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Abstract: Gold nanoparticles (AuNPs) exhibit unique properties that make them appealing for ap-
plications in biosensing and other emerging fields. Despite the availability of numerous synthesis
methods, important questions remain to be addressed regarding the volume effect on the synthesis
yield and quality of AuNPs in the light of biosensing research. The present study addresses these
issues by developing a novel microvolumetric citrate-reduction method to improve the synthesis of
AuNPs, which were characterized by electronic microscopy, energy dispersive spectroscopy, zeta
potential and colorimetric analysis. A comparison of the novel microsynthesis method with the
standard Turkevich method demonstrated its superior performance in terms of yield, monodisper-
sity, rapidity (in one step), reproducibility, and stability. The analytical behavior of AuNPs-based
aptasensors prepared by microsynthesis was investigated using kanamycin detection and showed
higher reproducibility and improved detection limits (3.4 times) compared to those of Turkevich
AuNPs. Finally, the effect of pH was studied to demonstrate the suitability of the method for the
screening of AuNP synthesis parameters that are of direct interest in biosensing research; the results
showed an optimal pH range between 5.0 and 5.5. In summary, the approach described herein has
the potential to improve research capabilities in biosensing, with the added benefits of lowering costs
and minimizing waste generation in line with current trends in green nanotechnology.
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1. Introduction

Gold nanoparticles (AuNPs) are of high interest in biosensing and a wide range
of nanobiotechnology applications, due to a number of unique physical and chemical
properties that are associated with their tunable size, shape-tailorable optical properties,
and surface chemistry [1,2]. AuNPs-based biosensors based on surface plasmon resonance
(SPR) have become thus a well-established approach for the label-free colorimetric detection
of small molecules, providing a versatile, sensitive, selective, and easy-to-apply sensing
platform [3]. The detection principle is typically based on the red-to-purple blue shift of
the absorption spectrum during the aggregation of the nanoparticles [4].

A variety of synthesis methods have been described to obtain spherical AuNPs based
on principles such as chemical reduction, solvothermal, electrochemical, photochemical,
and sonochemical methods [2,5]. The Turkevich method is arguably the most widely em-
ployed protocol for the generation of citrate-stabilized spherical particles of 10 to 20 nm
in diameter [6-9]. In this approach, the citrate salt acts as a reducing agent by forming a
repulsion layer of citrate ions over the AuNPs’ surface that stabilizes growth, prevents ag-
gregation, and keeps the particles in dispersion [10]. This method allows for the generation
of stable monodisperse particles with narrow size distributions and good reproducibil-
ity [2,11,12], which are key conditions in conducting research on biosensing and a variety
of emergent areas.
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The relationship between the reducing agent and nanoparticle yield has been previ-
ously investigated in terms of the role of the components and the optimization of concen-
trations [13]. However, nanoparticle yield is an often-neglected issue in the discussion of
nanoparticle synthesis, even though this parameter should, arguably, be considered from
economic and practical application perspectives [14]. Likewise, the effect of the reaction vol-
ume on the performance and reproducibility of AuNPs synthesis has not been previously
addressed [11]. The Turkevich method requires high volumes and amounts of chemical
reagents to perform the synthesis (100-500 mL of 0.25 mM HAuCly solution are routinely
prepared for a synthesis reaction), which tends to be inefficient for laboratory purposes
typically associated with microvolume level assays and could become a potential source of
AuNP wastes [15]. In addition, the use of aqua regia (a highly corrosive acid mixture) for
glassware cleaning can potentially lead to hazardous waste generation [2,16].

The principles of green chemistry have become a reference guide for designing AuNPs
synthesis routes with reduced use and production of hazardous chemicals, and which aim
to be safer, simpler, cost-effective and environmentally friendly [17]. Green nanotechnology
is thus a promising field that makes use of green chemistry concepts to improve the
sustainability of nanotechnology [18]. An extensive research effort has been directed toward
producing AuNPs through biosynthesis approaches based on plants, algae, yeast, fungi, and
bacteria [5,19,20]. However, despite progress in these areas, the methodologies share several
limitations, such as long synthesis times, raw material availability, the need for further
processing, high heterogeneity and batch variability, and low production yields [17,21].

To the best of our knowledge, this is the first time a synthesis strategy has been
proposed to address laboratory needs for the rapid availability of high-yield and high-
quality AuNPs in a miniaturized assay format. This methodology produces AuNPs with
excellent monodispersity, reproducibility, stability, and simplicity, thus offering the potential
to accelerate the research and development of AuNPs biosensors and other AuNP-based
applications. Finally, the microvolume scale significantly lowers the costs and minimizes
waste generation, in line with current trends in green nanotechnology.

2. Materials and Methods
2.1. Materials and Chemicals

Tetrachloroauric (III) acid trihydrate (HAuCly - 3H,O; 99.9%), trisodium citrate de-
hydrate, sodium chloride, hydrochloric acid, nitric acid, and kanamycin were purchased
from Merck (Darmstadt, Germany). The single-stranded DNA aptamer was synthesized
by Integrated DNA Technologies Inc. (IDT, Coralville, IA, USA). Commercially available
AuNPs (Aldrich, Atlanta, GA, USA) were used as reference materials for spectroscopy, size,
and morphology characterizations. All the solutions were prepared with ultrapure water
(18.2 MQ)) obtained from a Millipore Simplicity Water System (Merck, Milford, MA, USA).

2.2. Turkevich Synthesis of Gold Nanoparticles (t-AuNPs)

An amount of 100 mL of the HAuCly solution (1 mM; pH 3.0-3.5) was boiled in a
round-bottomed flask connected to a reflux and stirring system for 8 min. After that time,
10 mL of preheated solution of trisodium citrate 38.8 mM (pH 9.0) for 5 min at 60 °C were
added. The mixture was kept boiling for 30 min until a reddish solution was formed, which
was subsequently cooled down for 2 h at room temperature (without stirring) and filtered
with a Millipore nylon filter (0.45 pm). Finally, the AuNPs solution was stored at 4 °C
in the dark [22,23]. All glassware was washed with aqua regia and rinsed with ultrapure
water obtained as indicated above. The resulting AuNPs will be referred to from now on as
t-AuNPs.

2.3. Microsynthesis of Gold Nanoparticles (m-AuNPs)

An amount of 1 mL of the HAuCly solution (1 mM) was mixed with 0.1 mL of
trisodium citrate 38.8 mM (volume ratio of 10:1 HAuCly /citrate), which were prepared
with ultrapure water. The final synthesis solutions were incubated in a block heater at
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100 °C for 30 min. Then, the AuNPs solutions were cooled down to room temperature for
20 min and filtered with micropipette filter tips (polyethylene, 4 pm). The resulting AuNPs
will be referred to from now on as m-AuNDPs.

2.4. UV-Vis Spectroscopy

The concentration of AuNPs was determined spectrophotometrically with an Epoch™
Microplate Spectrophotometer (Biotek Instruments, Winooski, VT, USA). 100 uL of the
AuNPs solutions (optical pathlength 0.3 cm) were poured in triplicate into a 96-well
microplate and the absorption spectra were recorded between 400-700 nm. The extinction

coefficient (¢) was determined according to Liu et al. (2007) [24].

2.5. Dynamic Light Scattering (DLS) and Zeta Potential

The particle sizes and stability of the AuNPs were determined by DLS and zeta poten-
tial using a zeta-potentiometer (Zetasizer Nano-Z590, Malvern Instruments, Westborough,
MA, USA) at room temperature and a scattering angle of 90°. The Malvern Zetasizer
Software version 7.12 was employed to analyze the collected data.

2.6. Electronic Microscopy

The core particle size and morphology of the AuNPs were determined by transmission
electron microscope (TEM) with 4 A resolution (JEOL-JEM 1200EX-II, Tokyo, Japan) and
a Gatan CCD camera for image acquisition (model 782; Gatan, Inc., Pleasanton, CA,
USA). Frequency histograms and morphology characterization (spherical index; SI) were
determined by processing the TEM images with Image] software version 1.8.0_201 (Fiji) [25],
where a value of 1 corresponds to a perfect sphere. Finally, elemental analysis was carried
out using energy-dispersive X-ray spectroscopy (EDS) in a scanning electron microscope
(SEM) with a resolution of 133 eV (SEM; JEOL-JSM 6380LV, Tokyo, Japan).

