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ARTICLE INFO ABSTRACT

Keywords: Recent advancements in nanoscience underscore the transformative potential of nanomaterials in

Gold “anopart.ides environmental and biological applications. In this study, we synthesized gold nanoparticles

ire? Sy“t.hTS‘s (Au@TPE NPs) using an eco-friendly and cost-effective approach, leveraging tangerine peel extract
ntibacterial

as both a capping and reducing agent. This method presents a sustainable alternative to tradi-
tional chemical agents. We optimized synthesis parameters, including time (5, 30, 60, and 90
min), temperature (25, 40, and 60 °C), and gold concentration (5, 10, 15, and 20 mM) to refine
the nanoparticles size and morphology. Characterization via UV-Vis, XRD, FT-IR, EDAX, FESEM,
and TEM revealed that nanoparticles synthesized at 40 °C and 15 mM gold concentration
exhibited an optimal size (~26 + 5 nm) and a spherical shape. The Au@TPE NPs demonstrated
antibacterial activity against both Gram-positive and Gram-negative bacteria, with minimum
inhibitory concentrations (MIC) of 31.25 pg/ml for Klebsiella pneumoniae and Escherichia coli, and
62.5 pg/ml for Pseudomonas aeruginosa. Notably, they also exhibited antifungal activity against
Candida albicans and demonstrated 92.7 % antioxidant activity in a DPPH scavenging assay at
250 pg/ml. Photocatalytic tests revealed that the nanoparticles effectively degraded methyl or-
ange and rhodamine B, achieving 88.6 % and 93.2 % degradation under UV light, respectively,
and 67.3 % and 74.1 % degradation under sunlight. These promising biological and catalytic
properties suggest significant potential for diverse applications.

Photocatalyst

1. Introduction

Nanotechnology, a field dedicated to the development and application of nanoparticles, has made significant strides across various
scientific disciplines, revealing novel solutions to complex challenges. Nanoparticles are typically characterized by their dimensions,
which range from 1 to 100 nm in at least one direction. In the medical field, this technology has led to the emergence of nanomedicine,
which enhances our ability to diagnose, monitor, and treat diseases. By leveraging nanoparticles, nanotechnology addresses a wide
array of pharmacological issues, providing innovative approaches to managing and treating diverse medical conditions [1-3].
Nanoparticles have been used in various fields such as medicine, pharmaceuticals, and engineering [4-6]. Various methods for syn-
thesizing nanoparticles have been introduced, including hydrothermal, chemical vapor deposition, and sol-gel techniques [7-9]. Each
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of these methods has its own set of advantages and disadvantages. However, a major drawback common to these approaches is their
high cost and reliance on chemical reducing agents. Consequently, the development of a simpler and more cost-effective method that
utilizes natural materials instead of chemical reducing agents would significantly benefit the environment. One such approach is the
synthesis of nanoparticles using green chemistry methods.

The green synthesis of nanoparticles has become increasingly prominent in materials and nanoscience research, thanks to its
numerous benefits. This method is particularly valued for its environmentally friendly approach, as it avoids the use of toxic substances
and hazardous chemicals. Additionally, it adheres to high safety standards and results in minimal environmental impact, making it a
sustainable and safer alternative to traditional nanoparticle synthesis techniques [10,11]. Green synthesis utilizing plants is
increasingly favored due to their abundant bioactive phytochemicals, such as phenolics, alkaloids, steroids, curcumins, and flavonoids.
These compounds, while chemically complex, are environmentally benign and can act as reducing, capping, and stabilizing agents in
nanoparticle synthesis. Consequently, plant-based methods yield highly stable nanoparticles, which not only streamline the scaling-up
process but also significantly reduce the risk of contamination [12,13]. In recent years, various extracts have been used for the syn-
thesis of nanoparticles, such as Solanum tuberosum [14], Capsicum annum [15], Zingiber officinale [16,17], barberry [18], Crataegus
microphylla [19].

