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Abstract 

Bimetallic nanoparticles (NPs) have attracted significant interest in biomedical 
applications due to their unique physicochemical properties and synergistic effects. 
This study reports the synthesis of bimetallic gold-copper nanoparticles (AuCu NPs) 
via electrochemical deposition using cyclic voltammetry (CV) on indium tin oxide 
(ITO) substrates. Various precursor ratios of HAuCl₄ and CuSO₄ were employed to 
investigate the influence of Cu concentration on morphology and antioxidant 
activity of AuCu NPs. Characterization using field emission electron microscope 
equipped with energy dispersive X-ray spectrometer revealed that increasing Cu 
content altered the particle size distribution and surface uniformity, with optimal 
homogeneity achieved at a 1:1 Au:Cu ratio, yielding NPs of ~25–27 nm. X-ray 
diffraction analysis confirmed the presence of crystalline Au and Cu₂O phases, 
indicating successful co-deposition and surface oxidation of Cu. The antioxidant 
activity test, assessed through a DPPH radical scavenging assay, showed the highest 
inhibition (89.09%) for pure Au after a 48-hour incubation, whereas AuCu samples 
exhibited delayed yet substantial activity (>80%), suggesting time-dependent 
synergism. Furthermore, MTT assays on HaCaT cells revealed that the AuCu NPs 
were non-cytotoxic and exhibited protective effects against oxidative stress 
induced by blue light exposure, highlighting their potential for biomedical and 
dermatological applications. 

Keywords: bimetallic AuCu, electrodeposition, antioxidant activity, DPPH assays 

1. Introduction 

Free radicals are unstable, reactive molecules that can 

damage proteins, lipids, and DNA, disrupting normal cell 

function [1]. An excess of free radicals causes oxidative 

stress, which is an imbalance between free radical 

production and the body's ability to remove them. This 

stress can contribute to chronic diseases like cancer, heart 

disease, diabetes, and Alzheimer’s [2,3]. Persistent 

oxidative stress, if unchecked by antioxidants, causes 

cumulative tissue damage and accelerates cellular aging 

[4]. Consequently, scientists are increasingly focused on 

antioxidant compounds that can neutralize free radicals 

and boost the body's natural defences [5]. The primary role 

of antioxidants is to safely donate electrons to free 

radicals, stopping their destructive chain reaction and 

preventing damage to biological structures. [6].  

Recent developments in the field of antioxidants have 

been closely linked to advances in nanotechnology, which 

allows for an increase in the active surface area of a 

material thereby increasing its capacity to counteract free 

radicals [7]. By reducing the particle size to the nanoscale, 

the chemical and physical properties of a material can 

change significantly, especially in terms of reactivity and 

absorption efficiency toward oxidative species [8]. In this 

context, various metal and metal oxide nanoparticles (NPs) 

such as ZnO, Cu₂O, Ni, and Co have been widely studied for 

their ability as potential antioxidant agents [9,10]. Among 

these materials, gold nanoparticles (AuNPs) have received 
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considerable attention due to their chemical stability, 

biocompatibility, and ability to reduce oxidative species 

through radical capture and electron transfer mechanisms 

[11]. Studies have also shown that the integration of metal 

NPs, such as Au and Cu, in bimetallic form is able to 

produce a synergistic effect that enhances antioxidant 

activity higher than the monometallic form [12]. 

Therefore, metal NPs, especially Au and Cu, are becoming 

the focus of innovative approaches to treat oxidative stress 

more effectively. 

Gold NPs (AuNPs) have been reported to exhibit 

antioxidant activity by scavenging free radicals and 

modulating oxidative stress in biological systems [13]. In 

addition, AuNPs possess high biocompatibility, low 

cytotoxicity, and strong chemical stability, which support 

their safe application in biomedical research [14]. Their 

unique surface plasmon resonance (SPR) properties 

further enhance their reactivity in redox processes and 

contribute to light-driven antioxidant mechanisms. Several 

studies have also demonstrated high DPPH radical 

scavenging activity of AuNPs synthesized via green 

methods, including 85% inhibition using tangerine peel 

extract [15] and 70% inhibition with Nerium oleander leaf 

extract [16], confirming their effective role as antioxidant 

agents. 

