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Abstract
Gold nanoparticles (AuNPs) were synthesized through a microwave-assisted green 
route using an MAE-derived aqueous Rubus caesius L. fruit extract as a natural 
reducing and stabilizing medium. The effects of precursor concentration, extract 
volume, and microwave power were systematically evaluated within the tested 
experimental range. The combination of 0.075 mM HAuCl₄0.3 H₂O, 0.4 mL fruit 
extract, and 180 W microwave irradiation produced the most distinct and symmetric 
surface plasmon resonance response. FT-IR analysis suggested that oxygen-
containing functional groups in the extract may have contributed to Au³⁺ reduction 
and AuNP surface stabilization. TEM analysis revealed spherical, triangular, and 
hexagonal nanoparticles with an average core size of 11.6 ± 3.2 nm. DLS showed a 
hydrodynamic diameter of 71.92 ± 4.12 nm and a polydispersity index of 0.425, while 
the near-neutral zeta potential indicated limited colloidal stability. UV–Vis monitoring 
showed that the RC-AuNPs largely retained their spectral characteristics for up to 45 
days. The synthesized nanoparticles exhibited a core size comparable to previously 
reported Rubus-mediated AuNPs. The specific contribution of this study is the use 
of an MAE-derived aqueous R. caesius L. fruit extract together with the systematic 
evaluation of key synthesis parameters affecting AuNP formation, optical response, 
and colloidal behavior.
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​​1  Introduction
In recent years, the synthesis of gold nanoparticles (AuNPs) has increasingly shifted 
from conventional chemical routes toward greener and more sustainable approaches. 
Traditional chemical methods, although effective in controlling nanoparticle forma-
tion, often rely on toxic reducing agents, stabilizers, or organic solvents that may limit 
their environmental compatibility and biomedical applicability. In contrast, plant-medi-
ated synthesis uses naturally derived materials and bioactive phytochemicals, including 
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phenolics, flavonoids, tannins, sugars, proteins, and organic acids, which may partici-
pate in metal-ion reduction and nanoparticle stabilization [1]. By serving multiple roles 
within a single reaction system, these phytochemicals make plant-based synthesis routes 
attractive in terms of simplicity, reduced toxicity, and lower environmental burden. 
Phytochemical-rich plant extracts have been used as effective reducing and stabilizing 
systems for the green synthesis and functional application of metallic nanoparticles, 
including AuNPs and Au–Ag-based nanostructures [2, 3]. Within this context, micro-
wave-assisted green synthesis has emerged as a rapid, energy-efficient, and relatively 
controlled approach for AuNP formation using plant-derived extracts and phytochem-
ical-rich reducing systems [4–7]. Recent studies have further demonstrated the appli-
cability of catechin-based and fruit-extract-mediated systems for the sustainable green 
synthesis of AuNPs, emphasizing the influence of phytochemical composition and 
synthesis conditions on nanoparticle formation and physicochemical properties [4, 8]. 
Plant-mediated synthesis may also offer lower cytotoxicity, improved biocompatibility, 
and potential applications in biomedical, catalytic, sensing, and environmental fields [9]. 
However, the exact composition of plant extracts may strongly influence nanoparticle 
nucleation, growth, morphology, and colloidal behavior. Therefore, each plant-based 
synthesis system should be evaluated individually rather than considered interchange-
able with other botanical sources. Within this broader context, phytochemical-rich 
fruits have emerged as promising bioresources for sustainable nanomaterial production. 
Fruits contain diverse secondary metabolites, including phenolics, flavonoids, anthocya-
nins, organic acids, and sugars, which may act as reducing, chelating, and capping agents 
during nanoparticle synthesis [10, 11]. Underutilized or less extensively studied fruit 
species may possess distinct phytochemical profiles that result in different nanoparticle 
characteristics and therefore warrant further investigation.

