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electrodepositions, are preferred due to their effectiveness, efficiency, and the
ability to precisely control particle size and shape through electrolyte modifications.
In this study, two supporting electrolytes, KCl and Na,SO,, were employed. The
results demonstrated that the type of electrolyte ion significantly influences the
particle density of the AuNPs, with KCl electrolyte providing a higher particle
density. This increased particle density correlates with a larger active surface area
per unit area, subsequently enhancing the antioxidant activity of the AuNPs, as
evidenced by up to 57% DPPH inhibition. Furthermore, cytotoxicity and
cytoprotective assays indicated good biocompatibility and protective capabilities of
AuNPs.
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1. Introduction

Degenerative diseases are

prevent biological damage due to their ability to neutralize
free radicals [8].

caused by elevated

Antioxidant compounds can be derived from both

concentrations of free radicals from both external and
internal sources [1,2]. The external factors that cause free
radicals to arise include air pollution, water contamination,
unhealthy food and beverages, pesticides, cigarette
smoke, solar radiation, and electromagnetic waves [3].
Meanwhile, the internal factors come from the respiratory
processes of cellular metabolism by mitochondria [4].

Free radicals are a group of atoms or molecules that are
highly reactive and unstable due to the presence of one or
more unpaired electrons in their outer orbital [5]. These
unpaired electrons trigger oxidative reactions within the
body, leading to damage to biological components [6].
Damage caused by free radicals can be mitigated through
the use of antioxidant compounds [7]. Antioxidants help to

natural and synthetic sources. Natural antioxidants can be
obtained from vegetables, fruits, and spices rich in
vitamins, phenolic compounds, carotenoids, and other
micronutrients [9]. Natural antioxidants possess
advantages such as abundant availability in nature,
minimal side effects, and ease of absorption by the body
[10]. However, natural antioxidants also have several
limitations, including instability, limited concentrations,
and challenges in large-scale production [11].
Consequently, synthetic antioxidant materials such as
butylated  hydroxyanisole (BHA) and butylated
hydroxytoluene (BHT) have been studied [12].
Nevertheless, BHA exhibits cytotoxic properties that can
damage normal cells, while BHT is carcinogenic due to its
potential to cause DNA destruction [13]. Therefore, there
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is a need for alternative synthetic antioxidants to address
these issues.

Nanotechnology presents opportunities for the
development and enhancement of antioxidant material
effectiveness [14]. Nanoscale diameters provide significant
benefits for antioxidant activity, such as high active surface
area, good stability, and the ability to specifically target
free radicals [9]. Among various nanomaterials, gold
nanoparticles (AuNPs) have attracted considerable
attention due to their extremely small size, high surface
area, stability, non-toxicity, and favorable physical and
chemical properties [15]. Controlling the shape, size, and
density of AuNPs is crucial for enhancing the antioxidant
activity of these materials [16]. Hence, the selection of
appropriate synthesis methods is a key consideration in
synthesizing these materials.

Several synthesis methods of AuNPs have been
conducted, including biological and chemical methods
[17,18]. Biological approaches use non-toxic solvent
chemicals and are environmentally friendly. However, the
biological technique has disadvantages due to the scarcity
of biological materials, the long synthesis time, the
difficulty in controlling the growth of living organisms, and
the non-uniformity of particle size [16]. On the other hand,
chemical methods, especially electrodeposition methods,
an effective and efficient synthesis method, offer good
control over the shape, size, and density by simply
adjusting synthesis parameters such as current, voltage,
time, and the adjustment of electrolyte modifications [19—
21].

Electrolyte modification in the synthesis of AuNPs can
be achieved by adding a supporting electrolyte. Zakaria et
al. [22] investigated how different electrolytes, each
containing KNOs, HNOs, H2SOs, and NaNOs, influence
morphological alteration and the distribution of AuNPs. It
was found that the main factors affecting the
electrochemical performance of various electrolyte
solutions are ionic properties and stability, which can
influence interactions between electrodes.