2.7. Nanoaptasensor Preparation

AuNPs generated by both methods (m-AuNPs and t-AuNPs) were functionalized with
a thiol-modified aptamer specific for kanamycin (5'C3-S-S-TGGGGGTTGAGGCTAAGCCG
A-3') [26], using the protocol described recently by Diaz-Garcia et al. (2022) [27]. Briefly, the
thiolated aptamer was reduced by incubation with dithiothreitol 0.1 M for 3 h in phosphate
buffer (10 mM; pH 8) and subsequently purified by gel filtration with Sephadex G-25.
Finally, The NAS was generated by incubating the AuNPs with aptamers (1:60 molar ratio),
while stirring the mixture at 1200 rpm for 2 days in the dark (20 °C).

2.8. Kanamycin Detection Assay

The resulting NAS were activated by heat at 80 °C for 10 min and then cooled down
at room temperature for 10 min to induce linear conformation on the nanoparticle surface.
Then, 200 pL of the antibiotic solution was incubated with 100 pL of the activated NAS
(AuNPs 4 nM) at 60 °C for 10 min. and cooled down at room temperature. Finally, 60 pL of
NaCl 1 M was added into the solutions and incubated for 30 min to monitor the aggregation
process in terms of the shift of the SPR peak from 520 nm to 620 nm (Aspg/Ago)-

2.9. Screening of Synthesis Parameters: Effect of pH

The effect of pH on the absorption kinetics was investigated at four AuNPs synthesis
conditions (pH 5.0, 5.5, 6.0, 7.0), by adjusting the pH with NaOH 1 M (1.1 mL final volume).
The solutions were then incubated in a block heater at 95 °C during the evaluated time
period (5, 10, 15, 20, 25 and 30 min) and the reactions were stopped by transferring the tubes
to an ice bath for 30 min. The solutions were finally filtered with micropipette filter tips,
stored in the dark at 4 °C and changes in the shape, intensity, and maximum wavelength
of the SPR band were monitored with an Epoch™ Microplate Spectrophotometer (Biotek
Instruments, Winooski, VT, USA).
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2.10. Statistical Analysis

Data are presented as mean = standard error of at least three independent experiments.
Statistical significance was determined at a 95% confidence level, using the non-parametric
Mann-Whitney U-test to compare differences between two groups. Histograms for particle
size and morphology characterization (spherical index) were obtained by measuring the
diameter of at least 100 particles. The statistical significance of the slopes was calculated by
Pearson correlation (p < 0.05) using linear regression analysis. The coefficient of variation
(%CV) was employed to assess data reproducibility [28,29].

3. Results and Discussion
3.1. Spectroscopic and Physicochemical Characterization of AuNPs

The absorption spectra of m-AuNPs and t-AuNPs were characterized and compared
against reference material (r-AuNPs), showing the typical curves with a peak at 520 nm
associated with the SPR band (Figure 1) [6,12]. Both t-AuNPs and r-AuNPs exhibited similar
absorption spectra, with a maximum absorption intensity of 0.4 (at 520 nm). However,
the solution of m-AuNPs achieved a 3.9 times higher absorption rate, accounting for a
significantly higher concentration of nanoparticles (redder solution).

1.0
Q_ - m-AuNPs
(@) —/ r-AuNPs

0.6
t-AuNPs

0.4

T T T T
400 450 500 550 600 650 700

Wavelength (nm)

Figure 1. Spectroscopic characterization of m-AuNDPs (green line), t-AuNPs (red line) and reference
material (blue line). The inset image shows microtubes containing 100 mL of each AuNPs solution.
The curves were averaged from three independent experiments (n = 3).

The well-defined and narrow shape of the SPR peak corresponding to m-AuNP:s is
consistent with a high nanoparticle sphericity. Indeed, a loss in the spherical shape would
lead to an imbalance in the charge distribution during optical excitation of surface plasmons
and the concomitant widening of the spectrum [30]. This spectroscopic behavior is further
supported by the size and morphology distribution of the nanoparticles, as determined by
TEM analysis (Figure 2). The three types of nanoparticles showed a high sphericity index
(0.960 to 0.968), with average diameters of 15.6 nm for r-AuNPs (Figure 2A), 14.8 nm for
m-AuNPs (Figure 2B), and 16.8 nm for t-AulNPs (Figure 2C), as well as a low dispersity in
size (%CVs of 23.7, 16.2 and 26.2, respectively). Importantly, the m-AuNPs have a slightly
lower diameter value (p-value of 0.001) along with a higher monodispersity (%CV 16.2).
The excellent sphericity is a desirable condition for biosensing applications, as this shape
provides useful attributes such as size- and shape-related optoelectronic properties, large
surface-to-volume ratio, excellent biocompatibility, and low toxicity [6,31,32].
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Figure 2. Size and morphology characterization of AuNPs: representative TEM images of r-AuNPs
(A); m-AuNPs (B); and t-AuNPs (C). Histograms showing the particle size distributions obtained by
TEM images for r-AuNPs (D); m-AuNPs (E) and t-AuNPs (F).

The terminology “high-yield” has been often employed in the field of AuNPs syn-
thesis to account for processes where the resulting nanoparticles are highly uniform and
homogeneous in terms of shape and size [33-37]. Despite a few studies actually perform-
ing accurate yield calculations with sophisticated equipment [37], simpler approaches
have been proposed to shed light onto the efficiency of conversion between gold atoms
in HAuCly and the nanoparticles. For example, the qualitative relationship between the
concentration of gold salt and the intensity of the maximum absorption band has been
applied to compare different results [14]. However, this analysis underestimates the dif-
ferences in gold mass associated with variations in nanoparticle size. With this in mind,
we developed an alternative analysis to estimate the number of gold atoms (Au®) that
were converted into nanoparticle in relation to the number of gold atoms present in the
synthesis solution (Au®"), as expressed in Equation (1). The calculation takes advantage of
a previously reported correlation between the core diameter of spherical citrate-capped
AuNPs with: (i) the molar extinction coefficient (Equation (2)); and (ii) the average number
of gold atoms per AuNPs (Equation (3)) [24]. Based on this, we were able to determine
gold conversion to AuNPs by first calculating the AuNPs molar concentration through the
Beer-Lambert law (Equation (4)) to obtain the amount of gold atoms per AuNPs [24,38]:

[AuNPs]-N,-A

Y =
[AuB+] -N,

@
where Y is the synthesis yield of a given method, [AuNPs] is the concentration of gold
nanoparticles (M), [Au3*] is the concentration of Au*3 (M) in the synthesis solution, N, is
the Avogadro’s number (6.02214076 x 10?*> moles~!) and A is the number of gold atoms
per nanoparticle.

Ln e =3.32111 Ln D + 10.80505 )
where ¢ is the molar extinction coefficient (M~!em ') and D is the core diameter of AuNPs
(nm).

mp D3
N = 3
6 M ®)

where N is the number of gold atoms per AuNPs, p is the density of gold (19.3 g/cm?), D is
the core diameter of AuNPs (nm), and M is the atomic weight of gold (197 g/mol).

A=¢chb 4)
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where A is the absorbance at the SPR peak, c is concentration of AuNPs (M), ¢ is the molar
extinction coefficient (M~ 'em~!) and b is length of light path in centimeters (cm).

Finally, the resulting yield was divided by the yield associated with the Turkevich
method, with the aim of normalizing the method with respect to the most widespread and

referential synthesis procedure.
Y

Y

where Y}, is the normalized yield, Y is the yield of the method (e.g., microsynthesis) and Y;
is the yield of the Turkevich method.

Table 1 summarizes the parameters determined for the nanoparticles, showing, for the
m-AuNPs, a concentration (13.739 nM) several times higher than that obtained for the t-
AuNPs (2.365 nM). This increase was 4 times greater, in terms of normalized yield (Y;), with
a concomitant reduction in the synthesis volume of ~100 times (see Sections 2.2 and 2.3). It
is worth noting that the yield increase is similar to that observed in the absorption of the
SPR peak (Figure 1).

Y ©)

Table 1. Comparative analysis of AuNPs synthesis yields in terms of gold atoms in the synthesis
solution converted into gold atoms in AuNPs and normalized with respect to the Turkevich method.

Gold in AuNPs

Reference Synthesis Diameter Extinction Coefficient 0.D. AuNPs Gold Y

. M-1cm-1) (1 cm) (nM) Atoms/AuNPs n
Solution (mM) (nm)

* This work (m-AuNPs) 1 14.8 379,438,572 5.21 14 100,158 137.5 4

* This work (t-AuNPs) 1 16.8 578,043,471 1.36 2.4 146,498 34.6 1
* Bahmanyar et al. 2022 [39] 0.29 15 396,736,386 1.67 4.21 104,274 151.4 4.4
**Jia et al. 2012 [14] 0.5 243 1,969,356,963 211 1.1 443,324 95.0 2.7
*** Gangula et al. 2011 [40] 0.6 25 2,164,143,895 0.56 0.26 482,750 20.8 0.6
Qiao et al. 2011 [41] 1 20 1,031,424,209 0.38 0.37 247,168 9.1 0.3
*** Wang et al. 2009 [42] 0.243 42 12,121,686,353 0.8 0.066 2,289,024 62.2 1.8
** Huang et al. 2009 [43] 0.5 11.5 164,160,171 0.7 4.26 46,989 40.1 0.29

* Synthesis using Turkevich-based methodology. ** Synthesis using biomolecules as capping/reduction agent.
*** Synthesis using plant extracts as capping/reduction agent.