In parallel with the development of plant-mediated synthesis strategies, microwave-
assisted extraction (MAE) has gained increasing attention as an efficient green extrac-
tion technology for recovering bioactive compounds from plant materials. Compared 
with conventional extraction techniques, MAE can offer important advantages, includ-
ing reduced extraction time, lower solvent consumption, improved extraction efficiency, 
rapid heating, and enhanced disruption of the plant matrix. Since the biochemical 
composition of an extract is one of the key determinants of nanoparticle nucleation, 
growth, morphology, and stabilization, the extraction method may indirectly influence 
the physicochemical properties of the resulting nanomaterial. In this regard, combin-
ing MAE-based extract preparation with green nanoparticle synthesis integrates two 
sustainability-oriented processes within a single experimental framework. However, the 
present study did not include a direct chemical comparison between the MAE-derived 
extract and an extract prepared using a conventional extraction method. Therefore, the 
MAE-derived extract cannot be claimed to possess a definitively different phytochemical 
composition based on the present findings. Rather, MAE is considered a rapid extraction 
approach that may promote plant-tissue disruption and the recovery of water-soluble 
phytochemicals while reducing extraction time and prolonged thermal exposure. Previ-
ous studies have demonstrated the feasibility of Rubus-mediated AuNP synthesis using 
different species and extract systems. For example, Demirbaş et al., (2019) reported the 
synthesis of long-term stable AuNPs using R. idaeus and R. fruticosus fruit extracts, 
with particle sizes generally ranging from approximately 10 to 15 nm [12]. Similarly, 
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Gurrola-Rios et al., [13] synthesized AuNPs using anthocyanins obtained from R. palm-
eri and reported an average particle size of approximately 13 nm. These studies con-
firm the potential of Rubus-derived phytochemicals as reducing and stabilizing agents 
in AuNP synthesis. However, they did not investigate R. caesius L. fruit extract, use an 
MAE-derived aqueous fruit extract, or systematically evaluate the combined effects of 
HAuCl₄0.3 H₂O concentration, fruit extract volume, and microwave power on nanopar-
ticle formation and colloidal behavior. Therefore, the present study differs from previous 
Rubus-mediated AuNP studies by focusing on MAE-derived R. caesius L. fruit extract 
and by establishing a microwave-assisted comparative evaluation framework for exam-
ining the optical and colloidal properties of the synthesized AuNPs. Although plant-
mediated AuNP synthesis is already well represented in the literature, the contribution 
of the present study lies in combining Rubus caesius L., a relatively underexplored plant 
source in this field, with MAE-based aqueous extraction and subsequent microwave-
assisted synthesis of AuNPs. Rather than claiming a fundamentally new concept in green 
nanotechnology, the present work provides additional evidence for a specific and insuffi-
ciently explored plant-extract system. To the best of our knowledge, the use of an MAE-
derived aqueous extract of R. caesius L. for the synthesis of AuNPs has not been clearly 
documented in previous studies. Thus, the significance of this work arises from extend-
ing the diversity of plant-based systems available for green AuNP production through 
a defined and systematically evaluated experimental approach. More specifically, the 
study investigates how key synthesis variables, including HAuCl₄0.3 H₂O concentration, 
extract volume, and microwave power, influence nanoparticle formation, SPR character-
istics, and colloidal behavior. This process-oriented evaluation helps clarify the relation-
ship between the selected experimental conditions and the physicochemical properties 
of the nanoparticles. The study also evaluates the capacity of the MAE-derived extract to 
function as a reducing and capping medium during microwave-assisted AuNP synthesis.

Based on this rationale, the present study aimed to evaluate the potential of the 
MAE-derived aqueous fruit extract of Rubus caesius L. as a green reducing and stabi-
lizing medium for the microwave-assisted synthesis of AuNPs. The study specifically 
focused on determining the effects of HAuCl₄0.3 H₂O concentration, fruit extract vol-
ume, and microwave power on the SPR response, nanoparticle formation, and colloidal 
behavior of the synthesized AuNPs. In addition, the study aimed to identify the most 
favorable synthesis condition within the investigated experimental range for producing 
AuNPs with nanoscale core dimensions and largely retained UV–Vis spectral character-
istics during storage. It was hypothesized that the MAE-derived aqueous fruit extract 
of Rubus caesius L. contains sufficient phytochemical constituents to reduce Au³⁺ ions 
and contribute to the stabilization of the resulting AuNPs. It was further hypothesized 
that increasing microwave power would accelerate nanoparticle formation by enhancing 
reduction kinetics, while an appropriate balance between HAuCl₄0.3  H₂O concentra-
tion and fruit extract volume would result in a more defined SPR response. Conversely, 
excessive HAuCl₄0.3  H₂O concentration or fruit extract volume was expected to pro-
duce broader spectral profiles and less controlled nanoparticle formation.
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2  Materials and methods
2.1  Materials

All reagents and chemicals used in this study were of analytical grade and used without 
further purification. Chloroauric acid trihydrate (HAuCl₄0.3 H₂O) was purchased from 
a certified supplier and used as the gold precursor for nanoparticle synthesis. Deionized 
water was used in all experimental procedures. Glassware was cleaned with nitric acid 
and rinsed thoroughly with deionized water prior to use.

2.2  Plant collection and preparation of extract

Rubus caesius L. specimens were collected in August 2024 from the Alazlı region of 
Düzköy, Trabzon, Türkiye (Voucher No: A7; 1825 m; 30.VIII.2024). The taxonomic iden-
tification of the plant material was carried out by Prof. Dr. Salih Terzioğlu. A voucher 
specimen was deposited in the Herbarium of the Department of Forest Engineering, 
Faculty of Forestry, Karadeniz Technical University, Trabzon, Türkiye, under the herbar-
ium number KATO 24,461. For aqueous fruit extraction, 20 g of cleaned fresh fruits was 
mixed with 80 mL of deionized water and continuously stirred using a magnetic stirrer 
at 25 ± 2 °C for 240 min to facilitate the diffusion of bioactive phytochemicals from the 
fruit material into the aqueous medium. The mixture was subsequently kept in the dark 
at 4 °C for 24 h to improve extraction efficiency. Thereafter, microwave-assisted extrac-
tion was performed using a domestic microwave oven operated at 900  W for 8  min. 
This condition was selected to promote fruit tissue disruption and enhance the release 
of phytochemical constituents into the aqueous medium while limiting prolonged ther-
mal exposure. After microwave treatment, the aqueous fruit extract was allowed to cool 
naturally to room temperature before filtration. No external temperature-control system 
was used during microwave extraction.

