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A novel protocol for the synthesis of gold nanoparticles (AuNPs) is presented, utilizing HAuCl, and a 1: 2
acetone-acetylacetone mixture as the reducing agent. Nanoparticle size was regulated by reagent
concentration. Characterization confirmed spherical AUNPs with an LSPR peak at 521 nm and average
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sizes of 14.7 nm (TEM) and 23.7 nm (DLS), indicating biomedical relevance.
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1. Introduction

The discovery of colloidal gold dates back to the pioneering
work of Michael Faraday in the 1850 s, when he reduced
sodium chloroaurate in suspension and observed the distinc-
tive optical properties of the resulting colloidal dispersion, later
known as “Faraday gold”.'” Faraday also reported the Fara-
day-Tyndall effect, where incident light was scattered by fine
gold particles suspended in liquid, thereby laying the founda-
tion for modern nanoscience and nanotechnology.'™ Since
then, gold nanoparticles (AuNPs) have become among the most
widely studied nanomaterials, particularly for biomedical appli-
cations, due to their favourable physicochemical features
including facile synthesis, straightforward surface modifica-
tion, high surface-to-volume ratio, size-dependent optical prop-
erties, biocompatibility, and relatively low toxicity.> Wang
et al. (2024) demonstrated that nanostructured platforms can
achieve highly selective detection, reinforcing the diagnostic
potential of SPR-active AuNPs. Such findings underscore the
importance of refining AuNP synthesis methods to obtain high
stability, uniformity, and tunable optical properties for analy-
tical and biomedical applications.® Unlike bulk gold, the prop-
erties and colour diversity of AuNPs are strongly dictated by
particle size and morphology, making them attractive for a
variety of technological and biological uses.”® The unique
optical, chemical, and physical characteristics of AuNPs have
enabled their integration into diverse fields, spanning optical
imaging, cancer therapy, biosensing, medical diagnostics, and
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drug delivery”® (Fig. 1). Nanoparticle synthesis strategies
are generally classified as top-down or bottom-up. The top-
down approach involves breaking down bulk materials into
nanoscale structures, whereas the bottom-up approach assem-
bles atoms or molecules to build nanostructures.'®™ A wide
range of physical, chemical, and biological routes have been
employed within these categories, as depicted in (Table S1).**
Chemical approaches are attractive for their simplicity
and scalability though they frequently rely on hazardous
reagents. By contrast, biological syntheses harness metabolites
such as proteins, fatty acids, and phenolic compounds from
microbial or plant sources, enabling eco-friendly bio reduction
and improved nanoparticle stability, albeit often with reduced
control over particle size.”'*'®> Biosynthesised AuNPs have
been applied successfully in antibacterial, anticancer, anti-
inflammatory, and antioxidant contexts,"” yet reproducibility
and tunability remain challenges. Chemical syntheses, on the
other hand, afford precise size control but can yield toxic by-

products detrimental to environmental and human health.*®'”
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Fig. 1 A diagram representing the diverse applications of AuNPs.
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Among chemical methods, citrate reduction (Turkevich/Frens)
is widely used but requires boiling conditions and relatively
long reaction times for size control."®'? Sodium borohydride, a
stronger reductant, rapidly produces ultrasmall AuNPs but
generates highly unstable colloids and poses safety concerns
due to hydrogen release.”® Ketone-based reductions, particu-
larly those employing acetylacetone or Au(m)-B-diketonate
intermediates, offer alternatives but typically require complex
precursors, light activation, or elevated temperatures.”' Thus,
while many reductants exist, a gap persists for a simple, rapid,
aqueous synthesis at room temperature that (i) yields stable
colloids in the 10-30 nm range, (ii) permits size tunability
through straightforward reagent control, and (iii) is inherently
compatible with downstream functionalisation techniques
such as silanization, Au-thiol coupling, and molecular
imprinting.?” In diagnostics, gold nanoparticles (AuNPs) have
been extensively utilized in colorimetric assays, lateral flow
tests, biosensors, and optical imaging, owing to their size-
and shape-dependent optical properties.”® Qian et al. (2025)
highlighted the importance of precise nanostructure control for
biomedical applications, demonstrating that optimized physi-
cochemical parameters can significantly enhance nanoparticle
based diagnostics.>* Lei et al. (2025) and Sun et al. (2025) have
shown that integrating advanced physical or optical tools such
as magnetic field based generators and cavity ring-down
spectroscopy (CRDS) can significantly improve real-time ana-
lyte detection and nanoparticle control, illustrating the
potential of AuNPs in dynamic diagnostic monitoring.>*>>®
These advances align closely with the goals of the present work,
which focuses on producing stable, reproducible AuNPs with
tunable optical properties suitable for sensing applications.
The relationship between nanoparticle morphology and optical
response is critical. Gao, Sun, and Du (2025) demonstrated that
controlled nanostructure growth profoundly influences surface
plasmon resonance behaviour, highlighting the importance of
morphology in determining sensitivity and specificity in optical
sensing.”” Similarly, Gao et al. (2025) developed luminescent
polypeptide-based nanoparticles exhibiting tumor-selective
responses, illustrating how tailored nanostructure design can
be harnessed for biomedical diagnostics.?® In another study,
Fagonia arabica extract-stabilized AuNPs were reported to pos-
sess high selectivity toward Cd>* detection, along with photocata-
lytic and antibacterial properties, underscoring the multifunctional
potential of gold nanostructures.” These studies collectively rein-
force the broader impact of nanomaterial design in biosensing and
therapeutic systems. Electrochemical and optical sensing platforms
continue to evolve in sensitivity and selectivity through the integra-
tion of metallic nanomaterials. For example, a sandwich electro-
chemical immunosensor based on antibody-functionalized silver
nanoparticles was developed for detecting the dengue biomarker
protein NS1, demonstrating the adaptability of nanoparticle-based
platforms for disease diagnostics.>® Such examples illustrate how
nanomaterials can be engineered for target-specific recognition
and detection.