Supporting electrolyte agents such as KCl and Na2SO4
might be beneficial for electrodeposition AuNPs. Both KCI
and Na2S0s are neutral salts that are non-toxic. The ions
of salts can enhance the conductivity of the electrolyte,
provide electrostatic stabilization that prevents
nanoparticle agglomeration, resulting in uniformly sized
nanoparticles [23-25]. Therefore, in this study, the
synthesis of AuNPs was conducted in two different
electrolytes. The results showed that supporting
electrolytes significantly influenced particle density.
Higher particle density yields a larger active surface area

within the same coverage area, which impacts the
antioxidant activity of the AuNPs.

2. Materials and Methods
2.1 Materials

Chemicals employed were tetrachloroauric(lll) acid
trihydrate  (HAuCls.3H20, 99.9%, Sigma Aldrich),
aquabidestilled, potassium chloride (KCI, 99.0%, Merck),
sodium sulfate (Na2S04, 99.0%, Merk), ethanol pro analysis
(C2HsOH, 96%, Merck), DPPH (C1gH12NsO0s, 90.0%, Sigma
Aldrich), vitamin C, fluorouracil (FU).

2.2 Methods
2.2.1 Synthesis of AuNPs with electrodeposition

Distinct electrolyte solutions were prepared, the first
containing 1 mM HAuCl,-3H,0 in 100 mM KCI (AuNPs 1),
and the second comprising the same gold precursor
concentration but in 100 mM Na,SO; (AuNPs 2). The
substrate was cleaned with ethanol and aquabidestilation.
Cyclic voltammetry was employed as the electrodeposition
technique using a three-electrode configuration, with
Ag/AgCl as the reference electrode, Pt as the counter
electrode, and an ITO-PET substrate as the working
electrode. Deposition was conducted for 160 cycles within
a potential range of -1 V to -1.5 V at a scan rate of 125
mV/s. The resulting films were dried at ambient
temperature.

2.2.2 Characterization

The phase composition and crystallinity of the material
were characterized using an X-ray diffractometer (XRD,
Rigaku). Subsequently, the morphology, size, and
distribution of the particles were characterized employing
scanning electron microscopy (SEM, JEOL JSM-6510).

2.2.3 Antioxidant activity test

The antioxidant activity of the AuNPs was assessed
using the DPPH assay. AuNPs film samples were incubated
in a microplate containing DPPH solution with a
concentration of 39 pg/mL ethanol-based solution.
Absorbance measurements were conducted utilizing a
microplate reader coupled with UV-Vis spectroscopy at a
wavelength of 300-720 nm. The antioxidant activity was
quantified by calculating the percentage inhibition
according to the following equation 1.

. iy e Abs control—-Abs sample
%inhibition = P

X 100% (1)

Abs control

The Abs control represents the maximum absorbance
value of DPPH, while the Abs sample denotes the
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maximum absorbance value of the AuNPs sample after the
addition of DPPH.

2.2.4 Cytotoxicity and cytoprotective assay
2.2.4.1 Cell culture

HaCaT cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum (Gibco, USA) and 1% penicillin-streptomycin
solution. The cells were maintained in a humidified
incubator at 37°C with 5% CO, (ThermoScientific, USA).
Cultures were passaged once they reached 90%—100%
confluency. Cells were harvested using a 0.25% trypsin-
EDTA solution (Gibco, USA).

2.2.4.2 Sample preparation

Sample solutions were prepared by immersing gold-
platinum nanofilms (AuPtNFs) in 48-well culture plates
containing 400 puL of DMEM. The immersion was
conducted for 72 hours in a humidified incubator
maintained at 37°C with 5% CO,.

