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Optimization 
of microwave‑assisted extraction 
of antioxidant compounds 
from spring onion leaves using 
Box–Behnken design
Giovanna Aquino 1,2, Manuela Giovanna Basilicata 1*, Carlo Crescenzi 1, Vincenzo Vestuto 1, 
Emanuela Salviati 1, Michele Cerrato 1, Tania Ciaglia 1, Francesca Sansone 1, Giacomo Pepe 1 & 
Pietro Campiglia 1

Many studies have explored the extraction of bioactive compounds from different onion solid wastes, 
such as bulb, skin, and peel. However, onion leaves have received limited attention despite their 
potential as a valuable source of nutraceutical compounds. This study aimed to valorise, for the first 
time, the agricultural waste in the form of spring onion leaves (CN, Cipollotto Nocerino) to obtain 
antioxidant‑rich polyphenolic extracts. A Box–Behnken design (BBD) was used to assess the impact of 
microwave‑assisted extraction (MAE) variables (temperature, time, extraction volume, and ethanol 
concentration) on total polyphenol content (TPC) measured by Folin–Ciocalteu method and the 
antioxidant power determined by FRAP assay. Response surface methodology (RSM) was applied, 
and regression equations, analysis of variance, and 3D response curves were developed. Our results 
highlighted that the TPC values range from 0.76 to 1.43 mg GAE  g−1 dw, while the FRAP values range 
from 8.25 to 14.80 mmol Fe(II)E  g−1 dw. The optimal extraction conditions predicted by the model 
were 60 °C, 22 min, ethanol concentration 51% (v/v), and solvent volume 11 mL. These conditions 
resulted in TPC and FRAP values of 1.35 mg GAE  g−1 dw and 14.02 mmol Fe(II)E  g−1 dw, respectively. 
Furthermore, the extract obtained under optimized conditions was characterized by UHPLC‑ESI‑
Orbitrap‑MS analysis. LC/MS–MS platform allowed us to tentatively identify various compounds 
belonging to the class of flavonoids, saponins, fatty acids, and lipids. Finally, the ability of CN optimal 
extract to inhibit the intracellular reactive oxygen species (ROS) release in a hepatocarcinoma cell line 
using an  H2O2‑induced oxidative stress model, was evaluated. The results highlighted the potential 
of CN extract as a valuable source of polyphenols with significant antioxidant properties, suitable for 
various applications in the food and pharmaceutical industries.

Abbreviations
ANOVA  Analysis of variance
BBD  Box–Behnken design
CN  Cipollotto Nocerino
DCFH-DA  6-Carboxy-2ʹ,7ʹ-dichlorodihydrofluorescein diacetate
DHEX  Deoxyhexosyl
DPPH  2,2-Diphenyl-1-picrylhydrazyl
ESI  Electrospray ionization
FA  Formic acid
FRAP  Ferric reducing antioxidant power
GAE  Gallic acid equivalents
HEX  Hexosyl
HRMS  High-resolution mass spectrometry
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LC  Liquid chromatography
MAE  Microwave-assisted extraction
MS/MS  Tandem Mass Spectrometry
MTT  3-[4,5-Dimethylthiazol-2,5-diphenyl-2H-tetrazolium bromide
OSW  Onion solid wastes
PEN  Pentosyl
ROS  Reactive oxygen species
RSM  Response surface methodology
SD  Standard deviation
TIC  Total ion chromatogram
TPC  Total phenolic content
TPTZ  2,4,6-Trippyridyl-s-triazine
UAE  Ultrasound-assisted extraction
UHPLC  Ultra-high-performance liquid chromatography

The agri-food sector generates a substantial amount of waste, including crop residues like stalks, leaves, and 
husks, as well as by-products from food processing, ranging from peels and shells to stems, expired or unsold 
food, and packaging materials. Effectively managing and reducing this waste is crucial for promoting environ-
mental sustainability, enhancing resource efficiency, and preventing food loss and  waste1,2.

Implementing proper waste management practices plays a vital role in minimizing the sector’s environmen-
tal impact. Strategies such as recycling, composting, and optimizing packaging can significantly reduce waste 
 generation3. Recycling and reusing packaging materials not only conserve resources but also reduce the volume of 
waste that ends up in landfills. Composting organic waste, such as crop residues and food processing by-products, 
helps produce nutrient-rich soil amendments and reduces reliance on synthetic  fertilizers4–6.

Preventing food loss and waste is a fundamental aspect of building a more sustainable food system. By 
reducing food waste at various stages of the supply chain, valuable resources like water, energy, and land can be 
conserved, while also minimizing associated greenhouse gas  emissions7.

Onion (Allium cepa L.) is an example of a widely consumed vegetable that contributes considerably to munici-
pal and industrial wastes, consisting of onion skins, outer fleshy scales, roots, leaves and the apical and basal 
trimming of bulbs and are commonly known as onion solid wastes (OSW)8,9.

