strip with AuNPs. Thus, such AuNPs, as well as
the USP method, show promise for the development of
new markers for use in LFIA.

Keywords: gold nanoparticles, ultrasonic spray pyrolysis, ly-
ophilisation, LFIA test, COVID-19, conjugation, characterisation
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AuNP gold nanoparticles
DLS dynamic light scattering
EDS energy dispersion spectrometer
FFT fast Fourier transform
ICP-OES inductively coupled plasma-optical emission

spectrometry
LFIA lateral flow immunoassay
OD optical density
PBS phosphate buffered saline
PEG polyethylene glycol
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PVP polyvinylpyrrolidone
SEM scanning electron microscopy
TEM transmission electron microscopy
TGA thermogravimetric analysis
USP ultrasonic spray pyrolysis
UV-Vis ultraviolet-visible spectroscopy
XRD X-ray diffraction

1 Introduction

The entire world is still facing the pandemic of SARS-
CoV-2 coronavirus outbreak, which poses one of the dee-
pest threats to global human health and the health
system since the end of 2019. Rapid, reliable, and selec-
tive diagnosis of the new SARS-CoV-2 coronavirus is
extremely important for the identification of infected per-
sons or symptomatic carriers, to prevent or reduce the
spread of the virus. Given the severity, speed, and com-
plex mode of COVID-19 transmission, it is particularly
important for early diagnosis and understanding of
the epidemiological features of this disease to ensure the
safety of the population while reducing its transmission.
Since the SARS-CoV-2 outbreak, the global health system
has been affected severely, mainly due to increased
hospitalisation in intensive care units and high mortality
rates resulting from severe acute respiratory failure [1,2].
The primary diagnostic methods currently used for diag-
nosis are based on molecular biology methods (e.g. real-
time polymerase chain reaction [RT-PCR]), which are
ultrasensitive and accurate, but extremely expensive and
time-consuming; their implementation also requires
expensive and specialised equipment and professionally
trained staff [1–5]. Because the COVID-19 pandemic has
spread around the world extremely rapidly with millions
of cases, these methods alone are not suitable for moni-
toring the spread and containment of COVID-19 outbreaks
in relative real time outside laboratories. The outbreak has
also shown that the world is still not adequately prepared
for such scenarios, and that there is an urgent requirement
to increase research in this field.

Thus, it is essential to develop cheap, fast, reliable,
and widely accessible tests that will enable diagnostic
detection of COVID-19 in just a few minutes, and the tests
themselves must be simple to use in the field. One of the
options for prevention is the development of a serologi-
cally rapid lateral flow immunoassay (LFIA) test [4]. LFIA
tests are simple and portable tests that are often used for
both qualitative and quantitative detection of specific anti-
gens and antibodies in a variety of biological samples,

including urine, saliva, sweat, serum, plasma, blood, and
other fluids, making them useful in many applications, from
diagnostics, agriculture, toproduct qualityassessment [6–8].

Pandemic management requires rapid interruption of
human-to-human transmission of the virus, rapid identi-
fication, early isolation, and care of patients, and accel-
erated development of diagnostics, therapy, and vaccines
[9]. To accelerate the fight against new viruses, the devel-
opment of nanotechnology, which takes advantage of
the many advantages of nanoparticles, can go a long
way [10,11]. Metal nanoparticles, among them especially
AuNPs, have active optical and electrical properties and a
diverse morphology (spheres, cubes, rods, prisms, tetra-
pods, shells, and hollow structures). AuNPs possess a
phenomenon called surface plasmon resonance, which
results from the oscillation of free electrons, i.e., plas-
mons, on their surface, resulting in AuNPs being able
to generate a signal (colour change) visible to the naked
eye [12–14].

In addition, AuNPs are stable in a variety of media,
biocompatible with a variety of physiological fluids, and
have a high surface-to-volume ratio, thereby providing
special surface chemistry, i.e., bioconjugation of mole-
cules. AuNPs bind easily to viral membrane proteins,
and thus, form stable conjugates. Because of all these
properties, AuNPs are useful in many applications,
including diagnostics, as potential markers in the produc-
tion of rapid LFIA tests. AuNPs can be prepared by a
variety of chemical and physical methods, with each
method having certain advantages and disadvantages
[15]. For small amounts of AuNPs, most research groups
produce the AuNPs themselves, with the most successful
methods being Turkevich, Brust-Schriffrin, NaBH4 synth-
esis, seed growth, vitamin-C synthesis, and various green
synthesis methods using different plant extracts to reduce
Au3+ to Au0 [16,17]. While these approaches allow some
degree of flexibility for researchers, they are not suitable
for commercial applications, such as making rapid LFIA
tests. In these applications, higher amounts of AuNPs
and batch-to-batch consistency play a key role, with the
key parameters being size, shape, uniformity, size disper-
sion, concentration, and application dependent surface
modification. Finding accurate data on the methods of
companies that produce AuNPs commercially is extremely
difficult, but it can be narrowed down to two key existing
methods: the first is reduction of Au3+ and Au1+ solutions,
which is a batch process, and enables the preparation of
batches up to 350 L and the synthesis of various forms of
nanoparticles, such as round, cubic, urchin, or rod shaped
[1,2,18,19] and the second is pulsed laser ablation of
Au targets, which can be a batch or continuous process,
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where highly focused laser beams cause ablation of the
target material into a gas or liquid. The process allows
the production of AuNPs of round and distorted shapes
[3–5,20–25].