2.3  Synthesis of gold nanoparticles (AuNPs)

Gold nanoparticles (AuNPs) were synthesized through a green and sustainable route 
using the aqueous fruit extract of Rubus caesius L., which served simultaneously as a 
reducing and stabilizing medium. Chloroauric acid trihydrate (HAuCl₄0.3  H₂O) solu-
tions were freshly prepared in deionized water at three different concentrations (0.05, 
0.075, and 0.1 mM). For each experiment, varying volumes of the fruit extract (0.2, 0.4, 
and 0.8 mL) were added dropwise to 50 mL of the gold precursor solution under con-
tinuous stirring at room temperature. The reaction mixtures were subsequently sub-
jected to microwave irradiation in a domestic microwave oven at two power levels (90 
and 180 W) to promote nanoparticle formation. Under the selected synthesis condition 
(0.075 mM HAuCl₄0.3 H₂O, 0.4 mL fruit extract, and 180 W), the pH of the reaction 
medium was measured in three independent synthesis experiments and ranged from 6.8 
to 7.2. The progression of the reaction was evidenced by a distinct color change from 
pale yellow to purple–pink, indicating the reduction of Au³⁺ ions to metallic Au⁰ by 
the phytochemical constituents of the fruit extract. This visual transformation is char-
acteristic of the surface plasmon resonance (SPR) phenomenon associated with AuNP 
formation. Following synthesis, the AuNP suspensions were centrifuged at 15,000 rpm 
for 15 min prior to characterization. The resulting AuNP samples were stored at 4  °C 
until further characterization. A negative control experiment was performed by expos-
ing an aqueous HAuCl₄0.3  H₂O solution without Rubus caesius L. fruit extract to the 
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same microwave irradiation conditions used for AuNP synthesis. The control sample 
was visually monitored and analyzed by UV–Vis spectroscopy to verify the absence of 
spontaneous AuNP formation.

2.4  Characterization of gold nanoparticles

The biosynthesized gold nanoparticles (AuNPs) were characterized by UV–Vis spec-
troscopy, Fourier transform infrared (FT-IR) spectroscopy, dynamic light scattering 
(DLS) coupled with zeta potential measurements, and transmission electron microscopy 
(TEM) to evaluate their optical properties, surface chemistry, colloidal behavior, and 
morphological characteristics. AuNP formation was initially evaluated by UV–Vis spec-
trophotometry using a Shimadzu UVP-1240 UV–Vis spectrophotometer (Shimadzu, 
Japan). Absorption spectra were recorded over the wavelength range of 300–800  nm 
to identify the characteristic surface plasmon resonance (SPR) band associated with 
AuNP formation. FT-IR analysis was performed using a PerkinElmer FT-IR spectrom-
eter (PerkinElmer) in the spectral range of 4000–550 cm⁻¹ to determine the functional 
groups present in the aqueous Rubus caesius L. fruit extract that may contribute to the 
reduction of Au³⁺ ions and the surface stabilization of the synthesized nanoparticles. The 
FT-IR results were also used to evaluate possible interactions between phytochemical 
constituents from the fruit extract and the AuNP surface.

The hydrodynamic diameter, polydispersity index, and zeta potential of the AuNP 
suspensions were measured using a Malvern Zetasizer Nano ZSP system (Malvern 
Instruments) to assess particle size distribution, surface charge, and colloidal behav-
ior in aqueous medium. In addition, the morphology and particle size of the synthe-
sized AuNPs were examined by transmission electron microscopy using a Hitachi 
HT-7700 TEM instrument (Hitachi, Japan). TEM analysis provided images for evaluat-
ing nanoparticle shape, core size distribution, and morphological characteristics at the 
nanoscale.

3  Results and discussion
The progress of AuNP formation was initially monitored through the visible color 
change occurring in the reaction medium. As illustrated in Fig. 1, the mixture containing 
Rubus caesius L. extract and aqueous HAuCl₄0.3 H₂O solution displayed a pale yellow 
color before microwave exposure (Fig. 1b), reflecting the presence of unreduced Au³⁺ 
ions in the precursor solution. After microwave irradiation, the solution rapidly turned 
purple–pink (Fig. 1c and d), providing clear visual evidence for the reduction of Au³⁺ 
to Au⁰ and the subsequent formation of colloidal gold nanoparticles. This characteristic 

Fig. 1  Visual observation of AuNP formation using the aqueous fruit extract of Rubus caesius L.: (a) fresh fruits used 
for extract preparation; (b) initial reaction mixture containing HAuCl₄0.3 H₂O solution and the aqueous fruit extract 
before microwave irradiation; (c, d) reaction mixture after microwave treatment, showing the development of a 
distinct purple–pink color that visually suggests the formation of gold nanoparticles (AuNPs)
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color transition is attributed to the surface plasmon resonance (SPR) of AuNPs and is 
generally associated with the formation of colloidal gold nanoparticles, particularly 
those containing predominantly spherical particles [14]. The rapid development of the 
purple–pink coloration further indicates that microwave irradiation effectively pro-
moted the reduction process and accelerated nanoparticle nucleation. This observation 
is consistent with previous reports demonstrating that microwave-assisted green syn-
thesis enhances reaction kinetics by improving energy transfer, intensifying molecu-
lar collisions, and enabling rapid and homogeneous heating, thereby facilitating faster 
nucleation and controlled nanoparticle growth [4, 7, 15, 16].