Common chemical synthesis methods, such as citrate
reduction and sodium borohydride reduction, have been widely
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employed to produce AuNPs for these applications due to their
relatively predictable size control.** Chemical synthesis, despite
its simplicity and scalability, often relies on potentially hazar-
dous reagents and requires separate functionalization steps to
impart specific biological recognition capabilities.**** This
process can be time-consuming and environmentally taxing,
particularly when compared to biosynthetic or enzymatic
approaches. Biological synthesis approaches, while environ-
mentally friendly and biocompatible, typically yield polydis-
perse nanoparticles with less reproducible optical properties,
limiting their diagnostic performance.** Consequently, there
remains a need for a synthesis route that is simple, rapid, and
produces stable, tunable AuNPs compatible with diagnostic
platforms. To address this gap, we report a novel one-pot
protocol based on a defined 1:2 acetone:acetylacetone redu-
cing mixture. This approach reduces HAuCl, directly in aqu-
eous solution under ambient conditions, producing stable
AuNPs within one minute without the need for elevated tem-
peratures or external activation.””** By adjusting the concen-
tration of the reducing mixture, particle size can be tuned
reproducibly, yielding uniform spherical nanoparticles of
~15-25 nm with narrow size distributions.>® Compared to
citrate and borohydride reductions, this acetone-acetylacetone
system is milder, safer, and generates colloids ideally suited for
integration into molecularly imprinted polymers and optical sen-
sing platforms.”*?* In light of recent advancements, this study
introduces a novel, rapid, and environmentally benign chemical
approach offering an efficient and scalable route for the synthesis
of gold nanoparticles that meet the practical requirements of
nanotechnology, biosensing, and diagnostic applications.

2. Experimental

2.1. Experimental procedure for the synthesis of gold
nanoparticles

Gold nanoparticles were synthesized using a novel method
(Fig. S1A). Deionised water (5 mL) was purged with N, for
10 minutes, followed by the addition of 60 pL HAuCl,
(0.7 mg mL™", 30 mM). After one minute of mixing, varying
volumes (0.125-1 mL) of a reducing agent (4.5 M acetone and
6.47 M acetylacetone, mixed 1:2) were introduced. Nitrogen
purging continued until the solution turned pink-purple within
a minute, confirming nanoparticle formation (Fig. S1B). Full
details about the materials are provided in the SI.

2.2. Comprehensive characterization of synthesized gold
nanoparticles

Gold nanoparticles were thoroughly characterized due to their
dependence on size, surface texture, and shape, with their
formation visually confirmed by a distinct colour change from
light yellow to red. Size and morphology were analyzed using
dynamic light scattering (DLS), localized surface plasmon reso-
nance (LSPR), Transmission electron microscopy (TEM), and
Fourier transform infrared spectroscopy (FTIR), as detailed in
the SI. All measurements were performed in triplicate (n = 3).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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For TEM, at least 200 particles per replicate were measured using
Image] to calculate the average diameter, while DLS and PDI
analyses were conducted on independent AuNP batches. Reported
error margins (+) correspond to standard deviation (SD). This
approach ensures reproducibility and provides a reliable assess-
ment of nanoparticle size distribution and dispersity.**>°

