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Abstract

Synthesis of gold nanoparticles (AulNPs) in the presence of three different liquid mediums was carried out using ns-pulsed
laser ablation in liquid: DDDW, NaOH, and DMEM. X-ray diffraction (XRD), atomic force microscopy (AFM), transmission
electron microscopic investigations (TEM), Fourier transform infrared (FTIR), and UV-visible spectroscopy were some
of the techniques that were utilized in order to describe the structural, chemical, morphological, topological, and optical
features of as-produced nanomaterials. The characterization studies provided evidence that the successful synthesis route
was appropriate. It has been demonstrated via the utilization of cytotoxicity tests that gold nanoparticles have the capacity
to not only eradicate cancer cells but also stop their reproduction. This ability was demonstrated by gold nanoparticles. The
Au nanoparticles showed an extraordinarily deadly efficacy against cancer cells as compared to cancer cells that had not been

treated with the chemical. This was accomplished by preventing the growth and reproduction of cancer cells.
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Introduction

Nanoparticles (NPs), in the form of noble metals, are well
known to be important materials in a wide variety of basic
and applied research domains. These fields include cataly-
sis, optics, fuel cells, and medicine [1-4]. Because of the
potential applications that noble metal nanoparticles could
have in a variety of sectors, including chemistry, materials
science, physics, medicine, biology, and engineering, they
have garnered a substantial amount of attention in recent
years. AuNPs are particularly interesting due to the sin-
gular characteristics that they possess [5—7]. Many types
of noble metals can be prepared, studied, and applied in
the field of medicine and biology like copper, silver, and
gold [8, 9].

Because of its one-of-a-kind properties, such as non-
toxicity, easy availability with controlled particle size and
shape, increased particle reactivity, surface modification
capacity, and high optical characteristics, gold nanopar-
ticles, also known as AuNPs, are the subject of intensive
research in a variety of applications, ranging from the
material sciences to the medical sciences. Because of a
phenomenon known as localized surface plasmon reso-
nance (LSPR), gold nanoparticles exhibit a color that may
be described as either red or purple at a wavelength that
is close to 530 nm. It is possible to alter the properties of
AuNPs through the manipulation of their size, shape, and
surface modification through the use of synthetic tech-
niques [10-16]. Surface plasmons result in a variety of
novel functional characteristics, such as powerful reso-
nant absorption/scattering, spectacular field augmenta-
tion, optical navigation, and ultrasensitive biosensors.
Their strong optical absorption has been used for light-
induced hyperthermy of solid cancers; their cross section
is typically 105 times higher than that of absorbing dyes.
In addition to providing contrast for photoacoustic or light
scattering-based cancer imaging, Au-NPs can also be used
to generate movable surface-enhanced Raman scattering-
based tags for cancer targeting and diagnostics [17, 18].

Synthesizing gold nanoparticles can be done chemi-
cally or physically. Stable gold nanoparticles with plasmon
absorption peaks in the visible to near infrared wavelength
region can be made using chemical techniques using
reducing agents and stabilizing surfactants. However, the
process results in potentially dangerous byproducts. Gold
nanoparticles have been created using a physical approach
called pulse laser ablation [19, 20].

When a laser beam hits a target, it removes the mate-
rial off the surface of the target and, in doing so, promotes
the production of nanoparticles in a liquid surrounded by
vapor. The room-temperature solid surface layer of the target
undergoes melting at high enough laser fluence. Overheating
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transforms the normal liquid medium around the target into
a gaseous state. The high-pressure vapor reacts with the
molten layer on the target surface, creating nanoparticles
that are then dispersed into the surrounding liquid. A wide
range of nanoparticles can be synthesized using laser abla-
tion of solids in liquid. Due to its ease of use and potential
for producing chemically pure nanoparticles, this method is
currently receiving a great deal of attention [21, 22].

The present study is going to explore the implications of
the medium employed for the synthesis of gold nanoparticles
on the characteristics of the resulting nanoparticles.

For these reasons, we used laser ablation technology, a
viable and affordable approach that has not been extensively
researched, to create gold nanoparticles. Our goal is to use
various laser fluids to alter the size and surface shape of
gold nanoparticles and assess the results. By lowering the
toxicity of nanomaterials and increasing cell penetration,
the ultimate objective is to increase the ability of gold nano-
particles to enter cancer cells. This technique is crucial for
figuring out the size, particularly in applications involving
photothermal treatment (PTT) [23].

