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Abstract

Unlocking the full potential of Rubus  fraxinifolius  (R.  fraxinifolius) fruit as a source of high-value ingredients necessitates efficient and 

green extraction protocols. This study employed ultrasound-assisted extraction  (UAE) coupled with a simplex lattice design  (SLD) to 

systematically optimize the ethanol-water solvent for maximizing the phenolic  (TPC), flavonoid  (TFC), and antioxidant capacities. 

The optimum R. fraxinifolius extract (ORFE) was subsequently profiled using gas chromatography-mass spectrometry (GC-MS). Our models 

revealed key complexity: with TPC maximizing in absolute ethanol, while TFC and antioxidant capacity peaked in distinct hydroethanolic 

mixtures. Numerical optimization identified an overall optimal composition of 92.2% ethanol and 7.8% water, which was experimentally 

validated to yield high TPC  (106.2  mg gallic acid equivalent /g), TFC (30.114 mg quercetin equivalent/g), and potent 2,2-diphenyl-1-

picrylhydrazyl  scavenging capacity (91.2% inhibition). GC-MS analysis of ORFE revealed a unique chemical signature, identifying key 

semi-volatile contributors including anethole, γ-tocopherol, and a substantial alkaloid fraction. We conclude that the extract's potent 

bioactivity reflected the concerted action of the substantial non-volatile polyphenolic load, evidenced by the high TPC and TFC results, 

and the specific semi-volatile bioactive compounds identified by GC-MS. This work establishes a scientifically validated, green protocol 

for producing a chemically characterized, high-potency antioxidant ingredient from R. fraxinifolius for nutraceutical applications.
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1 Introduction
The fruit of Rubus fraxinifolius (R. fraxinifolius), a plant 
with a rich history of ethnobotanical use in the Rosaceae 
family from Indonesia, represents a potent reservoir of 
bioactive phytochemicals. Its chemical profile is abundant 
in flavonoids, such as quercetin and myricetin, and phe-
nolic acids that have been strongly linked to a spectrum 
of health benefits, including powerful antioxidant, anti-in-
flammatory, and anticancer activities  [1–3]. However, 

efficiently extracting these valuable metabolites from 
the complex fruit matrix presents a significant extraction 
challenge, demanding a strategic selection of both tech-
nique and solvent [4]. Prior investigations into R. fraxini-
folius fruit have primarily utilized conventional macera-
tion techniques, which are characterized by low efficiency, 
high solvent consumption, and a lack of systematic opti-
mization  [5, 6]. These studies lacked the multi-objective 
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approach necessary to understand how solvent polarity 
affects the co-extraction of diverse metabolite classes.

To address this, modern green extraction technolo-
gies offer a promising alternative to conventional meth-
ods like maceration. Among these, ultrasound-assisted 
extraction (UAE) is particularly effective. By employing 
acoustic cavitation to disrupt plant cell walls, UAE accel-
erates mass transfer, leading to higher yields in shorter 
times while preserving heat-sensitive compounds  [7–9]. 
Yet,  the efficiency of the UAE is highly dependent on 
being paired with an optimal solvent system. For this pur-
pose, aqueous ethanol mixtures are exemplary; their tun-
able polarity is ideal for co-extracting a broad spectrum 
of bioactive compounds, from polar phenolics to less-po-
lar flavonoids, all while maintaining a safe and environ-
mentally friendly profile [10, 11].

Optimizing the ethanol-water ratio is therefore cru-
cial for maximizing the yield and subsequent biological 
activity of the extract. Methodologies such as response 
surface methodology  (RSM) employing a simplex lat-
tice design (SLD) offer a powerful statistical approach to 
systematically investigate solvent interactions and iden-
tify the ideal composition with minimal experimental 
effort  [12,  13]. While such optimization based on bulk 
phytochemical content (total phenolic content (TPC), total 
flavonoid content (TFC)) and overall antioxidant activity 
is a vital first step, it does not reveal the specific chemical 
constituents responsible for the observed effects. A deeper 
phytochemical characterization is necessary to elucidate 
the molecular basis of the extract's bioactivity and iden-
tify key marker compounds. Hyphenated techniques like 
gas chromatography-mass spectrometry  (GC-MS)  [14] 
are indispensable for this purpose, enabling the profiling 
of semi-volatile compounds such as fatty acids  [15], ter-
penes [16], and potent lipophilic antioxidants like tocoph-
erols [17], which may significantly contribute to the over-
all functional properties of the extract.

Unlike previous studies that relied on stochastic mac-
eration or single-factor optimization, this work addresses 
the complex solubility behavior of R. fraxinifolius metab-
olites through a multidimensional SLD approach, specif-
ically targeting the potential interplay between its unique 
alkaloid fraction and phenolic antioxidants. We aimed 
to first employ a SLD to optimize the UAE solvent sys-
tem for maximal total phenolic content, total flavo-
noid content and 2,2-diphenyl-1-picrylhydrazyl  (DPPH) 
radical scavenging capacity from R.  fraxinifolius fruit 
extract  (RFE). Subsequently, we performed a detailed 
GC-MS phytochemical profiling on the resulting optimum 

R.  fraxinifolius extract (ORFE) to identify the potential 
chemical contributors to its potent bioactivity. This work 
seeks to provide a scientifically validated, eco-friendly 
extraction protocol for producing a high-value, function-
ally potent ingredient from R.  fraxinifolius, which could 
serve as a valuable foundation for future applications in 
the nutraceutical and functional food industries.