USP represents a third newmethod for AuNPs’ synth-
esis, which is a simple and flexible technique where the
properties of AuNPs can be controlled easily by changing
the USP technological parameters [18–20]. Using the USP
method, AuNPs are synthesised from droplets of a metal
salt solution (Au-chloride, Au-acetate, and Au-nitrate),
generated by ultrasound. These aerosol droplets are then
transported with a carrier gas to the reaction furnace,
where, after chemical decomposition in the presence of a
reduction gas at elevated temperatures, the formation of
AuNPs occurs, and finally, they are collected in a suitable
collection medium. The collection media typically contain
stabilisers, such as Na-citrate, polyvinylpyrrolidone (PVP),
or polyethylene glycol (PEG), which prevent further reac-
tions of nanoparticles as they stabilise and prevent AuNPs’
agglomeration, even in the freeze-drying process (with the
use of a proper stabiliser or cryoprotectant). The process
itself allows the production of monodisperse nanoparticles
of round and distorted shapes with high capacities [6,26].
The combination of USP and the freeze-drying [27–30]
process is novel on the market for AuNPs’ preparation,
and exhibits an efficient way of AuNP production without
the loss of material during drying as well as limiting the
exposure of the material to higher temperatures in the
drying process, which can cause agglomeration and limit
the final AuNPs’ functionalities.

The technological advantages and disadvantages of
the different AuNPs’ synthesis compared to USP are illus-
trated in Table 1 by showing the target requirements
or properties that AuNPs must have. The advantages of
the USP process are in the relatively simple setup and
operation, a continuous process flow, the possible use of
many different precursors (nitrates, chlorides, acetates,

inorganic, or organic precursors) [31], with the production
of homogeneous chemical compositions and multicompo-
nent particles with the desired stoichiometry [32]. The dis-
advantages are in the relatively low productivity of the
ultrasonic generator as compared to other nebulisers and
nozzles, the possibility to obtain aggregated particles, and
not being able to use precursor solutions with high con-
centrations or high viscosity [33,34].

Based on the presented state of the art that AuNPs
can be used to produce LFIA tests as markers in these
tests, the synthesis of AuNPs has become the main target
of research. During the epidemic, LFIA tests proved to be
a key factor in controlling the COVID-19 disease, and
made it clear that this posed an extraordinary challenge
to the nanotechnology profession and its opportunity to
finally establish itself on an equal footing with other
technologies.

According to a presentation of the current situation
in this scientific field, our research work was aimed at
confirming the hypothesis that USP could represent the
most modern method for the synthesis of AuNPs in sus-
pension, where high productivity of AuNPs with the
required final properties would be achieved [35,36]. There-
fore, the purpose of this research work was to confirm this
hypothesis with USP experimental tests of AuNPs’ synth-
esis, followed by the freeze-drying process, complex con-
jugation, and prototyping of the LFIA assay. The novel
contribution of the present work is in the use of the USP
method with stabilisers for the AuNP collection in combi-
nation with freeze-drying, for achieving long-term stability
of the AuNP markers for use in LFIA tests. This represents
a distinct workflow for the production of LFIA tests, uti-
lising the advantages of the processes involved: contin-
uous synthesis, scalability, good nanoparticle size control,
and particle stability. To confirm the adequacy of the USP
method and the AuNPs’ final properties, we used various
characterisations. In this way, we wanted to obtain

Table 1: Key technological parameters for AuNPs’ synthesis

Reduction in solutions [13–17,21] Pulsed laser ablation [21,23–25] USP [18,19,22,26]

Size control Good Good Good
Size dispersity Low Low Moderate
Shape control Spherical, rod, cubic, urchin, shell, etc. Spherical Spherical
Process type Batch Batch or continuous Continuous
Process repeatability High batch inconsistencies Low Low
Impurities Possible unreacted contaminants Low Possible acidic contaminants
Scalability Limited to max. 350 L batch size Highly scalable Highly scalable
Chemical efficiency Moderate to high High Moderate
Energy intensity Low High Moderate
Drawbacks Low production rate Possibility of cross contamination Explosion risk
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baseline results and the adequacy of the hypothesis, so
that later we could continue with clinical testing of the
LFIA tests based on AuNPs from USP as markers in accor-
dance with European Union legislation.