Copper (Cu) has antioxidant properties due to its role 

as a transition metal in redox reactions that can regulate 

the formation of reactive oxygen species (ROS). However, 

Cu can also trigger oxidative stress leading to programmed 

cell death such as cuproptosis [17]. In the study, CuNPs 

fixed on walnut shells (especially CuNP-WS3) showed 

significantly increased free radical scavenging ability of up 

to 94.82% at a concentration of 10 mg/mL, indicating high 

electron transfer potential [18]. A study by Laxmi 

Sonawane et al. (2021) also showed that green-

synthesized CuNPs using Dioscorea bulbifera extract had a 

DPPH scavenging activity of 40.81 ± 1.44%, confirming 

their ability in redox reactions and electron stability in 

biological environments [19]. Meanwhile, Rajeshkumar et 

al. (2019) reported CuNPs synthesized using Cissus 

arnotiana extract showed antioxidant activity with a 

maximum DPPH free radical scavenging ability of 21% at a 

concentration of 40 μg/mL, which is close to the 

effectiveness of ascorbic acid (22%), indicating its potential 

as an active redox agent in biomedical applications [20]. 

Although AuNPs exhibit excellent biocompatibility, 

stability, and antioxidant activity [13,14], their relatively 

high cost and limited redox activity restrict broader 

applications. To address these limitations, Cu was selected 

as a complementary component because of its strong 

redox potential and affordability, despite its tendency to 

oxidize and its lower stability [20]. Conversely, compared 

to Cu and other transition metals, Au provides distinct 

advantages such as superior chemical stability, lower 

cytotoxicity, and unique plasmonic properties, which make 

it especially suitable for biomedical applications [13,14]. 

These features justify the selection of Au to be combined 

with Cu, as the combination is expected to balance high 

redox reactivity with stability and biocompatibility. The 

integration of Au with Cu is therefore considered a rational 

strategy to obtain synergistic properties, resulting in 

improved catalytic and antioxidant activity compared to 

their monometallic counterparts [13,20]. 

The effectiveness of AuCu bimetallic NPs has been 

widely studied because they provide higher antioxidant 

performance than their monometallic forms [21]. Elabbadi 

et al. (2023) reported that both core-shell structures and 

homogeneous AuCu alloys synthesized via 

electrodeposition methods produce particles with 

controlled morphology and good electrochemical stability, 

making them suitable for applications involving redox 

reactions [22]. In this system, Au stabilizes the surface and 

facilitates interactions with radical molecules, while Cu 

enhances the electron transfer rate through a reduction-

oxidation mechanisms [23]. Research by Blosi et al. (2016) 

shows that AuCu NPs obtained through green methods 

exhibit stronger antioxidant activity and more uniform 

particle size distribution than monometallic NPs [24]. In 

addition, Razzaq et al., (2016) revealed that the presence 

of both metals can strengthen the antioxidant 

effectiveness of ascorbic acid in capturing free radicals due 

to increased interactions on the particle surface [25]. With 

these properties, AuCu bimetallic NPs have the potential 

to be used in various applications, such as protecting cells 

from oxidative stress, assisting tissue repair processes, and 

serving as active ingredients in nanotechnology-based 

products. 

A wide variety of physical, chemical, and biological 

methodologies are used to synthesize AuNPs. Each of 

these methods has its own limitations such as high cost, 

potentially harmful effects, demanding labor 

requirements, and various other factors [26]. The 

electrodeposition method via cyclic voltammetry (CV) is a 

superior technique in the synthesis of AuNPs, as it 

produces particles with high purity while providing precise 

control over deposition conditions [27]. Parameters such 

as deposition potential range, number of voltammetry 

cycles, and scan rate greatly affect the size, density, and 

morphology of AuNPs formed, which in turn determine 
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their electron absorption ability and antioxidant activity 

[26].  

The success of the electrodeposition process is 

determined not only by electrical parameters, but also by 

highly dependent on the selection of substrates that 

support charge transport and electrochemical stability. 

Indium Tin Oxide (ITO) is often chosen as a superior 

substrate for electrodeposition of bimetallic NPs such as 

AuCu due to its distinctive properties of providing high 

electrical conductivity (resistivity ~10-⁴ Ω-cm) and optical 

transparency >80% in the visible light range, allowing for 

in-situ electro-optical analysis as well as direct 

characterization of particle morphology [28]. In addition, 

the advantages of ITO are also seen in its resistance to 

electrochemical degradation during redox cycling, 

especially in the neutral to slightly acidic pH range [29]. A 

study by Zhang et al. (2015) also found that AuNPs 

synthesized through electrodeposition on ITO substrates 

adhered strongly and had a more uniform morphology 

than electrodeposition on other conductive glass 

substrates [30]. Therefore, this study aims to investigate 

the effect of varying CuSO₄ concentration on the 

morphology of AuNPs synthesized via CV-based 

electrodeposition method on an ITO substrate and to 

evaluate how these morphological changes influence the 

resulting antioxidant capacity. 

2. Materials and Method 

2.1 Materials 

All materials used in this study were of analytical grade. 