2 Experimental
2.1 Plant material and preparation
Fresh fruits of R. fraxinifolius were procured from local 
farmers in traditional markets in the Cibodas Botanical 
Garden, West Java, Indonesia. The samples were sorted 
based on a specific maturity, where only fruits at the 
fully ripe stage were selected. This stage was defined 
by a uniform red coloration and a characteristic soften-
ing of the fruit texture. After being procured, the samples 
were placed immediately in sterile bags and transported 
to the laboratory in a cool box. Upon arrival, the fruits 
were cleaned, drained, and separated from the leaves and 
stems for further analysis. Subsequently, the fruits were 
dried in a hot air oven at a constant temperature of 60 °C 
until a constant weight was achieved, indicating a final 
moisture content of <10%. The  dried fruits were then 
pulverized into a fine powder using a high-speed grinder 
(Jing Gong HC-800Y, Jinhua, China) and sieved to obtain 
a uniform particle size of 50–80 mesh (0.297–0.177 mm). 
The powdered sample was kept in sealed containers in a 
cool, dark, and dry location until extraction.

2.2 Chemicals and reagents
Ethanol (96%, food grade) was used for the extraction pro-
cess. Deionized water was obtained from a reverse osmo-
sis system. The following analytical grade chemicals and 
reagents were used for phytochemical and antioxidant 
assays: Folin-Ciocalteu reagent, gallic acid (≥98%), quer-
cetin (≥95%), anhydrous sodium carbonate, aluminum 
chloride, sodium acetate and 2,2-diphenyl-1-picrylhy-
drazyl. All chemicals and reagents were purchased from 
Merck (Darmstadt, Germany).

2.3 Optimization with simplex lattice design
A simplex lattice design was strategically employed in 
this study, effectively allowing for a comprehensive inves-
tigation into the impact of solvent concentration on total 
phenolic content, total flavonoid content, and antioxi-
dant activities. This design models the responses based 
on all possible combinations of ethanol and water as sol-
vents. In  total, we conducted eight distinct extractions, 
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as detailed in Table 1. The selected response parameters 
(Yi dependent variables) were total phenolic content , total 
flavonoid content  and antioxidant capacities (C).

2.4 Preparation of R. fraxinifolius extract
The dried fruits of R. fraxinifolius were extracted using 
an ultrasonic homogenizer (Digital Sonifier 450, Branson, 
Danbury, USA) equipped with a probe. The  sample was 
suspended in water-ethanol-solvent according to the exper-
imental design (Table 1). The extraction was conducted for 
a total duration of 10 min at 40% amplitude, using pulsed 
cycles of 20 s on and 5 s off to minimize solvent evapora-
tion, and a 20 kHz frequency  [18]. Following extraction, 
the crude mixture was centrifuged at 17,000 g for 10 min 
at 4 °C (MX-301, Tomy Kogyo Co., Ltd., Tokyo, Japan) to 
separate the supernatant fromthe solid residue. The solvent 
was subsequently removed from the collected supernatant 
under reduced pressure at 40  °C using a rotary evapora-
tor (RE100-Pro, Biobase, Jinan, China). The RFE was pre-
cisely weighed to determine the extraction yield and sub-
sequently stored at −20 °C for further analysis as needed.

2.5 Total phenolic content analysis
Initially, 10 mg of dried RFE were dissolved in ethanol to 
get a 10 mg/mL stock solution. Subsequently, 30 microli-
ters of solution were transferred into 96-well plates, fol-
lowed by the addition of Folin-Ciocalteu reagent with 
the same volume. The  mixtures were mixed gently on 
the Eppendorf Mixmate® for 1  min and incubated at 
room temperature for 5  min. A  160  µL sodium carbon-
ate  (5.25%) was added to the well and then incubated at 
room temperature for 30 min with protection from light. 
Absorbance was recorded at 750 nm using Varioskan™ 
LUX Multimode Microplate Read (Thermo Scientific™). 
A serial dilution of gallic acid (0-100 µg/mL) was applied 
as reference for phenolic compounds. Total phenolic con-
tent was expressed as mg gallic acid equivalents per gram 

of extract (mg/g) [19]. The TPC quantification was con-
ducted in triplicate experiments.

2.6 Total flavonoid content analysis
The  TFC was evaluated by a colorimetric assay  [19]. 
Fifty microliters of extract solutionwas transferred to 
the 96-well plate, followed by the addition of 100 µl eth-
anol into all wells. Immediately, 20  µL  of aluminium 
chloride (10%) was added to each well and the plate was 
incubated for 3 min at room temperature. By  the end of 
incubation, 20  µL of sodium acetate 1  M were trans-
ferred, followed by 60 µl of ethanol. The absorbance was 
recorded using Varioskan™ LUX Multimode Microplate 
Read (Thermo Scientific™) at 430  nm after 40  min of 
incubation at room temperature and protected from light. 
As compound references, quercetin was prepared in eth-
anol and analyzed with the same protocol. Total flavonoid 
content was expressed as mg quercetin equivalents per 
gram of extracts (mg/g). The TFC quantification was per-
formed in triplicate experiments.

