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Abstract

Gold nanoparticles are widely used in biomedical applications due to their unique properties. However, traditional
synthesis methods generate contaminants that cause cytotoxicity and compromise the biocompatibility of the nano-
materials. Therefore, green synthesis methods are essential to produce pure and biocompatible nanoparticles, ensuring
their effectiveness in biomedical applications. This study introduces a novel approach for synthesizing silica-coated gold
nanoparticles (AuNP@SiO,) using femtosecond laser ablation in water, eliminating the need for chemical reagents. The
process involves three key laser-based steps: Si ablation, SINP@SiO, fragmentation, and Au ablation, all conducted in a
liquid environment. The resulting AUNP@SiO, were characterized using transmission electron microscopy (TEM), UV-Vis
absorption spectroscopy, dynamic light scattering (DLS), X-ray diffraction (XRD), and zeta potential measurements. The
results demonstrated that the AuNP@SiO, nanoparticles exhibit high colloidal stability, with a notably negative zeta
potential of (-72.0+0.3) mV, effectively preventing particle aggregation. TEM analysis confirmed predominantly spheri-
cal nanoparticles with an average diameter of (15.87 +£0.70) nm, encapsulated by a SiO, layer ranging from 1 to 3 nmiin
thickness. The synthesis approach produced nanoparticles with an average size distribution below 35 nm. This green
synthesis method not only produces stable and well-characterized AuNP@SiO, nanoparticles but also represents a signifi-
cant step towards more sustainable nanomaterial production, with promising implications for biomedical applications.

Keywords Femtosecond laser ablation - Gold nanoparticles - Silica coating - Sustainable synthesis - Green
nanoparticles - Biomedical applications

1 Introduction

Metallic nanoparticles (NPs), due to their electronic and optical properties (localized surface plasmon resonance,
LSPR, and surface-enhanced Raman scattering, SERS) [1], have shown several applications such as drug delivery [2],
biosensing [3], photodynamic [4, 5], photothermal therapy [6], imaging [7, 8], food industry [9] and cancer therapy
[10]. However, for their biological use, it is important to control mainly their toxicity and colloidal stability. To provide
the latter requirements, NPs have to be protected or encapsulated with organic capping agents such as amines, thiols,
and polymers or oxides such as TiO, and SiO,. Silica is particularly advantageous for solubility, low density, and the
inertness of NPs while introducing numerous possibilities for their use [11-13]

Therefore, a synthesis method which assures low cytotoxicity and colloidal stability is desired in applications where
the NPs itself should not present harmfulness or side effects. The suspension should also not present harmful residual
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chemical reagents. In this way, a green synthesis [14] route is desired. A capping that allows functionalization of the
NPs also is important to broadening its application range.

Ways of producing it, for instance, are via chemical reduction [15], electrochemical [16], photochemical [17] among
others. Laser-assisted ways of synthesis are also possible, particularly in targets immersed in liquid [8], where the
ablation of a solid target can create NPs by the condensation of the plasma formed in the process [18].

Laser ablation is a process in which a high-intensity laser pulse promotes a rapid phase transition of a target, usu-
ally from solid to plasma. In order to achieve it, nanosecond or shorter-duration pulses are applied, with considerable
differences between them [19] with regard to the physical processes involved. In general terms, nanosecond ablation
is ruled by thermal heating, resulting in a composition of liquid and vapor phases, whereas femtosecond ablation
involves much more complex physical phenomena, with important differences between dielectrics and metals [20].
Thus, obtaining efficient ionization and atomization of the target, desirable for the production of nanoparticles,
requires an adequate balance between the various parameters involved in the ablation process when ultrashort
laser pulses are used [21].

The ablation and formation of metallic NPs is a half-step in the process. Nude NPs are prone to agglomeration [22],
impairing its uses. Typically, nanoparticles display size-dependent instability when dispersed in a solution, leading
to their tendency to aggregate into larger particles and subsequently precipitate. To avoid this issue, it is essential
to shield or encapsulate nanoparticles using organic capping agents, including thiols, amines, and polymers, or by
employing oxides such as SiO, [12, 23].

Previous studies have achieved metallic and capped NPs (shell-core) via laser ablation of solid targets, however,
in these demonstrations, chemical solutions were applied [1, 24-26], which can impair the potential application of
its products.

The aim of this study is to achieve a stable suspension of gold nanoparticles coated with SiO,, entirely avoiding
the use of chemical reagents.