An enormous amount of OSW is generated in several countries. For example, in California, USA, approxi-
mately 100,000 tons of OSW are produced annually. Similarly, in the European Union, particularly in Spain, 
Holland, and the UK, about 500,000 tons of OSW are generated each  year10. Despite being considered waste 
products, OSW are of great interest for the recovery of active ingredients. Several studies have contributed to 
the development and validation of extractive techniques designed for the isolation and purification of bioac-
tive compounds from onion  bulb11,12,  skin13–16,  peel17,18 and solid  wastes19,20. However, despite their significant 
nutraceutical potential, research focused on onion leaves has remained limited. Fresh onion leaves contain high 
levels of bioactive compounds such as polyphenols, flavonoids, carotenoids, vitamins, and  chlorophylls21,22. This 
study aimed to investigate, for the first time, the antioxidant properties of green onion stalks sourced from the 
“Cipollotto Nocerino” onion (CN) variety. These leaves are characterized by intensely green colour, linear in shape, 
and end in a pointed tip. They constitute the primary by-product of CN, measuring approximately 15–30 cm in 
length, a size six to seven times larger than that of its bulb.The CN is a type of onion bulb that has been culti-
vated for over 2000 years in Campania region, especially in the areas of Pompeii-Nocera. It is characterized by 
several distinctive features. The harvested bulbs measure 2–4 cm, which classifies them as medium-small-sized 
onions. The bulb has a cylindrical shape and is flattened at the poles, with a slight thickening at the base of the 
leaves. The inner and outer layers of the bulb are completely white, and the flesh is succulent and sweet in taste. 
As a spring harvest onion (from March to June), it is primarily consumed fresh and does not have a high capac-
ity for storage. The annual production is approximately 50,000 tons of fresh produce, resulting in a turnover 
exceeding 30 million euros. The CN has been granted the Protected Designation of Origin (PDO) status (Reg. 
CE n. 656/2008)23. Several studies have investigated the extraction of bioactive compounds from onion leaves, 
mainly using the conventional extraction  technique24–26. These methods typically involve macerating the leaves 
in different solvents (e.g., ethanol, ethanol/water, or acetone) at varying times and temperatures to optimize the 
extraction process. This method takes a lot of time, energy, and solvent during  processing27–30.

Recently, optimal conditions for ultrasound-assisted extraction (UAE) have been identified to obtain extracts 
from Welsh onion leaves. These extracts exhibit high polyphenol content and 2,2-Diphenyl-1-picrylhydrazyl 
(DPPH) scavenging  activity31. UAE technique has gained popularity due to its ability to reduce solvent consump-
tion, shorten extraction time, and improve extraction yields. UAE operates through the mechanical and cavita-
tion effects generated by ultrasonic waves, which enhance the mass transfer of targeted compounds by breaking 
down the cell walls of the plant  material32,33. However, ultrasonication system has disadvantages such as being 
expensive, occurring undesirable changes in molecules and requiring optimization. Another environmentally 
friendly extraction technique is microwave-assisted extraction (MAE), which involves the irradiation of samples 
soaked in a solvent. In contrast to conventional extraction methods, microwave irradiation can directly heat 
the reactants and solvent by passing through the walls of the reaction container. MAE is widely used in labora-
tories due to its numerous advantages. It helps reduce energy consumption and the amount of organic solvents 
required, leading to a decrease in waste generation. Its ability to efficiently extract bioactive compounds makes 
it a valuable tool in the field of natural product extraction and has gained considerable attention in scientific 
research and industrial  applications34,35.
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However, the complexity of mass transfer and the limited depth of microwave irradiation, influenced by 
factors including temperature and microwave frequency, present challenges for upscaling the MAE process. 
Therefore, achieving scale-up of MAE for industrial applications requires an in-depth analysis of how various 
parameters affect extraction kinetics. Consequently, it is crucial to develop models that can predict the optimum 
MAE  conditions36–38.

In this current study, we assessed the phytochemical composition and antioxidant properties of CN leaves, 
aiming to unlock the potential value of this by-product (leaves) for nutraceutical, nutritional, and pharmaco-
logical uses. For these purposes, we developed and optimized an alternative method based on MAE for the 
recovery and isolation of bioactive compounds from CN leaves. A response surface methodology (RSM) through 
a Box–Behnken design (BBD) was applied, and model fit, regression equations, analysis of variance and 3D 
response curves were developed. Temperature (60–100 °C), time (5–25 min), extraction volume (6–12 mL) and 
ethanol concentration (40–80% v/v) were studied as the major parameters affecting the extraction efficiency 
and the antioxidant properties. A Box–Behnken design was adopted considering total phenolic content (TPC) 
and ferric reducing antioxidant power (FRAP) as responses. A Liquid Chromatography-High-Resolution Mass 
Spectrometry (LC-HRMS) platform was employed to elucidate the polyphenol profile of CN extract, which was 
obtained under the optimal extraction conditions determined by developed model. Additionally, in vitro evalu-
ation of cell safety and the quenching of  H2O2-induced intracellular reactive oxygen species (ROS) exerted by 
optimal CN extract were evaluated in a hepatocarcinoma cell line.

Materials and methods
Materials. Folin Ciocalteu’s reagent, gallic acid, sodium carbonate, 2,4,6-Trippyridyl-s-triazine (TPTZ), 
sodium acetate, acetic acid glacial, hydrochloric acid 37%, Iron(III) chloride hexahydrate, Iron(II) sul-
fate heptahydrate, 3-[4,5-dimethylthiazol-2,5-diphenyl-2H-tetrazolium bromide (MTT), 6-carboxy-2ʹ,7ʹ-
dichlorodihydrofluorescein diacetate (DCFH-DA), hydrogen peroxide were obtained from Merck Life Science, 
Milan, Italy. All the solvents and additives LCMS grade were purchased from VWR Chemicals, Milan, Italy. CNs 
were kindly donated by consortium for the protection of “Cipollotto (spring onions) Nocerino DOP”.