2.7 2,2-Diphenyl-1-picrylhydrazyl radical scavenging 
capacity
The antioxidant capacity of RFE was evaluated against 
the DPPH as a free radical indicator in a colorimet-
ric assay  [20]. Analysis was conducted in a single point 
extract final concentration of 500  µg/mL in triplicate 
experiments. One hundred microliters of RFE were trans-
ferred into  96-well assay plates. Immediately, 100  µl of 
0.2 mM DPPH solution was added to all wells. The reac-
tion mixture was then mixed on a microplate shaker 
(Eppendorf Mixmate®) for 1 min, followed by incubation at 
room temperature in the protection from light for 30 min. 
In this experiment, ethanol was assigned as the negative 
control (0% DPPH scavenging capacity) and 0.20 mg/mL 
vitamin C as the positive control (100% DPPH scavenging 
capacity). The absorbance was recorded at 517 nm using 
the Varioskan LUX Multimode Microplate Reader from 
Thermo Fisher Scientific.

2.8 Gas chromatography-mass spectrophotometry  
analysis 
The analysis was performed on an Agilent 
Gas Chromatograph coupled to an Agilent 
19091S-433:93.92873 DB-5MS UI 5% Phenyl Methul Silox 
(Agilent Technologies, Santa Clara, CA, USA). The GC 
was equipped with an HP-5ms Ultra Inert capillary column 
(30 m × 250 µm × 0.25 µm film thickness). Helium was 
used as the carrier gas at a constant flow rate of 1.0 mL/min. 

Table 1 Experimental design of simplex lattice design

Run
Independent variables

Ethanol (v/v%) Water (v/v%)

1 0 100

2 0 100

3 25 75

4 50 50

5 50 50

6 75 25

7 100 0

8 100 0
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The  injection volume was 1  µL, performed in splitless 
mode. The injector temperature was maintained at 280 °C. 
The oven temperature was programmed as follows: initial 
temperature of 40 °C held for 1 min, then ramped at a rate 
of 10 °C/min to 300 °C and held for 4 min. The total run 
time was 65 min. The raw GC-MS data files were processed 
using Agilent MassHunter Qualitative Analysis software. 
Automated peak deconvolution, integration, and identifi-
cation were performed by comparing the acquired mass 
spectra against the National Institute of Standards and 
Technology (NIST) 2020 Mass Spectral Library. A com-
pound was considered tentatively identified if its mass 
spectrum exhibited a match factor of  >80%. Following 
identification, all compounds were manually curated and 
classified into distinct chemical groups (alkaloids, ter-
penoids, carbohydrates, fatty acids, phenolics, alkanes, and 
others) based on their foundational chemical structures. 
The relative abundance of each compound was determined 
via peak area normalization, and the cumulative percent-
age for each chemical class was calculated by summing the 
relative abundances of its constituent compounds.

3 Results and discussion
3.1 Model fitting
To model the effects of solvent composition on TPC, TFC, 
and antioxidant capacity (Table 2), various polynomial 
equations (linear, two-factor interaction, quadratic, and 
cubic) were fitted to the experimental data. The optimal 
predictive model for each response was selected based on 
the criteria of a non-significant lack-of-fit and the highest 
values for both the coefficient of determination (R2) and 
adjusted R2, as depicted in Table 3. The selected models 
demonstrated a robust fit, with R2 and adjusted R2 values 
exceeding 0.80. Furthermore, an adequate precision value 

greater than 4 for all responses confirmed a high signal-to-
noise ratio, indicating model reliability [21].

Model accuracy was validated by comparing exper-
imental results with predicted values (Figs. 1 and 2). 
A  strong positive correlation was observed, with data 
points clustering closely around the regression line. 
Concurrently, residual plots displayed a random distribu-
tion, confirming the absence of systematic error. These 
statistical evaluations collectively affirm the suitability 
and predictive power of the developed RSM models.

3.2 Effect of solvent composition on total phenolic 
content 
The composition of the extraction solvent exerted a signifi-
cant influence on the TPC of RFE, as depicted in Fig. 3(a). 
The TPC values ranged substantially from 36.2 to 119 mg 
gallic acid equivalent (GAE)/g of dry extract, underscoring 
the critical role of solvent selection (Table 1). Notably, 100% 
ethanol (run 8) yielded the highest TPC (119 mg GAE/g), 
whereas the pure aqueous solvent (100% water) resulted 
in the lowest yield (36.2 mg GAE/g). This observation 
indicates that the phenolic constituents within R.  frax-
inifolius fruits exhibit preferential solubility in less polar 
solvents like ethanol.

To quantitatively model the relationship between the 
solvent mixture and TPC, a regression analysis employing 
a special cubic model was applied. The resulting predic-
tive equation is given as

Y A B AB
AB A B

TPC � � �

� �� �
117 169 36 9894 46 8518

128 053

. . .