Metal nanoparticles have significantly advanced the field of nanotechnology, offering promising applications across various do-
mains. Their contributions are particularly noteworthy in nano-drug delivery, where they facilitate targeted and efficient medication
transport; nano-biosensing, which enhances the sensitivity and accuracy of biological detection; and antibacterial and antifungal
therapeutics, where they provide effective solutions for combating microbial infections. Additionally, these nanoparticles are
instrumental in photocatalysis, where they drive chemical reactions under light exposure, leading to applications such as environ-
mental remediation and energy conversion. These diverse functionalities underscore the transformative impact of metal nanoparticles
on both scientific research and practical technologies [20-25].

Among metallic nanoparticles, gold nanoparticles (AuNPs) have a well-established history of medicinal use. They are renowned for
their high stability, low reactivity, excellent biocompatibility, and minimal toxicity in biological systems. Additionally, AuNPs are
characterized by a high surface-to-volume ratio and possess distinctive optical, electronic, scattering, and absorption properties. Their
tunable surface plasmon resonance and facile surface functionalization have made them valuable in a variety of applications, including
electronics, sensing, environmental monitoring, therapeutics, and biological fields [26]. Furthermore, AuNPs have been extensively
studied for their diverse biological activities, such as antibacterial [27], anticancer [28], antifungal [29], antioxidant [30], and wound
healing [31] effects. Deepti Susanna et al. reported a method for synthesizing gold nanoparticles (AuNPs) from Nothapodytes foetida
leaves using ultrasonication. The AuNPs, characterized by UV absorption at 524 nm and various analytical techniques, were stable,
mostly spherical, and ranged from 5 to 30 nm in size. The synthesized AuNPs showed strong antioxidant, antibacterial, and anticancer
properties, and demonstrated significant wound-healing effects. These findings highlight the AuNPs for various applications [32].
Samson Rokkarukala et al. reported the green synthesis of gold nanoparticles (AuNPs) using Sarcophyton crassocaule marine coral
extract. TEM and SEM revealed spherical and oval AuNPs ranging from 5 to 50 nm in size. The nanoparticles showed excellent stability,
as confirmed by zeta potential and FT-IR analysis. The synthesized AuNPs demonstrated significant biological activities: strong
antibacterial effects, high antioxidant capacity (DPPH: 85 %, RP: 82 %), and notable anti-diabetic activity (inhibition of a-amylase: 68
%, a-glucosidase: 79 %). They also exhibited 91 % catalytic effectiveness in reducing hazardous organic dyes [33]. Princy and col-
leagues investigated the synthesized gold and silver nanoparticles using Solanum nigrum root extract. The nanoparticles had diameters
of 22.35 nm (gold) and 11.85 nm (silver) with 5 ml extract, and 16.06 nm (gold) and 8.72 nm (silver) with 10 ml extract. They showed
strong antibacterial activity, especially against Staphylococcus aureus. In vitro tests revealed potential in treating lung cancer with
A549 cells. The nanoparticles also excelled in photocatalytic degradation of methylene blue and methylene orange. The results
highlight their potential for cancer therapy, antibacterial use, and environmental cleanup [34].

In this study, gold nanoparticles were synthesized using a green chemistry method in the presence of tangerine peel extract. After
characterizing the synthesized nanoparticles, their anticancer, antioxidant, catalytic, and antibacterial activities against both Gram-
positive and Gram-negative strains were evaluated. The results indicated that the synthesized nanoparticles exhibited significant
antibacterial activity against Gram-negative strains, as well as high antioxidant and anticancer activities. Additionally, the degradation
of rhodamine b and methyl orange in the presence of the synthesized gold nanoparticles demonstrated their potential as a suitable
alternative for environmental applications.

2. Experimental
2.1. Materials

Gold (III) chloride trihydrate (HAuCls.3H20, 99.99 %), methyl orange (99 % pure), rhodamine B (99 % pure), methanol (HPLC
gradient grade, 99.9 %), and ethanol were purchased from Sigma-Aldrich. Deionized (DI) water was utilized in all processes. The
chemicals were used as received without further purification. Klebsiella pneumoniae, Pseudomonas aeruginosa, Escherichia coli, Strep-
tococcus mutans, Streptococcus salivarius, and Staphylococcus aureus were obtained from the Pasteur Institute of Iran.