The gold precursor was HAuCl₄-3H₂O (Sigma-Aldrich) and 

the copper source was CuSO₄-5H₂O (Merck). Potassium 

chloride (KCl) was used as a supporting electrolyte in the 

electrodeposition process. Indium Tin Oxide (ITO) coated 

glass was used as the substrate. Aquadest, aquabidest, 

technical-grade ethanol, analytical-grade ethanol, and 

aqua regia solution were used for the synthesis, 

dissolution, and cleaning processes. 

2.2 ITO substrate preparation 

The ITO substrates were first cleaned to remove 

organic and inorganic contaminants. The cleaning 

procedure involved sequential 15-minute ultrasonication 

baths in technical-grade ethanol and aquabidest then dried 

at room temperature. 

2.3. Electrodeposition process of AuCu  

AuCu nanoparticles (NPs) were synthesized via 

electrodeposition using cyclic voltammetry (CV). The 

electrolyte solution was prepared by dissolving 

HAuCl₄·3H₂O and CuSO₄·5H₂O precursors in 0.1 M KCl 

solution. The electrodeposition was carried out in a three-

electrode electrochemical configuration, with ITO 

substrate as the working electrode, a platinum (Pt) foil as 

the counter electrode, and Ag/AgCl (3 M KCl) as the 

reference electrode. Synthesis was conducted at room 

temperature using CV at a potential window between -1.0 

and +1.5 V, 50 cycles, and a scan rate of 125 mV/s. After 

the deposition process was completed, the film sample 

was rinsed by immersion in aquadest and ethanol. The 

compositional variations investigated in this study are 

listed in Table 1.  

Table 1. Composition of electrolyte solution for the electro-

deposition of AuCu NPs. 

Sample 
[HAuCl₄] 

(mM) 
[CuSO₄·5H₂O] 

(mM) 
[KCl] (M) 

Au-1 0.50 – 0.1 

AuCu-2 0.35 0.15 0.1 

AuCu-3 0.30 0.20 0.1 

AuCu-4 0.25 0.25 0.1 

2.4 Antioxidant activity test  

The antioxidant activity of the synthesized AuCu NPs 

was evaluated using the 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) radical scavenging assay. A 0.1 mM DPPH solution 

was prepared in methanol solvent, and the sample was 

dipped into the solution. Incubation was carried out at 

room temperature in the dark for two-time intervals, 30 

minutes and 48 hours. The change in absorbance was 

measured using a UV-Vis spectrophotometer at a 

wavelength of 518 nm as an indicator of free radical 

scavenging activity. The radical scavenging efficiency was 

calculated as the percentage of inhibition using Equation 

(1):  

%𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = (
𝐴0−𝐴1

𝐴0
) × 100%   (1) 

where A₀ is the initial absorbance of DPPH solution, and A₁ 

is the absorbance of DPPH solution after reacting with the 

sample.  

2.5. Characterization 

The morphology and elemental composition of the 

samples was performed using a Field Emission Scanning 

Electron Microscope (FESEM, JEOL JSM-7600F) equipped 

with Energy Dispersive X-ray Spectroscopy (EDS, Oxford 

Instruments) to examine local elemental composition. The 

crystalline structure and phase identification were 

investigated using an X-ray Diffractometer (XRD, 

PANalytical X’Pert PRO, Co-Ka radiation (λ = 1.7903 Å) with 

a potential of 15 kV). The diffraction patterns were 

analyzed with HighScore Plus software using reference 

data from the Crystallography Open Database (COD) to 
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identify the crystal planes and the metallic phases formed 

in the samples. 

2.6 MTT assay 

The indirect cytotoxic and cytoprotective assays 

involving a pre-incubation of the samples for 72 hours as 

the initial stage to produce an immersion solution. Test 

samples were placed in a 48-well microplate containing 

800 µL of medium, then incubated at 37°C and 5% CO₂. 

After 48 hours of incubation, HaCaT cells were implanted 

into a 96-well microplate and incubated for 24 hours. After 

cell attachment, the medium in the 96-well microplate was 

discarded and replaced with 100 µL of immersion solution 

from each sample with each sample tested in triplicate.  

For the cytoprotective assay, the 96-well microplate 

was exposed to blue light for 6 hours, while for the 

cytotoxic assay no blue light exposure was done. After 

treatment, the media was discarded and the MTT assay 

was carried out by adding 10 µL of MTT solution, incubated 

for 3 hours. Subsequently, 100 µL of dimethyl sulfoxide 

(DMSO) was added and the plate was subjected to orbital 

shaking for 15 minutes. Absorbance was measured at a 

wavelength range of 400-600 nm. The percentage of cell 

viability was calculated based on the absorbance values.   