2 Materials and methods

2.1 Synthesis of AuNPs through USP and the
lyophilisation process

A solution of the Au salt precursor (gold chloride
[HAuCl4 × 3H2O, marked as AuCl], Glentham Life
Sciences, Corsham, UK) was prepared by dissolving an
appropriate amount of AuCl salt in DI water, while stirring
with a magnetic stirrer until the formation of a clear
golden-yellow solution. The concentration of [Au] in the
chloride precursor solution was 0.5 g/L and the pH was
between 3 and 4. The synthesis of AuNPs was performed
using the USP method, following a patented method [22].
The synthesised AuNPs were collected in collection bottles
in the appropriate collection medium – DI water, in which
the stabiliser and cryoprotectant [27,37] polyvinylpyrroli-
done (PVP K30, 2.5 g/L, Thermo Fisher Scientific Inc.,
Schwerte, Germany) were dissolved to stabilise and pre-
vent the agglomeration of AuNPs.

With the aim of using AuNPs as potential markers for
rapid LFIA tests, the synthesised AuNPs were pre-dried,
as dry AuNPs represent the most optimal form of markers
for LFIA test development. Dry AuNPs can be dispersed in
a suitable solvent, i.e. phosphate buffer saline (PBS), and
this step avoids the complex process of solvent removal
or replacement during the conjugation process. Preparation
of dry AuNPs, i.e. drying of the prepared AuNPs’ suspen-
sion, was performed using the freeze-drying method (lyo-
philisation). Lyophilisation was chosen since it is a process
of removing water from an AuNPs’ suspension by sublima-
tion at low temperature, preserving the structure, composi-
tion, and stability of theAuNPs. Lyophilisationwas performed
using a lyophiliser, LIO-2000 FLT (Kambič D.O.O., Semič,
Slovenia) [38].

2.2 Preparation of AuNP conjugates

To design a reliable and high-performance rapid LFIA
test, it is crucial to appropriately select and use high-
quality reagents, which are often not easy to select as

there are several viral antigens and/or antibodies to
choose from the market. Thus, for the use of AuNPs as
potential markers of the LFIA test, it was first necessary to
select our target component, i.e. a viral antigen. The
choice of viral antigen was based on the fact that the viral
antigen must be pure, specific, and of high quality [39,40].
From the multitude of antigens on the market, we selected
the recombinant antigen SARS-CoV-2 “Spike” protein S1
(aa 1-681) (EMD Millipore Corp., affiliate of Merck KgaA,
Darmstadt, Germany). The S1 subunit is exposed to the
external environment of the virus and elicits neutralising
S1-specific antibody responses easily, i.e. antibodies can
neutralise the virus by preventing the interaction of S1
with the enzyme ACE-2 [40].

The selected antigen, SARS-CoV-2 “Spike” protein
S1, was dissolved in a phosphate buffer before use (PBS,
pH = 7.4, Sigma Aldrich Chemie GmbH, Steinheim,
Germany). The basis of the conjugation procedure is
described inmore detail in the literature [3]. Our procedure
was done with minor modifications. In general, a suspen-
sion of AuNPs (40 nm, 204 ppm) was prepared by disper-
sing an appropriate amount of dried AuNPs in PBS. To
1mL of the prepared AuNP suspension, 0.1 mL of self-pre-
pared borate buffer (0.1 M, pH = 8.5) was added with stir-
ring, followed by the addition of 100 µg SARS-CoV-2
antigen dissolved in PBS (1.5 mg/mL). This was followed
by 30min incubation at room temperature (T = 22°C). After
30min, 0.1mL of BSA dissolved in PBS (10mg/mL, Acros
Organics, Geel, Belgium) was added to the mixture to
block the AuNPs’ surfaces. After an additional 10min incu-
bation at room temperature, the prepared mixture was
centrifuged at 4°C and 10,000 rpm for 20min (Centrifuge
Rotina 380 R, Andreas Hettich GmbH & Co., Tuttlingen,
Germany), to remove any free antigens. The resulting
supernatant was removed carefully, and 1mL of BSA in
PBS (1 mg/mL) was added to the resulting pellet conjugate
viral antigen-AuNP. This was followed by 5 s stirring in an
ultrasonic bath to resuspend the conjugate. The centrifu-
gation and resuspension procedures were repeated twice,
with the final addition of 1mL of PBS. The prepared con-
jugate viral antigen-AuNP was kept in a refrigerator at 4°C
until further use.

Following the same conjugation and purification pro-
cedure, 1 mL of conjugate AuNPs-control antibody was
also prepared (1.2mg/mL, Rabbit IgG [Fc specific], Sigma
Aldrich Chemie GmbH, Steinheim, Germany). Using the
conjugation process, a special ink that contained all the
needed components (viral antigen, AuNPs’ label, and con-
trol antibodies) was prepared, to prepare the conjugate
pad of the prototype rapid LFIA test.
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2.3 Composition of the prototype LFIA test