2.2. Extraction of tangerine peel (TPE)

The fresh tangerine peels were washed several times with water and finally rinsed with deionized distilled water to remove im-
purities. The peels were then cut into smaller pieces, air-dried, and subsequently dried in an oven at 40 °C for approximately 48 h. After
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Table 1

Synthesis of gold nanoparticles using tangerine peel extract under various conditions such as temperature, time, and concentration.
Sample Au concentration (mM) Temperature (°C) Time (min) Figure of UV/Vis
1 5 40 60 Fig. la
2 10 40 60 Fig. la
3 15 40 60 Fig. la
4 20 40 60 Fig. la
5 15 25 60 Fig. 1b
6 15 60 60 Fig. 1b
7 15 40 5 Fig. 1c
8 15 40 30 Fig. 1c
9 15 40 90 Fig. 1c

drying, the peels were ground into a powder using a blender. Subsequently, 200 g of the dried tangerine peel powder was extracted with
250 ml of methanol on a shaker for 72 h. Following this period, the extract was filtered. The methanol solvent was then removed using
a rotary evaporator. The final extract was stored in a refrigerator for the synthesis of gold nanoparticles.

2.3. Synthesis of gold nanoparticles using tangerine peel extract (Au@TPE NPs)

In this study, gold nanoparticles were synthesized using a green synthesis method adapted from the procedure described by
Shirzadi-Ahodashti et al. [35] with slight modifications. Initially, 10 mM of gold salt was dissolved in 10 ml of distilled water under
vigorous stirring. Subsequently, 10 ml of TPE extract were gently added to the reaction vessel at room temperature (25 °C). The re-
action proceeded for 60 min, during which the color of the solution changed from pale yellow to deep red. This color change is
attributed to a phenomenon known as surface plasmon resonance (SPR), indicating the formation of gold nanoparticles. Finally, the
synthesized nanoparticles were collected by centrifugation for 20 min, followed by three washings. The nanoparticles were then dried
at room temperature for 24 h. To achieve the optimal size and morphology of the nanoparticles, optimization of time, temperature, and
concentration was performed (Table .1).

2.4. Antibacterial and antifungal activity

The antibacterial and antifungal activities of tangerine peel extract and gold nanoparticles synthesized with TPE extract (sample no.
9) were evaluated against strains of Klebsiella pneumoniae, Pseudomonas aeruginosa, Escherichia coli, Streptococcus mutans, Streptococcus
salivarius, Staphylococcus aureus, and Candida albicans. The microdilution broth method was employed for the assessment. Different
concentrations of nanoparticles and extract were prepared by adding 100 pl of Mueller-Hinton broth to a 96-well microplate. The
tested concentrations for nanoparticles were 1000, 500, 250, 125, 62.5, 31.25, and 15.62 pg/ml, while for the extract, they were 4000,
2000, 1000, 500, 250, 125, and 62.5 pg/ml. Subsequently, 100 pl of diluted bacterial suspension equivalent to a 0.5 McFarland
standard was added to each well. The bacteria were incubated at 37 °C for 24 h after being shaken for 30 min. For fungi, the incubation
temperature was 27 °C. The minimum concentration at which no turbidity was observed was considered the Minimum Inhibitory
Concentration (MIC). To determine the Minimum Bactericidal Concentration (MBC) and Minimum Fungicidal Concentration (MFC),
streak cultures were performed on blood agar plates from the wells that showed no turbidity (MIC and higher concentrations). After 24
h of incubation, the lowest concentration of nanoparticles or extract that was able to kill 99.9 % of the microorganisms was recorded as
the MBC and MFC.

2.5. Antioxidant activity

The antioxidant properties of green gold nanoparticles (Sample no. 9) and tangerine peel extract were assessed using the 2,2-
Diphenyl-1-Picrylhydrazyl (DPPH) radical scavenging assay with Zantax kits. This assay relies on the reduction of the purple DPPH
radical to a yellow color by antioxidants, with the extent of color change reflecting the antioxidant efficacy. For this evaluation, 10 pl of
different concentrations of sample no. 9 (15.6, 31.2, 62.5, 125, and 250 pg/ml) and TPE extract (1.56, 3.12, 6.25, 12.5, and 25 mg/ml)
were added to each well, followed by the addition of 250 pl of DPPH solution. The mixture was then shaken for 30 s and allowed to
incubate for 20 min. Absorbance was measured at 517 nm. The antioxidant activity of the samples was calculated using the following
formula: Scavenging rate (%) = (1 — As/Ag) x 100; where, A, represents the absorbance of the sample, while Ay represents the
absorbance of the blank.