Even though the Turkevich method is the oldest and most popular approach for the
production of AuNPs, few advances have been made to improve the conversion rate of
gold ions into nanoparticles. However, a recent study assessed, in a systematic manner,
the effect on the synthesis of several variables (initial pH, temperature, order of reagent
additions and the gold:citrate molar rate), shedding light on the optimal conditions for
achieving higher yields than the standard protocol [39]. The specific conditions found
in that study were a pH of 3 (HAuCly solution), a reaction temperature of 95 °C, citrate
added to the boiling gold solution, and a molar ratio of 1:5 (HAuCly /Na3Cit). Interestingly,
the normalized yield estimated from these results was 4.4 times that of the yield typical
when using the Turkevich method, which is slightly superior to our results when using
microsynthesis (Table 1). It is also of note, however, that the effect of synthesis volume was
not investigated in that study.

Previous studies investigating the use of green capping agents also provide some in-
sight into the problem of AuNPs yield. For example, Jia et al. (2012) reported a high-yielding
strategy based on a nonionic biosurfactant (ethoxylated sterol) [14], while Wang et al.
(2009) studied the use of a chitosan—ninhydrin bioconjugate as a reducing and stabilizing
agent [42]. By applying our calculation strategy, it was possible to compare these studies
in a quantitative manner, showing increases of 1.8 and 2.75 times (Table 1). Therefore,
microsynthesis achieved the highest performance in terms of AuNPs yield, providing
high-quality features in terms of morphology, monodispersity, reproducibility, and stability.

The AuNPs obtained by microsynthesis and the Turkevich method were addition-
ally characterized by zeta potential analysis (Figure S1). Table 2 summarizes the main
parameters characterizing m-AulNPs and t-AulNPs, including the extinction coefficient
(¢), the concentration of nanoparticles, the sphericity index, and zeta potential (pZeta). It
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is noteworthy that microsynthesis produced AuNPs with a much more negative pZeta
value in comparison with AuNPs generated by the Turkevich method. This result suggests
that the surface of the m-AuNPs possess higher levels of negative charges associated with
citrate capping in comparison with the t-AuNPs, potentially improving the stabilization of
the nanoparticles.

Table 2. Characterization parameters of AuNPs obtained by the Turkevich and microsynthesis
methods.

Method Diameter (nm) Concentration (nM) %CV Sphericity p Zeta Syn.thes1s
Index (mV) Yield
Turkevich 2.365 26.2 0.97 —14.5+10.9 1
Microsynthesis 13.739 16.2 0.96 -35.1+£11.7 4

The chemical composition of the citrate-capped AuNPs is presented in Table 3, show-
ing the relation between atomic gold and other elements in the sample (Ratio Au). The
m-AuNPs show a higher amount of carbon per atom of gold in comparison with the t-
AuNPs, which is likely associated with a higher amount of citrate in the stabilization layer.
This result is consistent with the highly negative value of pZeta that was measured for the
m-AuNPs (—35.1 + 11.7 mV) in comparison with the t-AuNPs (—14.5 £ 10.9 mV). On the
other hand, the m-AuNPs showed a lower amount of oxygen atoms (22.27 times higher
than Au) in comparison with the t-AuNPs (85.3 times higher than Au). The increase in the
carbon/Au ratio and the decrease in the oxygen/Au ratio are likely related to the lower
amount of oxidized gold in the AuNDPs.

Table 3. EDS elemental analysis of AuNPs obtained by the Turkevich and microsynthesis method.

Turkevich Method Microsynthesis Method
Elements Atomic % Ratio Au Atomic % Ratio Au
AuM 0.98 1 3.07 1
CK 2.03 2.071 16.81 5.48
OK 83.59 85.30 68.36 22.27
Na K 13.40 13.67 11.76 3.83

The standard Turkevich method requires citrate to be added into a boiling HAuCly
solution (typically refluxed in a round-bottomed flask), which might potentially alter the
temperature uniformity. Indeed, the growth mechanism of the nanoparticles requires
heating to overcome the energy barrier required for Au” nuclei to grow by consuming
the metal atoms in the bulk solution (coalescence). However, a slight reduction in the
temperature (<90 °C) may cause an effect on the overall reduction rate (and the nucleation
rate), leading to a decrease in particle size due to fewer seed particles initially produced
compared to that achieved at higher temperatures [11]. The results presented herein show
that a relevant increase in the synthesis yield of AuNPs can be achieved during a fast
synthesis process in microvolume citrate-containing solution (“one-step synthesis”).

According to the Fourier’s law of thermal conduction, the area:volume (A/V) ratio is
a key parameter that controls the heat transference and affects the rate at which heat can
be introduced into a reaction. This ratio decreases as the volume increases, causing the
occurrence of inter-batch variations between synthesis reactions and preventing precise
control over the size distribution of AuNPs [44]. This problem becomes a major issue for
scaling-up purposes, as minimal variations in temperature might significantly alter the final
product [44]. By contrast, the miniaturization of the volume conducted in this study has the
potential to increase the rate of heat transference (higher A/V ratio) and, as a consequence,
to contribute to the yield of the synthesis and improve the capping step and stabilization of
the AuNPs.
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3.2. Effect of Volume on Reproducibility

To gain further insight into the volume effect, we carried out AuNPs microsynthesis
in solutions containing volumes between 0.2 and 15 mL (at pH 5.3) and compared the
results with, and without, a preheating stage for the HauCly solution (Figures 3 and S2).
The microsynthesis method performed excellently, with strong reproducibility, even with-
out pre-heating of the HauCly solutions, with synthesis volumes between 1 and 15 mL
(Figure 3A). Under these conditions the average fluctuations of the m-AuNPs spectra be-
tween repetitions was 4.06% (1mL), showing a similar spectroscopic behavior. By contrast,
m-AuNPs synthesized in 0.2 mL exhibited a significant rise in absorbance beyond 550 nm,
followed by a reduction in the SPR absorbance intensity indicative of a decrease in the
monodispersity of the m-AuNPs (Figure 3B). An increase in the absorbances over 550 nm
was observed for a volume of 0.5 mL, along with a higher O.D. variation in the spectra. By
contrast, similar absorbance intensities were observed between 1 and 15 mL of the synthesis
solution, suggesting that lower volumes are more susceptible to losing reproducibility in
AuNPs synthesis. Interestingly, preheating reduced the batch variations from 9.4 &+ 1.5% to
7.3 £ 1.5 (Table S1). Overall, these results lend support to the employment of 1 mL as the
minimal synthesis volume.

1.2 1.2 9
- 0.2 mL
1.0 4 1 mL 1.0 0.5 mL
5 mL
0.8 0.8 1 mL
. 10 mL ) 5mL
&
* 0.6 15 mL a
o o 0.6 10 mL
0.4 0.4 15 mL
0.2+ 0.2 4
0.0 T T T T T 1 0.0

400 450 500 550 600 650 700
Wavelength (nm)

400 450 500 550 600 650 700
Wavelength (nm)

Figure 3. Spectroscopy characterization of microsynthesized AuNPs at pH 5.3 and different volumes
(without pre-heat treatment): (A) absorption spectra of AuNPs obtained in 1, 5, 10 and 15 mL of
synthesis solutions; and (B) absorption spectra of AuNPs obtained in 0.2, 0.5, 1, 5, 10 and 15 mL of
synthesis solutions. Each curve represents the average from three independent experiments (n = 3).