The prototype LFIA test strip consisted of four basic com-
ponents, including a sample pad, a conjugate pad, a
nitrocellulose membrane, and an absorbent pad. The
choice of substrate for the production of components of
the fast LFIA test is influenced by several properties and
selection parameters, especially the porosity or volume
fraction of the void and/or pores in the paper [41]. Based
on this, a 100% cellulose fibre substrate was chosen as
the sample and absorbent pads (cellulose fibre sample
pads, EMDMillipore Corp., affiliate of Merck KgaA, Darm-
stadt, Germany); the conjugate padwasmade of glass fibres,
which provide stability to the conjugates, have a low non-
specific binding to the analytes, and allows a constant and
uniform flow of the sample, as well as a consistent volume of

reagent/buffer (glass fibre diagnostic pad, EMD Millipore
Corp., affiliate of Merck KgaA, Darmstadt, Germany) and
a nitrocellulose membrane of appropriate thickness
(Hi-Flow™ Plus 180, EMD Millipore Corp., affiliate of
Merck KgaA, Darmstadt, Germany), were selected as the
best compromise between corresponding pore size and
slow capillary flow, which ensured adequate time for the
reaction between the conjugated AuNPs, the sample, and
the test lines.

In the first segment of the experiment, the individual
components of the prototype LFIA test strips were pre-
treated as indicated: the sample and conjugate pads were
presoaked in buffer with 3% BSA (w/v) and 1% Tween®

20 (w/v, Sigma Aldrich Chemie GmbH, Steinheim, Germany)
for 2min. The prepared ink (20 or 30 µL of conjugate per
cm2) was applied to the conjugate pad using an automatic

Figure 1: Preparation flow chart of the LFIA tests with key steps from the synthesis of AuNPs with USP, collection of AuNPs and their
stabilisation in suspension, lyophilisation of the AuNPs’ suspension, rehydration of dry AuNPs into the desired concentration, and con-
jugation of antigens/antibodies to the final assembly of the prototype LFIA tests with functional testing.
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digital pipette (Transferpette® S, Brand GMBH + Co.,
Wertheim, Germany). A control line (1, 0.5, and 0.2 µg/mL)
was applied to the nitrocellulose membrane by hand using a
water brush (Koi Water Brush #2, Sakura Colour Products
Corp., Osaka, Japan, size: small). The prepared sample pads,
conjugate pads, and nitrocellulose membranes were dried at
room temperature (T = 22°C) in a desiccator under mild
vacuum for 48 h. After 48 h of drying, prototype LFIA test
strips were assembled so that all components of the LFIA
test strip overlapped each other by 2mm. Such composition
of the prototype LFIA test strip was necessary to ensure the
specificity, selectivity, sensitivity, and overall success of
the LFIA test, according to the literature [42]. Figure 1 shows
the complete preparation of LFIA tests from the phase of
AuNPs’ synthesis to the production of tests with photographs.

2.4 Characterisation

2.4.1 Thermogravimetric analysis (TGA)

The thermal stability of the HAuCl4 × 3H2O salt was deter-
mined by TGA (Mettler Toledo TGA/DSC 3+) and was
analysed under the following conditions: inert gas: N2,
gas flow: 50mL/min, heating rate: 10°C/min, and tem-
perature range: 50–600°C.

2.4.2 Ionic gas chromatography

The real concentration of [Au] in the AuCl precursor (pH = 4)
was measured with ion chromatography (IC). Prior to mea-
surements, the sample of the AuCl precursor was diluted
tenfold with DI water (resistance 18MΩ/cm, MilliQ system,
Millipore, Bedford, MA, USA). The Dionex ICS 3000 ion chro-
matograph (Dionex Corporation, Sunnyvale, CA, USA, now
under Thermo Fisher Scientific) was used to determine
Au and Cl ions under the following experimental conditions:
eluent: 23mm KOH, eluent source: EGC-KOH cartridge II, flow:
1mL/min, temperature: 30°C, detection: reduced conductivity,
damper: Dionex ERS 500, 4mm; automatic suppression mode,
columns: Dionex IonPac AG 18 (4mm × 50mm) (precolumn)
and Dionex IonPac AS 18 (4mm × 250mm), injection volume:
50µL, and pump flow accuracy: <0.1%.

2.4.3 Inductively coupled plasma-optical emission
spectrometry (ICP-OES)

The measurement of the final [Au] concentration in the
AuCl aqueous suspension was performed using ICP-OES

(Agilent 720/725 ICP-OES, Agilent Technologies, Santa
Clara, USA). Prior to analysis, the sample was acidified
with aqua regia, and the analysis was performed at the
following operating parameters: RF power: 1.5 kW, nebu-
liser: Meinhard, plasma flow: 15 L/min, nebuliser flow
gas: 0.85 L/min, make up gas flow: 0.28 L/min, and reac-
tion gas flow: 4.0mL/min. Calibration of the instrument
was performed with matrix standard calibration solu-
tions. The relative measurement uncertainty was esti-
mated to be ±3%.

2.4.4 X-ray diffraction (XRD) measurements

Additional XRD measurements of dry and unconjugated
AuNPs were performed with a Panalytical XPERT Pro PW
3040/60 goniometer 2theta 10–90° with a step of 0.002°
and a time of 100 ms per step. The anode was Cu (Kalfa =
0.154 nm) with a current of 40mA and a voltage of 45 kV.