Although some studies have demonstrated success in producing Si/Au nanocomposites via laser ablation in a
liquid medium [27-29], primarily by mixing a suspension of silicon nanoparticles (SiNPs) with a suspension of gold
nanoparticles (AuNPs), the methodologies used and the characteristics of the obtained nanomaterials show signifi-
cant differences compared to the present study, which focuses on the synthesis of core-shell type nanoparticles.

Our proposal involves ablating a gold target immersed in water saturated with sub-nanometric SiO, particles
(SiO,NPs). During the ablation process, the ejected gold atoms coalesce to form AuNPs. These AuNPs will attract the
dispersed SiO,NPs due to their electrical affinity, resulting in the capping and stabilization of the gold nanoparticles.
The resulting SiO,-coated nanoparticles will be referred to as AuUNP@SiO,.

To create saturated water with SiO,NPs, an immersed target of silicon can also be laser ablated, creating SiNPs
whose surface is oxidated to form core-shell SINP@SiO, [30], which is not ideal for our purpose due to its large size.
However, it has been demonstrated that ns laser pulses can fragment these NPs in smaller pieces [31] enabling, in
this way, adequate encapsulation of gold NPs.

This procedure leads to a three-step process (see Fig. 1): A) Silicon ablation in water; B) Fragmentation of the SiNP@
SiO, and C) Ablation of the gold target immersed in the previously produced solution.

Fig. 1 Steps A ablation of a
Si target, B fragmentation
and oxidation of the SiINP@
SiO, (large) leading to small
SiO,NPs, and C gold target
ablation in SiO,NPs suspen-
sion leading to the formation
of AuNPs coated with silica
shell (AuNP@SiO,). Arrows
indicate the laser incidence.
(Illustration is not meant to
represent the scales)
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2 Materials and methods

For the production of green nanoparticles (AuNP@SiO,), two different laser systems were employed. The primary
femtosecond system was utilized for ablating solid targets, while the secondary nanosecond system was employed
to induce SiNPs fragmentation and its subsequent total oxidation (silica).

The femtosecond laser pulses used were produced by the "Element PRO 400" seeder, whose emission is amplified by
the "Femtopower Double 10 kHz" amplifier, both manufactured by Femtolasers Produktions GmbH. The system delivers
30 fs pulses centered at 800 nm with a bandwidth of 40 nm, in a pulse train with a 10 kHz repetition rate and maximum
energy per pulse of 200 pJ. A high-precision micromachining stage (Aerotech, model ANT130) was utilized in combination
with the mentioned laser system. The laser beam was focused onto the target surfaces using a 20-mm focal length lens.

For the scanning speed utilized of 4.5 mm/s and a repetition rate of 10 kHz, an overlap of 8 pulses was employed to
ablate the targets. Furthermore, without considering the presence of liquid, the calculated diameter of the laser beam at
the focal point on the target surface is 3.6 um, which results in a fluence of 180 J/cm? for the energy used of 18 uJ. These
values, however, are approximations because, in addition to the spherical aberration introduced by refraction at the water
surface [32, 33], the calculated intensity of 5.9x 10'> W/cm? at the focus is sufficient for the emergence of non-linear
phenomena such as beam self-focusing [34], which modifies the entire spatial distribution of the focused laser pulse.

The secondary system utilized was a nanosecond laser (Nd:YAG) model "Merion—C" from Lumibird. It has a tempo-
ral width of 7 ns, with a maximum energy of 100 mJ, a repetition rate of 100 Hz, using a second harmonic generator
and maximized for 532 nm, and a beam diameter of 5.5 mm without the use of focusing optics. The collimated beam
was employed for Si fragmentation and subsequent production of SiO, NPs suspension.

The only materials utilized in nanoparticle production were ultrapure water, a gold target measuring 6 x 6x1 mm,
and a pure single-crystal silicon target measuring approximately 5x5x1 mm. The irradiation protocol adhered to
the following procedure:

1) Ablation of the Si target using the femtosecond laser: The silicon wafer was placed inside a cuvette, followed
by the addition of ultrapure water (18.2 MQ-cm) until it reached a height of 7 mm above the target surface. The
Si surface was then ablated with ultrashort 30 fs pulses, with an energy of 42 pJ and a fluence of 180 J/cm? at the
focal point. The ablation was conducted for 6 min, scanning the target surface at a speed of 4.5 mm/s. After the
ablation, the initial solution exhibited a light brown color, indicating the presence of large SiNP@SiO, particles,
which were unsuitable for the encapsulation of AuNPs.