Experimentation: materials and methods
Experimental details production of AuNPs

Metal nanoparticles in liquid were created using a multi-
media laser ablation technique. A lens, a high-power pulsed
laser, a liquid vessel, a motor, and a linear positioner make
up the majority of the laser ablation system. Dulbecco’s
Modified Medium (DMEM), which contained distilled
water, sodium hydroxide (NaOH), and double deionized
water (DDDW), was submerged in a metal target, such as
gold (99.99%). The metal plate was ablated using a pulsed
Nd:YAG laser at a wavelength of 532 or 1064 nm. A
Q-switched Nd: YAG laser, a solution vessel, a metal plate,
a lens with a focal length of 30 cm, a linear transition stage,
and a motor were all included in the system. The laser abla-
tion time and pulse duration may be adjusted from 5 to 60
min and 10 to 60 Hz, respectively. The laser beam travel
length through the liquid was set to the minimum length fea-
sible in order to stop the energy from the beam from being
absorbed into the liquid solution. Therefore, the distance
among the target as well as the entrance windows is one of
the most critical factors in achieving the optimal laser beam
energy on the target surface. This assures that the metal nan-
oparticles are distributed homogeneously all throughout the
liquid solution. For three solutions, in order to determine the
pulse repetition rate and duration that correspond to these
energies, the values of 300 pulses, 10 ns, and 6 Hz were
chosen. Figure 1a and b depicts the laser ablation techniques
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Fig. 1 a, b Scheme of the laser device, Nd-YAG laser and the gold target

in a liquid medium image. X-ray diffraction, atomic force
microscopy (AFM), and transmission electron microscopy
(TEM) are only a few of the experimental methods used to
determine the characteristics and morphology of man-made
materials. UV-Vis spectrophotometer was used to measure
the peaks of SPR, and the results showed a linear relation-
ship with size.

Anticancer activity testing
Cell lines and culture

In the investigation, Hepa 1-6 mouse cell lines and culture
were sourced from the National Cell Bank of Iran. The cells
were grown in RPMI-1640 with 10% FBS supplemented
with antibiotics and maintained at 37 °C under humidified
air. The MTT cell viability assay was used to quantify cell
growth and viability. The cells were digested, harvested, and
seeded into 96-well plates. When forming a monolayer, they
were treated with a DMSO solution for 24 h at 37 °C in 5%
CO2. After 24 h, the supernatant was removed, and 200
ul/well of MTT solution was added. The cells were incu-
bated on a shaker at 37 °C until crystals were completely
dissolved. The concentration of compounds that resulted in
50% of cell death (IC50) was determined from respective
dose-response curves.

Cytotoxicity assay

In order to determine whether or not AuNPs are cytotoxic
to cell lines, a test using MTT (3-(4,5-dimethylthiazol-2-
yl)—2,5-diphenyltetrazolium bromide) was carried out. The

process was carried out correctly in accordance with [2,
24-26].

Statistical analysis

The data that were presented in the findings section were
all presented as the mean along with the standard deviation.
Sigma plot v12 software was used to perform an analysis of
variance (ANOVA) on the data using a one-way analysis of
the data.

Results and discussions
XRD structural analysis

The X-ray diffraction morphologies of AuNPs liquid
samples with varying colloidal solutions are illustrated
in Figure 2. The diffraction peaks of XRD measurement
are observed around 37.8248°, 43.6291°, 64.2015°, and
77.2181°,37.4471°,43.6634°, 64.1671°, and 77.0807°, and
37.9279°, 43.6291°, 63.9267°, and 77.0464° for Au nano-
particle sizes 4, 8, and 13 nm, respectively, as exhibited in
Table 1. These peaks can be assigned to diffraction from
(111), (200), (220), and (311) planes, respectively [27]. The
Scherrer formula's purpose was to determine the crystallite
size [27]. X-ray diffraction (XRD) characterization is carried
out so that further confirmation of the structural properties
of the generated samples can be obtained. The XRD results
of all of the samples that were prepared are displayed in
Fig. 2. The structure of the face-centered cubic Au phase
can be seen in the pattern displayed by AuNPs (JCPDS no.
96-901-2954) [27].