2.4.5 Dynamic light scattering (DLS) method and zeta
(ζ) potential measurements

DLS measurements of the hydrodynamic size distribution
of AuNPs in aqueous suspension and measurements of ζ
potential were performed with the Malvern Zetasizer Nano
ZS instrument (Malvern Panalytical, Worcestershire, UK).
The hydrodynamic size distribution of AuNPs was measured
using disposable plastic cuvettes and ζ potential measure-
ments were done using a closed capillary cell with electrodes.
DLS and ζ potential measurements were performed with
the following parameters for AuNP material: refractive index
(RI) = 0.2, absorption = 3.32; the suspension properties were:
dispersant = water, RI = 1.33, viscosity = 0.887 cP, tem-
perature = 25°C, equilibration time = 30 s, angle of inci-
dence = 173° backscatter, and dielectric constant = 78.5.
Measurements were performed in 10 series, 10 s per series,
and the measurements were repeated 3 times.

2.4.6 Ultraviolet-visible (UV-Vis) spectroscopy

UV-Vis absorption spectroscopy was used to characterise
the optical and structural properties of the aqueous sus-
pension of AuNPs in the ultraviolet and visible light
spectra. Measurements of the absorbance spectrum of
the prepared aqueous suspension of AuNPs were mea-
sured using a UV-VIS spectrophotometer, Tecan Infinite
M200 (Tecan Group Ltd, Männedorf, Switzerland), using
a special microplate, with the following parameters:
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sample volume: 300 µL, absorbance range: λ = 400 and
800 nm, and no. of flashes: 5×.

2.4.7 Scanning electron microscopy (SEM) with energy
dispersion spectrometer (EDS)

SEM (FEI Sirion 400 NC, FEI Technologies Inc., Hillsboro,
Oregon, USA) was used to characterise the shape, size, and
morphology of the AuNPs in dried form from an aqueous
suspensionandpadscoatedwithconjugatedAuNPs.Asemi-
qualitative and semiquantitative microchemical analysis of
the suspensionwasdonewithanEDS (EDS INCA350,Oxford
Instruments, Abingdon, UK). A drop of AuNPs’ suspension,
stabilised with PVP, was pipetted onto a graphite tape. The
tape was air-dried at room temperature (T = 22°C) for SEM-
EDS investigations. The analysis was performed under the
initial parameters: high vacuum (HV): 10 kV, back scatter
detector and magnification: 100–5,000×.

2.4.8 Transmission electron microscopy (TEM)

JEOL 2100 (JEOL, Japan) and JEOL JEM-2200FS HR (JEOL,
Japan) equipment operating at 200 kV were used for the
TEM investigation. A drop of PVP-stabilised AuNPs’ sus-
pension was put on a copper TEM grid with an amor-
phous carbon film. The grids were then dried before
they were used for the TEM investigations.

2.4.9 Statistics

ImageJ software was used for the size measurements of
AuNPs from the SEM micrographs. A total of 400 AuNPs
were measured from 20 SEM images. Bin sizes of 14 nm
were used for the size distribution representations. Mean
values were calculated from the measured particle sizes.
The mean values and standard deviations for the DLS
size measurements with distributions and ζ potential mea-
surements of AuNPs were given by the Malvern Zetasizer
measurement software.

3 Results

3.1 AuCl precursor

3.1.1 TGA analysis

According to the literature [26], complete thermal decom-
position of metal chlorides such as HAuCl4 × 3H2O usually
occurs in three stages, with gradual decomposition of the
salt. The TGA-DT curve (Figure 2) revealed that the first
stage of thermal decomposition of HAuCl4·3H2O began
immediately after melting, at 73°C, and continued until
approx. 178°C, with 13.9% weight loss. The main decom-
position processes are the processes of dehydration and

Figure 2: TGA-DT curve for gold chloride (HAuCl4 × 3 H2O), 10°C/min, in nitrogen.
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dechlorination, which take place simultaneously, and the
thermal decomposition of the first stage can be expressed
by equation (1):

× → + +HAuCl 3H O AuCl HCl 3H O.4 2 3 2 (1)

The second stage of thermal decomposition took place in
the temperature range between 178 and 294°C, with
27.8% mass loss, and the thermal decomposition of the
second phase can be expressed by equation (2):

→ +AuCl AuCl Cl .3 2 (2)

The third stage of thermal decomposition took place in
the temperature range between 294 and 320°C, with 6.4%
weight loss. The final product of the third stage thermal
decomposition is the formation of pure Au. Equation (3)
represents the thermal decomposition of the third stage:

→ +2AuCl 2Au Cl .2 (3)

The total loss of mass in conversion of HAuCl4 × 3H2O salt
to pure Au was 51.7%.

3.1.2 Ionic gas chromatography

Based on the results of IC, we can see that the AuCl pre-
cursor solution [500 ppm] contained as much as 570 ppm
Au and 281 ppm Cl−. The excess Au concentration was
most likely due to errors in the weighing of the Au salt
during the preparation of the precursor, or inaccurate
dilution of the precursor solution with DI water.