Methods. Sample preparation. Green onion stalks (leaves) were selected for the extraction of antioxidant 
compounds. The onion leaves used in this study are not from endangered species. The principles of experimental 
research and field studies on plants, including the collection of plant material, were conducted in accordance 
with relevant institutional, national, and international guidelines and legislation for plant material research. 
Subsequently, the collected samples were labelled, stored in a cooler and transported to the laboratory. The leaves 
were lyophilized for 24 h (Manifold Freeze Dryer MFDQ 2002, Laboquest, Westchester USA), using condenser 
temperature at − 80 °C and 1 Pa as vacuum pressure. After lyophilization, the dried leaves were milled into a 
powder and stored at − 20 °C until further analysis. Microwave-based extraction experiments were performed in 
a PreeKem-M3 digestion system equipped with an HP10 rotor (Preekem Scientific Instruments Co., Shanghai, 
China). The microwave frequency was set at 2450 MHz while the microwave power (watt) was automatically 
adjusted by the instrument’s program based on thermal conditions, time, and the number of vessels. Notably, 
it was determined that 100, 250 and, 500 W correspond to 60, 80 and, 100 °C, respectively. After MAE, CN 
extracts were centrifuged at 6000 rpm for 10 min at 4 °C (Mikro 220R centrifuge, Hettich, Germany) and the 
supernatants were frozen overnight at − 20 °C to facilitate the precipitation of interfering compounds. Finally, 
the extracts were freeze-dried, reconstituted with 1 mL of the corresponding extracting solvent, and subjected 
to spectrophotometric analysis.

The extraction yield for each run and for the optimal extract was calculated according to the following 
equation:

where  W1 and  W0 are the weights of the final dry extract and the initial sample, respectively.
Extraction yield data were reported in the supplementary information (Table S1).

Optimization of extraction variables using Box–Behnken design and method validity test‑
ing. The relationship between four independent variables (A: temperature, 60–80–100  °C; B: time, 5–15–
25 min; C: extraction volume, 6–9–12 mL; D: ethanol concentration, 40–60–80% v/v) and the dependent vari-
ables (responses) of total phenolic content (TPC, Y1) and reducing power (FRAP assay, Y2) was assessed using 
BBD-RSM modeling Each independent factor was associated with three distinct coded levels (− 1, 0, 1) (Table 1).

A total of 29 experimental runs, comprising five central points, were generated. All experiments were per-
formed randomly, and the range of the studied variables was selected according to preliminary tests and experi-
mental limitations. All analyses were performed in triplicate (to calculate the reproducibility of the process) 
and the results were expressed as mean ± standard deviation (SD). RSM was performed using the Design Expert 
11 software (Stat-Ease, Inc., Minneapolis, MN, USA) and the experimental data were subjected to regression 
analysis based on Eq. (2) to obtain quadratic polynomial empirical models:

where Y is the predicted response, Xi and Xj are independent variables, β0 is the intercept coefficient, βi is the 
linear coefficient, βii is the quadratic coefficient, and βij is the interaction coefficient of i and j variables.

(1)Extraction yield (%) =
W1

W0
× 100,

(2)Y = β0 +
∑

βiXi +

∑
βiiXi

2
+

∑∑
βijXiXj ,
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The response surface and contour plot approaches were used to visualize the correlation between responses 
and different levels of independent variables and interaction types between two independent variables.

A final confirmation experiment (n = 3) was performed using optimized independent extraction variables, 
and the experimental data were compared with predicted values for model validation.

The analysis of variance (ANOVA) method was employed, and the maximum  R2 and adjusted  R2 values were 
used to assess the accuracy of the estimated coefficients. A confidence level of 95% was adopted to determine 
the significance differences and p-values ≤ 0.05 considered to be significant.

Total phenolic content analysis. The TPC of CN extract was determined using the Folin–Ciocalteau 
method as described by Way et al., with slight  modifications39. Reagent A was prepared by combining 5 mL of 
2 M Folin–Ciocalteu reagent to 45 mL of distilled water. For reagent B, 2.87 g of sodium carbonate was dissolved 
in distilled water in a 25 mL volumetric flask. For each sample, 2 μL of extract was added to 100 μL of reagent A 
in a microplate, mixed, and left for 5 min before adding 70 μL of reagent B and mixing. Then, the microplate was 
incubated for 1 h at 40 °C. The absorbance of the solution was then evaluated at 765 nm using a Multiskan Sky-
High Microplate Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Gallic acid was selected 
as the standard. Stock solution (1 mg/mL) was prepared in MeOH, and the calibration curve was obtained in a 
concentration range of 10–200 mg/L, with five concentration levels (y = 991,17683x − 0.08039) and the linearity 
of the standard curve was 99.99%. The solution was measured in triplicate. The total phenolic content was calcu-
lated and expressed as milligrams of gallic acid equivalents per gram of dry weight (mg GAE  g−1 dw).