3. Results and Discussion 

3.1 Growth mechanism of AuCu NPs  

The electrodeposition of AuCu NPs is generally 

described by a mechanism involving the stepwise 

reduction of metal precursors [31], as illustrated in Fig 1. 

 
Figure 1. Illustration of the growth mechanism of AuCu 

nanoparticles [31]. 

The AuCl₄- ions are first reduced at a relatively positive 

potential, depositing Au⁰ as initial nucleation sites. The 

deposited Au then acts as a nucleation center and an active 

site for the reduction of Cu²⁺ ions at a more negative 

potential. This stepwise process allows the controlled co-

deposition of Au and Cu on the surface, forming a layer of 

bimetallic NPs with a homogeneous distribution. Such a 

mechanism is common in bimetallic electrodeposition, 

where the sequence of reduction potentials and surface 

interactions govern the final composition and structure of 

the alloy formed [21,23].  

 

3.2 Morphological and elemental analysis   

FESEM and EDS were used to analyze the morphology 

and elemental composition. Figure 2 shows that the AuNP-

modified electrode surface has a dense, uniform 

morphology coated with fine particles that are relatively 

evenly distributed over the entire surface of the ITO 

substrate. Figure 2a reveals coarse-grained structures with 

small aggregates scattered across the surface, indicating 

the success of the electrodeposition process. The presence 

of fine cracks is most likely caused by surface tension 

during the particle growth process or during the drying 

stage. However, the AuNPs still formed a continuous and 

fused layer, reflecting the formation of a compact and 

active AuNPs film on the ITO substrate. EDS analysis shows 

that the elemental gold (Au) is distributed in the form of 

high-intensity local agglomerations, as shown in the Quant 

Map of Fig 2b, while carbon (C) and oxygen (O) are evenly 

distributed as possible residual organic matter, and silver 

(Ag) appears only minimally. This is reinforced by the Count 

Map in Fig 2c, which shows bright spots in the Au-

concentrated area. Based on image analysis using ImageJ 

software, it was found that the average size of the 

deposited AuNPs was 31 nm. This size is within the optimal 

range widely reported in the literature as a major 

determinant of enhanced antioxidant activity, as the high 

surface-area-to-volume ratio allows for more efficient 

interaction with free radicals. The study by Dehghani et al. 

(2023) showed that green-synthesized AuNPs using 

Glaucium flavum extract had an average size of about 32 

nm and exhibited significant antioxidant activity in DPPH 

assay, even at low concentrations [32]. Similar results were 

also reported by Tejaswini et al. (2023), where AuNPs of 

20-30 nm obtained from Capsicum annuum extract 

showed a DPPH radical scavenging efficiency of 86% at a 

concentration of 100 µg/mL [33].  

 
(a)     (b)       (c) 

Figure 2. FESEM–EDS analysis of Au-1 nanoparticles. 

In Fig 3a, the particles appear evenly distributed with 

relatively small and homogeneous size, indicating 

controlled growth. This morphology reflects the success of 

the AuCu co-deposition process, where AuNPs formed first 

act as nucleation centers for the continued growth of 

CuNPs, resulting in a structurally fused mixed-metal film. 

Elemental mapping via EDS Quant Map (Fig 3b) shows that 

the distribution of Au is localized to the main 

agglomeration area, while C and O are evenly distributed 
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across the surface. The Count Map (Fig 3c) supports this 

finding, showing high intensity in the metal agglomeration 

area, as well as low intensity and dispersed in other areas. 

Based on image processing using ImageJ, it was found that 

the average size of the NPs was 57 nm. The addition of Cu 

with a certain concentration is known to affect the size and 

structure of the formed NPs. In bimetallic systems such as 

AuCu, the presence of a second metal such as Cu plays a 

role in modifying the final particle morphology and can 

trigger the formation of core-shell structures or 

homogeneous alloys depending on the synthesis 

conditions. B. Akilandaeaswari et al. (2021) showed that 

the formation of AuCu NPs through a green synthesis 

approach resulted in morphologically stable particles and 

exhibited better biological activity than monometallic 

particles, which reinforces the notion that the bimetallic 

structure supports more optimized functional characters 

[34].   

 

(a)    (b)      (c) 

Figure 3. FESEM–EDS analysis of AuCu-2 nanoparticles. 