.
	 (1)

where YTPC represents the TPC response, while A and B 
denote the proportions of ethanol and water, respectively. 
The regression coefficients as depicted in Eq. (1) reveal that 
both linear components (A, B) and the interaction terms 
(AB, AB(A−B)) exerted a significant influence on TPC 
(p < 0.05). The large, positive coefficient for ethanol (A) 
confirms its dominant role in the extraction of phenolic 
compounds. Furthermore, the significance of the inter-
action terms suggests a complex non-linear interaction 

Table 2 Simplex lattice experimental design and results of total phenolic 
content, total flavonoid content and antioxidant capacity from RFE

Run Independent 
variables Responses

Ethanol
(v/v%)

Water
(v/v%)

TPC
(mg GAE/g)

TFC
(mg QE/g)

Antioxidant 
capacity (%)

1 0 100 37.3 ± 1.68 23.2 ± 4.72 40.95 ± 1.13

2 0 100 36.2 ± 1.67 25.7 ± 4.22 42.23 ± 1.15

3 25 75 38.0 ± 1.73 23.0 ± 1.05 50.81 ± 3.85 

4 50 50 63.8 ± 3.36 25.2 ± 0.41 77.50 ± 2.53

5 50 50 64.3 ± 3.36 25.6 ± 0.41 74.59 ± 2.55

6 75 25 102.1 ± 5.88 32.3 ± 5.87 91.23 ± 1.46

7 100 0 114.6 ± 6.71 31.1 ± 0.15  90.20 ± 0.74

8 100 0 119.4 ± 6.71 31.2 ± 0.14 89.53 ± 0.73

Table 3 ANOVA for model optimization

Responses and 
fitted model

TPC
cubic

TFC
cubic

Antioxidant capacity
(%) cubic

Lack of fit p = 0.2125 p = 0.1719 p = 0.1308

R2 0.9975 0.9335 0.9961

Adjusted R2 0.9957 0.8836 0.9932

Adequate precision 49.2029 10.2347 40.6350
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Fig. 1 Predicted versus experimental values for the response model (a) TPC, (b) TFC, and (c) antioxidant capacity

Fig. 2  Residuals versus predicted values illustrating the adequacy of the response models for (a) TPC, (b) TFC, (c) antioxidant capacity

Fig. 3 Effect of  solvent composition on the response model (a) TPC; (b) TFC; (c) antioxidant capacity; and (d) optimization plot. The x-axis represents 
the ethanol–water solvent composition expressed as volume fractions (0–1), corresponding to 0–100% ethanol and 100–0% water, respectively.
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between ethanol and water at specific ratios, reinforcing 
the necessity of optimizing this binary solvent system.

These findings are in agreement with previous stud-
ies reporting that hydroethanolic mixtures enhance 
the extraction of phenolics from various plant matri-
ces [22, 23]. Ethanol is reported to facilitate the disruption 
of the structural integrity of the plant cell wall, thereby 
facilitating the release of intracellular bioactive com-
ponents  [24]. Crucially, the polarity of the solvent sys-
tem plays a pivotal role; hydroethanolic mixtures create 
a medium of intermediate polarity that is often optimal 
for extracting a broader spectrum of phenolic compounds, 
which may be sparingly soluble in either pure water or 
absolute ethanol alone [25].

The maximum TPC obtained in this 
study  (119  mg  GAE/g) is comparable to or higher than 
values reported in the literature for RFE using con-
ventional extraction methods. For  instance, methano-
lic maceration of RFE has been reported to have a TPC 
of 11.09  mg  GAE/g  [5] and 8.7  mg  GAE/g  [6]. While 
other research reported varied results using Soxhlet 
extraction, with the ethyl acetate extract yielding 
8.25 mg GAE/g, the high value from their methanol extract 
(202.21 mg GAE/g) [26] could potentially be attributable 
to prolonged extraction times at high temperatures, which 
can co-extract non-phenolic interfering substances.

The higher extraction yield observed in our work may 
be related to the use of UAE, which can enhance mass 
transfer during the extraction process. The phenomenon 
of acoustic cavitation generated by ultrasonic waves accel-
erates mass transfer by inducing cell wall disruption and 
fragmentation, thereby enhancing solvent penetration and 
solute diffusion [27]. This mechanism not only leads to a 
higher TPC yield but also operates at lower temperatures 
and in significantly shorter times. This minimizes the risk 
of thermal degradation of labile phenolic compounds, 
affirming UAE as a more potent and efficient technique 
than conventional maceration or Soxhlet extraction for 
bioprospecting R. fraxinifolius.

3.3 Effect of solvent composition on total flavonoid 
content
The TFC from RFE was profoundly dependent on the sol-
vent composition, revealing a complex relationship graph-
ically elucidated in the model plot, as depicted in Fig. 3(b). 
The plot demonstrates a distinct, non-linear parabolic trend, 
underscoring the complex interplay between ethanol and 
water [28]. The TFC ranged from 23.0 to a peak of 32.3 mg 
quercetin equivalent  (QE)/g of  dry extract. Notably, the 

model predicts, and the observed results indicate that the 
optimal yield was achieved not with a pure solvent, but with 
a hydroethanolic mixture of approximately 75% ethanol. 
The  yield curve exhibits a notable non-linear interaction 
effect at low ethanol concentrations (25%) before a steep, 
synergistic increase towards the peak, followed by a slight 
decline as the solvent approached absolute ethanol. 

Y A B AB
AB A B

TFC � � �

� �� �
31 2794 24 5794 7 0117

31 73

. . .

. ,
	 (2)

where YTFC represents the TFC response. This trend is a 
direct visual representation of the special cubic model as 
depicted in Eq.  (2), where significant negative (AB) and 
positive higher-order (AB(A−B)) interaction terms char-
acterize the curvature. From a phytochemical standpoint, 
this optimum suggests that the 75% ethanol mixture pro-
vides the ideal polarity to solubilize the predominant fla-
vonoids in the fruit, which likely exist as moderately polar 
glycosides. The presence of 25% water is therefore essen-
tial, increasing the solvent's affinity for these compounds 
compared to less-polar absolute ethanol.