The influence of metal ion concentration on AuNP formation was systematically eval-
uated by UV–Vis spectroscopy using a plant extract-mediated green synthesis route. In 
these experiments, the extract volume (0.2 mL) and microwave power (90 W) were kept 
constant, while the temporal evolution of the absorbance spectra was monitored at four 
different precursor concentrations (0.05, 0.075, 0.1, and 1 mM). As shown in Fig. 2a, the 
reaction system containing 0.05 mM HAuCl₄0.3 H₂O exhibited a weak SPR band cen-
tered around 540 nm, with only a slight increase in intensity over time. This behavior 
suggests that the low precursor concentration provided an insufficient number of Au³⁺ 
ions to sustain effective nucleation and subsequent nanoparticle growth, thereby lim-
iting overall AuNP formation. Increasing the concentration to 0.075 mM (Fig. 2b) led 
to a more pronounced SPR band and higher absorbance values, indicating enhanced 
nanoparticle generation. Among the tested precursor concentrations, 0.075 mM 
HAuCl₄0.3 H₂O (Fig. 2b) produced the most favorable spectral profile and was there-
fore selected for subsequent experiments. From the 10th minute onward, a well-defined, 
intense, and symmetric SPR band was observed, reaching maximum intensity at 20 min 

Fig. 2  Surface plasmon resonance (SPR) absorption spectra of gold nanoparticles (AuNPs) synthesized using dif-
ferent HAuCl₄0.3 H₂O concentrations (0.05, 0.075, 0.1, and 1 mM), 0.2 mL aqueous Rubus caesius L. fruit extract, and 
90 W microwave irradiation at different reaction times
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and remaining clearly detectable throughout the monitoring period. The emergence 
of such a distinct and well-defined SPR signal suggests a balanced reduction environ-
ment in which the availability of Au³⁺ ions and phytochemical reducing agents was well 
matched, enabling controlled nucleation and subsequent growth of relatively uniform 
nanoparticles. Moreover, the persistence of the SPR band up to 60 min indicates that 
the spectral characteristics of the system were largely retained during the monitored 
reaction period, without substantial deterioration of the SPR response. In contrast, the 
highest precursor concentration (1 mM; Fig. 2d) resulted in a markedly different spec-
tral behavior. Although the overall absorbance increased substantially, particularly in 
the 300–350 nm region, the characteristic SPR band of AuNPs became indistinct or 
completely masked. This spectral pattern points to an uncontrolled reaction pathway, 
in which excessive Au³⁺ ion concentration likely promoted rapid and non-uniform par-
ticle growth, resulting in aggregation, precipitation, or the formation of polydisperse 
structures. Under these conditions, the fixed extract volume was evidently insufficient to 
provide the reducing and stabilizing capacity required to maintain controlled nanopar-
ticle synthesis, leading to oversaturation of the reaction medium. Similar concentration-
dependent behavior has been reported previously, where low precursor concentrations 
were associated with limited nucleation efficiency, whereas excessively high concentra-
tions favored uncontrolled particle growth and agglomeration [17]. Overall, the UV–Vis 
results clearly demonstrate that metal ion concentration plays a decisive role in regu-
lating nanoparticle nucleation, growth, and colloidal stability. Within the experimental 
range investigated, 0.075 mM was identified as the most suitable precursor concentra-
tion, as it provided the most balanced reaction environment for the reproducible for-
mation of AuNPs with a well-defined SPR response. This interpretation was further 
supported by the visual appearance of the suspensions, where the 1 mM sample dis-
played a darker and less homogeneous color compared with the lower precursor concen-
trations (Fig. 3).

As the precursor concentration increased, the color of the suspensions became pro-
gressively darker. In particular, the 1 mM sample exhibited a darker and less homo-
geneous appearance, supporting the UV–Vis results and suggesting less controlled 
nanoparticle formation, possibly associated with aggregation, precipitation, or increased 
polydispersity. 

The effect of extract volume on AuNP formation was further investigated by UV–Vis 
spectroscopy using reaction systems containing a fixed gold precursor concentration 
of 0.075 mM HAuCl₄0.3  H₂O and two different volumes of aqueous Rubus caesius L. 
fruit extract (0.4 and 0.8 mL) under constant microwave irradiation at 90 W. The time-
dependent SPR spectra recorded over 1–60  min are presented in Fig.  4. As shown in 

Fig. 3  Visual appearance of gold nanoparticle (AuNP) suspensions synthesized using 0.2 mL aqueous Rubus cae-
sius L. fruit extract and different HAuCl₄0.3 H₂O concentrations under 90 W microwave irradiation: (a) 0.05 mM, (b) 
0.075 mM, (c) 0.1 mM, and (d) 1 mM
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Fig. 4a, the system containing 0.4 mL extract exhibited a distinct and relatively narrow 
SPR band centered at approximately 524–528 nm, with a gradual increase in intensity 
up to about 25–30  min. This spectral behavior suggests a more favorable nucleation 
and growth process, indicating that the amount of phytochemicals present in the fruit 
extract was sufficient to reduce Au³⁺ ions and contribute to the stabilization of the 
resulting nanoparticles without promoting excessive aggregation. The well-defined SPR 
profile also suggests the formation of relatively uniform AuNPs under these conditions. 
In contrast, increasing the extract volume to 0.8 mL (Fig. 4b) resulted in a different spec-
tral response. Although an SPR band was still observed, the spectra showed markedly 
higher absorbance values, particularly in the 300–400 nm region during the early stages 
of the reaction, together with a broader and less distinct SPR profile. This behavior sug-
gests that the excess amount of phytochemicals in the fruit extract may have accelerated 
the initial reduction process, leading to rapid nucleation but a less controlled subsequent 
growth stage. As a result, the system likely favored the formation of nanoparticles with 
broader size distribution and reduced uniformity. The broadened SPR band may also 
reflect enhanced interparticle interactions or partial aggregation, possibly induced by 
the high concentration of polyphenolic and other bioactive constituents in the extract.