Figure 4a shows a dense and highly uniform surface 

morphology, composed of fine spherical NPs with a very 

even distribution across the substrate surface. Elemental 

mapping analysis via EDS Quant Map (Fig 4b) shows 

intense and broad distributions for gold (Au) and copper 

(Cu) elements, which overlap in the nanoparticle area. The 

presence of Au and Cu signals at the same location 

supports the indication of co-deposition of both metals on 

the electrode surface. The Count Map (Fig 4c) reinforces 

this finding by showing bright spots in areas with high 

concentrations of Au and Cu with an average size of 

approximately 27 nm. This result reflects the synergistic 

effect of the co-deposition of Au and Cu metals during the 

electrodeposition process. The addition of Cu to the 

bimetallic system not only acts as a structural component 

but also affects the nucleation mechanism and particle 

growth. Higher concentrations of Cu can accelerate the 

initial nucleation process, thereby inhibit continued crystal 

growth and yielding particles with smaller sizes and more 

uniform distributions. This result is in line with the findings 

of Elabbadi et al. (2023), who reported that increasing the 

Cu ratio in the AuCu system improves morphological 

stability and inhibit particle overgrowth, resulting in 

nanocatalysts that are more size-controlled and evenly 

distributed on the substrate surface [22]. These findings 

indicate that the ~27 nm-sized AuCu structures formed in 

this study are the result from controlled co-deposition 

conditions, with significant contributions of Cu in 

improving dispersion and strengthening inter-particle 

attachment at the nanoscale.   

 
(a)                     (b)      (c) 

Figure 4. FESEM–EDS analysis of AuCu-3 nanoparticles. 

Figure 5a shows a dense and highly uniform surface 

morphology, composed of fine spherical NPs with a very 

even distribution across the substrate surface. There are 

fewer large aggregates, indicating that particle growth is 

more homogeneous at a balanced Au:Cu ratio. Elemental 

mapping analysis via EDS Quant Map (Fig 5b) shows that 

gold (Au) is intensely and widely distributed, while carbon 

(C) and oxygen (O) are more homogeneously distributed 

across the surface, possibly from residual organic matter 

or interaction with the substrate surface. The Count Map 

(Fig 5c) reinforces these findings by showing bright spots in 

areas of high Au concentration with an average size of 25 

nm. This result indicates the significant effect of adding Cu 

in a 1:1 ratio to the AuCu co-deposition process. When Cu 

is added in an amount equivalent to Au, it can accelerate 

the nucleation process and result in more controlled 

particle growth, so that the final particle size becomes 

smaller and the distribution is more even. This is in line 

with the results of a study by Blosi et al. (2016), who 

reported that AuCu NPs with an Au:Cu ratio of up to 1:1 

produced a monodisperse size distribution of about 17-20 

nm due to optimal equilibrium between the two metals 

[24]. The study reinforces the conclusion that a balanced 

Au:Cu ratio improves morphology control and prevents the 

formation of large aggregates. 

 
   (a)    (b)      (c) 

Figure 5. FESEM–EDS analysis of AuCu-4 nanoparticles. 

Elemental mapping shown in Fig 6 illustrates the 

transition from pure Au deposition to the onset of 

bimetallic film formation upon Cu introduction. In the Au-

1 sample, Au distribution is intense with no detectable Cu 

signal, consistent with pure AuNPs deposition. The high Au 

content (69.9 wt%) with dominant O and C background 

originates from the ITO substrate, confirming that the film 

is Au-dominated. In contrast, the AuCu-2 sample reveals 
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the first detectable Cu signal (0.3 wt%), accompanied by a 

decrease in Au content to 37.6 wt%. This indicates that co-

deposition occurs, though surface segregation still favors 

Au dominance. 

This trend agrees with the FESEM observations, where 

initial Cu addition produced larger, more aggregated 

particles. Cu appears to interfere with early nucleation 

events, leading to less controlled growth. Nevertheless, 

elemental mapping shows that Cu becomes more spatially 

dispersed compared to Au-1, suggesting the onset of a 

more homogeneous bimetallic structure. These results 

highlight that the Au:Cu precursor ratio not only dictates 

chemical composition but also influences nucleation 

dynamics and the overall uniformity of the deposited film. 

The dominance of Au on the surface, even with the 

addition of Cu in the AuCu-2 sample, is consistent with the 

concept of surface segregation, where the metal with 

lower surface energy (Au) tends to occupy the outer layer 

of the particle.  

This observation aligns with the findings of Van Thuan 

et al. (2015), who reported that the formation of AuCu 

alloys is strongly influenced by reduction conditions, 

electrode potential, and the ion exchange rate at the 

interface [23]. Therefore, the elemental mapping results 

not only reflect the initial composition but also emphasize 

that electrodeposition conditions play a critical role in 

determining elemental distribution and the stability of the 

bimetallic phase.   