2) SiNP@SiO: fragmentation using the nanosecond laser: To fragment the SiINP@SiO,, the initial suspension
was irradiated with a nanosecond laser, promoting the fragmentation of these nanoparticles and the oxidation
of silicon, resulting in the formation of subnanometric SiO,NPs. For this procedure, a cuvette (10 X 10x8 mm) con-
taining the initial solution was positioned 40 cm away from the nanosecond laser and irradiated for 5 min with a
pulse energy of 50 mJ, fluence of 210 mJ/cm?, and a repetition rate of 100 Hz, no focusing lens was used. The laser
beam was directed at the central lower area of the cuvette, ensuring uniform irradiation of the entire liquid vol-
ume through convection generated by the laser’s interaction with the suspension, as illustrated in step 3 of Fig. 1.
3) Production of AUNP@SiO,, using the femtosecond laser: The gold target was placed in the same cuvette
used to irradiate the silicon target, followed by the addition of the SiO,NPs solution produced in the previous
step, filling the cuvette to a height of 7 mm above the Au surface. Subsequently, the gold target was ablated with
the same parameters used in silicon ablation. Upon completion of the ablation process, the solution (AuNP@SiO,)
displayed a red hue, as shown in Fig. 2.

The AuNP@SIiO, suspension was characterized using different techniques. The absorption spectrum was determined
using UV-Vis spectroscopy, employing an Agilent "Cary 5000" spectrometer for this purpose. The hydrodynamic diameter
and Zeta potential were assessed through dynamic light scattering (DLS) and electrophoretic light scattering (cmPALS)
techniques, respectively, utilizing a particle analyzer model "Litesizer 500" from Anton Paar. Transmission electron micros-
copy (TEM) was employed to analyze the morphology and size distribution of the AUNP@SIO,, utilizing a Jeol "JEM-2100"
instrument. Additionally, X-ray diffraction (XRD) was utilized to examine the crystalline configuration of AuUNP@SiO, and
calculate the size of the crystallites, with Rigaku’s "SmartLab" equipment being employed for this purpose.

To evaluate the productivity of AUNPs by measuring the mass quantity of Au in the synthesized nanoparticles,
inductively coupled plasma mass spectrometry (ICP-MS) was employed. The analysis was conducted using the NexION
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Fig.2 Atthe topisshowna fs laser fs laser
schematic illustration of the
methodology: 1 The solid

silicon target is ablated while ns laser

immersed in ultrapure water;
2 The resulting solution
undergoes irradiation to frag- ‘
ment the SiNPs superficially
oxidated and their subse-

quent total oxidation, render-

ing a SiO,NPs suspension ‘ 2 ‘ 3 ‘ 4 - 5
completely clear; 4 The gold SiAblation  H20+SiNPs SiNPs fragmentation Au Ablation AuNP@SiO2
target immersed in SiO,NPs in H20 in H20+SiO2

suspension is ablated, leading
to the formation of core—shell
AuNP@SiO, as presented

in step 5. At the bottom are
shown the experimental
results corresponding to the
same steps

300D from Perkin Elmer. The AuNP solution was prepared in mass concentrations within the ng mL™" range. For the
size calibration curve of the sp-ICP-MS results, 30, 50, and 100 nm PEG-COOH gold nanosphere standards (Nano-
Composix) were used. A Spex plasma standard was used for dissolved gold calibration. The dwell time was 50 ys,
the scan time was 100 s, the sample flow rate, measured gravimetrically, was 0.342 mL min~', and the transport
efficiency was 6.42.

To conduct a crystallographic analysis of synthesized AuNPs@SiO,, 8 ml of the suspension was accurately dispensed
onto the surface of a GaAs < 100 > substrate. This substrate was selected due to its high purity and well-defined diffraction
peaks, which aid in identifying the nanoparticles’ diffraction pattern. The GaAs substrate was heated to 100 °C, facilitating
water evaporation and the formation of AuNPs@SiO, layer on the GaAs surface.

3 Results and discussion
3.1 SiO,NPs suspension

As depicted in Fig. 1, the first step consisted of the Si target ablation (Fig. 2, step 1). The resulting suspension (at the
bottom of Fig. 2, step 2) presented a brownish turbid appearance. Its absorbance spectrum presented specific features,
such as resonance bands at the visible window (Fig. 3).