Ferric reducing antioxidant power assay. The FRAP method is based on the reduction of ferric ion 
 (Fe3+) to ferrous ion  (Fe2+). The assay was conducted with slight modifications to the conditions previously 
described by Noreen et al.40. FRAP reagent was prepared by mixing three solutions: A, 300 mM sodium acetate 
buffer, pH 3.6; solution B, 10 mM TPTZ solution in 40 mM HCl; and solution C, 20 mM ferric chloride  (FeCl3) 
in a volumetric ratio of 10:1:1 v/v/v, respectively. The reagent was kept in darkness for 30 min to complete the 
reaction. Briefly, 5 μL of CN extracts were mixed with 145 μL of FRAP reagent.  FeSO4 was used as analytical 
standard (0.1–5 mM; y = 2.71450x + 0.01491;  R2 = 99.99%). All the samples were prepared in triplicate, shaked 
and incubated in dark for 30 min at 37 °C. Changes in the absorbance of the samples were measured against 
blank at 593 nm using a microplate reader. FRAP activity was calculated as millimoles of ferrous equivalent per 
gram of dry weight (mmol Fe(II)E  g−1 dw).

UHPLC‑HRMS/MS conditions. UHPLC-HRMS/MS analysis was performed on a Thermo Ultimate RS 
3000 coupled online to a Q-Exactive hybrid quadrupole Orbitrap mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany) equipped with a heated electrospray ionization probe (HESI II).

The separation was performed in reversed phase mode, with a Kinetex® 2.6 µm EVO C18 100 Å, 150 × 2.1 mm 
analytical column (Phenomenex, Bologna, Italy) thermostated at 40 °C. The mobile phases were  H2O (A) and 
ACN (B) both acidified with 0.1 v/v % HCOOH delivered at a constant flow of 0.4 mL/min. The following gradi-
ent was employed: 0.01–25.00 min, 2–30% B; 25.01–35.00 min, 30–100% B; 35.01–37.00 min, isocratic to 100% 
B; 37.01–39.00 min, 2% B; then 5 min for column re-equilibration. 2 µL of CN extract were injected.

The ESI was operated both in negative and positive mode. The MS was calibrated by Thermo calmix Pierce™ 
calibration solutions in both polarities. Full MS (100–1500 m/z) and data-dependent MS/MS were performed 
at a resolution of 35,000 and 17,500 FWHM respectively, normalized collision energy (NCE) values of 15, 20, 
and 25 were used. Source parameters: Sheath gas pressure, 50 arbitrary units; auxiliary gas flow, 13 arbitrary 
units; spray voltage, + 3.5 kV, − 2.8 kV; capillary temperature, 310 °C; auxiliary gas heater temperature, 300 °C.

The identification of analyzed compounds was carried out by comparing their retention times and MS/MS 
data with those present in the literature. Data analysis and processing were performed using FreeStyle™ 1.8 SP2 
and the commercial software Compound Discoverer v. 3.3.1.111 SP1 (Thermo Fisher Scientific, Bremen, Ger-
many). The following online databases were also consulted: Phenol-Explorer (www. pheno lexpl orer. eu), PubChem 
(https:// pubch em. ncbi. nlm. nih. gov), FooDB (https:// foodb. ca/) and, ChemSpider (http:// www. chems pider. com).

Cell culture and drug treatment. The human hepatocarcinoma Hep G2 cell line was obtained from 
GMIST cell bank (Genova, Italy). Cells were grown in Eagle’s minimum essential medium, supplemented with 
10% (v/v) fetal bovine serum (FBS), 1% (v/v) nonessential amino acid, 2 mM l-glutamine, 100 U/mL penicillin, 
and 100 mg/mL streptomycin.

Table 1.  Extraction variables selected for BBD optimization.

Independent variable Symbols

Factor level

Dependent variable − 1 0  + 1

Temperature (°C) A 60 80 100

Y1: TPC (mg GAE  g−1 dw)
Y2: FRAP (mmolFe(II)E  g−1 dw)

Time (min) B 5 15 25

Extraction volume (mL) C 6 9 12

EtOH (%) D 40 60 80

http://www.phenolexplorer.eu
https://pubchem.ncbi.nlm.nih.gov
https://foodb.ca/
http://www.chemspider.com
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Cells were routinely grown in culture dishes (Corning, Corning, NY) in a humidified atmosphere of 5% 
 CO2/95% air at 37 °C and splitted every 2 days. The viability was monitored using phase contrast microscopy 
and trypan blue staining. In each experiment, cells were placed in a fresh medium and cultured in the presence 
of the optimal CN extract at different concentrations and times. Each treatment and analysis were performed in 
triplicate separate experiments. Cells were used at the 16–20th passage.

Cell viability assay. Cell viability was established by measuring mitochondrial metabolic activity with 
MTT. Briefly, Hep G2 (30 ×  103 cells/well) were plated into 96-well plates, then CN extract (1.56–200 µg/mL) 
was added for 24 h. Afterward, MTT reagent (0.5 mg/mL) for 2 h was added. Then, 100 μL per well of 0.1 M 
isopropanol/HCl solution was added to dissolve formazan. The absorbance was measured at 570 nm, using a 
microplate reader (Multiskan Go, Thermo Scientific, Waltham, MA, USA). Cell viability was expressed as a 
percentage relative to the untreated cells cultured in medium with 0.1% DMSO and set to 100%, whereas 10% 
DMSO was used as positive control and set to 0% of viability. The  EC50 values were calculated using GraphPad 
Prism 8.0 software by nonlinear regression of the dose–response inhibition.

Statistical analysis. Data are reported as mean ± SD of results from three independent experiments. Statistical 
analysis was performed using ANOVA test, and multiple comparisons were made with the Bonferroni’s test with 
GraphPad Prism 8.0 software (San Diego, CA, USA). Significance was assumed at p < 0.05.