3.2 PVP-stabilised AuNPs’ suspension

3.2.1 ICP-OES analysis

The concentration of Au in the final AuNPs’ suspension
was 64 ppm. Higher concentrations of AuNPs (with values
above 1,000 ppm)were achieved by redissolving the freeze-
dried AuNPs in smaller volumes of solvent. For our own
conjugation experiments we prepared a suspension with a
measured Au concentration of 204 ppm.

3.2.2 XRD analysis

XRD analysis of dry and unconjugated AuNPs showed
standard Bragg reflections (111), (200), (220), (311), and
(222), corresponding to a face centred cubic lattice for Au.
Characteristic dots (Figure 3) have been compared with
literature data on structural factors [43]. The higher

intensities at peaks (111) and (200) signify preferential
growth of Au in these directions.

3.2.3 DLS analysis and ζ potential measurements

DLS analysis can reveal several key AuNPs’ characteristics
quickly, such as shape, hydrodynamic size distribution,
hydrodynamic radius, and state of the AuNPs’ agglomera-
tion, by monitoring the Rayleigh scattering of a laser
beam, caused by the Brownian motion of AuNPs smaller
than the incident light wavelength at a fixed scattering
angle [19]. The DLS analysis of PVP-stabilised AuNPs’ sus-
pension revealed three different groups of AuNPs with dif-
ferent size distributions (in intensity%): Group 1 contained
3.6% AuNPs with diameters between 10 and 200 nm, Group
2 contained 94.3% AuNPs with diameters between 200 and
800 nm, while Group 3 contained 2.1% AuNPs with dia-
meters > 4000 nm. The average AuNPs’ size (together with
their standard deviation) was 418.3 ± 18 nm.

The ζ potential of the AuNPs’ surface with standard
deviation was −3.22 ± 4.13 mV. This value indicates the
stability of the AuNPs and their ability to resist agglom-
eration and coalescence.

AuNPs conjugated with SARS and Rabbit IgG were
both prepared from an AuNPs’ suspension with an Au
concentration of 204 ppm. The hydrodynamic radius of
the AuNPs decreased after conjugation and the subse-
quent washing with PBS. This resulted in an average size
distribution of 114.2 ± 0.75 nm for conjugate viral antigen-
AuNPs, and an average size distribution of 82.64 ± 2.51 nm
for conjugate Rabbit IgG-AuNPs.

3.2.4 UV-Vis spectroscopy

UV-Vis spectroscopy is a reliable technique for deter-
mining the absorption band and level of aggregation of

Figure 3: XRD spectrum of unconjugated freeze-dried AuNPs, within
a PVP matrix.
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synthesised AuNPs. The maximum absorbance for sur-
face plasmon resonance occurred at approximately
λmax = 530 nm, which indicates the stable state of the
AuNPs clearly (Figure 4). The colour of the AuNPs’ suspen-
sion was dark purple. The narrow band of the curve corre-
sponds mostly to the monodisperse nature of AuNPs,
without any aggregation and agglomeration. The character-
istic peak shift to higher wavelengths is indicative of the
successful conjugation of USP AuNPs with viral antigen and
Rabbit IgG [44].

3.2.5 SEM and TEM investigations

PVP-stabilised AuNPs in the suspension were charac-
terised with SEM and TEM techniques in order to observe
the real size and shape of the nanoparticles. From Figure 5
it can be seen that the AuNPs were mostly spherical
shaped (not 100%). Additionally, manually performed
size analysis on 20 SEM micrographs (400 AuNPs) revealed
that about 70% of the AuNPs were in the size range of
40–80 nm. AuNPs had an average diameter of 60 ± 20 nm.
This was determined based on the measurement of the
AuNPs’ diameters. More detailed results of AuNPs’ size dis-
tribution are shown in Figure 6.

Several AuNPs were analysed at atomic resolution to
confirm their crystal structure. Gold has a cubic crystal
structure (Fm-3m, No. 225). The distances of the atomic
planes were measured on the investigated AuNPs, and
the Miller indices (h k l) were determined using the fast
Fourier transform (FFT) mathematical method. Figure 7

shows an example of an investigated AuNP with identified
Miller indices and measured distances between atomic
planes. The AuNP is about 9 nm in diameter, and has a
distance of 0.242 nm between its atomic planes in the

Figure 4: UV-Vis spectrum of: Unconjugated AuNPs (200 ppm), Au@SARS-CoV-2: AuNPs conjugated with SARS-CoV-2 antigens, and
Au@Rabbit IgG: AuNPs conjugated with Rabbit IgG antibodies.

Figure 5: (a) SEM micrograph of PVP-stabilised AuNPs with a TEM of
representative AuNP, HRTEM image of the AuNPs: (b) dark and (c)
bright fields showing their morphology, structures, some disloca-
tions, and twinning.
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given orientation. This distance corresponds to a reference
diffraction card for the Fm-3m crystal structure, which has
an atomic plane distance of 0.239 nm for the Miller index h
k l 1 1 1.