3.3. Comparative Study of Stability

The aggregation of AuNPs obtained by microsynthesis and the Turkevich method was
investigated by salt-induced aggregation, using fresh AuNPs and AuNPs that were stored
for 3 years (aged AuNPs). The shift in the SPR peak from 520 nm (non-aggregated AuNPs)
to 620 nm (aggregated AuNPs) is the preferred method for studying AulNPs aggregation
through the decrease in the ratio 520/620 nm [27,45]. Figure 4 shows the spectrograms
obtained in the presence of NaCl solution (0 to 100 mM) for t-AuNPs (Figure 4A) and m-
AuNPs (Figure 4B), shedding light on their aggregation capacity and, therefore, the AuNPs’
stability. In both cases, a similar red-purple shift can be observed in the spectra. However,
Figure 4C demonstrates that the m-AuNPs were less affected by salt-induced aggregation in
comparison with the t-AuNPs, showing a significant decrease in the 520/620 ratio at NaCl
concentrations of 12.5 mM (m-AuNPs) and 6.25 mM (t-AulNPs). This result complements
previous findings in the EDS analysis and Zeta potential, providing further evidence about
the increased level of citrate capping on the AuNPs produced by microsynthesis (Figure S1;
Tables 2 and 3), as the nanoparticles became less sensitive to aggregation.
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Figure 4. Salt-induced aggregation of: t-AuNPs: (A) and m-AuNPs (B) upon incubation with NaCl
0 to 100 mM. (C) Absorbance ratio 520/620 nm as a function of the concentration of NaCl. Results
were averaged from three independent experiments (n = 3). Asterisks denote statistically significant
differences between the treatments and controls. * = p < 0.05.

AuNPs solutions synthesized in the year 2020 via microsynthesis and the Turkevich
method (stored at 4 °C) were characterized spectrophotometrically to gain insight into the
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long-term stability of both types of nanoparticles. To our knowledge this is a novel finding,
given the long span of time covered by the present analysis (three years).

Figure 5A presents the absorption spectra of the AuNPs solutions generated in 2020
(red and blue) and 2023 (purple and green). Both spectra denote a decrease in the SPR
band intensity, accounting for a loss of AuNPs in suspension (Figure S3). However, the
decay associated with m-AuNPs (14.19%) is much less than that of the t-AuNPs (46.15%).
Figure 5B presents the salt-induced aggregation of both types of AuNPs, which were
incubated with 100, 50, 25, 12.5, 6.25 and 0 mM of NaCl.
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Figure 5. Long-term stability of AuNPs: (A) spectroscopic characterization of t-AuNPs and m-AuNPs
after three years of storage; (B) absorbance ratio 520/620 nm as a function of the concentration of NaCl;
and (C) zeta potential distribution (mV) of citrate-capped m-AuNPs (blue) and t-AulNPs (red). The
results were averaged from three independent experiments for each AuNPs (n = 3). Non-significant
differences are shown as n.s.
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No significant decrease in the 520/620 nm absorption ratio was observed between
3-year stored AuNPs obtained by the Turkevich and microsynthesis methods. However,
while t-AuNPs presented a significant drop in the ratio at NaCl concentrations of 50 nM and
100 mM, the m-AuNPs’ curve denotes a rather constant behavior in this parameter across
all NaCl concentrations. As expected, aged m-AuNPs showed a decrease in salt-induced
aggregation in comparison with fresh m-AuNPs. These results confirm the higher stability
of m-AuNPs, even after three years of storage.

The surface charge of m-AuNPs (25.7 mV =+ 18.3) was higher than that of t-AuNPs
(31.7 £ 19.3 mV), according to zeta potential analyses (Figure 5C). Previous works have
shown that, over the course of AuNPs’ aging, gold atoms move to the top of the nanopar-
ticles and bind on the surface to terminal carboxylates of the citrate molecule [46]. Ac-
cordingly, a high citrate coverage would increase the stability of AuNPs by preventing the
loss of gold from their core and potentially becoming less susceptible to the loss of gold
atoms during long-term storage. This effect is consistent with the appearance of a black
precipitate in Falcon tubes containing aged AuNPs (15 mL) and the concomitant decrease
in the gold concentration in the suspension (Figure S3).

It is of note that currently there is a growing interest in developing new green synthesis
approaches to synthetize AuNPs by replacing chemical reducing agents with plant extracts
or bioactive compounds [20], which potentially provide stronger capabilities to reduce
metal ions into metal nanoparticles [47,48]. Biogenic approaches have been discussed as
promising methods for AuNPs synthesis because of the utilization of cost-effective and non-
hazardous raw materials, the ease of synthesis, and safety aspects [49,50]. However, despite
these advantages being well-grounded in the light of current trends of green nanotechnol-
ogy, these methods still face challenges related with the heterogeneity of the green materials,
their inherent variability, the presence of impurities that often result in nanoparticles with
less uniform sizes, and limited control over surface modification [2,5,19,51,52].

Finally, the costs of both methodologies were compared by standardizing the needs
of materials and reagents for equal volumes (100 mL; Table S2), which showed that mi-
crosynthesis was significantly cheaper (70.77 USD) compared to the standard Turkevich
method (145.45 USD). In addition, the synthesis of m-AuNPs was 16 times faster than
that of t-AuNPs (1.5 h in comparison with 24 h). Therefore, microsynthesis largely out-
performed the Turkevich method in terms of rapidity and cost-effectiveness. Another
difference between the approaches is associated with the requirement of aqua regia for
treating glass materials (Turkevich method), which has an impact on both the cost and
the environmental effects associated with these residues. Synthesis optimization plays
a pivotal role in achieving both high-yield and cost-effective production of tailored-size
AuNPs that meets green nanotechnology principles, which are desirable conditions to take
advantage of when using AuNPs in biosensing and other bioapplications [39]. Thus, our
microvolume-scale approach enabled a high-performing yield of AuNPs, while simplifying
the procedure, reducing the costs, and minimizing the generation of hazardous wastes,
which is strongly in line with current trends in green synthesis and green nanotechnology.

3.4. Antibiotic Detection Assays with Nano-Aptasensors (NAS)

AuNPs are of paramount importance in biosensor development thanks to their op-
tical properties, which enable the label-free colorimetric detection of a wide range of
analytes [1,53,54]. In this context, the capability of aptamers to recognize a wide range of
analytes makes AuNPs-based NAS a versatile platform for sensing applications, with a fast
response, and high sensitivity, selectivity, and reliability [55-57].

AuNPs-based NAS were developed and assessed to investigate the use of AuNPs
generated by both methods in the detection assays of kanamycin (0-200 ppb). Figure 6
provides a schematic description of the detection reaction, showing aptamer-coated AuNPs
stabilized by electrostatic repulsions. In the presence of kanamycin, aptamers adopt a folded
structure that leads to a decrease in surface protection and the subsequent aggregation
of the AuNPs upon the addition of NaCl. The aggregation process is proportional to the
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antibiotic concentration and can be followed through the decrease in the absorption ratio
between 520 nm and 620 nm (Asgpg/ Agpo)-

9 Nadl

0 50 100 150 200 ppb

400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

nm

Figure 6. Schematic illustration showing the sensing principle of aptamer-conjugated AuNPs for
colorimetric detection of kanamycin: (A) covalently conjugated aptamers inhibit salt-induced aggre-
gation, while conformational change induced by interaction with the antibiotic decreases surface
protection and leads to AuNPs aggregation upon NaCl addition; and (B) absorption spectra of
AuNPs showing the shift in the plasmon resonance peak (from red to blue purple) in response to
antibiotic-induced aggregation.

AuNPs aggregation data were analyzed spectrophotometrically by measuring the shift
of the plasmon resonance peak from 520 nm to 620 nm (Asp/ Agpo). Despite both methods
showing a similar linear behavior, NAS based on m-AulNPs delivered a higher coefficient
of determination (r? = 0.9475) and less dispersion among the repetitions (Figure 7).
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Figure 7. Kanamycin detection assays with AuNPs-based NAS obtained by (A) Turkevich and
(B) microsynthesis methods. Spectroscopic data for each condition were determined in triplicates
(n=23).

It is noteworthy that the LOD value determined in this study (19.15 ppb) is lower than
the value obtained in a recent study reported by our group on the detection of kanamycin
(37.5 ppb) using the same NAS prepared, in that case, using the Turkevich method [27].
Table 4 summarizes the analytical parameters accounting for the performance of the two
NAS, including the detection limit (LOD), quantification limits (LOQ), variation coefficient
(%CV), and standard errors. The m-AuNPs-based NAS outperformed the t-AuNPs-based
NAS in terms of the increase in sensitivity, by reducing the LOD (19.15 ppb) by 3.4 times,
and the LOQ (61.45 ppb) by 3.5 times. This difference is a direct consequence of the higher
reproducibility of the analytical data generated by m-AuNPs-based NAS (%CV > 2.4).
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Table 4. Comparison of analytical parameters of NAS based in m-AuNPs and t-AuNPs.