The maximum TFC obtained in this study 
(32.3 mg QE/g) is higher than that obtained using conven-
tional agitated maceration, even under comparable solvent 
conditions. For instance, our work significantly exceeds the 
5.82 ± 0.02 mg catechin equivalent (CE)/g reported in pre-
vious work [5]. More pointedly, previous work [6] reported 
just 7.91 ± 0.19 mg CE/g despite using a conceptually sim-
ilar solvent system, 80% a methanol and continuous agi-
tation on an orbital shaker for 2  h. This stark difference 
highlights the limitations of conventional methods, which 
rely on passive diffusion and low kinetic energy. In con-
trast, the UAE employed here utilizes high-energy acous-
tic cavitation to generate microjets and shockwaves that 
enhance solvent penetration and accelerate mass transfer. 
While our result is lower than the 58.71 ± 2.65 mg QE/g 
reported by  [26] from an unripe fruit extract, their use 
of the high-temperature, long-duration Soxhlet method 
introduces potential confounding factors such as thermal 
degradation or co-extraction of interfering substances. 
Therefore, the UAE-based approach provides an optimized 
solvent system and shows potential for rapid and selective 
extraction of flavonoids from ripe R. fraxinifolius.

3.4 Effect of solvent composition on antioxidant capacity
The DPPH radical scavenging assay effectively evaluates 
the antioxidant capacity of the RFE, systematically con-
sidering the influence of solvent composition. The  scav-
enging capacity varied substantially across the solvent 
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gradient, ranging from approximately 40% to a maximum 
of  91.2% at a fixed concentration of 500  µg/ml, as visu-
alized in Fig. 3(c). The  scavenging capacity ranged from 
approximately 40% in pure water to a maximum of 91.2%. 
Notably, the model predicts that this optimal capacity is 
achieved not with a pure solvent, but within a specific 
hydroethanolic mixture of approximately 80% ethanol. 
This parabolic trend is accurately described by the spe-
cial cubic regression model (Eq. (3)), where the statistical 
significance (p < 0.05) of the interaction terms suggests a 
complex non-linear relationship between ethanol and water 
in producing an extract with optimum antioxidant function.

Y A B AB
AB A B

DPPH � � �

� �� �
89 6732 41 3982 37 4337

86 84

. . .

. ,
	 (3)

where YDPPH represents the DPPH response To understand 
the phytochemical drivers behind this distinct antioxi-
dant profile as depicted in Eq.  (3), a correlation with the 
corresponding phytochemical yields is essential. A  com-
parative analysis reveals that the optimal solvent for anti-
oxidant capacity 80% ethanol occupies an intermediate 
position between the optima for TPC (Fig. 3(a)) and TPC 
(Fig.  3(b)). This intriguing result indicates that absolute 
ethanol yielded the highest  TPC, 80-85% produced the 
highest TFC and antioxidant capacity (Fig.  3), suggesting 
that antioxidant activity depended more on the composition 
and reactivity of the extracted phenolic constituents than 
on TPC alone. The hydroethanolic solvent likely enhanced 
the recovery of moderately polar antioxidant compounds 
through increased polarity and improved matrix pene-
tration  [13,  29]. Additionally, the parabolic nature of the 
antioxidant curve closely correlated with the TFC  trend, 
indicating that polar flavonoids are major contributors. 
However, the shift of the antioxidant peak towards a higher 
ethanol concentration implies that less-polar phenolics, 
more efficiently extracted by nearly absolute ethanol, also 
play a crucial role as potent radical scavengers.

We verified the model predictions relating solvent com-
position to antioxidant capacity through eight runs of lab-
oratory analysis. The maximum DPPH scavenging capac-
ity of RFE was observed in the ethanol/water (75:25, v/v) 
mixture with the capacity value of 91.23% ± 1.46 (Table 1). 
Slightly lower results were shown by the extraction pro-
cess using absolute ethanol, which produced DPPH capac-
ities with values of 90.20%  ±  0.74 and 89.53%  ±  0.73. 
On the other hand, the antioxidant capacity declines as the 
decrease of ethanol and water ratio decreases which results 
in aqueous environment. An equal part of ethanol/water 
(50:50 v/v) could extract a group of compounds that reduce 

scavenging capacity;  77.50%  ±  2.53 and 74.59%  ±  2.55. 
Fruit samples extracted with aqueous solvent tend to 
exhibit weak antioxidant capacity as seen in this study. 
A mixture of ethanol/water (25:75, v/v) generated a scav-
enging capacity of 50.81% ± 3.85, followed by water sol-
vent which resulted in the smallest capacity; 42.23% ± 1.15 
and 40.95% ± 1.13. The choice of solvent and extraction 
techniques is a critical protocol in the extraction to obtain 
targeted phytochemical constituents. Isolation of antioxi-
dant-related compounds from the plant matrix, including 
phenol group, was carried out efficiently by polar solvents 
such as methanol and ethanol [30]. The results in Table 2 
clearly illustrate the effectiveness of polar solvents for 
recovering plant-based antioxidant compounds.