 

Figure 6. EDS elemental mapping of electrodeposited Au-1 (a) 

and AuCu-2 nanoparticles on ITO substrate (b). 

Increasing the Cu concentration had a pronounced 

effect on the evolution of particle size and morphology 

(Table 2). The particle size increased in AuCu-2 (~57 nm), 

but decreased again in AuCu-3 and AuCu-4 (~25–27 nm) 

with a more uniform distribution. EDS analysis confirmed 

Au as the dominant element, while Cu was detected only 

in small amounts but became more homogeneously 

distributed at higher AuCu ratios. These findings highlight 

that balanced AuCu ratios promote more controlled NP 

growth. 

 

Table 2. Summary of FESEM-EDS analysis of AuCu nanoparticles. 

Sample 

Average 

Particle 

Size (nm) 

Morphology 

(FESEM) 

Composition 

(EDS, main 

elements) 

Au-1 ~31 nm 

Dense, uniform 

morphology, 

continuous 

AuNPs film 

Au dominant 

(69.9 wt%), 

minor C, O, 

trace Ag 

AuCu-2 ~57 nm 

Granular 

particles, local 

agglomerations, 

less controlled 

growth 

Au 37.6 wt%, 

Cu 0.3 wt%, C 

and O 

background 

AuCu-3 ~27 nm 

Spherical 

particles, highly 

uniform 

distribution 

Au 32.0 wt%, 

Cu 0.6 wt%, 

more 

homogeneous 

distribution 

AuCu-4 ~25 nm 

Highly uniform 

nanoparticles, 

homogeneous 

growth, minimal 

aggregates 

Au dominant, 

Cu ~0.6 wt%, 

homogeneous 

overlap 

3.3 Structural analysis  

XRD analysis of the samples showed a typical pattern of 

gold (Au) face-centered cubic (fcc) crystal structure, with 

main diffraction peaks at about 44.6° and 55°, indexed as 

(111) and (200) planes, respectively, according to JCPDS 

reference data 01-089-3697. Additionally, diffraction 

peaks at around 38° and 64° correspond to the (111) and 

(220) planes of the fcc Au and Cu phases (JCPDS card No. 

04-0784 for Au and No. 04-0836 for Cu). This supports the 

successful incorporation of both Au and Cu crystalline 

phases in the deposited films. In the control sample 

(sample Au-1) without Cu²⁺ addition, the XRD pattern 

displays sharp and intense Au (111) and Au (200) peaks, 

indicating a clean reduction of HAuCl₄ to crystalline Au⁰ 

without any impurity phase. The addition of CuSO₄ in 

samples AuCu-2, AuCu-3 and AuCu-4 showed significant 

changes in the diffraction pattern. In sample AuCu-4, an 

additional peak appeared around 37°, which was identified 

as the (111) plane of Cu2O (COD 00-002-1225).  

The intensity of the Au peak decreased in proportion to 

the HAuCl₄ concentration in each sample. Sample Au-1 

with 0.5 mM HAuCl₄ produced the sharpest and most 

intense Au (111) and Au (200) peaks, while in sample AuCu-

4 with 0.25 mM HAuCl₄, the peak intensity significantly 

reduced. The same thing also happened to the Cu₂O peak. 



 

Chemistry and Materials     Ilmi et al. / Chem. Mater. 4 (3) 2025, 130-141 

 

136                                                                                                                               Published by The Center for Science Innovation             

  

The presence of the Cu₂O phase is attributed to the 

oxidation of the Cu⁰ metal surface produced during 

deposition. In the co-reduction deposition process, Cu²⁺ 

ions are reduced to Cu⁰ on the substrate surface along with 

the reduction of Au³⁺ to Au⁰. After deposition, the more 

reactive Cu⁰ metal is easily partially oxidized by dissolved 

oxygen or air into Cu₂O. This explains why the intensity of 

the Cu₂O peak increases at higher CuSO₄ ratios (sample 

AuCu-4), as more deposited Cu⁰ is available for oxidation. 

In contrast, at higher Au:Cu ratios (sample AuCu-2 and 

AuCu-3), the intensity of the Au peak is stronger and the 

Cu₂O peak weakens or disappears due to the smaller 

amount of Cu⁰ formed.  

 
Figure 7.   XRD patterns on ITO substrate a) Au-1 (red); b) AuCu-2 

(blue); c) AuCu-3 (green); and d) AuCu-4 (brown) nanoparticles. 