Method Standard Error %CV of Zeros LOD (ppb) LOQ (ppb)
Turkevich 0.07740 7.13 64.21 217.79
Microsynthesis 0.04564 2.37 19.15 61.45

A key parameter impacting on biosensor’s sensitivity, selectivity and stability is the
homogeneity of the resulting AulNPs solution, as variations in particle size and shape
may cause inconsistent surface areas and effects on the plasmonic properties [58]. These
issues can result in non-uniform binding of ligands or receptors on the AuNPs surface,
affecting the recognition of analytes, the response time, and the optimal performance
of biosensors [59-61]. In this context, the high dispersity, reproducibility, and stability
achieved by m-AuNPs make them excellent candidates for research and development of
AuNPs-based biosensors.

3.5. Other Bioapplications: Screening of Synthesis Parameters

Microsynthesis provides an excellent tool to be applied in the screening of synthesis
parameters to optimize the properties of nanoparticles for biosensing research and within
emerging fields including vaccination [62], diagnostics [63], imaging [64] and therapies [65].
As an example, we have successfully applied AuNPs microsynthesis for conjugation and
delivery of peptides (results to be published elsewhere).

The Turkevich method is a simple and reproducible technique. However, the process
can be affected by several parameters such as pH fluctuations and citrate availability
during synthesis [12], Au:citrate molar ratios [66], polarity of solvents used during the
synthesis [67], the order of addition of the reagents [68], among several other conditions that
are often investigated [11,31,69]. Importantly, the method reported herein is appropriate
for straightforward and systematic study of conditions and reaction parameters. These
experiments are otherwise difficult to perform with traditional Turkevich method due to the
high amounts of materials/reagents, the high volumes (from 100 mL) and the complexity
of the protocols.

The pH of the solution is known to be crucial in controlling the size, morphology,
and stability of the AuNPs produced via the citrate reduction method [11]. Previously, we
have demonstrated that slight pH fluctuations between 4.7 to 5.3 have an impact on the
performance of the Turkevich method, affecting the yield in a pH-dependent manner [12].
To learn more about pH effects over the AuNPs synthesis, we employed microsynthesis
to investigate its relationship with the kinetics of AuNPs formation. Figure 8 presents the
behavior of the spectra (SPR band) in the time range assessed (5 to 30 min) at pH 5.0, 5.5,
6.0 and 7.0. As expected, as the reaction proceeds all the curves show an increase in the
intensity of the SPR peak, which accounts for an enhancement of the number of particles
produced along the time line. In addition, the absorption maxima shifted in all cases to the
left (centering around of 520 nm), denoting an increase in the particle number accompanied
by a reduction in particle size in time [70].

The differences in the spectra associated with different pH values were noticeable,
proving that a pH of 5.0-5.5 was the best range in terms of keeping the narrow distribution
of nanoparticle sizes (related with the width of the peaks) and minimizing the dispersion
in the absorbance values among the repetitions. The highest reproducibility at a pH of
5.0 was obtained at 10 min of synthesis, with a negligible standard error (Figure 8A). At
higher pH values, the observed trend is a reduction in the intensity of the SPR peak (i.e.,
lesser particle formation), with a simultaneous decay in the reproducibility of the resulting
curves. At a pH of 5.5, the increase in the variability becomes relevant at 5 min of synthesis
(Figure 8B), reaching the worst effect at a pH of 6.0 (Figure 8C) and 7.0 (Figure 8D). It is
worth mentioning that the shift of the SPR peak to 540 nm at pH 7.0 (5 min) is consistent
with a diameter of 60 nm [71].
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Figure 8. Spectroscopic characterization of the kinetics of AuNPs formation at times ranging between
5 and 30 min after synthesis (red, black, green, blue, purple and olive lines, respectively), showing
the effect of the pH at values of 5.0 (A); 5.5 (B); 6.0 (C); and 7.0 (D).

These findings are in agreement with a previous study showing, at high pH values, an
increase in the dispersity of the optical signals of AuNPs [72]. Likewise, the behavior of the
spectra is consistent with the seed-mediated growth mechanism and confirms our previous
finding of pH 5.3 as a preferred condition favoring the synthesis of AuNPs by improving
citrate absorption onto the nanoparticle surface [27].

Gold species present in a solution undergo complex equilibria as a function of the pH,
leading to the formation of various gold ions and hydroxide complexes. Citrate, likewise,
plays a central role by reducing gold ions (Au®*) into gold atoms (Au”) and stabilizing the
formed nanoparticles. Thus, Au®>* becomes the predominant species at a pH of 5.0 and
5.5, while at a pH of 6.0, a mixture of Au** and gold hydroxide ions (AuOH,") exists. As
the pH increases to 7.0, the concentration of Au®* decreases and gold hydroxide (AuOH3)
becomes dominant. Therefore, at a pH 5.0 and 5.5, the high concentration of Au®* in the
presence of deprotonated citrate strongly favors the reduction of Au®>* and improves the
performance of the synthesis. However, as the pH increases to 6.0 and 7.0, the presence of
gold hydroxide complexes competes with the availability of Au3*" and affects the rate of
nanoparticle formation [11,72].

Therefore, the microvolume format allows for multiple conditions and parameters
associated with the synthesis methodologies to be easily and rapidly investigated, including
pH, citrate concentration, molar ratios, novel coating agents, temperature, and incubation
times, making this method a valuable tool to accelerate the research and development of
biosensing and other fields.

4. Conclusions

A novel “one-step” methodology to synthesize AuNPs in a microvolume citrate-
containing solution was developed and thoroughly characterized, providing an easy and
efficient means to perform research on biosensing. The microsynthesis method achieved
a superior performance in terms of yield, rapidity, reproducibility, stability, and cost,
enabling a cost-effective supply of high-quality and high-yield nanoparticles. The yield
was similar to that of an optimized Turkevich protocol, but four times higher than that
obtained using a standard Turkevich method; however, the microsynthesis requires only
1.1 mL of synthesis volume and costs approximately half as much. In addition to reducing
the volume and requirements for gold and other chemical reagents, the microvolume-
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scale avoids the use of aqua regia (a highly corrosive acid mixture) and minimizes the
generation of hazardous wastes. Therefore, it is a methodology that combines the high
quality of citrate reduction (chemical) methods with current trends in green synthesis and
green nanotechnology by virtue of its superior cost-effectiveness and its lower impact on
the environment. Regarding biosensing applications, NAS prepared by microsynthesis
demonstrated a superior analytical performance compared to that of the Turkevich method
in terms of reproducibility, detection, and the quantification limits of kanamycin. Finally, the
microvolume format provided a rapid and easy means to investigate multiple conditions
and parameters associated with the synthesis methodology. The proposed experimental
strategy addresses laboratory needs and holds the potential to accelerate research on
biosensing and other bioapplications.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/bios13120992/s1, Figure S1: Zeta potential distribution
(mV) of citrate-capped m-AuNPs (blue), and t-AuNPs (red); Figure S2: Spectroscopy characterization
of microsynthesized AuNPs at different volumes with (blue segmented Line) or without pre-heat
treatments (red line). Figure S3: Image of falcon tubes that containing the m-AuNPs and t-AuNPs
solutions for three years; Table S1: Spectroscopy variation of microsynthesized AuNPs at different
volumes with or without pre-heat treatments; Table S2: Cost analysis and comparison between
Turkevich and Microsynthesis methods.

Author Contributions: Conceptualization, P.O., V.D.-G. and L.I; methodology, P.O., V.D.-G., B.C.-T.
and L.I; formal analysis, P.O., V.D.-G., A.H., LI and B.C.-T,; investigation, all authors; data curation,
V.D.-G. and B.C.-T.; writing—original draft preparation, V.D.-G., A.-H., B.C.-T. and P.O.; writing—
review and editing, P.O., V.D.-G. and B.C.-T.; supervision, P.O. and V.D.-G.; project administration,
P.O,; funding acquisition, PO. and V.D.-G. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Agency for Research and Development (ANID)
of Chile, through the programs Fondecyt Regular grant No. 1221434 and Fondecyt Posdoctorado
grant No. 3190734.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Acknowledgments: We thank Carlos von Plessing (Universidad de Concepcién) and biochemist
Eduardo Zudiga (Universidad San Sebastian) for their valuable support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Aldewachi, H.; Chalati, T.; Woodroofe, M.N.; Bricklebank, N.; Sharrack, B.; Gardiner, P. Gold Nanoparticle-Based Colorimetric
Biosensors. Nanoscale 2018, 10, 18-33. [CrossRef] [PubMed]

2. Daruich De Souza, C.; Ribeiro Nogueira, B.; Rostelato, M.E.C.M. Review of the Methodologies Used in the Synthesis Gold
Nanoparticles by Chemical Reduction. J. Alloys Compd. 2019, 798, 714-740. [CrossRef]

3. Yang, J.; Wang, X.; Sun, Y.,; Chen, B.; Hu, E; Guo, C.; Yang, T. Recent Advances in Colorimetric Sensors Based on Gold
Nanoparticles for Pathogen Detection. Biosensors 2023, 13, 29. [CrossRef]

4. Alizadeh, S.; Nazari, Z. A Review on Gold Nanoparticles Aggregation and Its Applications. J. Chem. Rev. 2020, 2, 228-242.
[CrossRef]

5. Bollella, P; Schulz, C.; Favero, G.; Mazzei, F,; Ludwig, R.; Gorton, L.; Antiochia, R. Green Synthesis and Characterization of Gold
and Silver Nanoparticles and Their Application for Development of a Third Generation Lactose Biosensor. Electroanalysis 2017,
29,77-86. [CrossRef]

6.  Shi, L.; Buhler, E.; Boué, F,; Carn, F. How Does the Size of Gold Nanoparticles Depend on Citrate to Gold Ratio in Turkevich
Synthesis? Final Answer to a Debated Question. J. Colloid Interface Sci. 2017, 492, 191-198. [CrossRef]

7. Turkevich, J.; Stevenson, P.C.; Hillier, J. A Study of the Nucleation and Growth Processes in the Synthesis of Colloidal Gold.