ROS detection. ROS levels were measured as previously  described41. To test the effect of CN extract (50, 
25  µg/mL) to ROS neutralization, Hep G2 cells were seeded (30 ×  103 cells/well) in black 96-well ViewPlate 
(PerkinElmer, USA) allowing to adhere for 24 h. Next, cells were incubated with both CN extract and  H2O2 
(800 μM) for 1 h.  H2O2 alone (800 μM, 1 h) was used as positive control.

After treatments, the medium was removed, and the cells were washed with PBS. A staining solution contain-
ing 10 μM DCFH-DA in serum-free medium without phenol-red was added for 30 min at 37 °C in the dark. The 
fluorescence signals (excitation/emission 485 nm/535 nm) were read in end point mode using a PerkinElmer 
EnSpire multimode plate reader.

Statistical analysis. Data are reported as mean ± SD of results from three independent experiments. Statistical 
analysis was performed using ANOVA test, and multiple comparisons were made with the Bonferroni’s test with 
GraphPad Prism 8.0 software (San Diego, CA, USA). Significance was assumed at p < 0.05.

Result and discussion
In this study, we examined the health benefits of onion wastes, specifically focusing on the leaves of a spring 
onion variety called “Cipollotto Nocerino” from the Campania Region. Our main objective was to investigate its 
potential as a source of antioxidant compounds.

MAE conditions for isolating antioxidant compounds were optimized using a BBD with a total of 29 runs. 
The study considered the influence of four independent variables: temperature, extraction time, ethanol con-
centration, and solvent volume. Table 2 shows the comprehensive experimental design, including the predicted 
and experimental values of TPC and FRAP.

The TPC values range from 0.76 to 1.43 mg GAE  g−1 dw, while the FRAP values range from 8.25 to 14.80 mmol 
Fe(II)E  g−1 dw.

The experiments corresponding to five central points (runs: 13, 14, 15, 16, and 17) resulted in mean values 
of 1.09 ± 0.02 mg GAE  g−1 dw (RSD = 1.91%), and 11.61 ± 0.32 mmol Fe(II)E  g−1 dw (RSD = 2.76%) for TPC and 
FRAP, respectively, providing acceptable RSD values and an adequate agreement with the model.

According to the multiple regression analysis, the following quadratic polynomial empirical Eqs. (3) and (4), 
describing the relation between each response variable and the independent variables, were obtained; where A, 
B, C, and D correspond to temperature, extraction time, solvent volume, and ethanol, respectively.

Influence of operational parameters on total phenolic content and ferric reducing antioxidant 
power. Table 3 shows the ANOVA results for RSM models used to analyse the TPC and FRAP responses.

The F-values of 43.49 (TPC) and 28.33 (FRAP) and p-values less than 0.05 indicate model terms are sig-
nificant. The quadratic coefficients  B2,  C2 and  D2 as well as the interaction coefficient AB, AD, BC, CD were 
significant in the model developed for total phenolic content (p < 0.05) while that factors A, B, C, AD,  B2 and  D2 
had significant effects (p < 0.05) on the reducing power.

In addition, the high  R2 (0.98, and 0.97 for TPC, and FRAP, respectively) and Adj-R2 values (TPC: 0.96; 
FRAP: 0.93), the coefficient of variation CV (TPC: 3.10; FRAP: 3.43) and the non-significant values for lack of 
fit (p > 0.05, TPC: 0.13; FRAP: 0.33) confirmed that the mathematical model of equations was able to predict 
the total phenolic content and antioxidant properties according to the various combination of variables values.

(3)

TPC = 1.08701+−− 0.05998× A + 0.0515779× B + 0.159185× C

+ 0.0503527× D +−− 0.0561667× AB+ 0.0820612× AD +−− 0.0530004× BC

+ 0.0962268× CD+ 0.135082× B
2
+−− 0.0326607× C

2
+−− 0.0841261× D

2
,

(4)
FRAP = 11.6053+−− 0.511671× A + 0.28019× B + 1.90122× C

+ 0.629048× AD + + 0.658719× B
2
+−− 0.924372× D

2
.
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Additionally, the accuracy of the regression model was assessed by evaluating the Diagnostic plot of predicted 
vs. actual values. The comparison between the predicted and actual response, as showed in Fig. 1, confirms that 
the experimental values align closely with the predicted values, indicating a good fit without any significant 
deviations.

The response surface plots showed the impact of different process variables on TPC (Fig. 2) and FRAP (Fig. 3) 
values.

A significant positive interaction was observed between time and extraction volume (Figs. 2c, 3d), enhancing 
TPC and antioxidant activity. It is well-known that an increase in time and extraction volume can enhance the 
solubility of polyphenolic compounds from vegetable matrices, facilitating their diffusion into the extraction 
 solvent42.

These findings are in line with previous studies, wherein it was demonstrated that high amount of solvent 
increases its penetration through the cell wall by causing swelling in the cell wall and  membrane43. This phenom-
enon enhances the permeability of solvent molecules into the cell, resulting in a stronger interaction between 
extraction solvent and  phytochemicals44. It has been reported that the polar nature of phenolic compounds is 
influenced by an increased polarity index of the solvent, which is attributed to the increased solvent volume, 
consequently this leads to an increase in the extraction of these bioactive  compounds45.

In MAE, treatment time plays a pivotal role in influencing the extraction of bioactive compounds from the 
plant  material46,47. When samples are exposed to microwave radiation for a longer time the greater disruption of 
cell walls occurs, facilitating greater mass transfer from the interior of the sample to the solvent, resulting in an 
efficient increase in  TPC48–50. Excessive exposure to microwave irradiation can lead to overheating of the plant 
material. Optimization is crucial to determine the optimal duration of microwave  treatment51.