The suspension was fragmented using the referred laser and methodology for 5 min, however, the solution became
completely transparent approximately 2 min after the irradiation started. Figure 3 also presents its absorbance spectrum.

The absorbance presented in Fig. 3 for the initial solution exhibits the characteristic pattern of silicon nanoparticles
(SiNPs) [35]. On the other hand, the fragmented solution demonstrates the typical pattern of a silica solution [36]. It is
noteworthy that the absorbance of the fragmented solution at the femtosecond laser wavelength is nearly zero, indicat-
ing minimal linear energy loss of the beam as it traverses the liquid medium during the Au ablation process, with the
energy loss being only 0.04% for the optical path used.

The difference in absorbance between the two solutions is mainly due to the sequence of chemical phenomena
caused by the SiINP@SiO, fragmentation in the initial solution. Irradiation of the solution with the nanosecond laser
provides energy to the Si structure, causing electronic excitation. During the de-excitation process, the electrons
transfer thermal energy to the crystalline network of the nanoparticle, resulting in an increase in the temperature of

@ Discover



Discover Nano (2025) 20:17 | https://doi.org/10.1186/511671-024-04141-2 Research
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the SiNPs. This temperature increase, in turn, leads to breaking bonds between the Si atoms, causing the fragmenta-
tion of the nanoparticles.

Due to the SiNPs fragmentation by their strong absorption at the wavelength of the nanosecond laser, smaller
SiNPs are again superficially oxidized. This cycle is repeated several times until SiNPs reach a size small enough to be
completely oxidized. Silicon oxidation occurs through the reaction Si+2H,0 — SiO, + 2H,, releasing H, gas.

TEM analysis of dried samples from both the initial and fragmented suspensions, as shown in Fig. 4, revealed the
presence of large SiNP clusters (> 2 um) in the pre-irradiation sample (initial), which explains the turbid appearance
of the suspension. Following laser irradiation, TEM images confirmed the efficient fragmentation of these clusters,
driven by the oxidation of SiNPs into subnanometric SiO, particles. This process resulted in a clear, translucent solu-
tion, as depicted in Fig. 3.

The results found at Fig. 4 right are in accordance with Rioux et al. [27]. The Si oxidation process into SiO, has
proven to be highly efficient, despite it is still possible to observe some Si nanoparticles in the TEM image shown in
Fig. 4 (diameter ~7 nm).

It is worth noting that the absorbance of the fragmented SiO,NPs suspension at the wavelength of the femto-
second laser is practically zero. This prevents absorption of the laser pulses away from the focal position, where
multiphoton absorption takes place.

Fig.4 TEM images of the o bioe iti i Fragmented
ablated Silicon suspensions - - '

before (SINP@SiO,) and after
laser fragmentation (SiO,
suspension)
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3.2 AuNP@SiO, Absorbance, DLS, and Zeta Potential

After the production of AuNPs@SiO, using the fragmented suspension, the absorbance of the nanoparticles was
analyzed, as depicted in Fig. 5. The peak of Localized Surface Plasmon Resonance (LSPR) obtained was compared
with nanoparticle size values reported in the literature.

The SPR peak at around 522 nm indicates an average diameter between 15-20 nm for monodisperse nanoparticles
[37]. Although AuNPs@SiO, produced with femtosecond laser are polydisperse, this measurement provides an initial
reference point for estimating the average diameter of the nanoparticles.

Other techniques, such as TEM and DLS, were employed to determine the diameter of nanoparticles. Therefore,
this initial diameter estimation is refined based on information obtained from other measurements, which contribute
to a more comprehensive understanding of the characteristics and the physical process involved in the production
of these nanomaterials.

Nanoparticles are often characterized by the diameter of their cores; however, it has been often not given due
attention to understand their physical behavior in colloidal solution. When comparing core diameter data with
hydrodynamic diameter, two outcomes can be observed: the hydrodynamic diameter may be approximately equal
to the core diameter, or significantly larger. This disparity between the two radii can vary considerably and is influ-
enced by various factors such as nanoparticle size and shape, solvent properties, as well as the presence of adsorbed
molecules or solvation layers.