Plant-derived antioxidants, in this case fruit fraction, 
have shown some benefits in health-promoting and dis-
ease-preventing effects. The  potency of R. fraxinifolius 
fruit was characterized in this study by high antioxi-
dant capacity (91.2%) at 500 µg/ml, suggesting its poten-
tial as a natural antioxidant agent. UAE offers alternative 
extraction techniques to improve the recovery of antioxi-
dant-related compounds from plant parts. Previous study 
that conducted RFE in conventional maceration technique 
has been reported by [6] (IC50 of 765 µg/mL for ethanol, 
where IC50 means half-maximal inhibitory concentration) 
and [5] (IC50 of 86.00 µg/mL). Although an exceptionally 
low IC50 (19.74 µg/ml) was reported by [26] for an extract 
from unripe fruit, this result is likely influenced by the 
fruit's unique maturational stage. Ultimately, the ability of 
our optimized UAE process to efficiently liberate the spe-
cific blend of moderately polar flavonoids and less-polar 
phenolics is proposed to contribute to the high functional 
activity observed. These results suggest that the technique 
is suitable for producing a chemically complex and biolog-
ically active extract from ripe R. fraxinifolius.

3.5 Model recommendation and validation
Fig. 3(d) depicts the optimum point that has been utilized 
with SLD-RSM. The  factor and response were valued 
with a desirability value. The high desirability value indi-
cates that the chosen conditions converge towards optimal 
extraction [31], reflecting a high level of efficiency and util-
ity in addressing the extraction objectives [32]. The ideal 
conditions determined through numerical optimiza-
tion indicated that a combination of 92% ethanol and 8% 
water yielded the highest TPC at 115.32 mg GAE/g, TFC 
at 32.178 mg QE/g, and an antioxidant capacity of 93.86% 
scavenging, along with a high desirability score of 0.979.
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The optimized parameter was then used to test the 
validity of the model. The validation was based on the 
use of the 95% Prediction Interval (PI), which provides 
a more stringent assessment compared to a simpler error 
metric or confidence interval [33]. The 95% PI is defined 
by its lower and upper boundaries, denoted as PI low and 
PI high, respectively. This range constitutes the opera-
tional window within which a new experimental outcome 
is expected to fall with 95% confidence [34]. Following 
this framework, triplicate experiments were executed, and 
their mean values were benchmarked against the model's 
95% PI ranges, as delineated in Table 4. 

The empirical results demonstrated a clear and deci-
sive validation of the model. The error rates were found 
to be consistently low across all responses (2.51-3.86%). 
Such minimal deviations underscore the model's preci-
sion in addition to its predictive accuracy [35]. The val-
ues that were observed fall within the confidence interval 
surrounding the mean of the predicted values, confirming 
that the numerical optimization was successful. Beyond 
mathematical rigor, this successful validation using the 
95% PI highlights its practical relevance [34] for both aca-
demia and industry. For academic purposes, it confirms 
the high reproducibility of the empirical equations. From 
an industrial perspective, this narrow prediction interval 
functions as a defined tolerance margin for quality con-
trol. It provides manufacturers with a high degree of cer-
tainty that scaling up [36] this optimized extraction will 
yield consistent bioactive recoveries, thereby minimiz-
ing batch-to-batch variability and ensuring a predictable, 
commercially viable process.

Furthermore, a comparative evaluation of the optimized 
UAE and conventional maceration under equivalent solvent 
conditions was conducted to assess extraction performance. 
The results showed that UAE significantly enhanced flavo-
noid recovery, yielding a TFC of 31.5 mg QE/g compared to 
11.9 mg QE/g obtained by maceration. In contrast, macera-
tion resulted in a higher TPC (231.1 mg GAE/g) than UAE 
(110.87  mg  GAE/g), indicating that extraction efficiency 
may vary depending on compound class. In terms of anti-
oxidant activity, the UAE extract exhibited stronger radical 
scavenging capacity, with a lower IC50 value (145.7 µg/mL) 
compared to maceration (186.1  µg/mL). These findings 
suggest that UAE improves the recovery of flavonoids 
and enhances antioxidant activity, likely due to cavitation 
effects that promote cell wall disruption and mass trans-
fer  [37, 38] whereas maceration may favor the extraction 
of certain phenolic compounds [39]. Overall, the inclusion 
of this comparative analysis confirms the effectiveness of 
the optimized green extraction approach and provides a 
more comprehensive evaluation of its performance relative 
to conventional methods.

3.6 Metabolite profilling optimum R. fraxinifolius 
extract with gas chromatography – mass spectrometry
The comprehensive metabolite profile of the optimum 
R.  fraxinifolius extract  was elucidated by GC-MS to 
provide a molecular-level explanation for its previously 
determined high bioactivity, as depicted in Table  5 and 
Fig. 4. The curated data revealed a unique phytochemi-
cal signature, compositionally dominated by three major 
classes: carbohydrate, phenolic compounds (24.20%), and 

Table 4 Predicted values from the optimization point and model validation for the UAE, comparing with maceration

Responses Predicted 95% prediction interval (PI) Experimental mean* Error (%) Maceration

TPC (mg GAE/g) 115.32 109.14; 132.73 110.87 ± 4.41 3.86 231.1 ± 4.31

TFC (mg QE/g) 32.18 28.76; 35.60 31.51 ± 1.28 2.07 11.9 ± 1.27

Antioxidant capacity (%) 93.87 89.81; 98.62 91.52 ± 0.61 2.51 n.d**

DPPH scavenging IC50 (µg/mL) n.d n.d 145.7 ±2.18 n.d 186.1 ± 2.03
* Values represent the mean of triplicate experiments (n = 3).
**  n.d: not determined.