2.2.4.3 Cytotoxicity assay

HaCaT cells were seeded at a density of 1 x 10* cells per
well in a 96-well plate and incubated for 24 hours in a CO,
incubator. Following incubation, the culture medium was
replaced with the sample solution as described above. The
cells were then treated for an additional 24 hours. Cell
viability was assessed using the MTT assay. A volume of 10
uL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was added to each well, followed by 3
hours of incubation at 37°C in 5% CO,. Subsequently, 100
uL of dimethyl sulfoxide (DMSO) was added to each well to
solubilize the formazan crystals. Absorbance was
measured at 570 nm wusing a microplate reader
(InfiniteRM200 NanoQuant, TECAN, Switzerland). All
assays were performed in triplicate, and cell viability was
calculated using the following equation 2.

__ (sample—blank) % 100% (2)

Cell Viability (%) - (control-blank)

2.2.4.4 Cytoprotective assay

For cytoprotective evaluation, HaCaT cells were
exposed to UVB irradiation for 6 hours at a distance of 15
cm. An external control group was not exposed to UVB
radiation. Cell viability was then assessed using the MTT
assay as previously described in section 2.2.4.3.

3. Results and Discussion

The XRD analysis results indicate that the AuNPs are
pure, Fig. 1. This is evidenced by the diffraction patterns
observed at 20 angles of 38.20°, 44.37°,64.49°,77.62°, and
81.75°, corresponding to the (111), (002), (022), (113), and
(222) planes, respectively, which match the cubic crystal
structure of Au (reference data COD No. 1100138). A
noticeable difference in the peak intensity of the (111)
plane was observed, suggesting a variation in crystal size.
Therefore, the full width at half maximum (FWHM) was
calculated to examine the crystal structure. The crystallite
size was determined using the Debye-Scherrer method
(Equation 3, and the calculated crystallite sizes are
presented in Table 1.

_ 094
- B cosO

(3)

Where D is the crystallite size, A is the wavelength of CuKal
radiation, B is the FWHM of the (111) diffraction peak, and
0 is the Bragg angle.

AN A
AuNPs 2

b‘»@ - A A

AuNPs 1

Intensity (a.u)

(111)
(002)
(022)
(133)

Au COD No. 1100138

35 40 45 50 55 60 65 70 75 8
26 (°)

Figure 1. XRD patterns of AuNPs synthesized in different
supporting electrolyte solutions.
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The crystallite size of AuNPs 1 was slightly smaller,
likely due to the presence of sulfate ions (S0427), which
hindered the transport of gold ions (Au3*) and gold atoms
(Au) to the electrode, thereby suppressing nucleation
growth and leading to a reduction in crystallite size [26].

Table 1. Crystallite size of AuNPs.

Sample FWHM (111) Crystallite size (nm)
AuNPs 1 0.338 25.5
AuNPs 2 0.417 20.0

Figure 2. Top surface SEM micrograph of AuNPs synthesized in (a)
KCl and (b) Na;SO4 electrolytes.

Figure 2 shows the morphology of AuNPs synthesized
in different supporting electrolyte solutions. AuNPs 1
exhibit a spherical morphology, whereas AuNPs 2 display a
rounded morphology. Furthermore, AuNPs 1 possess a
higher particle density compared to AuNPs 2. This disparity
in particle density arises from the influence of the
electrolyte ions. During the AuNPs deposition process, two
different anions play a role in the dynamics of particle
nucleation and growth, specifically Cl~ ions in AuNPs 1 and
S04%" ions in AuNPs 2 [27]. The CI- ions generate a weaker
electrostatic repulsion between ions, thereby facilitating a

more rapid particle core growth process as these ions do
not sufficiently impede Au ion transport. Meanwhile, SO,
ions exert a stronger electrostatic repulsion, which hinders
Au ions transport [28]. Moreover, the elevated
concentration of CI™ ions in the solution, originating from
both the precursor and the electrolyte, is capable of
yielding a high electrolyte conductivity, consequently
enhancing the current, providing nucleation acceleration,
and resulting in more uniform particles.
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Figure 3. Absorbance spectrum of DPPH form antioxidant test (a)
AuNPs 1 and (b) AuNPs 2.