A critical effect impacting the results presented in Fig. 6 is the presence of a significant solvation layer around the
nanoparticles. Generally, this layer can have considerable thickness in situations where interactions between the

Fig.6 Bimodal hydrodynamic 6
diameter distribution for
AuNP@SiO,. The colloidal
suspension has a main and a
secondary population, respec-
tively composed of approxi-
mately 91% and 9% of the
total volume of nanoparticles

Primary population MHD=114.6(7)

Relative frequency (%)
w

Secondary population

0 -
1 10 100 1000

Hydrodynamic diameter (nm)
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particle surface and the solvent are particularly intense. As a result, the hydrodynamic diameter, which accounts for
this solvation layer, can be larger than the core diameter of the particle.

When comparing the mean hydrodynamic diameter (MHD), obtained through DLS technique, with the average
size of nanoparticles obtained through absorbance, we can observe the existence of a significant solvation layer
around the nanoparticles, with a thickness of approximately 47 nm.

The colloidal solution comprises two nanoparticle populations: a primary one, constituting approximately 91%
of the total population, and a secondary one, representing around 9% of the total, composed of nanoparticles with
hydrodynamic diameters smaller than 11 nm.

The presence of a secondary population of nanoparticles smaller than the primary population suggests that such
population is originated by physical processes resulting in the fragmentation of the primary population.

It is worth noting here that the fragmentation processes of the target, or of the already formed NPs, are not fully
established in the literature, as in addition to the direct ablation of the target by the laser pulse, the process of
interaction of this ultrashort pulse with water causes the optical breakdown of the surrounding medium, with the
development of various phenomena such as plasma formation, the production of very intense shock waves, cavita-
tion and dissociation of water, with the formation of bubbles, among others. Therefore, the participation of each of
these processes in the fragmentation of the solid medium is very difficult to establish.

Among the primary physical processes in nanoparticle fragmentation, the fluence of the laser and the re-irradiation
of nanoparticles by subsequent pulses stand out. Higher fluence can result in more intense fragmentation of the
primary nanoparticle population. Additionally, increasing the number of pulses incident on the same region intensi-
fies this phenomenon, leading to the enhanced formation of the secondary nanoparticle population.

The zeta potential, being a measure of the surface charge of nanoparticles dispersed in the liquid, is crucial for
understanding and controlling the stability of nanoparticles in suspension. Figure 7 presents the zeta potential value
of the produced AuNP@SiO,.

The obtained zeta potential of (-72.0 £0.3) mV suggests a highly stable solution due to the strong electrostatic
repulsion between particles. This high negative zeta potential value indicates that the surface of the nanoparticles
presents a strong electric field, resulting in effective dispersion and prevention of particle aggregation.

The concentration of AuNPs was quantified via ICP-MS, revealing a conversion of (11.2+0.6) ug/mL of Au into
nanoparticles after 6 min of ablation, corresponding to a productivity rate of 78.4 ug/h. This result highlights the
efficiency of the synthesis process, demonstrating that the ablation time used consistently produces nanoparticles.
Additionally, it is noted that increases in AUNP concentration can be achieved by adjusting parameters such as abla-
tion time, laser energy, or repetition rate. These variables offer a wide range for process modulation, facilitating the
customization of synthesis according to specific application requirements.

Fig.7 Zeta potential distribu- 25 ’ .
tion for AuNP@SiO, produced S 20
with an ablation time of 6 min.
The mean zeta potential < 2.0 b
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excellent colloidal stability 3
c 1.5- g
(]
S
o
© 10+ J
y—
o
2
@ 0.5- .
Q
14
0.0 1
-500 -250 0 250 500

Zeta potential (mV)
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Fig. 8 TEM images of AuNP@SiO, synthesized with the femtosecond laser

3.3 AuNP@SiO, TEM and XRD

TEM measurements were performed to characterize the sizes and morphology of the AuNP@SiO, produced using the
femtosecond laser. The transmission electron microscopy images presented in Fig. 8 reveal that the nanoparticles exhibit
predominantly spherical shapes, with sizes smaller than 35 nm. Furthermore, it is observed that the SiO, layer formed
on the surface of the nanoparticles has a thickness ranging from 1 to 3 nm.

Through TEM analysis, it was observed that the nanoparticles are below 35 nm in size, with an average size of
(15.23+0.92) nm, as shown in the histogram generated from the TEM data (Fig. 9). This average size aligns perfectly
with the LSPR peak observed via UV-Vis measurement, Fig. 5.