Table 5 Bioactive compounds present in ORFE provided by GC-MS analysis

No Retention time (min) Compound Formula Area (%)

Alkaloid

1 4.8054 1H-Imidazole, 1,5-dimethyl- C5H8N2 8.098

2 8.9266 1,3-Dimethylimidazole-2(3H)-thione C5H8N2S 1.745

3 10.8675 N-Amino-1,2,3,4-tetrahydroquinolin C9H12N2 14.270

Alkane

4 10.3760 Undecane, 4-methyl- C12H26 0.769

5 14.5854 Pentadecane C15H32 0.861
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No Retention time (min) Compound Formula Area (%)

6 15.0013 1-Iodo-2-methylundecane C12H25I 1.355

7 15.5054 3-Ethyl-2,6,10-trimethylundecane C31H64 0.298

8 15.5936 Nonadecane C19H40 0.257

9 16.3624 Tetracosane, 1-iodo- C24H49I 0.286

10 16.5767 Eicosane C20H42 0.460

11 16.7909 10-Methylnonadecane C20H42 1.212

12 16.8917 Hentriacontane C31H64 0.374

13 16.9548 Octacosane, 2-methyl- C29H60 0.972

14 17.2824 2-Methylhexacosane C27H56 0.729

15 18.0638 Octadecane C18H38 0.252

16 19.0343 Octacosane C28H58 0.803

17 20.2064 Tetradecane, 2-methyl- C15H32 0.182

18 23.6596 Heneicosane C21H44 0.164

19 24.4662 Pentacosane C25H52 0.045

20 25.2350 Hexacosane C26H54 0.046

Carbohydrate-derived

21 6.6329 2,5-Furandione, dihydro-3-methylene- C5H4O3 2.495

22 9.0526 Methyl 2-furoate C6H6O3 0.554

23 9.6198 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- C6H8O4 5.536

24 11.4598 5-Hydroxymethylfurfural C6H6O3 17.619

Fatty acid

25 5.3221 Hexadecanoic acid, 3-hydroxy-, methyl ester C19H36O2 0.262

26 6.2926 5-Hexenoic acid C6H10O2 0.457

27 6.4312 Hexanoic acid C6H12O2 0.229

28 7.5403 Heptanoic acid C7H14O2 2.624

29 19.7526 n-Hexadecanoic acid C16H32O2 2.689

30 20.0299 Hexadecanoic acid, ethyl ester C18H36O2 0.782

31 20.4962 Nonahexacontanoic acid C69H138O2 0.235

32 21.0508 11-octadecenoic acid, methyl ester C19H36O2 0.424

33 21.4793 9-Octadecenoic acid, (E)- C18H34O2 4.263

34 21.6431 Octadecanoic acid C18H36O2 0.979

35 21.9582 Carbonic acid, eicosyl vinyl ester C23H44O3 0.158

36 24.7434 Octadecane, 1-(ethenyloxy)- C23H44O3 0.038

37 25.9911 sulfurous acid, 2-propyl tetradecyl ester C17H36O3S 0.030

Others

38 9.1157 2-Octen-4-ol C8H16O 0.441

39 20.8869 d-Manno-l-gluco-octonic acid C8H16O8 0.165

40 22.0590 1 (2H) -Naphtalenone, octahydro-, trans - C10H16O 0.317

41 23.0168 Hexasiloxane, tetradecamethyl- C14H42O5Si6 0.920

42 25.1215 1,1,1,5,7,7,7-Heptamethyl-3,3-bis(trimethylsiloxy)tetrasiloxane C13H39O5Si6 0.136

Phenolic

43 7.1244 Anethole C10H12O 23.788

44 29.1167 ɣ-Tocopherol C28H48O2 0.411

Terpenoid

45 8.6746 7-Oxabicyclo[4.1.0]heptan-2-one, 6-methyl-3-(1-methylethyl)- C10H14O2 0.824

46 16.1986 Sesquicineole C15H26O 0.446

Table 5 Bioactive compounds present in ORFE provided by GC-MS analysis (continued)
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alkaloids  (24.11%), as visualized in Fig. 5. The detailed 
analysis of these groups, particularly the identification of 
specific bioactive compounds, allows for a robust inter-
pretation of the high TPC, TFC, and antioxidant capacity 
(93.87% inhibition) of the ORFE.

A revealing feature of the ORFE is the profound abun-
dance of 5-hydroxymethylfurfural (5-HMF) at  17.62%. 
The  formation of 5-HMF is primarily driven by the 
acid-catalyzed dehydration of endogenous hexose sug-
ars – specifically fructose and glucose – during the ther-
mal drying process of the Rubus fruit  [40, 41]. This pro-
vides critical insight into the sample's history, as thermal 
load required for effective moisture removal facilitates the 
Maillard reaction and sugar degradation. While often con-
sidered a processing marker, it is crucial to note that 5-HMF 
itself is a well-documented antioxidant [42]. Therefore, due 
to its sheer concentration, it must be considered a signif-
icant contributor to the overall bioactivity, representing a 
key component of the extract's final chemical identity.