These findings suggest that, although increasing extract volume enhances the avail-
ability of reducing and capping agents, excessive phytochemical content may disrupt 
the balance between nucleation, growth, and stabilization, ultimately reducing colloidal 
uniformity [5]. Overall, the UV–Vis results demonstrate that extract volume is a criti-
cal parameter in regulating the biosynthesis of AuNPs. Within the conditions examined, 
the use of 0.4 mL aqueous Rubus caesius L. fruit extract in combination with 0.075 mM 
HAuCl₄0.3 H₂O provided a more favorable reaction environment, yielding a sharper and 
more consistent SPR response.

All synthesis experiments were performed in triplicate, and the reproducibility of 
AuNP formation was evaluated by calculating the mean ± standard deviation of the 
SPR maximum wavelength (λmax) and absorbance intensity for each tested condition. 
As summarized in Table 1, the condition containing 0.075 mM HAuCl₄0.3 H₂O and 0.4 
mL aqueous Rubus caesius L. fruit extract produced a distinct and reproducible SPR 
response with low variation in both λmax and absorbance intensity. In contrast, the 1 
mM HAuCl₄0.3  H₂O condition produced a broad and indistinct SPR band, for which 
λmax could not be reliably determined. These findings support the selection of 0.075 

Fig. 4  Surface plasmon resonance (SPR) absorption spectra of gold nanoparticles (AuNPs) synthesized using 0.075 
mM HAuCl₄0.3 H₂O with (a) 0.4 mL and (b) 0.8 mL aqueous Rubus caesius L. fruit extract under 90 W microwave 
irradiation at different reaction times
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mM HAuCl₄0.3 H₂O and 0.4 mL aqueous Rubus caesius L. fruit as the most favorable 
synthesis condition among the tested experimental range.

 
The formation of AuNPs using 0.075 mM HAuCl₄0.3 H₂O and two different volumes 

of aqueous Rubus caesius L. fruit extract (0.4 and 0.8 mL) under microwave irradiation 
at 180 W was evaluated by UV–Vis spectroscopy. The time-dependent SPR absorption 
spectra recorded over 1–30 min are presented in Fig. 5. For comparison, Fig. 4a shows 
the UV–Vis spectra of AuNPs synthesized under 90 W microwave power using the same 
precursor concentration and 0.4 mL extract over a longer reaction period (1–60 min). 
Under the lower microwave power condition, the absorbance increased gradually and 
the SPR band appeared at approximately 524–528 nm, indicating a relatively slower reac-
tion rate and progressive nanoparticle formation. By contrast, increasing the microwave 
power to 180 W markedly accelerated the synthesis process, as evidenced by the earlier 
development of a more intense and better-defined SPR band. As shown in Fig. 5a, the 
system containing 0.4 mL extract at 180 W exhibited a sharp and symmetric SPR peak 
centered at approximately 524–528 nm, which became clearly distinguishable between 
10 and 15 min and reached a maximum absorbance of about 1.2. This spectral behav-
ior indicates rapid and well-defined nanoparticle formation under the tested conditions, 
suggesting that constituents of the fruit extract may have contributed to Au³⁺ reduction 
and surface stabilization under increased microwave power.The narrow and symmetric 
nature of the SPR band further suggests a more uniform optical response under these 
conditions.

Table 1  Reproducibility of UV–Vis/SPR responses of RC-AuNPs synthesized under different 
experimental conditions
Synthesis condition λmax (nm) Absorbance intensity n
90 W, 0.05 mM HAuCl₄0.3 H₂O, 0.2 mL extract 525.00 ± 1.00 0.29 ± 0.01 3

90 W, 0.075 mM HAuCl₄0.3 H₂O, 0.2 mL extract 526.33 ± 0.58 0.64 ± 0.01 3

90 W, 0.1 mM HAuCl₄0.3 H₂O, 0.2 mL extract 527.00 ± 2.65 2.05 ± 0.05 3

90 W, 1 mM HAuCl₄0.3 H₂O, 0.2 mL extract 595.00 ± 5.00 0.68 ± 0.02 3

90 W, 0.075 mM HAuCl₄0.3 H₂O, 0.4 mL extract 526.33 ± 0.58 0.83 ± 0.01 3

90 W, 0.075 mM HAuCl₄0.3 H₂O, 0.8 mL extract 526.33 ± 0.58 1.90 ± 0.01 3

180 W, 0.075 mM HAuCl₄0.3 H₂O, 0.4 mL extract 527.00 ± 1.00 1.05 ± 0.01 3

180 W, 0.075 mM HAuCl₄0.3 H₂O, 0.8 mL extract 529.67 ± 0.58 0.67 ± 0.01 3
Values are presented as mean ± SD

Fig. 5  Surface plasmon resonance (SPR) absorption spectra of gold nanoparticles (AuNPs) synthesized using 0.075 
mM HAuCl₄0.3 H₂O with (a) 0.4 mL and (b) 0.8 mL aqueous Rubus caesius L. fruit extract under 180 W microwave 
irradiation at different reaction times
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In contrast, the use of 0.8 mL extract under 180 W microwave power (Fig. 5b) resulted 
in a broader and less well-defined SPR profile. Although the absorbance reached its 
maximum at around the 10th minute, the strong background absorption observed in 
the 300–400 nm region suggests that the reaction environment became less controlled, 
likely due to the excessive concentration of phytochemicals in the medium. Such con-
ditions may have promoted overly rapid reduction, irregular particle growth, and 
increased interparticle interactions, ultimately resulting in broader size distribution and 
possible aggregation. Thus, while higher extract volume accelerated the initial formation 
process, it may also have reduced nanoparticle uniformity. Overall, the results demon-
strate that microwave power and extract volume act together in determining the SPR 
characteristics of the synthesized AuNPs. Under 180 W irradiation, the use of 0.4 mL 
aqueous Rubus caesius L. fruit extract provided the most favorable spectral response, 
characterized by a sharp SPR band and rapid formation kinetics. In contrast, increas-
ing the extract volume to 0.8 mL led to spectral broadening and signs of less controlled 
nanoparticle formation. These findings highlight that, in addition to precursor concen-
tration, careful evaluation and adjustment of microwave power and extract volume are 
important for reproducible AuNP synthesis. However, although the UV–Vis results indi-
cated that 180  W microwave irradiation accelerated AuNP formation and produced a 
sharper SPR response compared with 90 W, TEM characterization was focused on the 
condition selected based on the UV–Vis/SPR results.