Figure 9 presents the histogram resulting from the analysis of core sizes via TEM. Notably, two distinct peaks emerge
in the distribution, each fitted to a Gaussian curve. The first peak, with an average size of (22.09+0.89) nm, represents
the primary population generated through femtosecond laser-induced ablation. Conversely, the second peak, averaging
(10.41£0.72) nm, is associated with laser-induced fragmentation [38]. This finding underscores a crucial phenomenon:
nanoparticles originally formed via laser ablation of a solid in a liquid medium undergo subsequent fragmentation by
laser pulses, resulting in a secondary population characterized by increased abundance and reduced size.
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While the histogram of TEM measurements, presented in Fig. 9, exclusively reflects the core size of the gold nanopar-
ticles, the DLS analysis, shown in Fig. 6, provides a broader view corresponding to the effective size of the nanoparticles
in motion within the solution. The hydrodynamic diameter includes not only the core and the silica shell of the nanopar-
ticle but also a layer of strongly adsorbed H,0 and SiO, molecules surrounding the particles (solvation layer). In the case
of AuNP@SiO,, this significant solvation layer, estimated at approximately 47 nm, results in a hydrodynamic diameter
considerably larger than the physical core size observed in TEM measurements.

To investigate the occurrence of the fragmentation process of AuNP@SiO,, responsible for the secondary population
identified in Figs. 6 and 9, the NPs were synthesized by irradiating the gold target submerged in a suspension of SiO,NPs
for 2 min. The aim was to reduce the interaction time of the suspension with the laser, thereby decreasing the fragmenta-
tion process of the NPs. As a result, as demonstrated in Fig. 10, it was observed that the average hydrodynamic diameter
after 2 min of irradiation is greater compared to 6 min, indicating that a longer interaction time of the suspension with the
laser increases the fragmentation process, which, in turn, reduces the average hydrodynamic diameter of the AUNP@SIO,.

The crystallinity of laser-synthesized AuNPs@SiO, was investigated by X-ray diffraction (XRD) technique, and corre-
sponding XRD patterns were shown in Fig. 11. The two most intense peaks identified in the diffractogram correspond
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to gallium arsenide (GaAs), with 20 angles of 31.7° and 66.1°. This substrate, characterized by its specific orientation and
high purity (99.9%), was employed to facilitate the discernment of peaks associated with nanoparticles deposited on
its surface.

Gold nanocrystals exhibited four distinctive peaks at 20 angles of 38.1°,44.3°, 64.5°, and 77.7°. These angles correspond
to diffraction signal from the crystalline planes (111), (200), (220), and (311) of the face-centered cubic (fcc) lattice of
gold, respectively. The intense diffraction at 38.1° peak shows that the preferred growth orientation of gold was fixed
in (111) direction.

Using the Scherrer formula [39] it was possible to estimate the crystallite diameter of AUNPs@SiO, as calculated for dif-
ferent crystallographic diffraction directions: D;;;,=(12.65%0.14) nm, D,y =(7.26 £0.17) nm, and D5;;,=(11.13+0.24) nm.
The average crystallite diameter was determined to be D,,,.4=(10.35+0.18) nm. The signal associated with the crystallo-
graphic direction Au,,, was compromised due to the high intensity of the GaAs,, signal originating from the substrate.

The XRD analysis also revealed the fragmentation process of the initial solution, aimed at converting the remaining
Siy;; from femtosecond laser ablation into SiO,. This observation is supported by the fact that the peak associated with
Si;q residues is minimal when compared to the curve of amorphous SiO,.

4 Conclusion

This study presented an innovative and sustainable route for the synthesis of silica-coated gold nanoparticles (AuNP@
Si0,) using femtosecond laser ablation in a liquid medium. The simplicity and efficiency of the method are remarkable,
employing only three materials—a silicon wafer, a gold target, and water—for the production of highly pure and stable
nanoparticles, without the need for chemical reagents.

The technique enabled the rapid synthesis of nanoparticles in three steps, each lasting approximately 6 min. The result-
ing nanoparticles had predominantly sizes below 35 nm, with high colloidal stability confirmed by the highly negative
zeta potential (-72.0+ 0.3 mV), preventing particle aggregation. TEM analysis revealed spherical morphology with silica
layers between 1 and 3 nm, while the diameter estimate from the LSPR peak (15-20 nm) aligns with the average value
of (15.87 £0.70) nm observed in the size distribution. The core distribution also indicated sizes up to 32 nm.

These results demonstrate the efficacy of this green route for producing AUNP@SiO, free from harmful chemical
residues, highlighting significant potential for biomedical and technological applications. Further optimization of the
ablation parameters could enhance the uniformity and control of the process, allowing for broader application of these
nanoparticles in biological applications.
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