3.2.6 LFIA – SEM-EDS analysis of conjugate pads

Conjugate pads from a commercially available SARS-
CoV-2 LFIA (Nova test – one step diagnostic rapid test [cas-
sette]; SARS-CoV-2 antigen rapid test kit; LOT:20201105)
test and our own prototype LFIA tests were compared by

visual comparison and SEM-EDS analysis, and are shown
in Figure 8.

Visual comparison shows clearly a drastic difference
in the colour intensity of the conjugate pad, indicating a
much higher loading of AuNPs on the commercial test
(Figure 8a and b).

SEM images show that the AuNPs on the commercial
test are clumped together on the edges of the glass fibres
(Figure 8c), while our own test shows much more mono-
dispersed AuNPs (Figure 8d). This is indicative of the
standard procedure of drying the sprayed AuNPs on the
conjugate at 37°C [2–5], while we dried ours in an

Figure 6: Size distribution of AuNPs, obtained from 20 SEM images (400 AuNPs analysed).

Figure 7: HRTEM image of an AuNP with FFT simulation taken from the area of the red dashed square around the AuNP, the AuNP with visible
atomic planes 0.242 nm, and the corresponding profile across the atomic planes.
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exicator under a mild vacuum, achieving a higher drying
rate, thus limiting the time for agglomeration.

SEM-EDS analysis confirmed the presence of AuNPs
with the characteristic EDS spectra for Au, detected on
the bright spots (AuNPs) that are visible on Figure 8a and b.
The detection of C and O corresponds to the presence of
organic components, while the presence of O, Na, Al, Si,
and Ca corresponds to the expected spectrum of the glass
fibres.

The functionality of the prototype LFIA tests based
on AuNPs was confirmed by observing the colouring of the
control line, which was light pink in colour, as presented in
Figure 9a, compared to the control line on a commercial
test. It is visible that the control line in our test is lighter in
colour, which indicates indirectly that there was no 100%
release of AuNPs from the conjugate pad.

Figure 8: Comparison: macro-view: (a) commercially available LFIA test and (b) prototype LFIA test-this study; SEM micrograph with
corresponding EDS spectra on selected sites: (c) conjugate pad of the commercially available LFIA test and (d) conjugate pad of the
prototype LFIA test-this study.

Figure 9: (a) Control line on the prototype LFIA strip and (b) control
line on the commercial LFIA strip.
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4 Discussion

4.1 Production of AuNPs

AuNPs were synthesised using the USP method under
optimised parameters from a gold(III) chloride tetrahy-
drate precursor, with an Au concentration of 570 ppm
in the precursor. The heating and flow parameters in the
USP were chosen with regard to previous works [20,45,46],
and based on the results of TGA analysis (130°C [evapora-
tion zone], 400°C [reaction zone], and 400°C [sintering
zone], with a gas flow of 6 L/min of both N2 and H2).

4.2 Conjugation of AuNPs

To achieve a higher concentration and stability of AuNPs
and a higher Optical Density (OD), the initial suspension
was freeze-dried with an Au concentration of 64 ppm and
0.26 OD. In the next step, the dry AuNP + PVP cake was
redissolved in PBS to achieve a final Au concentration of
204 ppm (confirmed with ICP-OES) and OD of 0.91. The
actual shape of AuNPs was obtained using SEM (Figure 5),
which was used to determine the actual size and size dis-
tribution (Figure 6).

Commercially available Au nanospheres used for the
LFIA are available from several vendors, and are offered
in a variety of sizes (2–240 nm), with a variety of surface
modifications (Bare-Citrate, aminated, carboxyl, PEG, PVP,
tannic acid, streptavidin, polystyrene, and silica shelled),
and at different concentrations, most often marked as OD,
which is, for AuNPs, determined at a wavelength of 520 nm.
AuNPs are available from 1 OD to 20 OD (BBI Solutions, The
BBI Group and nanoComposix). The OD and visibility of the
test lines have a direct correlationwith the visual readability
of LFIA tests, and, as such, a higher OD is beneficial [47,48].

The prepared 0.91 OD suspension in this study was
conjugated with SARS-CoV-2 viral antigen and control
Rabbit IgG. Successful conjugation was confirmed with
UV-Vis (Figure 4).

The hypothesised binding mechanics of AuNPs with
S1 (aa1-681) [49,50] and Rabbit IgG are via the S1’s and
IgG C-terminals’ binding to the surface of the AuNPs,
respectively. The C-terminus is the carboxyl group termi-
nated end of a protein (as opposed to the N-terminal).
The addition of borate buffer with a high pH of 8.5 “acti-
vates” the C-terminus by creating a sodium carboxylate
anion, which can bind directly to the surface of AuNPs
with a similar mechanism as sodium citrate [51], by sub-
stituting the PVP. Consequently, the DLS measurement
fell drastically after conjugation to 114.2 ± 0.75 nm for

conjugate viral antigen-AuNPs, and an average hydrody-
namic size distribution of 82.64 ± 2.51 nm for conjugate
Rabbit IgG-AuNPs. This is a result of the washing steps
during conjugation that removed the excess of substi-
tuted PVP.