@ Springer



10 Page4of11

Gold Bulletin (2025) 58:10

Fig.2 XRD patterns of Au 1200

Nanoparticles prepared with
different medium

1000

800

600

Intensity (a.u)

400

200

Au-DMEM
Au-NaOH
Au-DDDW

(311)

(111)

(200)

20

30 40 50 60 70 80

26

Table 1 XRD pattern outcomes for liquid samples with different the colloidal solutions

Samples 20 (°) FWHM (°) dhkl Exp.(A) c.s dhkl Std.(A) Phase hkl JCPDS card number
AuNPs-NaOH 37.8248 0.4465 2.3766 18.8 2.3498 Cub. Au 111 96-901-2954
43.6291 0.893 0.893 9.6 2.035 Cub. Au 200 96-901-2955
64.2015 0.6525 1.4495 144 144 Cub. Au 220 96-901-2956
77.2181 0.8928 1.2344 114 1.2271 Cub. Au 311 96-901-2957
AuNPs-DM EM 37.4471 0.7556 2.3997 11.1 2.3498 Cub. Au 111 96-901-2958
43.6634 0.5839 2.0714 14.7 2.035 Cub. Au 200 96-901-2959
64.1671 0.7899 1.4502 11.9 1.4389 Cub. Au 220 96-901-2960
77.0807 0.5151 1.2363 19.7 19.7 Cub. Au 311 96-901-2961
AuNPs-DDW 37.9279 0.9959 2.3703 8.4 2.3498 Cub. Au 111 96-901-2962
43.6291 0.4807 2.0729 17.8 2.035 Cub. Au 200 96-901-2963
63.9267 1.0646 1.4551 8.8 1.4389 Cub. Au 220 96-901-2964
77.0464 0.5837 1.2368 17.4 1.2271 Cub. Au 311 96-901-2965

The physicochemical interactions between prepared
nanoparticles and the surrounding medium have been stud-
ied using FTIR spectroscopy. Figure 3 presents the Fourier
transform infrared (FTIR) spectra of aqueous Au nanoparti-
cles in the region of 4000 to 400 cm™". The investigation of
the gold nanoparticles (AuNPs) was limited to FTIR in order
to characterize the organic compounds that were engaged in
the process of stabilizing the nanoparticle solution. For sam-
ples containing different colloidal solutions (Au-NaOH, Au-
DMEM, and Au-DDW, respectively), the highest absorption
bands were seen at 3428, 3430, and 3439 cm™!. These bands
were observed after the samples were extracted. The band
located at 3500-3400 cm™! is indicative of the stretching of
the O-H bond. At 2500-2000) cm™!, the band represents
the stretching of C = C and C = N bonds. The frequency
band of C-O stretching is displayed by the peak at 1700
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— 1500 cm™!. The C-H bands at 1000—500 cm™! correspond
to the carbonyl and hydroxyl functional groups in alcohols
and phenol derivatives and are related to these groups [27].
According to the similarity, the compounds are identical in
all AuNP media, regardless of the size of the particles. Pre-
sumably, the extract constituent’s adsorption of AuNPs on
[28] is responsible for the relatively small shifts in peaking
positioning.

Atomic force microscope (AFM)

Examination of the outer surface of the gold nanoparticles
was carried out by means of the atomic force microscope
(AFM) technique. An essential collection of gold nano-
particles with a semi-spherical morphology is depicted
in the two-dimensional photographs, which can be found
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Fig.3 FTIR spectra of Au NPs Au-DD
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in Fig. 4a—c. In order to obtain photos of gold nanopar-
ticles, the following images were obtained: Au-DDDW,
Au-NaOH, and Au-DMEM. The three-dimensional photo-
graphs of a segment of the nanoscale gold nanoparticles are
displayed in Fig. 4d—f. It was found that the nanoscale gold
nanoparticles had a high limit of 28.55, 20.40, and 27.27
nm for AuNPs at Au-DDDW, Au-NaOH, and Au-DMEM
nm, respectively. These parameters were determined by
the researchers. For the purpose of illustrating the gran-
ularity commutated, the distribution plot for gold nano-
particles (AuNPs) at various particle sizes was depicted
in Fig. 4g-h. Furthermore, the AFM image particulate
size dispersion revealed that the average diameter of the
particles for AuNPs was around 48.6 nm, 63.8 nm, and
88.8 nm at Au-DDDW, Au-NaOH, and Au-DMEM nm,
respectively. This was in contrast to the findings of the
previous study. The average size of the grains of AuNPs at
Au-DDDW, Au-NaOH, and Au-DMEM nm was 2484.9,
1241.8, and 7335.8 nm?, respectively, as measured by AFM
images. This information is presented in Table 2, which
includes the results of the analysis.