The antioxidant activity of AuNPs against DPPH free
radicals was assessed by analyzing the absorbance
spectrum of DPPH solution after incubation with AuNPs. As
shown in Fig. 3, the DPPH absorbance peak was detected
at 516 nm [29]. The absorbance value was decreased
proportionally with incubation duration, indicating that
AuNPs perform as antioxidants, neutralizing DPPH
molecules [30]. During incubation, an electron was
transferred from the free electron on the nitrogen atom
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(N) of DPPH to the electropositive Au atom [31]. The
formation of an Au-DPPH complex via a coordinate
covalent bond caused a shift in the absorption wavelength
and a decrease in intensity at 516 nm [29].

100
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I AuNPs 2

80 -

[2]
o
1

40

% Inhibition

N
o
1

15 45 75 105 135 165
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195 210

Figure 4. Percent inhibition of AUNPs DPPH test.

.The efficacy of AuNPs in scavenging DPPH free radicals
is represented by the percentage inhibition. Figure 4
demonstrates that AuNPs 1 exhibit a comparatively
superior antioxidant performance to AuNPs 2. The
elevated particle density of AuNPs 1 correlates with
enhanced antioxidant activity. This high particle density
provides a larger surface area with a higher number of
active sites, thereby augmenting the adsorption of DPPH
molecules within a given area [32]. These results are
related to our previous research, which is that the DPPH
absorption of AuNPs depends on the number of particles
[33].

Further investigations were conducted to assess the
biocompatibility of AuNPs 1. The test must be provided
due to its potential cytotoxicity of AuNPs associated with
their small particle size and higher reactivity compared to
larger-sized particles [34,35]. To evaluate the
biocompatibility of AuNPs 1, cytotoxicity and
cytoprotective assays were performed. Prior to the
cytoprotective assay, a cytotoxicity test was conducted to
determine the concentration of gold nanoparticles that is
safe for cellular applications.

The results of the cytotoxicity and cytoprotective assay
are presented in Fig. 5. The results indicate that the gold
nanoparticles exhibit better cytocompatibility compared
to the negative control, fluorouracil (FU), with a cell
viability rate of 67.16%. This suggests that AuNPs 1 are
non-toxic and safe for cells. Moreover, the cytoprotective
assay demonstrated that AuNPs 1 can protect cells from
free radicals generated by UV irradiation. As shown in

Figure 5b, the cytoprotective activity of AuNPs 1 reached
102.66%, which is slightly higher than that of vitamin C.
These findings suggest that AuNPs 1 may serve as a
promising candidate for antioxidant applications.

100
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Cytotoxic (%)

AuNPs 1 FU

100 b)

102.66% 100.00%
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Cytoprotective (%)
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AuNPs 1

Figure 5. (a) Cytotoxicity of AUNPs 1 compared with FU (control)
and (b) cytoprotective of AuNPs 1 compared with vitamin C
(control).

4. Conclusion

The electrolytes KCl and Na,SO, significantly influenced
the growth dynamics of AuNPs. The electrostatic forces
exerted by chloride (CI7) and sulfate (S04%°) anions played
a critical role in determining particle density. The larger
sulfate anions, with stronger electrostatic repulsion,
effectively suppressed particle growth. In contrast, the
smaller chloride anions, exhibiting weaker electrostatic
interactions, minimally inhibited growth and enhanced
electrolyte conductivity, thereby promoting faster
nucleation and improved particle uniformity. The higher
particle density of AuNPs 1 correlated with its enhanced
DPPH inhibition (56.70%) compared to AuNPs 2 (44.70%).
The cytotoxic and cytoprotective activities of AuNPs 1 were
67.16% and 102.66%, respectively, demonstrating that the
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AuNPs are biocompatible and have antioxidant activity for
cells.
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