Discuss. Faraday Soc. 1951, 11, 55. [CrossRef]


https://www.mdpi.com/article/10.3390/bios13120992/s1
https://doi.org/10.1039/C7NR06367A
https://www.ncbi.nlm.nih.gov/pubmed/29211091
https://doi.org/10.1016/j.jallcom.2019.05.153
https://doi.org/10.3390/bios13010029
https://doi.org/10.22034/jcr.2020.108561
https://doi.org/10.1002/elan.201600476
https://doi.org/10.1016/j.jcis.2016.10.065
https://doi.org/10.1039/df9511100055

Biosensors 2023, 13, 992 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Volkert, A.; Subramaniam, V.; Haes, A.]. Implications of Citrate Concentration during the Seeded Growth Synthesis of Gold
Nanoparticles. Chem. Commun. 2011, 47, 478-480. [CrossRef]

Ji, X.; Song, X.; Li, J.; Bai, Y.; Yang, W.; Peng, X. Size Control of Gold Nanocrystals in Citrate Reduction: The Third Role of Citrate.
J. Am. Chem. Soc. 2007, 129, 13939-13948. [CrossRef]

Iravani, S.; Zolfaghari, B. Green Synthesis of Silver Nanoparticles Using Pinus Eldarica Bark Extract. BioMed Res. Int. 2013, 2013,
639725. [CrossRef]

Wauithschick, M.; Birnbaum, A.; Witte, S.; Sztucki, M.; Vainio, U.; Pinna, N.; Rademann, K.; Emmerling, F; Kraehnert, R.; Polte,
J. Turkevich in New Robes: Key Questions Answered for the Most Common Gold Nanoparticle Synthesis. ACS Nano 2015, 9,
7052-7071. [CrossRef]

Contreras-Trigo, B.; Diaz-Garcia, V.; Guzman-Gutierrez, E.; Sanhueza, I.; Coelho, P.; Godoy, S.E.; Torres, S.; Oyarzun, P. Slight pH
Fluctuations in the Gold Nanoparticle Synthesis Process Influence the Performance of the Citrate Reduction Method. Sensors
2018, 18, 2246. [CrossRef] [PubMed]

Ray, D.; Aswal, V.K. Optimization of Components in High-Yield Synthesis of Block Copolymer-Mediated Gold Nanoparticles.
J. Nanopart. Res. 2012, 14, 778. [CrossRef]

Jia, H,; Gao, X,; Chen, Z; Liu, G.; Zhang, X.; Yan, H.; Zhou, H.; Zheng, L. The High Yield Synthesis and Characterization of Gold
Nanoparticles with Superior Stability and Their Catalytic Activity. CrystEngComm 2012, 14, 7600-7606. [CrossRef]

El-Kalliny, A.S.; Abdel-Wahed, M.S.; El-Zahhar, A.A.; Hamza, I.A.; Gad-Allah, T.A. Nanomaterials: A Review of Emerging
Contaminants with Potential Health or Environmental Impact. Discov. Nano 2023, 18, 68. [CrossRef]

Wang, G.; Wang, W.; Shangguan, E.; Gao, S.; Liu, Y. Effects of Gold Nanoparticle Morphologies on Interactions with Proteins.
Mater. Sci. Eng. C 2020, 111, 110830. [CrossRef]

Huston, M.; DeBella, M.; Gupta, A. Green Synthesis of Nanomaterials. Nanomaterials 2021, 11, 2130. [CrossRef]

Khan, F; Shariqg, M.; Mohd, A; Siddiqu, M.; Malan, P.; Ahmad, F. Green Nanotechnology: Plant-Mediated Nanoparticle Synthesis
and Application. Nanomaterials 2022, 12, 673. [CrossRef]

Saravanan, A.; Kumar, P.S.; Karishma, S.; Vo, D.-V.N.; Jeevanantham, S.; Yaashikaa, PR.; George, C.S. A Review on Biosynthesis
of Metal Nanoparticles and Its Environmental Applications. Chemosphere 2021, 264, 128580. [CrossRef]

Jadoun, S; Arif, R.; Jangid, N.K.; Meena, R.K. Green Synthesis of Nanoparticles Using Plant Extracts: A Review. Environ. Chem.
Lett. 2021, 19, 355-374. [CrossRef]

Ying, S.; Guan, Z.; Ofoegbu, P.C.; Clubb, P.; Rico, C.; He, F.; Hong, J. Green Synthesis of Nanoparticles: Current Developments
and Limitations. Environ. Technol. Innov. 2022, 26, 102336. [CrossRef]

Guerrero, S.; Herance, J.R.; Rojas, S.; Mena, ].F.; Gispert, ].D.; Acosta, G.A.; Albericio, F.; Kogan, M.]. Synthesis and in Vivo
Evaluation of the Biodistribution of a 18F-Labeled Conjugate Gold-Nanoparticle-Peptide with Potential Biomedical Application.
Bioconjug. Chem. 2012, 23, 399—-408. [CrossRef] [PubMed]

Philip, D. Synthesis and Spectroscopic Characterization of Gold Nanoparticles. Spectrochim. Acta. A Mol. Biomol. Spectrosc. 2008,
71, 80-85. [CrossRef] [PubMed]

Liu, X.; Atwater, M.; Wang, J.; Huo, Q. Extinction Coefficient of Gold Nanoparticles with Different Sizes and Different Capping
Ligands. Colloids Surf. B Biointerfaces 2007, 58, 3-7. [CrossRef] [PubMed]

Debut, A.; Vizuete, K.; Pazmifio, K.; Calderdn, J.; Gallegos, C.; Gaona, V. Effect of Visual Cognition on the Measurement of Particle
Size Using Image] Software. Curr. Mater. Sci. 2021, 14, 141-154. [CrossRef]

Song, K.-M.; Cho, M.; Jo, H.; Min, K,; Jeon, S.H.; Kim, T.; Han, M.S.; Ku, ] K,; Ban, C. Gold Nanoparticle-Based Colorimetric
Detection of Kanamycin Using a DNA Aptamer. Anal. Biochem. 2011, 415, 175-181. [CrossRef]

Diaz-Garcia, V.; Contreras-Trigo, B.; Rodriguez, C.; Coelho, P.,; Oyarzun, P. A Simple Yet Effective Preanalytical Strategy Enabling
the Application of Aptamer-Conjugated Gold Nanoparticles for the Colorimetric Detection of Antibiotic Residues in Raw Milk.
Sensors 2022, 22, 1281. [CrossRef]

Brown, C.E. Coefficient of Variation. In Applied Multivariate Statistics in Geohydrology and Related Sciences; Springer:
Berlin/Heidelberg, Germany, 1998; pp. 155-157, ISBN 978-3-642-80330-7.

Lovie, P. Coefficient of Variation. In Encyclopedia of Statistics in Behavioral Science; Everitt, B.S., Howell, D.C., Eds.; Wiley: New York,
NY, USA, 2005; Volume 1, pp. 317-318, ISBN 978-0-470-86080-9.