All synthesis experiments were performed in triplicate, and the reproducibility of 
AuNP formation was evaluated by calculating the mean ± standard deviation of the SPR 
maximum wavelength (λmax) and absorbance intensity for each tested condition. As 
summarized in Table 1, the condition consisting of 0.075 mM HAuCl₄0.3 H₂O, 0.4 mL 
aqueous Rubus caesius L. fruit extract, and 180 W microwave irradiation produced the 
most favorable and reproducible SPR response, with a λmax of 527.00 ± 1.00 nm and an 
absorbance intensity of 1.05 ± 0.01 (n = 3). Therefore, this condition was selected for sub-
sequent FT-IR, TEM, DLS, zeta potential, and UV–Vis spectral stability analyses.

Under the selected synthesis condition, the pH of the reaction medium ranged from 
6.8 to 7.2 across three independent synthesis experiments, indicating near-neutral reac-
tion conditions. Previous research has demonstrated that pH can influence the colloidal 
behavior of Rubus-mediated AuNPs. Demirbaş et al. (2019) investigated pH values of 2, 
5, 8, and 13 and reported that R. idaeus-mediated AuNPs remained dispersed at pH 5 
and above, whereas R. fruticosus-mediated AuNPs were reported to remain dispersed 
across all the investigated pH conditions. Thus, the near-neutral pH range observed in 
the present study lies between the pH 5 and 8 conditions previously investigated for 
other Rubus-based AuNP systems.

The UV–Vis spectral behavior of RC-AuNPs was evaluated during storage. The UV–
Vis spectra showed no substantial changes during the first 45 days, suggesting that the 
optical characteristics of the suspension were largely preserved over this period (Fig. 6). 
In contrast, a decrease in absorbance intensity was observed on day 60, indicating 
reduced UV–Vis spectral stability. However, it should be noted that this assessment was 
based only on UV–Vis spectral changes. The observed retention of the SPR band should 
therefore be interpreted as UV–Vis spectral stability. 

FT-IR spectroscopy was used to examine the functional groups potentially associated 
with the synthesis and surface stabilization of RC-AuNPs. Figures  7(a) and 7(b) show 
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the FT-IR spectra of the aqueous Rubus caesius L. fruit extract and the synthesized RC-
AuNPs, respectively. Comparison of the spectra revealed slight peak shifts and changes 
in band intensities following AuNP formation. The major absorption bands observed 
in the fruit extract at 2918.25, 2850.16, 1736.20, 1462.48, 1377.26, 1242.87, 1168.65, 
and 719.96 cm⁻¹ appeared at 2916.27, 2848.73, 1735.78, 1462.49, 1377.18, 1170.61, and 
719.48 cm⁻¹ in the RC-AuNP spectrum, while the band at 1242.87 cm⁻¹ disappeared or 
markedly weakened. In addition, weak bands at 1094.60 and 838.09 cm⁻¹ were observed 

Fig. 7  Fourier transform infrared (FT-IR) spectra of (a) aqueous Rubus caesius L. fruit extract and (b) Rubus caesius 
L.-mediated gold nanoparticles (RC-AuNPs) synthesized using 0.075 mM HAuCl₄0.3 H₂O, 0.4 mL extract, and 180 W 
microwave irradiation

 

Fig. 6  UV–Vis spectral stability of Rubus caesius L.-mediated gold nanoparticles (RC-AuNPs) synthesized using 
0.075 mM HAuCl₄0.3 H₂O, 0.4 mL aqueous fruit extract, and 180 W microwave irradiation during storage
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in the RC-AuNP spectrum. These spectral changes, particularly those associated with 
C = O and C–O/C–O–C vibrations, indicate possible interactions between oxygen-con-
taining constituents of the fruit extract and the AuNP surface. These functional groups 
may have contributed to Au³⁺ reduction and the surface stabilization of the synthesized 
AuNPs.

 
Figures 8(a, b) and 9 summarize the morphological and colloidal characteristics of 

RC-AuNPs synthesized using aqueous Rubus caesius L. fruit extract. The TEM micro-
graphs shown in Fig. 8(a) revealed that the nanoparticles were generally well dispersed, 
although limited aggregation was observed in some regions. Morphological examina-
tion showed a heterogeneous particle population composed of spherical, triangular, and 
hexagonal structures. This mixed morphology may be related to the differential adsorp-
tion of phytochemical components from the fruit extract onto specific crystalline sur-
faces during microwave-assisted rapid reduction and nanoparticle growth. It has been 
reported that microwave irradiation affects nucleation and growth kinetics and can con-
tribute to anisotropic nanoparticle formation under certain conditions [7, 16]. However, 
since TEM characterization focused on the selected condition rather than on samples 
synthesized at different microwave powers, the direct effect of microwave power on the 
observed morphology cannot be conclusively determined in the present study.