2.6. Photocatalyst performance

The photocatalytic activity of gold nanoparticles synthesized using tangerine peel extract (sample no. 9) was investigated under UV
and visible light conditions. The pollutants used in this study were rhodamine B as a cationic pollutant and methyl orange as an anionic
pollutant. A specified amount of each dye (4 ppm) was diluted in distilled water and poured into a beaker. The experiment was
completed by adding 45 mg of the gold photocatalyst to a glass reactor. Prior to irradiation, the mixture was aerated in the dark for 30
min to achieve adsorption-desorption equilibrium. After irradiation, samples were taken from the solution in the beaker at various



S.M. Ghoreishi and S. Mortazavi-Derazkola Heliyon 11 (2025) e40104

1.24
»
<
=
2
2.8+
°
2
k]
<
0.4 T T T T T
450 500 550 600 650 700
Wavelength (nm)
(b)
1.24
3
<9
£
<
2
S
=3
Z
< 0.8+
0.4
T T T T T
450 500 550 600 650 700
Wavelength (nm)
164 ©
5 min
s 30 miin
s 60 MmN
90 min
g 12
g 124
<
=
S
°
2
E
<
0.84
0.4 T T T T T
450 500 550 600 650 700
Wavelength (nm)

Fig. 1. UV-Vis spectra of the green synthesized gold nanoparticles for optimization at (a) various concentration, temperature (b), and (c) reac-
tion time.

intervals. The absorbance of the solution was measured using a UV-Vis spectrophotometer. Finally, the percentage of pollutant
degradation was calculated using the following formula:
Degradation (%) = [(A¢-A)/A]*100, where Ag and A; are related to initial adsorption and adsorption at time t, respectively.

3. Results and discussion
3.1. Spectroscopic analysis (UV-Vis)

Previous research has indicated that achieving optimal reaction conditions can significantly impact the morphology and size of
synthesized nanoparticles [36]. Therefore, to determine the optimal reaction conditions, parameters such as temperature (25, 40, and
60 °C), concentration (5, 10, 15, and 20 mM), and reaction time (5, 30, 60, and 90 min) were examined. It is noteworthy that in all
experiments, the volume of the TPE extract was kept constant at 10 ml. UV-Vis spectroscopy was employed to evaluate the reaction
conditions (NanoDrop, BioTek model Epoch). The formation of gold nanoparticles can be identified by a color change from pale yellow
to deep red, which leads to the appearance of a Surface Plasmon Resonance (SPR) absorption peak. By analyzing the UV-Vis spectra,
the optimal conditions were determined to be at a wavelength of approximately 520 nm. Table 1 summarizes the various conditions for
gold nanoparticle synthesis.
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Fig. 2. XRD pattern of Au@TPE NPs at optimum conditions: 15 mM of gold concentration, 40 °C, and 90 min.

3.1.1. Effect of gold salt concentration on gold nanoparticles

Gold salt concentration is a critical factor in the synthesis of gold nanoparticles. The UV-Vis results regarding the effect of gold salt
concentration are illustrated in Fig. 1a. As shown, increasing the gold salt concentration from 5 to 15 mM led to an increase in
absorbance, indicating a higher concentration of gold nanoparticles in the solution. However, when the concentration was further
increased from 15 to 20 mM, the absorbance decreased. This reduction could be attributed to the aggregation of nanoparticles and the
formation of larger-sized products. Therefore, a concentration of 15 mM was determined to be optimal for synthesizing gold nano-
particles using tangerine peel extract.

3.1.2. Effect of temperature on gold nanoparticle formation

Temperature is a crucial parameter in the formation of nanoparticles, as excessive temperature can lead to nanoparticle aggre-
gation. Therefore, identifying the optimal temperature is essential. In this study, the reaction was conducted at various temperatures.
According to the results shown in Fig. 1b, increasing the reaction temperature from 25 to 40 °C led to an increase in UV-Vis peak
intensity. This increase was accompanied by a slight blue shift in the wavelength. This trend indicates the formation of nanoparticles
with a smaller size and higher quantity. However, when the temperature was increased from 40 to 60 °C, the peak intensity decreased
due to nanoparticle aggregation. Thus, 40 °C was determined to be the optimal temperature for the reaction.