Byzova, N.A.; Zherdev, A.V.; Khlebtsov, B.N.; Burov, A.M.; Khlebtsov, N.G.; Dzantiev, B.B. Advantages of Highly Spherical Gold
Nanoparticles as Labels for Lateral Flow Immunoassay. Sernsors 2020, 20, 3608. [CrossRef]

Sarfraz, N.; Khan, I. Plasmonic Gold Nanoparticles (AuNPs): Properties, Synthesis and Their Advanced Energy, Environmental
and Biomedical Applications. Chem. An. Asian J. 2021, 16, 720-742. [CrossRef]

Yeh, Y.-C.; Creran, B.; Rotello, V.M. Gold Nanoparticles: Preparation, Properties, and Applications in Bionanotechnology.
Nanoscale 2012, 4, 1871-1880. [CrossRef]

Sau, TK.; Murphy, C.J. Room Temperature, High-Yield Synthesis of Multiple Shapes of Gold Nanoparticles in Aqueous Solution.
J. Am. Chem. Soc. 2004, 126, 8648-8649. [CrossRef]

Bakr, O.M.; Wunsch, B.H.; Stellacci, F. High-Yield Synthesis of Multi-Branched Urchin-Like Gold Nanoparticles. Chem. Mater.
2006, 18, 3297-3301. [CrossRef]

Blanch, A.].; Doblinger, M.; Rodriguez-Fernandez, J. Simple and Rapid High-Yield Synthesis and Size Sorting of Multibranched
Hollow Gold Nanoparticles with Highly Tunable NIR Plasmon Resonances. Small 2015, 11, 4550-4559. [CrossRef]


https://doi.org/10.1039/C0CC02075C
https://doi.org/10.1021/ja074447k
https://doi.org/10.1155/2013/639725
https://doi.org/10.1021/acsnano.5b01579
https://doi.org/10.3390/s18072246
https://www.ncbi.nlm.nih.gov/pubmed/30002306
https://doi.org/10.1007/s11051-012-0778-8
https://doi.org/10.1039/c2ce25840d
https://doi.org/10.1186/s11671-023-03787-8
https://doi.org/10.1016/j.msec.2020.110830
https://doi.org/10.3390/nano11082130
https://doi.org/10.3390/nano12040673
https://doi.org/10.1016/j.chemosphere.2020.128580
https://doi.org/10.1007/s10311-020-01074-x
https://doi.org/10.1016/j.eti.2022.102336
https://doi.org/10.1021/bc200362a
https://www.ncbi.nlm.nih.gov/pubmed/22284226
https://doi.org/10.1016/j.saa.2007.11.012
https://www.ncbi.nlm.nih.gov/pubmed/18155956
https://doi.org/10.1016/j.colsurfb.2006.08.005
https://www.ncbi.nlm.nih.gov/pubmed/16997536
https://doi.org/10.2174/2666145414666210421080113
https://doi.org/10.1016/j.ab.2011.04.007
https://doi.org/10.3390/s22031281
https://doi.org/10.3390/s20123608
https://doi.org/10.1002/asia.202001202
https://doi.org/10.1039/C1NR11188D
https://doi.org/10.1021/ja047846d
https://doi.org/10.1021/cm060681i
https://doi.org/10.1002/smll.201500095

Biosensors 2023, 13, 992 17 of 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Sanchez-Iglesias, A.; Winckelmans, N.; Altantzis, T.; Bals, S.; Grzelczak, M.; Liz-Marzan, L.M. High-Yield Seeded Growth of
Monodisperse Pentatwinned Gold Nanoparticles through Thermally Induced Seed Twinning. J. Am. Chem. Soc. 2017, 139,
107-110. [CrossRef] [PubMed]

Zhang, P; Li, Y.; Wang, D.; Xia, H. High-Yield Production of Uniform Gold Nanoparticles with Sizes from 31 to 577 Nm via
One-Pot Seeded Growth and Size-Dependent SERS Property. Part. Part. Syst. Charact. 2016, 33, 924-932. [CrossRef]

Lu, Y;; Wang, L.; Chen, D.; Wang, G. Determination of the Concentration and the Average Number of Gold Atoms in a Gold
Nanoparticle by Osmotic Pressure. Langmuir 2012, 28, 9282-9287. [CrossRef] [PubMed]

Bahmanyar, Z.; Mohammadi, F.; Gholami, A.; Khoshneviszadeh, M. Effect of Different Physical Factors on the Synthesis of
Spherical Gold Nanoparticles towards Cost-Effective Biomedical Applications. IET Nanobiotechnol. 2023, 17, 1-12. [CrossRef]
[PubMed]

Gangula, A.; Podila, R.; Karanam, L.; Janardhana, C.; Rao, A.M. Catalytic Reduction of 4-Nitrophenol Using Biogenic Gold and
Silver Nanoparticles Derived from Breynia Rhamnoides. Langmuir 2011, 27, 15268-15274. [CrossRef]

Qiao, Y.; Chen, H.; Lin, Y.; Huang, J. Controllable Synthesis of Water-Soluble Gold Nanoparticles and Their Applications in
Electrocatalysis and Surface-Enhanced Raman Scattering. Langmuir 2011, 27, 11090-11097. [CrossRef]

Wang, Y.; Li, Y.F; Huang, C.Z. A One-Pot Green Method for One-Dimensional Assembly of Gold Nanoparticles with a Novel
Chitosan—Ninhydrin Bioconjugate at Physiological Temperature. . Phys. Chem. C 2009, 113, 4315-4320. [CrossRef]

Huang, T.; Meng, F,; Qi, L. Facile Synthesis and One-Dimensional Assembly of Cyclodextrin-Capped Gold Nanoparticles and
Their Applications in Catalysis and Surface-Enhanced Raman Scattering. J. Phys. Chem. C 2009, 113, 13636-13642. [CrossRef]
Panariello, L.; Chuen To, K.; Khan, Z.; Wu, G.; Gkogkos, G.; Damilos, S.; Parkin, LP.; Gavriilidis, A. Kinetics-Based Design of a
Flow Platform for Highly Reproducible on Demand Synthesis of Gold Nanoparticles with Controlled Size between 50 and 150
Nm and Their Application in SERS and PIERS Sensing. Chem. Eng. J. 2021, 423, 129069. [CrossRef]

Ma, Q.; Wang, Y.; Jia, J.; Xiang, Y. Colorimetric Aptasensors for Determination of Tobramycin in Milk and Chicken Eggs Based on
DNA and Gold Nanoparticles. Food Chem. 2018, 249, 98-103. [CrossRef] [PubMed]

Grys, D.-B.; de Nijs, B.; Salmon, A R.; Huang, J.; Wang, W.; Chen, W.-H.; Scherman, O.A.; Baumberg, ].J. Citrate Coordination and
Bridging of Gold Nanoparticles: The Role of Gold Adatoms in AuNP Aging. ACS Nano 2020, 14, 8689-8696. [CrossRef]

Singh, P; Kim, Y.-J.; Zhang, D.; Yang, D.-C. Biological Synthesis of Nanoparticles from Plants and Microorganisms. Trends
Biotechnol. 2016, 34, 588-599. [CrossRef] [PubMed]

Roy, A.; Pandit, C.; Gacem, A.; Alqahtani, M.S.; Bilal, M.; Islam, S.; Hossain, M.].; Jameel, M. Biologically Derived Gold
Nanoparticles and Their Applications. Bioinorg. Chem. Appl. 2022, 2022, 1-13. [CrossRef]

Heinemann, M.G.; Rosa, C.H.; Rosa, G.R.; Dias, D. Biogenic Synthesis of Gold and Silver Nanoparticles Used in Environmental
Applications: A Review. Trends Environ. Anal. Chem. 2021, 30, e00129. [CrossRef]

Menon, S.; Rajeshkumar, S.; Kumar, V. A Review on Biogenic Synthesis of Gold Nanoparticles, Characterization, and Its
Applications. Resour. Effic. Technol. 2017, 3, 516-527. [CrossRef]

Sharma, D.; Kanchi, S.; Bisetty, K. Biogenic Synthesis of Nanoparticles: A Review. Arab. . Chem. 2019, 12, 3576-3600. [CrossRef]
Dheyab, M.A.; Aziz, A.A.; Moradi Khaniabadi, P.; Jameel, M.S.; Oladzadabbasabadi, N.; Mohammed, S.A.; Abdullah, R.S,;
Mehrdel, B. Monodisperse Gold Nanoparticles: A Review on Synthesis and Their Application in Modern Medicine. IJMS 2022,
23, 7400. [CrossRef]

Chang, C.-C.; Chen, C.-P; Wu, T.-H.; Yang, C.-H.; Lin, C.-W.; Chen, C.-Y. Gold Nanoparticle-Based Colorimetric Strategies for
Chemical and Biological Sensing Applications. Nanomaterials 2019, 9, 861. [CrossRef]

Kim, D.; Lee, K;; Jeon, Y.; Kwon, G.; Kim, U.-].; Oh, C.-S.; Kim, ].; You, J. Plasmonic Nanoparticle-Analyte Nanoarchitectronics
Combined with Efficient Analyte Deposition Method on Regenerated Cellulose-Based SERS Platform. Cellulose 2021, 28,
11493-11502. [CrossRef]