Microstructural morphological analysis

The transmission electron microscope was used to evaluate
morphology as well as particle dispersion. On top of the
grid, a single drop of the colloidal suspension that included
the Au NPs was deposited. Following that, the drop was
allowed to dry at room temperature. Figure 5 presents TEM
pictures of gold nanoparticles that were generated using a
variety of different mediums. It is evident that the parti-
cles are nanosized and approximately spherical across all
of the mediums employed. The smallest particle diameter is
observed in the DMEM medium, with an average diameter
of 5 nm. The largest particle diameter is achieved by using
NaOH as a medium, with an average diameter of 25 nm.

UV-Vis spectroscopy of AuNPs
The formation of AuNPs was confirmed with UV—vis spec-
troscopy. The spectrum shows a very large peak at about

500-550 nm corresponding to the resonance of AuNPs plas-
mon. Figure 6, which reflects the peak of surface plasmon

Table 2 Surface parameters from AFM results

AuNPs Min. diameter(nm) Max. diameter ~ Average
(nm) diameter
(nm)
Au-DDDW 2 100 25.62
Au-NaOH 35 100 15.21
Au-DMEM 2.5 100 5.15
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resonance of gold nanoparticles, displays the absorption
spectra of aqueous AuNPs for different medium. Absorption
spectra measurements were performed at room temperature
for visible wavelengths ranging from 400 to 900 nm. It can
be seen from Fig. 6 that | max is approximately 515, 524,
and 521 nm for Au-DMEM, Au-NaOH, and Au-DDDW,
respectively. Au nanoparticles have the good absorption in
Vis region 500-600 nm BV [29].

Biological implications of gold nanoparticles

The biological effects of gold nanoparticles were tested on
cancer Hepa cell line grown in 96-hole plates, incubated
with colloidal solutions for 24 h at 37 °C.

The samples were classified into four groups:

i. A group without treatment (control group)
ii. Treatment group for gold nanoparticles prepared in
double distilled water (DDDW)
iii. The treatment group of gold nanoparticles prepared in
NaOH
iv. Treatment group for gold nanoparticles prepared in
DMEM culture medium

Cell killing percentages were calculated using the MTT
test using a microtiter plate reader, and statistical calcula-
tions for each effect in isolation, and then according to the
cumulative effect of all effects.

Connecting AuNPs with biological fluids is a crucial
step in the therapeutic process to facilitate the endocytosis
of AuNPs by cancer cells. This phase was finalized dur-
ing the preparation phases of the nanoparticle production
solutions via chemical or biological processes. In this study,
the binding procedure was achieved by utilizing DMEM as
the synthesis medium for the generated AuNPs via PLAL.
AuNPs resulting from this process were larger than those
prepared with NaOH and DDDW. The adsorption of protein
compounds within DMEM by AuNPs resulted in localized
shifting of absorption maxima.

The cytotoxic effect of AuNPs on Hepa cell line (cancer
cells) is shown in Fig. 7. AuNPs-DDDW showed medium
cytotoxicity but AuNPs-MDEM nanoparticles were more
toxic than AuNPs-NaOH in concentration 12.5 ug/ml.