3.1.3. Effect of reaction time on gold nanoparticle formation

The results concerning the effect of reaction time on gold nanoparticle synthesis are shown in Fig. 1c. The data indicate that
increasing the reaction time from 5 to 90 min resulted in an increased intensity of UV-Vis peaks, reflecting a higher number of
nanoparticles in the solution. Consequently, 90 min was selected as the optimal reaction time. In summary, the most efficient con-
ditions for synthesizing gold nanoparticles using tangerine peel extract were found to be a concentration of 15 mM, a temperature of
40 °C, and a reaction time of 90 min. These optimized conditions were used for further reactions with the obtained nanoparticles.

3.2. XRD pattern

To examine the crystalline phase and purity of the synthesized nanoparticles, X-ray diffraction (XRD) analysis was conducted. The
XRD pattern of Au@TPE NPs (sample no 9) is displayed in Fig. 2. As illustrated, the peaks observed at 38.07°, 44.28°, 64.32°, and
77.26° correspond to the crystal planes (111), (200), (220), and (311), respectively. These results are consistent with the standard
diffraction pattern for gold nanoparticles (JCPDS card no.04-0784), confirming the presence of well-defined crystalline structures. The
size of the synthesized nanoparticles was estimated using the Debye-Scherrer formula [37], which yielded an average particle size of
approximately 28 nm. This result is indicative of the nanoparticles uniformity and crystalline quality. In comparison,
Shirzadi-Ahodashti et al. [35] synthesized gold nanoparticles using Pistacia vera extract, and their XRD analysis revealed four char-
acteristic peaks at 38.2°, 44.22°, 64.79°, and 77.67°. These peaks corresponded to the same crystal planes observed in our study,
further validating the accuracy and reliability of our XRD results. The consistency between our results and those reported in the
literature suggests that the nanoparticles synthesized using tangerine peel extract exhibit similar crystallographic characteristics to
those produced with other plant extracts.
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Fig. 3. FT-IR spectra of (a) tangerine peel extract and (b) Au@TPE NPs at optimum conditions: 15 mM of gold concentration, 40 °C, and 90 min.

3.3. FT-IR spectra

To investigate the functional groups, present in tangerine peel extract and the gold nanoparticles synthesized using this extract
(sample no. 9), fourier transform infrared spectroscopy (FTIR) was employed. The FTIR spectra of the gold nanoparticles and the
extract are shown in Fig. 3. As depicted in Fig. 3a, a broad peak around 3451 cm ™ is attributed to the stretching vibrations of hydroxyl
groups from alcohols or phenols [38]. A weak peak around 2926 cm ™! corresponds to C-H stretching vibrations. An absorption peak
related to the carbonyl group appeared around 1679 em ™. Additionally, the peak observed at 1326 cm ™ correspond to stretching of
the aromatic ring (-C = C) [39]. As previous studies have shown, gold nanoparticles themselves do not exhibit distinctive FTIR spectra
[40]. Since the extract interacts with the surface of the gold nanoparticles, the FTIR spectrum reflects this interaction through a
decrease in peak intensities and slight shifts. This shift and reduction in peak intensities are illustrated in Fig. 3b. In a study by
Shirzadi-Ahodashti et al., where gold nanoparticles were synthesized using Vicia faba extract, the FTIR spectrum of the nanoparticles
showed no significant difference compared to the extract used [40]. Therefore, our results indicate that the tangerine peel extract is
indeed present on the surface of the gold nanoparticles.