Xu, R;; Ouyang, L.; Chen, H.; Zhang, G.; Zhe, J. Recent Advances in Biomolecular Detection Based on Aptamers and Nanoparticles.
Biosensors 2023, 13, 474. [CrossRef] [PubMed]

Nooranian, S.; Mohammadinejad, A.; Mohajeri, T.; Aleyaghoob, G.; Kazemi Oskuee, R. Biosensors Based on Aptamer-Conjugated
Gold Nanoparticles: A Review. Biotechnol. Appl. Biochem. 2022, 69, 1517-1534. [CrossRef]

Davydova, A.; Vorobyeva, M. Aptamer-Based Biosensors for the Colorimetric Detection of Blood Biomarkers: Paving the Way to
Clinical Laboratory Testing. Biomedicines 2022, 10, 1606. [CrossRef]

Bedford, E.E.; Spadavecchia, J.; Pradier, C.-M.; Gu, EX. Surface Plasmon Resonance Biosensors Incorporating Gold Nanoparticles:
Surface Plasmon Resonance Biosensors. Macromol. Biosci. 2012, 12, 724-739. [CrossRef] [PubMed]

Saha, K.; Agasti, S.S.; Kim, C.; Li, X.; Rotello, V.M. Gold Nanoparticles in Chemical and Biological Sensing. Chem. Rev. 2012, 112,
2739-2779. [CrossRef]

Panariello, L.; Damilos, S.; du Toit, H.; Wu, G.; Radhakrishnan, A.N.P,; Parkin, L.P; Gavriilidis, A. Highly Reproducible, High-Yield
Flow Synthesis of Gold Nanoparticles Based on a Rational Reactor Design Exploiting the Reduction of Passivated Au(I1I). React.
Chem. Eng. 2020, 5, 663-676. [CrossRef]

Verma, M.S.; Rogowski, J.L.; Jones, L.; Gu, EX. Colorimetric Biosensing of Pathogens Using Gold Nanoparticles. Biotechnol. Adv.
2015, 33, 666—-680. [CrossRef]

Sengupta, A.; Azharuddin, M.; Al-Otaibi, N.; Hinkula, J. Efficacy and Immune Response Elicited by Gold Nanoparticle-Based
Nanovaccines against Infectious Diseases. Vaccines 2022, 10, 505. [CrossRef]


https://doi.org/10.1021/jacs.6b12143
https://www.ncbi.nlm.nih.gov/pubmed/28009166
https://doi.org/10.1002/ppsc.201600188
https://doi.org/10.1021/la300893e
https://www.ncbi.nlm.nih.gov/pubmed/22642619
https://doi.org/10.1049/nbt2.12100
https://www.ncbi.nlm.nih.gov/pubmed/36326590
https://doi.org/10.1021/la2034559
https://doi.org/10.1021/la2019154
https://doi.org/10.1021/jp809708q
https://doi.org/10.1021/jp903405y
https://doi.org/10.1016/j.cej.2021.129069
https://doi.org/10.1016/j.foodchem.2018.01.022
https://www.ncbi.nlm.nih.gov/pubmed/29407938
https://doi.org/10.1021/acsnano.0c03050
https://doi.org/10.1016/j.tibtech.2016.02.006
https://www.ncbi.nlm.nih.gov/pubmed/26944794
https://doi.org/10.1155/2022/8184217
https://doi.org/10.1016/j.teac.2021.e00129
https://doi.org/10.1016/j.reffit.2017.08.002
https://doi.org/10.1016/j.arabjc.2015.11.002
https://doi.org/10.3390/ijms23137400
https://doi.org/10.3390/nano9060861
https://doi.org/10.1007/s10570-021-04283-x
https://doi.org/10.3390/bios13040474
https://www.ncbi.nlm.nih.gov/pubmed/37185549
https://doi.org/10.1002/bab.2224
https://doi.org/10.3390/biomedicines10071606
https://doi.org/10.1002/mabi.201100435
https://www.ncbi.nlm.nih.gov/pubmed/22416018
https://doi.org/10.1021/cr2001178
https://doi.org/10.1039/C9RE00469F
https://doi.org/10.1016/j.biotechadv.2015.03.003
https://doi.org/10.3390/vaccines10040505

Biosensors 2023, 13, 992 18 of 18

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Pallares, R.M.; Mottaghy, EM.; Schulz, V.; Kiessling, F.; Lammers, T. Nanoparticle Diagnostics and Theranostics in the Clinic.
J. Nucl. Med. 2022, 63, 1802-1808. [CrossRef]

Li, X.;; Zhang, Y.; Liu, G.; Luo, Z.; Zhou, L.; Xue, Y.; Liu, M. Recent Progress in the Applications of Gold-Based Nanoparticles
towards Tumor-Targeted Imaging and Therapy. RSC Adv. 2022, 12, 7635-7651. [CrossRef]

Sargazi, S.; Laraib, U.; Er, S.; Rahdar, A.; Hassanisaadi, M.; Zafar, M.N.; Diez-Pascual, A.M.; Bilal, M. Application of Green Gold
Nanoparticles in Cancer Therapy and Diagnosis. Nanomaterials 2022, 12, 1102. [CrossRef] [PubMed]

Kumar, D.; Mutreja, I.; Sykes, P. Seed Mediated Synthesis of Highly Mono-Dispersed Gold Nanoparticles in the Presence of
Hydroquinone. Nanotechnology 2016, 27, 355601. [CrossRef]

Christau, S.; Moeller, T.; Genzer, J.; Koehler, R.; von Klitzing, R. Salt-Induced Aggregation of Negatively Charged Gold
Nanoparticles Confined in a Polymer Brush Matrix. Macromolecules 2017, 50, 7333-7343. [CrossRef]

Babaei Afrapoli, Z.; Faridi Majidi, R.; Negahdari, B.; Tavoosidana, G. ‘Reversed Turkevich’ Method for Tuning the Size of Gold
Nanoparticles: Evaluation the Effect of Concentration and Temperature. Nanomed. Res. ]. 2018, 3, 190-196. [CrossRef]
Sivaraman, S.K.; Kumar, S.; Santhanam, V. Monodisperse Sub-10nm Gold Nanoparticles by Reversing the Order of Addition in
Turkevich Method—The Role of Chloroauric Acid. J. Colloid Interface Sci. 2011, 361, 543-547. [CrossRef]

Madhavan, A.A; Juneja, S.; Moulick, R.G.; Bhattacharya, ]. Growth Kinetics of Gold Nanoparticle Formation from Glycated
Hemoglobin. ACS Omega 2020, 5, 3820-3827. [CrossRef]

Hong, S.; Li, X. Optimal Size of Gold Nanoparticles for Surface-Enhanced Raman Spectroscopy under Different Conditions.
J. Nanomater. 2013, 2013, €790323. [CrossRef]

Ojea-Jiménez, I.; Campanera, ].M. Molecular Modeling of the Reduction Mechanism in the Citrate-Mediated Synthesis of Gold
Nanoparticles. J. Phys. Chem. C 2012, 116, 23682-23691. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2967/jnumed.122.263895
https://doi.org/10.1039/D2RA00566B
https://doi.org/10.3390/nano12071102
https://www.ncbi.nlm.nih.gov/pubmed/35407220
https://doi.org/10.1088/0957-4484/27/35/355601
https://doi.org/10.1021/acs.macromol.7b00866
https://doi.org/10.22034/nmrj.2018.04.003
https://doi.org/10.1016/j.jcis.2011.06.015
https://doi.org/10.1021/acsomega.9b02200
https://doi.org/10.1155/2013/790323
https://doi.org/10.1021/jp305830p

	Introduction 
	Materials and Methods 
	Materials and Chemicals 
	Turkevich Synthesis of Gold Nanoparticles (t-AuNPs) 
	Microsynthesis of Gold Nanoparticles (m-AuNPs) 
	UV-Vis Spectroscopy 
	Dynamic Light Scattering (DLS) and Zeta Potential 
	Electronic Microscopy 
	Nanoaptasensor Preparation 
	Kanamycin Detection Assay 
	Screening of Synthesis Parameters: Effect of pH 
	Statistical Analysis 

	Results and Discussion 
	Spectroscopic and Physicochemical Characterization of AuNPs 
	Effect of Volume on Reproducibility 
	Comparative Study of Stability 
	Antibiotic Detection Assays with Nano-Aptasensors (NAS) 
	Other Bioapplications: Screening of Synthesis Parameters 

	Conclusions 
	References