OD values can provide us with an idea of protein
binding, which, with USP AuNPs after conjugation with
SARS-CoV-2, fell to 0.33 from 0.91, and with Rabbit IgG
fell to 0.62 from 0.91. This indicates that USP AuNPs with
an average size of 60 ± 20 nm have a much higher protein
binding with Rabbit IgG antibodies than with SARS-CoV-2
antigens [40]. The significant drop in OD was due to the
loss of AuNPs during the washing steps, which was
visible with the naked eye, as presented in Figure 10.
The combination of DLS size difference and the difference
in OD between SARS-CoV-2 antigens and Rabbit IgG anti-
bodies suggests that better binding and, consequently,
less loss in OD can be achieved with size optimisation
of AuNPs for specific proteins.

4.3 LFIA test

The conjugated suspensions were applied to conjugation
pads as described in Section 2.3. Initially, the USP AuNPs
showed a higher affinity for the nitrocellulose membrane,
in that they failed to flow the entire length of the test
strip. As an increase in Tween 20 and BSA concentration
on the sample pad seemingly had no effect, we also opted
to pretreat the conjugation pad with the same procedure
as of the sample pad (described in Section 2.3) before
applying the conjugated AuNPs. This ensured a reliable
release of AuNPs, and ensured a continuous flow over the
whole nitrocellulose membrane, as presented in Figure 9.
In order to get a better understanding of the difference
between our own LFIA test strip and a commercially
available test strip for SARS-CoV-2, we focused mainly
on the conjugation pad, which we imaged with SEM

Figure 10: (a) Unconjugated AuNPs, and (b) AuNPs conjugated with
SARS-CoV-2 and washed.
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and used EDS to confirm the presence of Au. The results
are presented in Figure 8, where we noticed that the
AuNPs in the commercial test were clumped together
on the edges of the glass fibres that compose the conju-
gation pad, while the AuNPs on the prototype test in this
study were much better dispersed. A key difference that is
visible to the naked eye is the stark contrast in colour
intensity between our test and the commercial test, which
was much darker. Therefore, while we were able to con-
firm the functionality of our test, (as shown in Figure 9a)
with the appearance of the control line, it was much less
visible when compared to the commercial test. We can
attribute this to the much lower OD of our conjugate and
the lower loading of AuNPs’ on the conjugate pad. This
signifies a need for us to increase the OD density of our
AuNPs suspensions considerably, and an added potential
to reduce the loss of conjugate and AuNPs during con-
jugation by optimising the size of the AuNPs. Besides
offering a considerable increase in productivity, the rela-
tively simple operation and repeatability of USP allow for
the production of product lines with different AuNPs’
sizes and concentrations by simply changing the initial
concentration of Au3+ in the precursor solution.

4.4 Future clinical testing

One of the limitation of our LFIA tests is that they were not
yet tested in the clinical environment. Thus, we may not
report on the test’s sensitivity, limit of detection, reproduci-
bility, and re-usability, as well as the commercialisation
aspects. However, recently, we have begun a clinical trial,
which was approved by the Slovenian National Medical
Ethics Committee (0120-92/2021/3, 18.03.2020) and the
Agency for Medicinal Products and Medical Devices of the
Republic of Slovenia (341-1/2021-10, 30.07.2021). In the clinical
trial, we will compare the detection of the corona virus in the
mucosae or blood serum using our tests with the PCR test
results, and report our results in future publications.

5 Conclusion

The following conclusions can be drawn from the current
research study:
(1) USP synthesis can produce AuNPs in suspension

with suitable size, shape, and monodispersity, which

allowed AuNPs to be freeze-dried without changing their
properties, and thus, the possibility of using them
without further preparation as markers in LFIA tests.

(2) Conjugation of AuNPs with SARS-CoV-2 in suspen-
sion caused a decrease in OD from 0.91 to 0.33, and
in the case of Rabbit IgG from 0.91 to 0.62. This indi-
cates that AuNPs with an average size of 60 ± 20 nm
have a much higher protein binding with Rabbit IgG
antibodies than with SARS-CoV-2 antigens.

(3) The prepared AuNPs’ suspension was conjugated
successfully with SARS-CoV-2 viral antigen and con-
trol Rabbit IgG antibodies, which was confirmed by
UV-Vis measurement.

(4) Treatment of the conjugation pad according to a
similar procedure as the sample pads allows reliable
release of AuNPs, and thus, ensures their continuous
flow across the entire nitrocellulose membrane, which
means that the LFIA test will work.

(5) The key requirement for the preparation of an appro-
priate LFIA test is a high enough OD of AuNPs’ sus-
pensions, which must remain as high as possible
during the conjugation process and the production
of LFIA tests.
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