3. Results and discussion

3.1. Synthesis of gold nanoparticles

AuNPs are nanoparticles synthesized via the reduction method
as shown in (Scheme 1). Acetylacetone, which is alternatively
referred to as 2,4-pentanedione, has been employed as a redu-
cing agent in certain methodologies for the synthesis of gold
nanoparticles.”* The reducing action of acetylacetone is facili-
tated by the carbonyl groups, which donate electrons to the
reduction of gold ions (Au™ to Au’). Additionally, acetone
weakly reduces the metal ions, while it can help prevent
premature aggregation of nanoparticles by maintaining the
nanoparticles dispersed in the solution. This is particularly
important for achieving smaller and more uniform nano-
particles. During this study, a variety of reducing agents were
evaluated for the synthesis of gold nanoparticles (AuNPs),
including cyclohexanone, ascorbic acid, triacetin, benzophe-
none, dimethoxy acetophenone, urea, uric acid, glucose, fruc-
tose, uridine, an acetone/hydrogen peroxide mixture, acetone,
and acetylacetone. Using acetone alone leads to partial
reduction of Au*" ions, resulting in rapid nucleation and
uncontrolled growth of particles, which causes clustering and
precipitation with limited stability. This observation aligns with
our experimental results, where AuNPs synthesized using only
acetone displayed visible aggregation and sedimentation
within hours of preparation, as depicted in (Fig. S2). Conver-
sely, other ketones such as cyclohexanone proved unsuitable
due to acid-catalyzed polymerization during synthesis, leading
to unwanted by-products and unstable colloidal suspensions.
These results emphasize the need for careful selection of
reducing agents to ensure controlled particle nucleation and
long-term stability. Prompted further investigation of the two
most effective reducing agents, which were acetone and acet-
ylacetone. As a result of this, we investigated acetone and

acetylacetone, the optimized mixture of acetone and
AUCL{
A:Cg AuCly Reduction
H,0 u
B ' _4AuCl4’
AuCl acetone/acetylacetone
AllCl47

Aunps

Scheme 1 Schematic representation of the synthesis of gold nano-
particles during the process.
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acetylacetone in a 1:2 molar ratio provides a balance between
reduction potential and complexation ability. The enol form of
acetylacetone stabilizes Au®*" intermediates via chelation, mod-
erating the reduction kinetics and promoting the formation of
uniformly dispersed nanoparticles. Deviations from this opti-
mal ratio (e.g, 1:1 or 2:1) led to aggregation over time,
demonstrating the crucial role of precise stoichiometric control
in maintaining colloidal stability and reproducibility, as shown
in Fig. S3. The concentration of the acetone/acetylacetone
mixture significantly influences the reduction rate of gold ions
during the synthesis of gold nanoparticles (AuNPs). Mostly, an
increase in the concentration of the reducing agent results in a
more rapid progression of the kinetics of the reduction reac-
tion, which ultimately causes the particle size to decrease.

3.2. Morphological and optical characterizations

Gold nanoparticles exhibit localized surface plasmon reso-
nance, which results in a strong absorbance band in the visible
region (500-600 nm). The spectra obtained are shown in Fig. 2.
As expected, AuNPs exhibited an absorption maximum of
521 nm. On the other hand, HAuCl, has an absorption peak
at 442 nm, this peak is not due to the LSPR phenomenon.
Instead, it arises from electronic transitions within the HAuCl,
molecular complex. LSPR is a property of metallic nano-
particles, not ionic or molecular species like HAuCl,. The
surface plasmon resonance (SPR) phenomenon refers to the
oscillation of unbound electrons on the outside of a solid
substance. Metal nanoparticles provide support for the loca-
lized surface plasmon resonance (LSPR). The localized surface
plasmon resonance (LSPR) takes place when the frequency of
incoming light aligns with the inherent frequency of electrons
on the surface.’”*® The absorption intensity and wavelength
are correlated with physical characteristics of AuNPs, such as
their structure, shape, metal composition, and size.?”*>*° The
synthesised spherical AuNPs with a diameter of approximately
20 nm had surface plasmon band peaks at 521 nm in the
LSPR spectrum. The wavelength shifts to higher values with
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Fig. 2 LSPR absorption spectrum of hydrogen tetrachloroaurate (gold
ions) and gold nanoparticles.
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an increase in the nanoparticle’s diameter, as depicted in
(Table S2).

Transmission electron microscopy (TEM) is used to measure
the size and examine the surface structure of nanoparticles,
making them ideal for analysing the structural and chemical
properties of nanomaterials at the nanoscale Transmission
electron microscopes have a maximum magnification of 50
million times, allowing for clear observation of small details.*"
In the present study, the morphology and optical properties of
the synthesised gold nanoparticles were directly influenced by
the change in the percentage of the reducing agent. The most
favourable characteristics of gold nanoparticles were obtained
at higher concentration, corresponding to a 1 mL quantity of
the reducing agent. The TEM images of Au NPs revealed the
size of Au NPs in the range of 13 to 17 nm, which was measured
by Image] software. TEM images indicated that most of the
formed nanoparticles are spherically shaped (Fig. 3).