3.4. EDAX, FESEM, and TEM techniques

The elemental composition of the synthesized nanoparticles was determined using Energy Dispersive X-ray Spectroscopy (EDAX).
The EDAX spectra of the Au@TPE NPs (sample no. 9) are shown in Fig. 4a. As depicted, the presence of gold, carbon, and oxygen
elements is clearly identified. A sharp peak at around 2.2 keV indicates a high percentage of gold in the composition. The presence of
oxygen and carbon can be attributed to the components of the extract that are adsorbed onto the gold nanoparticles. In a study by
Arunachalam et al. where gold nanoparticles were synthesized using Memecylon umbellatum extract, the EDAX spectra also revealed the
presence of oxygen and carbon [41]. To examine the surface morphology and approximate size of the Au@TPE NPs (sample no. 9),
field-emission scanning electron microscopy (FESEM) was employed. The FESEM results, at magnification of 500 nm, are shown in
Fig. 4b. The images reveal a spherical morphology and relatively uniform particle sizes, with nanoparticles ranging from approxi-
mately 20 to 50 nm. For a more detailed examination of the morphology and precise size of the Au@TPE NPs (sample no. 9),
Transmission Electron Microscopy (TEM) was used (Fig. 5). The TEM images demonstrate a uniform morphology with particle sizes
ranging from 26 + 5 nm and well-ordered structures. Overall, the combination of EDAX, FESEM, and TEM analyses confirmed that gold
nanoparticles were successfully synthesized using a simple and cost-effective method with tangerine peel extract. These nanoparticles
have shown promise for use in biological and catalytic applications in subsequent studies.
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Fig. 5. TEM images of Au@TPE NPs at optimum conditions: 15 mM of gold concentration, 40 °C, and 90 min.

3.5. Antibacterial and antifungal activities

This study investigated the antibacterial and antifungal activities of gold nanoparticles (sample no. 9) and tangerine peel extract
against both Gram-negative and Gram-positive bacteria, as well as the fungus Candida albicans. The results related to antibacterial and
antifungal activities are presented in Tables 2 and 3, respectively. The results demonstrate that the synthesized gold nanoparticles had
a significant effect on all tested strains, with varying degrees of effectiveness. As shown in Table 2, the Minimum Inhibitory Con-
centration (MIC) against Streptococcus mutans, Klebsiella pneumoniae, Streptococcus salivarius, Pseudomonas aeruginosa, Escherichia coli,
and Staphylococcus aureus were 125, 31.25, 250, 62.5, 31.25, and 125 pg/ml, respectively. The most significant effects were observed
against Klebsiella pneumoniae, Pseudomonas aeruginosa, and Escherichia coli, while the least effect was against Streptococcus mutans,
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Table 2
MIC and MBC values of tangerine peel extract and Au@TPE NPs (sample no. 9).
Strain Au@TPE NPs Extract
MIC (pg/ml) MBC (pg/ml) MIC (pg/ml) MBC (pg/ml)
Streptococcus mutans 125 500 >4000 >4000
Klebsiella pneumoniae 31.25 62.5 >4000 >4000
Streptococcus salivarius 250 500 >4000 >4000
Pseudomonas aeruginosa 62.5 125 >4000 >4000
Escherichia coli 31.25 125 >4000 >4000
Staphylococcus aureus 125 125 >4000 >4000
Table 3
MIC and MFC values of tangerine peel extract and Au@TPE NPs (sample no. 9).
Microorganism Au@TPE NPs Extract
MIC (pg/ml) MFC (pg/ml) MIC (pg/ml) MFC (jg/ml)
Candida Albicans 15.62 62.5 >4000 >4000

Fig. 6. Proposed mechanism of antibacterial activity of Au@TPE NPs.

Streptococcus salivarius, and Staphylococcus aureus. Overall, the antibacterial activity was higher against Gram-negative strains
compared to Gram-positive ones. The impact of nanoparticles on bacterial strains varies and can be attributed to factors such as cell
wall structure, microorganism mechanisms, and overall structural properties. The exact mechanism of action of nanoparticles is not
fully understood, but it is hypothesized that smaller nanoparticles with a more uniform structure are more likely to adhere to mi-
croorganisms, disrupt cell walls, and cause cell death. This proposed mechanism is illustrated in Fig. 6. According to Morones et al.
[42], nanoparticles penetrate bacterial and fungal cells, interact with sulfur and phosphorus-containing compounds like DNA, and
ultimately kill microorganisms. Additionally, the MIC values for the antifungal activity of the synthesized gold nanoparticles, as shown
in Table 3, indicate that these nanoparticles exhibit very effective antifungal activity, with an MIC of 15.62 pg/ml. Comparing MIC,
MBC (Minimum Bactericidal Concentration), and MFC (Minimum Fungicidal Concentration) across various strains and Candida
albicans showed that the gold nanoparticles synthesized with tangerine peel extract have a notable antimicrobial effect compared to the
extract alone. Therefore, these results highlight the introduction of a compound with unique antimicrobial properties.