Figures 8 and 9 show the effects of AuNPs on the viabil-
ity of Hepa cell line incubated for 24 h in the presence
of different concentrations of AuNPs prepared using laser
ablation technique. Synthetic AuNPs has possessed an anti-
cancer properties. In comparison to the standard drug used
for the study, the test compounds AuNPs demonstrated sig-
nificant cytotoxic potential properties against Hepa 1-6
mouse cell lines, as confirmed by the statistical data of
the cell cytotoxicity study by ELISA reader. The IC50
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Fig.6 UV-visible spectra of 0.5 T T T T
the Au NPs synthesized by laser Au-DMEM
ablation in different medium 1 Au-NaOH
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Fig. 7 Inverted microscope
images of Hepa cell line before
and after adding Au nanopar-
ticles
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concentrations were 53.95 ug/ml at the treatment group In the therapeutic chain, the process of attaching AuNPs
for gold nanoparticles prepared in double distilled water ~ to biological fluids is crucial for achieving AuNP endo-
(DDDW) and 74.38 pg/ml and 35.48 pg/ml at the treatment ~ cytosis by cancer cells. In this work, the binding proce-
group for gold nanoparticles prepared in NaOH and culture ~ dure was carried out by turning DMEM into a synthesis
medium DMEM, respectively. medium for the AuNPs that were synthesized by PLAL.
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Fig. 9 Holographic representation of the relationship between the
concentration of AuNPs and cell survival

This phase was finished during the phases of preparation
of the NPs synthesis liquids inside the chemical or biologi-
cal processes. The AuNPs produced by this method were
higher than those produced by DDDW. This resulted in

localized displacement of absorption peaks due to AuNPs
adsorption of protein molecules inside DMEM. The pro-
duction of reactive oxygen species (ROS), which results
in oxidative stress, is what makes metallic nanomaterials
hazardous [30]. By scavenging free radicals, preventing
the generation of ROS, and boosting the activity of anti-
oxidant enzymes, AuNPs function as antioxidants [31].

Physical investigations have shown that laser settings and
the surrounding media influence the size and concentration
of AuNPs. Biological experiments have demonstrated that
AuNPs have the ability to bind to cancer cells depending on
their size and concentration. The impact of AuNPs grows
with the growth of their size in those made with DDDW but
begins to diminish with size in those prepared with DMEM.
Due to their small size, AuNPs have the ability to infiltrate
large areas, deposit themselves on the tumor site, bind to a
variety of medicines and biomolecules, target drug deliv-
ery, and have good biocompatibility. Positive outcomes in
the therapy of cancer may arise from the application of two
nanoparticles with distinct uses [32]. Additionally, as an
illustration from the comparable relevant prior studies on
the sustainable chemistry along with an efficacious drug in
the medical-field, the process of biosynthesis, stability, as
well as self-assembled characteristics of the Gold Nanopar-
ticles through Chlorella vulgaris extraction [33].
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Conclusions

In this study, AuNPs were successfully synthesized using
ns-pulsed laser ablation in liquid with three different liquid
media, namely DDDW, NaOH, and DMEM. The synthe-
sized NPs were characterized using UV-Vis, XRD, and
TEM with atomic force microscopy (AFM) and FTIR. The
optical absorption of UV-Vis spectroscopy confirmed the
formation of AuNPs, while TEM and AFM analyses demon-
strated the presence of crystallinity of the synthesized NPs
with the purity of Au compound. XRD analysis verified the
particles are of Cub-centered structure and crystalline in
nature, and using Debye—Scherrer’s formula, the average
crystallite size was determined to be 11.4, 19.7, and 8.8 nm
from the media, namely DDDW, NaOH, and DMEM.

Analysis was done on the cytotoxicity behavior of the
laser ablation AuNPs. According to these findings, cell
viability declines as synthesized AuNP concentrations
rise. This verified that the test compounds exhibited notable
cytotoxic potential properties, with IC50 concentrations of
53.95 pg/ml at the treatment group for gold nanoparticles
prepared in double distilled water (DDDW) and 74.38 ug/
ml and 35.48 pg/ml at the treatment group for gold nano-
particles prepared in NaOH and culture medium DMEM,
respectively.

Therefore, it is advised that AuNPs produced by ns-pulsed
laser ablation in liquid with three distinct liquid media have
encouraging antibacterial and anticancer effects in vitro and
be used for additional nanotherapeutic uses.

However, more research are required in the future to
evaluate the in vivo anticancer effects of synthetic AuNPs
made utilizing liquid ns-pulsed laser ablation.
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