As presented in the particle size distribution histogram in Fig. 8(b), the RC-AuNPs had 
an average core diameter of 11.615 ± 3.156 nm, with particle sizes ranging from 8.155 
to 21.998 nm. The particle-size distribution was determined from 40 nanoparticles (n = 
40) measured in the TEM image. These results support the formation of nanosized gold 
particles, while also indicating a certain degree of shape heterogeneity. In contrast, DLS 
analysis (Fig. 9) yielded a considerably larger average hydrodynamic diameter of 71.92 ± 
4.12 nm, together with a PDI value of 0.425, indicating a moderately polydisperse distri-
bution in suspension. This apparent discrepancy can be explained by the different mea-
surement principles of the two techniques. TEM provides the dried metallic core size of 
individual nanoparticles, whereas DLS measures the hydrodynamic diameter of particles 
dispersed in aqueous medium, including the solvation layer, surface-bound phytochemi-
cals from the fruit extract, and possible loose particle associations. Moreover, DLS is 
intensity-weighted and is therefore highly sensitive to a small number of larger particles 
or aggregates. Thus, although the TEM histogram showed a relatively narrow core size 

Fig. 8  Transmission electron microscopy (TEM) image (a) and particle-size distribution histogram (b) of Rubus 
caesius L.-mediated gold nanoparticles (RC-AuNPs) synthesized using 0.075 mM HAuCl₄0.3 H₂O, 0.4 mL extract, 
and 180 W microwave irradiation
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range of 8.155–21.998 nm, the higher DLS-derived hydrodynamic size and PDI value 
likely reflect the contribution of phytochemical surface layers, irregular particle shapes, 
and/or small amounts of larger aggregates in suspension. Similar differences between 
microscopic core size and colloidal hydrodynamic size have also been discussed in pre-
vious green and microwave-assisted nanoparticle synthesis studies using plant-derived 
extracts [5–7]. This interpretation is consistent with the measured zeta potential value 
of − 0.287 ± 2.28 mV, which is close to neutral and indicates weak electrostatic repulsion 
between particles. Therefore, the colloidal system cannot be considered electrostatically 
stable, and the zeta potential data suggest limited electrostatic colloidal stability.

 
 
As shown in Table 2, the RC-AuNPs obtained in the present study exhibited nanoscale 

core dimensions comparable to those previously reported for other Rubus-mediated 
AuNPs. However, the near-neutral zeta potential and PDI value of 0.425 indicated lim-
ited colloidal stability. Unlike the previous studies, the present work combined an MAE-
derived aqueous R. caesius L. fruit extract with microwave-assisted AuNP synthesis and 
systematically evaluated precursor concentration, extract volume, and microwave power. 
As shown in Table 2, the RC-AuNPs obtained in the present study exhibited nanoscale 
core dimensions comparable to those previously reported for other Rubus-mediated 

Fig. 9  Zeta potential and dynamic light scattering (DLS) intensity-weighted size distribution of Rubus caesius L.-
mediated gold nanoparticles (RC-AuNPs) synthesized using 0.075 mM HAuCl₄0.3 H₂O, 0.4 mL extract, and 180 W 
microwave irradiation
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AuNPs. Demirbaş et al., (2019) reported predominantly spherical and relatively uni-
form AuNPs synthesized using R. idaeus and R. fruticosus fruit extracts, with an average 
particle size of approximately 18 ± 3 nm. Gurrola-Rios et al., [13] reported R. palmeri-
mediated AuNPs with an average diameter of approximately 13 nm. In comparison, the 
RC-AuNPs synthesized using aqueous R. caesius L. fruit extract had an average TEM 
core size of 11.6 ± 3.2 nm and exhibited a more heterogeneous morphology, including 
spherical, triangular, and hexagonal particles. However, the near-neutral zeta potential 
and PDI value of 0.425 indicated limited colloidal stability. Unlike the previous Rubus-
based studies, the present work combined an MAE-derived aqueous R. caesius L. fruit 
extract with microwave-assisted AuNP synthesis and systematically evaluated precur-
sor concentration, extract volume, and microwave power, thereby providing a process-
oriented comparative evaluation framework.

4  Conclusion
In this study, AuNPs were synthesized using aqueous Rubus caesius L. fruit extract 
under microwave-assisted conditions, and their formation was supported by visual 
observation and spectroscopic analyses. The color change from yellow to purple-pink 
provided preliminary evidence of nanoparticle formation, which was further supported 
by the appearance of surface plasmon resonance (SPR) bands in the UV–Vis spectra. 
The results showed that both gold precursor concentration and extract volume had a 

Table 2  Comparison of Rubus-mediated AuNP synthesis studies with the present work
Plant 
source

Particle size Zeta po-
tential 
(mV)

PDI Reaction / 
monitoring 
time

Microwave 
conditions

Stability Refer-
ence

Rubus idaeus 18 ± 3 nm 
(TEM)¹

NR NR SPR at ~ 10 
min

900 W for 2 min 
during extract 
preparation; 
none during 
synthesis

Long-term col-
loidal stability; 
resistance to 
aggregation in 
up to 400 mM 
NaCl²

Demirbaş 
et al., 
(2019)

Rubus 
fruticosus

18 ± 3 nm 
(TEM)¹

NR NR SPR at ~ 40 
min

900 W for 2 min 
during extract 
preparation; 
none during 
synthesis

Long-term col-
loidal stability; 
resistance to 
aggregation in 
up to 400 mM 
NaCl²

Demirbaş 
et al., 
(2019)

Rubus 
palmeri

~ 13 nm 
(SEM/TEM); 
predominant-
ly spherical 
at 30 °C and 
triangular at 
20 °C

NR NR Monitored 
for 10 h at 
30 °C; SPR 
peak at 540 
nm

NR Long-term 
stability: NR

Gurrola-
Rios et 
al., [13]

Rubus 
caesius L.