The XRD patterns show a sharp peak around 63-64°, 

which can be attributed to the ITO substrate, as also 

reported by Kumar et al. (2019) [9]. This peak is not related 

to the reaction products, but appears as a fixed 

background signal in all samples. Overall, the XRD results 

indicate that the molar ratio of Au³⁺/Cu²⁺ precursors in the 

electrolyte solution influences the relative intensity of the 

diffraction peaks and the phase purity of the deposited 

films 

3.4 Antioxidant activity test  

Antioxidant activity was evaluated in vitro by the free 

radical scavenging method using 2,2 diphenyl-1-

picrylhydrazyl (DPPH) [35]. The DPPH molecule is a stable 

free radical and is commonly used to evaluate the 

antioxidant activity of some compounds or extracts of 

natural materials [36].  

The DPPH assay results (Fig 8) show that the Cu 

concentration in the AuCu system affects the antioxidant 

activity, expressed as percent inhibition. The sample 

without Cu addition (sample Au-1) showed the highest 

scavenging activity both at 30 min (6.59%) and 48 h 

incubation (89.09%). In contrast, the addition of Cu to 

sample AuCu-3 and AuCu-4 (0.25 mM) caused a significant 

decrease in the inhibition activity within 30 minutes to 

0.34% and 1.89%, respectively. The decrease may be due 

to the less effective formation of active sites on the CuNPs 

surfaces within a short incubation time, which is not 

enough to allow optimal electron transfer to DPPH free 

radicals [37]. The assay also demonstrated that incubation 

time strongly influenced the inhibition percentage. At 30 

min, all samples exhibited low activity, but inhibition 

increased sharply after 48 h. Pure AuNPs (sample Au-1) 

showed the highest value (~89%), while the AuCu 

bimetallic samples ranged from 80-84%. This indicates that 

the incorporation of Cu did not directly enhance 

antioxidant activity under these conditions, although it 

contributed to improved particle homogeneity. 

 
Figure 8. DPPH radical inhibition (%) of Au and AuCu 

nanoparticles after 30 min and 48 h incubation. Data are 

expressed as mean ± SD (n=3).  

After 48 h of incubation, inhibition values for AuCu-3 

and AuCu-4 increased to 82.05% and 84.12%, respectively, 

though still lower than Au-1. A longer contact time appears 

to increase Cu's role in radical scavenging, which aligns 

with its known redox behavior and interaction with π-

electron group DPPH [38]. These findings agree with 

previous reports. Dobrucka showed that biosynthesized 

CuNPs are more effective scavengers at higher 

concentrations [34], and Maulina et al. (2024) similarly 

found that CuNPs from Polyalthia longifolia extract 

achieved 68.37% inhibition, with performance improving 

as concentration increased [39]. 

The absence of a strong synergistic effect between Au 

and Cu can be attributed to surface segregation, where Au 

atoms preferentially occupy the NP surface due to their 

lower surface energy, thus limiting the exposure of Cu 
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active sites [40]. Furthermore, the slower electron transfer 

kinetics of Cu compared to Au make its contribution more 

apparent only after longer incubation periods. This is 

consistent with the observed increase in inhibition of AuCu 

samples at 48 h compared to 30 min. Previous studies have 

also highlighted that the synergistic effect of AuCu strongly 

depends on precursor ratio, surface oxidation state, and 

reaction duration, and that under certain conditions, pure 

AuNPs can exhibit higher reactivity than the bimetallic 

form [41]. These results suggest that while AuCu NPs 

exhibit strong antioxidant activity, the contribution of Cu is 

time-dependent, and a synergistic effect becomes more 

evident only at extended incubation times. 

The antioxidant activity results showed that pure 

AuNPs exhibited the highest inhibition value (89.09% after 

48 h), which was slightly higher than the AuCu bimetallic 

samples (82-84%). This finding indicates that the expected 

synergistic effect between Au and Cu did not appear 

strongly under the tested conditions. A plausible 

explanation is related to the phenomenon of surface 

segregation, where Au atoms tend to dominate the 

nanoparticle surface due to their lower surface energy 

compared to Cu, thereby limiting the exposure of Cu active 

sites during the short reaction period [40].  

In addition, the electron transfer kinetics of Cu are 

generally slower than those of Au, so its contribution 

requires a longer incubation time to become evident. This 

is consistent with the observed increase in inhibition 

values of AuCu samples after 48 h compared to 30 min 

incubation, suggesting that Cu plays a time-dependent role 

in the radical scavenging process. Previous studies have 

also reported that the synergistic effect of AuCu NPs is 

highly dependent on precursor ratio, surface oxidation 

state, and reaction duration, and that under certain 

conditions Au alone can exhibit higher immediate 

reactivity than the bimetallic form [41]. Therefore, the 

results of this study suggest that although AuCu NPs 

display good antioxidant activity, their synergistic 

contribution is more pronounced at longer contact times 

rather than in the initial phase of the reaction. 