The negative impact of ethanol concentration was also observed in the response surfaces, as depicted in 
Figs. 2d and 3a. The response values were observed to be higher when the ethanol concentration was closer to 
the lower values. According to Yang et al.52, at lower concentrations, ethanol can penetrate the plant cells more 
easily and facilitate the extraction of polyphenolic  compounds53. On the other hand, higher concentrations of 

Table 2.  Experimental conditions for BBD the corresponding experimental and predicted values of TPC and 
FRAP.

Run

Factors Y1: TPC (mg GAE  g−1 dw)
Y2: FRAP (mmol Fe(II)E 
 g−1 dw)

A B C D Predicted Experimental Predicted Experimental

1  − 1  − 1 0 0 1.19 1.20 12.28 12.56

2 0  − 1  − 1 0 0.93 0.95 10.08 10.05

3 0  − 1 0  − 1 1.02 1.01 10.74 10.35

4 0  − 1 0  + 1 1.15 1.19 11.38 11.48

5 0  − 1  + 1 0 1.35 1.33 13.43 13.46

6  + 1  − 1 0 0 1.19 1.15 11.49 11.50

7  − 1 0  − 1 0 0.98 0.95 9.76 9.92

8  − 1 0 0  − 1 1.11 1.14 11.62 11.50

9  − 1 0 0  + 1 1.05 1.02 10.57 10.33

10  − 1 0  + 1 0 1.29 1.29 13.82 13.89

11 0 0  − 1  − 1 0.86 0.84 8.58 8.69

12 0 0  − 1  + 1 0.77 0.76 8.51 8.25

13 0 0 0 0 1.09 1.07 11.61 11.22

14 0 0 0 0 1.09 1.09 11.61 11.59

15 0 0 0 0 1.09 1.07 11.61 11.73

16 0 0 0 0 1.09 1.12 11.61 12.07

17 0 0 0 0 1.09 1.08 11.61 11.43

18 0 0  + 1  − 1 0.98 0.98 12.11 12.24

19 0 0  + 1  + 1 1.28 1.28 12.59 12.35

20  + 1 0  − 1 0 0.85 0.86 8.99 8.74

21  + 1 0 0  − 1 0.83 0.86 9.34 9.90

22  + 1 0 0  + 1 1.10 1.06 10.80 11.24

23  + 1 0  + 1 0 1.18 1.22 12.54 12.19

24  − 1  + 1 0 0 1.41 1.43 13.07 12.93

25 0  + 1  − 1 0 1.13 1.15 10.18 10.47

26 0  + 1 0  − 1 1.16 1.13 11.74 11.45

27 0  + 1 0  + 1 1.22 1.25 11.50 11.71

28 0  + 1  + 1 0 1.35 1.32 14.44 14.80

29  + 1  + 1 0 0 1.18 1.16 11.82 11.41
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ethanol may lead to protein denaturation and dehydration of the plant cells, hindering the extraction process 
and resulting in lower  yields54,55.

Higher temperatures were associated with lower response values for both total phenolic content (Fig. 2a,b) 
and antioxidant activity (Fig. 3a,b). This is due to thermal degradation of sensitive compounds at elevated 
temperatures. Increased kinetic energy at higher temperatures can break down or alter the structure of target 
compounds, reducing extraction  efficiency56.

Table 3.  Analysis of variance for the independent variables Y1 (TPC) and Y2 (FRAP) studied in the extraction 
of CN by the experimental treatments. *Significant at p < 0.05.

Source

TPC (mg GAE  g−1 dw) FRAP (mmol Fe(II)E  g−1 dw)

Sum of squares Degree of freedom Mean square F-value p-value Sum of squares Degree of freedom Mean square F-value p-value