11.6 ± 3.2 nm 
(TEM); 71.92 ± 
4.12 nm (DLS)

−0.287 ± 
2.28

0.425 SPR within 
10–15 min³

180 W during 
synthesis; 900 
W for 8 min 
during MAE

UV–Vis spectral 
stability up to 45 
days

Present 
study

¹ General TEM particle size reported for the berry-mediated AuNPs investigated by Demirbaş et al., (2019)

² Long-term colloidal stability and resistance to salt-induced aggregation were reported for berry-mediated AuNPs by 
Demirbaş et al., (2019)

³ The 10–15 min period represents the time required to obtain a well-defined SPR response and does not indicate complete 
reaction time

NR, not reported; PDI, polydispersity index; SPR, surface plasmon resonance; TEM, transmission electron microscopy; SEM, 
scanning electron microscopy; DLS, dynamic light scattering; MAE, microwave-assisted extraction.
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marked influence on nanoparticle formation, spectral characteristics, and disper-
sion behavior. Among the tested conditions, 0.075 mM HAuCl₄0.3  H₂O combined 
with 0.4 mL aqueous Rubus caesius L. fruit extract under 180  W microwave irradia-
tion was selected as the most favorable synthesis condition, producing a well-defined 
and reproducible SPR band around 527 nm. Therefore, subsequent FT-IR, TEM, DLS, 
zeta potential, and UV–Vis spectral stability analyses were performed using RC-AuNPs 
synthesized under this selected condition. Likewise, the use of a higher extract volume 
led to less distinct spectral profiles, indicating that excess fruit extract may adversely 
affect the formation process under the selected conditions. In addition, the use of 180 W 
microwave power accelerated nanoparticle formation compared with 90 W, particularly 
in the presence of 0.4 mL extract, demonstrating the importance of microwave power 
in controlling reaction kinetics. UV–Vis spectral monitoring indicated that the syn-
thesized RC-AuNPs largely maintained their spectral characteristics for up to 45 days, 
while changes in absorbance intensity became apparent by day 60. TEM analysis showed 
that the nanoparticles exhibited heterogeneous morphologies, including mainly spheri-
cal particles together with triangular and hexagonal forms, with an average core size of 
11.6 ± 3.2  nm. In contrast, DLS analysis revealed a substantially larger average hydro-
dynamic diameter of 71.92 ± 4.12 nm and a PDI value of 0.425, indicating a moderately 
polydisperse distribution in suspension. The difference between TEM and DLS values is 
attributed to the fact that TEM reflects the metallic core size, whereas DLS measures the 
hydrodynamic size of particles in dispersion, including the surrounding solvation layer, 
surface-bound phytochemicals from the fruit extract, and possible loose particle asso-
ciations. FT-IR analysis further suggested that oxygen-containing phytochemicals and 
related functional groups in the fruit extract may have participated in both the reduc-
tion of Au³⁺ ions and the surface stabilization of the resulting nanoparticles. However, 
the measured zeta potential value (− 0.287 mV) was close to neutral, suggesting weak 
electrostatic repulsion between the particles. Therefore, the colloidal system cannot be 
considered electrostatically stable, and the zeta potential data suggest limited electro-
static colloidal stability.

In summary, the present study demonstrates that aqueous Rubus caesius L. fruit 
extract can be effectively employed in the microwave-assisted green synthesis of AuNPs, 
yielding nanoparticles with nanoscale core dimensions and condition-dependent opti-
cal and colloidal properties. The findings highlight that careful adjustment of precursor 
concentration, extract volume, and microwave power is essential for achieving favorable 
nanoparticle formation. Although the RC-AuNPs exhibited UV–Vis spectral stability for 
up to 45 days, they cannot be considered colloidally stable because of their near-neutral 
zeta potential and moderately polydisperse size distribution. Thus, the main contribu-
tion of this work lies in providing a comparative, species-specific evaluation of Rubus 
caesius L. fruit extract as a reducing and capping source within the broader context 
of plant-mediated AuNP synthesis. One of the important strengths of this study is the 
systematic evaluation of precursor concentration, fruit extract volume, and microwave 
power. This approach provides a process-oriented basis for RC-AuNP synthesis. Since 
the primary aim of the study was to evaluate nanoparticle production conditions and 
the physicochemical properties of the resulting nanoparticles, detailed phytochemical 
profiling was beyond the scope of the present work. Therefore, interpretations concern-
ing the individual roles of specific phytochemical constituents in the reduction and 
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stabilization processes were kept limited. From a sustainability perspective, the com-
bined use of an aqueous plant extract and microwave-assisted processing is particularly 
relevant to SDG 12 (Responsible Consumption and Production), as it supports a greener 
synthesis approach with reduced reliance on conventional chemical reducing agents and 
prolonged processing steps. Future studies should focus on evaluations incorporating 
different and complementary characterization techniques. Such studies may contribute 
to the development of green nanoparticle synthesis protocols.
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