3.6. Antioxidant activity

When the production of free radicals exceeds the capacity of antioxidants to neutralize them, oxidative stress occurs, which can be
detrimental to vital molecules in the body, such as nucleic acids. Numerous studies have shown that nanoparticles, such as silver and
gold, as well as plant extracts, possess high antioxidant activity [43,44]. Various methods are available to assess this activity. One
commonly used method for evaluating antioxidant activity is the DPPH assay. In this method, DPPH is reduced by accepting a
hydrogen atom from hydroxyl groups, resulting in a color change of the solution from purple to yellow. In this study, the percentage of
DPPH inhibition was investigated using gold nanoparticles and tangerine peel extract, with results shown in Fig. 7. As can be seen, the
percentage of DPPH inhibition increases with increasing concentration. Specifically, for tangerine peel extract Fig. 7a, when the
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Fig. 7. DPPH inhibition percentage at different concentrations of (a) tangerine peel extract and (b) Au@TPE NPs at optimum conditions: 15 mM of
gold concentration, 40 °C, and 90 min.

concentration increased from 1.56 to 25 mg/ml, the percentage of DPPH inhibition increased from 16.7 % to 81.6 %. For gold
nanoparticles, increasing the concentration from 15.6 to 250 pg/ml resulted in an increase in the percentage of DPPH inhibition from
45.08 % to 92.7 % (Fig. 7b). Therefore, our results indicate that the gold nanoparticles synthesized with tangerine peel extract
significantly enhanced antioxidant activity compared to the extract alone. These results are consistent with the findings of Veena et al.
[45], who investigated the antioxidant activity of gold nanoparticles synthesized with Vitex negundo extract. Their results demon-

strated that the percentage of DPPH inhibition increased from 22.15 to 84.67 % with increasing concentration from 20 to 120 pg/ml,
which was significantly better than the extract alone.

3.7. Photocatalytic performance

The photocatalytic activity of gold nanoparticles synthesized using tangerine peel extract for the degradation of the anionic
pollutant methyl orange and the cationic pollutant rhodamine B was investigated under UV and visible light conditions. The results of
the degradation of rhodamine B and methyl orange pollutants are illustrated in Figs. 8 and 9. The degradation results for rhodamine B
(Fig. 8) indicate that this pollutant was degraded by 93.2 % under UV light and by 74.1 % under visible light. Additionally, Fig. 9 shows
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Fig. 9. Methyl orange degradation under UV and visible light irradiations using Au@TPE NPs (sample no. 9).

that the anionic pollutant methyl orange

was degraded by 88.6 % under UV light and by 67.3 % under visible light. Our results

demonstrate the high photocatalytic capability of these nanoparticles. In 2020, Shaikh et al. reported that green silver nanoparticles
synthesized with Shorea robusta leaf extract degraded 90.41 % of rhodamine B [46]. Therefore, a comparison of our results with those
reported by others indicates that gold nanoparticles synthesized using tangerine peel extract exhibit excellent photocatalytic perfor-
mance. A more detailed examination of the results revealed that the degradation percentage of the cationic dye is higher than that of

10
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the anionic dye. The presence of positive charges and oxygen-containing groups may be one of the main reasons for this increase. The
proposed mechanism for the degradation of pollutants using gold nanoparticles is as follows (Fig. 10):

AuQTPE NPs + hv — Au@TPE NPs (eg; +hy;)
h{, +H,0 - OH +H"
e +02 > Oy
0y +H' - H,Or
Dye + OH' — Degradation
4. Conclusion
This study demonstrates the successful synthesis of gold nanoparticles using tangerine peel extract, offering an eco-friendly and cost-
effective alternative to traditional chemical methods. Optimized synthesis conditions produced nanoparticles with an average size of
26 +5 nm and a spherical morphology. The Au@TPE NPs exhibited strong antibacterial and antifungal activities, significant anti-
oxidant properties, and effective photocatalytic degradation of pollutants under UV and sunlight. These promising results suggest that
Au@TPE NPs have substantial potential for diverse applications in environmental and biomedical fields.
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