3.5 Proposed radical scavenging mechanism 

The proposed mechanism for free radical suppression 

by AuCu NPs is illustrated in Fig 9. The mechanism suggests 

that the Au atoms on AuCu NPs stabilize the nitrogen (N) 

atom in DPPH by forming a bond. This is because free 

radical compounds are very reactive and always try to find 

electron pairs to stabilize their condition [42]. The N atom 

donate its lone electron pair to the Au atom, forming a 

coordination covalent bond that stabilizes the free radicals 

[43].  

 
Figure 9. Free radical scavenging proposed mechanism by AuCu 

nanoparticles. 

3.6 MTT assay 

MTT assay was performed indirectly to evaluate the 

cytotoxic and cytoprotective effects of AuCu NPs on HaCaT 

cells. In the cytotoxic assay, cells that were not exposed to 

blue light were treated with the immersion solution of 

each sample.  

 
Figure 10. Cytotoxicity assay of AuCu nanoparticles on HaCaT 

cells. Data are expressed as mean ± SD (n = 3, error bars). 

The results in Fig 10 show that all samples had cell 

viability values above 100%, with the highest value 

recorded in SIII at 135.25%, indicating that the samples 

were not only non-toxic, but also able to stimulate cell 

proliferation. The lowest viability value was found in the 

positive control, DMSO, at 0.44%, which reinforces the 

effectiveness of the system as a toxicity reference. This 

high viability indicates that AuCu NPs do not cause direct 

cell damage and even have the potential to exert a 

stimulative effect on cells, especially under conditions 

without external oxidative stress. This is consistent with 

the findings of Kwak et al. (2022), who reported that AuNPs 

from green synthesis showed no cytotoxic effect against 

HaCaT cells at concentrations up to 50 µg/mL [44]. In 

addition, the study by Philip et al. (2024) on green CuNPs 

synthesized using Crossandra infundibuliformis extract 

showed HaCaT viability >70% even at high concentrations 

up to 200 µg/mL, indicating minimal toxicity and potential 

to support cell recovery [45].  

In the cytoprotective assay, which involved a 6-hour 

blue light exposure, all samples maintained HaCaT cell 

viability at a relatively high level, with the highest viability 
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value in sample Au-1 at 106.44%, approaching or 

exceeding the value of cell control (100.08%) and vitamin 

C positive control (97.73%). These results indicate that the 

immersion solution of AuCu NPs has the ability to protect 

cells from oxidative stress damage induced by blue light. 

This protective effect most likely originates from a free 

radical scavenging mechanism mediated by the active 

surface of the bimetallic metal particles. As described by 

Jomova et al. (2024), certain metal NPs, including Cu and 

Au in oxide or alloy structures, are able to act as 

nanozymes that mimic the activity of enzymes such as 

superoxide dismutase (SOD) and catalase, thereby 

decreasing the accumulation of reactive oxygen species 

(ROS) in the cellular environment and preventing oxidative 

damage to skin cells [46]. Therefore, this AuCu NPs system 

has potential cosmetic and dermatological applications, 

especially as a protective agent against oxidative stress due 

to blue light exposure. 

 
Figure 11. Cytoprotective assay of AuCu nanoparticles on HaCaT 

cells under blue light exposure. Data are expressed as mean ± SD 

(n = 3, error bars). 

4. Conclusion 

Bimetallic AuCu nanoparticles (NPs) were successfully 

synthesized via electrodeposition method via cyclic 

voltammetry (CV) with varying concentrations of CuSO₄ 

precursor. The resulting NPs exhibited spherical, dense, 

and uniformly distributed morphologies on the ITO 

substrate surface, with average particle sizes ranging from 

25 to 57 nm depending on the Au:Cu ratio. Antioxidant 

activity, evaluated via a DPPH assay, revealed that the pure 

AuNPs achieved the highest inhibition percentage of 

89.09% after 48 hours of incubation. Although the addition 

of Cu initially reduced the inhibition activity at 30 minutes, 

it significantly improved over longer incubation, reaching 

up to 84.12% for a 1:1 Au:Cu ratio. MTT assay results 

showed that all samples were non-toxic to HaCaT cells and 

even enhanced cell viability while exhibiting protective 

effects against blue light-induced oxidative stress. Overall, 

these findings confirm that the Au:Cu ratio in 

electrodeposition directly influences NP morphology, size, 

antioxidant efficacy, and biocompatibility, highlighting 

AuCu NPs as promising candidates for biomedical and 

cosmetic nanotechnology applications. 
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