The potent antioxidant capacity is likely associated 
with the presence of key phenolic compounds. Among 
these, anethole (23.79%) was putatively identified, a phen-
ylpropanoid known for its antioxidant properties [43–45], 
suggesting it as a significant contributor to the observed 
activity. Mechanistically, anethole may contribute to this 
observed activity through its conjugated double-bond sys-
tem, which allows for resonance stabilization of free rad-
icals  [46]. Furthermore, the analysis identified γ-tocoph-
erol (vitamin E). Although modest in abundance (0.41%), 
γ-tocopherol is an exceptionally potent, chain-breaking 
lipophilic antioxidant  [47, 48] that operates via a hydro-
gen atom transfer  (HAT) mechanism, where the pheno-
lic hydroxyl group donates a hydrogen atom to neutralize 
peroxyl radicals [49, 50]. Its successful extraction is a tes-
tament to the efficacy of the high-ethanol (92%) solvent 
system, potentially providing a molecular basis for the 
extract’s radical scavenging ability [51]. The possible col-
lective interaction of these compounds, likely supported 
by the minor terpenoid fraction, is proposed to contribute 
to  the extract's antioxidant power as observed by GC-MS.

In addition to phytochemical composition, safety con-
siderations are essential when evaluating the nutraceu-
tical potential of R. fraxinifolius fruit extracts. 5-HMF, 
a compound formed during the Maillard reaction, is com-
monly present in a wide range of food products and has 
been reported to exhibit low toxicity, with no clear evi-
dence of carcinogenicity in short- and long-term stud-
ies, aside from findings in female mice that are consid-
ered to have limited relevance to humans [52]. Anethole, 
a naturally occurring terpenoid found in various aromatic 
plants, has also been extensively studied and is reported 

Fig. 4 GC-MS chromatogram showing the chemical profile of the ORFE

Fig. 5 Relative peak area (%) of phytochemical classes identified in 
ORFE represented as a 10 × 10 dot plot
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to be non-toxic at low concentrations [53, 54] as well as 
non-genotoxic and non-carcinogenic under typical con-
ditions of use  [43,  55]. Collectively, these findings sug-
gest that the major compounds identified in the present 
study are unlikely to pose significant health risks at nor-
mal exposure levels; however, further toxicological eval-
uation of the extract as a whole is recommended to con-
firm its safety for nutraceutical applications.

Finally, this detailed semi-volatile profile must be recon-
ciled with the exceptionally high TPC (115.32 mg GAE/g) 
and TFC (32.18 mg QE/g) values. While the GC-MS pro-
filing provides a detailed identification of the volatile and 
semi-volatile constituents in R. fraxinifolius, it is pri-
marily suited for thermally stable and relatively non-po-
lar molecules. Furthermore, although the assignment of 
metabolites such as anethole was based on high library 
match factors from the NIST database, these identifica-
tions should be considered tentative and require future 
confirmation using authentic standards or complementary 
spectroscopic approaches. Consequently, highly polar and 
high-molecular-weight compounds, such as complex tan-
nins and glycosylated flavonoids – which likely contribute 
to the elevated phenolic and flavonoid totals – may remain 
undetected in the current GC-MS profile.

Furthermore, the optimization was strategically focused 
on solvent composition, while other physical UAE param-
eters such as sonication time, amplitude, and temperature, 
were kept constant based on established protocols. While 
this isolation of variables was necessary for the  SLD 
model's clarity, it suggests a window for future multi-
variate optimization of the physical extraction environ-
ment. Consequently, the current chemical profile should 
be viewed as a complementary rather than an exhaustive 
characterization. Future work employing liquid chroma-
tography – mass spectrometry/mss spectrometry [56] and 
in vitro toxicity assays is therefore necessary to fully elu-
cidate the non-volatile constituents and confirm the safety 
profile of this highly active extract. 

4 Conclusion
This study successfully employed and validated SLD-
RSM to optimize the UAE from R. fraxinifolius fruit, con-
currently maximizing three key responses: TPC, TFC and 
DPPH radical scavenging capacity. An optimal solvent 
system consisting of 92.2% ethanol and 7.8% water was 
experimentally validated, showing improved extraction 
efficiency and functional characteristics of ORFE under 
the studied conditions. The investigation revealed that its 
bioactivity is underpinned by a complex interplay between 
different phytochemical classes. This synergy arises from 
the combined action of the substantial non-volatile poly-
phenolic load, evidenced by the high TPC and TFC results, 
and a unique profile of potent semi-volatile compounds, 
including anethole, γ-tocopherol, and a significant alkaloid 
fraction, as identified by GC-MS.

Ultimately, this work provides not only a scientifi-
cally validated, green extraction protocol for R.  frax-
inifolius but also a more nuanced understanding of the 
chemical basis for its potent bioactivity. The successful 
application of UAE was critical in achieving the effec-
tive co-extraction of these chemically diverse, synergis-
tic components. These findings establish a robust scien-
tific foundation for developing R. fraxinifolius as a source 
of high-value, chemically characterized ingredients for 
the nutraceutical and functional food industries. Future 
work should integrate complementary liquid chromatog-
raphy-mass spectrometry  analysis to characterize the 
non-volatile phenolic fraction, which would further vali-
date the synergistic effects proposed in this work.
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