The technique of dynamic light scattering was used to assess
the mean size, size distribution, and possible aggregation of the
synthesized gold nanoparticles (AuNPs).**** The most favour-
able characteristics of gold nanoparticles including stability,
tuneable size and shape, surface modifiability, biocompatibil-
ity, strong optical and catalytic properties, and ease of produc-
tion, were obtained at a higher concentration, corresponding to
1 mL quantity of RA. This was determined through a systematic
modulation in the concentration of the reducing agent. The
size distribution was very narrow at this concentration, with an
average particle diameter of approximately 20 nm, as confirmed
by TEM analysis. In addition, only one peak was observed in the
graph, indicating that there were no particles of very different
sizes in the colloid.** PDI quantifies the level of “non-
uniformity” in a distribution. This value was determined using
the width of the size distribution. The range spans from zero,
representing a perfectly uniform sample, to 1.0, indicating a
substantially polydisperse sample with different particle
sizes.*>** A broad particle size distribution profile is denoted
by PDI values greater than 0.7.*>® The PDI value of 0.263
indicates a monodisperse colloidal system with reliable stabi-
lity, consistent with the benchmark that PDI < 0.3 reflects
high-quality nanoparticle dispersions. Compared with citrate-

{(1) Length 14.152 nm
) Length 18.375 nm

.(3) Length 11.757 nm

BRSO ‘
100 nm ) Length 14.658 nm
Fig. 3 TEM images of gold nanoparticles at 100 and 200 nm scales. Inset:

particle size distribution histogram derived from Imaged analysis of >200
particles, confirming narrow distribution around 14-17 nm.
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Fig. 4 FTIR spectra of gold nanoparticles.

and ascorbic acid- mediated reduction, which frequently yield
broader or polydisperse size distribution requiring further
optimisation,'>'®'® the acetone- acetylacetone protocol consis-
tently produces AuNPs with lower PDI value and enhanced
reproducibility. Generally, an increase in the concentration of
the reducing agent results in a more rapid progression of the
kinetics of the reduction reaction, which ultimately causes the
particle size to decrease. This is because a greater concentration
of reducing agent can facilitate the nucleation and develop-
ment of smaller nanoparticles by providing more electrons to
reduce the gold ions. The average size of gold nanoparticles
synthesized using varying concentrations of the reducing agent,
as determined by DLS and TEM, is shown in (Table S2). The +
values reported for TEM, DLS, and PDI measurements corre-
spond to the standard deviation of three independent repli-
cates, unless otherwise specified.*”

The FTIR is an exceptionally sensitive technology used to
identify the specific functional group existing between the
reducing agent and gold precursor. The identification of each
functional group in nanoparticle suspensions may be achieved
by analyzing the change in peaks. FTIR spectroscopy provides
evidence of the functionalization of AuNPs by showing the
interactions between the AuNPs and the agent used for
functionalization.*® Fig. 4 shows the FTIR spectra of AuNPs,
compared with HAuCl,, show distinct stretching and bending
modes at 3321, 2971, 1375, 1087, 1046, 879, and 626 cm ™,
corresponding to Au-Cl, Cl-Au-Cl, and Au-O interactions. In
summary, the FTIR spectra of gold nanoparticles are distinct
from those of gold ions due to differences in their chemical
environments, surface chemistry, aggregation states, ligand
interactions, and physical properties like size and shape. These
factors collectively contribute to the unique vibrational signa-
tures observed in the FTIR spectra of gold nanoparticles.

4. Conclusion

This paper demonstrates the synthesis of gold nanoparticles
using an improved protocol and the optimized composition of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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the reducing reagent. This process involves the reduction of
HAuCl, using acetone/acetylacetone as a reducing agent at
room temperature. A red solution was obtained, indicating
the formation of AuNPs. Herein, it was chosen the best out-
come for gold nanoparticles with 1 mL of reducing agent
(acetone and acetylacetone) present in a ratio of 1:2. The
absorption band of 521 nm constituted the surface plasmon
resonance (SPR) of the AuNPs. The TEM images of AuNPs reveal
that the particles are predominantly spherical and have an
average dimension of 14.7 £ 2.4 nm. The average particle size
determined by DLS was 23.7 + 1.7 nm, with a corresponding
polydispersity index (PDI) of 0.263. AuNPs were synthesized
using a simple and rapid method. The resulting spherical and
small particles with ease of surface functionalization and
stability can be used for a variety of diagnostic applications.
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