Model 0.7114 14 0.0508 43.49  < 0.0001* 60.23 14 4.30 28.33  < 0.0001*

A-Temp. 0.0432 1 0.0432 36.95  < 0.0001* 3.14 1 3.14 20.69 0.0005*

B-Time 0.0319 1 0.0319 27.32 0.0001* 0.9421 1 0.9421 6.20 0.0259*

C-Extr. Vol. 0.3041 1 0.3041 260.23  < 0.0001* 43.38 1 43.38 285.67  < 0.0001*

D-EtOH 0.0304 1 0.0304 26.04 0.0002* 0.1251 1 0.1251 0.8240 0.3794

AB 0.0126 1 0.0126 10.80 0.0054* 0.0525 1 0.0525 0.3461 0.5657

AC 0.0001 1 0.0001 0.0841 0.7761 0.0665 1 0.0665 0.4380 0.5188

AD 0.0269 1 0.0269 23.05 0.0003* 1.58 1 1.58 10.42 0.0061*

BC 0.0112 1 0.0112 9.62 0.0078* 0.2106 1 0.2106 1.39 0.2586

BD 0.0010 1 0.0010 0.8579 0.3700 0.1893 1 0.1893 1.25 0.2830

CD 0.0370 1 0.0370 31.70  < 0.0001* 0.0749 1 0.0749 0.4934 0.4939

A2 0.0025 1 0.0025 2.18 0.1624 0.0611 1 0.0611 0.4021 0.5362

B2 0.1184 1 0.1184 101.29  < 0.0001* 2.81 1 2.81 18.54 0.0007*

C2 0.0069 1 0.0069 5.92 0.0290* 0.3434 1 0.3434 2.26 0.1548

D2 0.0459 1 0.0459 39.29  < 0.0001* 5.54 1 5.54 36.50  < 0.0001*

Residual 0.0164 14 0.0012 2.13 14 0.1518

Lack of fit 0.0146 10 0.0015 3.37 0.1267 1.72 10 0.1715 1.67 0.3279

Pure error 0.0017 4 0.0004 0.4107 4 0.1027

R2 0.9775 0.9659

Adjusted  R2 0.9550 0.9318

C.V. % 3.10 3.43

Figure 1.  Diagnostic plot obtained by the BBD of predicted values versus actual values for TPC (left) and FRAP 
(right).
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Figure 2.  Three-dimensional surface plots were utilized to illustrate the interactions among various process 
variables on TPC: (a) temperature vs time; (b) temperature vs EtOH concentration; (c) extraction volume vs 
time; (d) EtOH concentration vs extraction volume.

Figure 3.  Response surface plots showing significant interactions between independent variables on FRAP: 
(a) temperature vs EtOH concentration; (b) temperature vs extraction volume; (c) temperature vs time; (d) 
extraction volume vs time.
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Simultaneous multi‑response optimization. The optimal conditions for MAE were determined using 
a numerical optimization approach. Numerical optimization ramps were employed to determine the optimum 
values for temperature, extraction time, extraction volume, and ethanol concentration, with the objective of 
maximizing the response variables. The optimal MAE conditions were determined using desirability as a crite-
rion. Based on RSM, the optimum conditions were found to be a temperature of 60 °C for 22 min, using 11 mL of 
51% (v/v) ethanol, with a desirability score of 0.924 (Table 4). To validate the predicted response variables, exper-
imental assays were conducted in triplicate under these optimal conditions. The experimental results obtained 
for TPC, and antioxidant activity (FRAP) were in close agreement with the values predicted by the polynomial 
quadratic models, indicating the reliability and effectiveness of the optimized MAE-BBD-RSM method.

This approach allows for the reduction in the number of experiments required for polyphenol extraction with 
antioxidant properties without compromising the validity of the results.

Chemical profile of CN optimal extract. After identifying the optimal conditions for MAE, the next step 
was to characterize the extract obtained under optimized parameters (60 °C; 22 min; 11 mL; 51% v/v EtOH). 
This characterization aimed to assess the composition and properties of the extract, providing valuable informa-
tion about its chemical profile and potential bioactive components. The liquid chromatography–mass spectrom-
etry method was optimized, operating under both, negative and positive modes, to find the best fragmentation 
pattern for each compound (Fig. S1). LC/MS–MS platform allowed us to tentatively identify a total of 63 com-
pounds, primarily belonging to the class of flavonoids, saponins, fatty acids, and lipids.

The complete list of the compounds tentatively identified in optimal CN extract is reported in Table 5.
Among the identified flavonoids (28), CN extract was found to be rich in flavonol glycosides with kaempferol 

and quercetin as the main aglycones.
According to the negative fragmentation pattern, peaks 3, 4, and 12 were tentatively identified as isomers of 

Kaempferol 3,7-O-dihexoside, with a molecular ion [M −  H]− at m/z 609. In MS2, these compounds exhibited 
a disaccharide moiety, and the loss of 324 Da resulted in the aglycone deprotonated ion at m/z 285. Peaks 13 
and 15 were tentatively identified as isomer of Kaempferol attached to a single sugar moiety. The [M −  H]− ion 
at m/z 447 corresponded to the molecular formula  C21H20O11, and it produced fragment ions at m/z 285 [M 
− H-162]−. Compounds 17 and 34 were tentatively identified as kaempferol in positive and negative ionization 
mode, respectively.

The chromatogram of CN analyzed in positive ionization mode showed a peak 5 with [M +  H]+ ion at m/z 
627. Fragment ions at m/z 465 and at m/z 303 were observed, corresponding to the loss of a sugar moiety 
[M + H–162]+ and to the aglycone portion, respectively. This peak was identified as Quercetin 3,4ʹ-didihexoside. 
Peaks 8 and 14 showed a molecular ion at m/z 463 [M −  H]−, they have been identified as isomers of Quercetin 
3-O-hexoside. The deprotonated molecular ion further generated an ion at m/z 301 through the relative loss of 
sugar moiety (− 162 Da)57,60,61.

Several fatty acids were identified in CN extract. Peak 35 showed at m/z 327 [M −  H]− a fragmentation ions 
at m/z 309 and m/z 229 produced by loss of water molecule and end-group HO-CH=CH(CH2)3CH3, respec-
tively. This compound was tentatively identified as oxo-dihydroxy-octadecenoic acid (oxoDiHODE). A similar 
fragmentation pattern was also observed for 9,12,13-trihydroxy octadeca-7-enoic acid (TriHODE). Peaks 36, 37 
and 39 which were detected at different retention times in the chromatogram, all exhibited ions at m/z 329 [M 
− H]ˉ. The MS/MS fragmentation pattern showed ions at m/z 311 [M − H–H2O]ˉ, 293 [M − H–H2O-H2O]ˉ and 
229 [M – H–100]ˉ corresponding to the loss of water and end-group HO-CH=CH(CH2)3CH3,  respectively62,68.

Chromatographic peaks 52 and 53 exhibited the precursor ion at m/z 295, but the loss of a water molecule 
[M − H–18]− and the relative cleavage of the C=C bond adjacent to the hydroxyl group gave fragments at m/z 277 
and m/z 195, leading to its tentative identification as 13-hydroxyoctadecadienoic acid (13-HODE)74.

LC-HRMS/MS in negative ionization mode, enabled the detection of five putative saponins in CN extracts. 
Saponins were observed as deprotonated formic acid (FA) adducts and the fragmentation pattern generally cor-
responding to the neutral loss of FA (46 Da) and/or glycosyl moieties, i.e. hexosyl (Hex), deoxyhexosyl (dHex), 
pentosyl (Pen) (Table S1). In addition, it was possible to tentatively identify saponins aglycon ions (sapogenin) 
by analysing diagnostic fragments associated with the sequential loss of the FA and glycosyl groups.

Peaks 26 and 28 exhibited an [M −  H]− ion at m/z 963  (C46H75O21) with MS/MS fragments at m/z 917, 771 
and, 609 corresponding to the successive loss of formic acid (46 Da), deoxyhexosyl  (C6H10O4) and hexosyl groups 
 (C6H10O5, m/z 162), respectively. Thus, after the loss of dHex + Hex + FA, the unresolved portion was tentatively 

Table 4.  Experimental values and predicted values of response variables at optimum extraction conditions. 
*Mean values ± standard deviation (n = 3). # Significant at p < 0.05.

Independent variable

Temperature (°C) Time (min) Extr. volume (mL) EtOH (%v/v)

Optimal conditions 60.000 22.000 11.000 50.990

Responses TPC (mg GAE  g−1 dw) FRAP (mmol Fe(II)E  g−1 dw)

Predicted values 1.334 14.110

Expertimental results* 1.351 ± 0.07 14.016 ± 0.24

p-value# 0.7149 0.5675
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Peak Compound Rt (min) [M −  H]− [M +  H]+ MS/MS Chemical formula Error (ppm) Class References

1. Quercetin 7,4′-dihexoside 7.69 625.1412 – 463.0884; 
300.0274; 301.0352 C27H30O17 1.80 Flavonoids 57,58

2. Herniarin 8.39 – 177.0544 145.0282 C10H8O3  − 1.52 Coumarin 59

3. Kaempferol 3,7-O-dihexoside 8.45 609.1461 – 285.0404; C27H30O16 1.62 Flavonoids 60

4. Kaempferol 3,7-O-dihexoside 
(isomer I) 12.03 609.1458 – 285.0326; 

178.9979; 151.0025 C27H30O16 1.82 Flavonoids 60

5. Quercetin 3,4′-dihexoside 12.61 – 627.1539 303.0494; 465.1018 C27H30O17  − 2.43 Flavonoids 60

6. Cyanidin 3-laminaribioside 12.76 – 611.1595 449.1070; 287.0546 C27H30O16  − 2.02 Flavonoids 57

7. Quercetin 3,4′-dihexoside 
(isomer I) 13.22 625.1411 – 300.0274; 301.0353 C27H30O17 1.70 Flavonoids 57

8. Quercetin 3-O-hexoside 13.39 463.0881 – 301.0353; 
178.9982; 151.0023 C21H20O12 2.30 Flavonoids 60,61

9. Kaempferol 13.95 – 287.0546 165.0176; 153.0178 C15H10O6  − 1.56 Flavonoids 60

10. Phenethyl rutinoside 14.03 429.1765 – 267.1237; 223.1335 C20H30O10 0.74 Glycoside 61

11. Quercetin 14.73 – 303.0495 229.0468; 253.0465 C15H10O7  − 2.12 Flavonoids 60

12. Kaempferol 3,7-O-dihexoside 
(isomer II) 15.51 609.1463 – 484.1300; 

285.0404; 151.0025 C27H30O16 2.22 Flavonoids 60

13. Kaempferol 3-O-hexoside 15.72 447.0936 – 327.0512; 284.0328 C21H20O11 2.88 Flavonoids 60

14. Quercetin 3-O-hexoside 
(isomer I) 15.79 463.0887 – 301.0352; 

178.9977; 151.0023 C21H20O12 1.83 Flavonoids 60–61

15. Kaempferol 3-O-hexoside 
(isomer I) 16.17 447.0934 – 327.0522; 285.0404 C21H20O11 2.54 Flavonoids 60

16. Isorhamnetin-O-hexoside 16.38 477.1035 –
357.0601; 
314.0431; 
178.9971; 151.0025

C22H22O12 1.60 Flavonoids 62,63

17. Kaempferol (isomer I) 16.47 – 287.0547 153.0182 C15H10O6  − 1.67 Flavonoids 60

18. Quercetin-3-O-feruloyl-sopho-
roside-7-O-d-glucoside 16.55 963.2421 – 787.1927; 

301.0350; 178.9975 C43H48O25 2.11 Flavonoids 63

19. Petunidin 3-hexoside 17.02 – 479.1174 317.0649; 303.0494 C22H23O12
+  − 1.90 Flavonoids 64

20.
Quercetin-3-O-feruloyl-
sophoroside-7-O-d-glucoside 
(isomer I)

17.17 963.2423 – 787.1950; 
301.0354; 178.9978 C43H48O25 2.43 Flavonoids 63

21. Kaempferol-3-O-coumaroyldi-
glucoside-7-O-glucoside 17.25 917.2365 – 771.1991; 

591.1382; 284.0326 C42H46O23 2.07 Flavonoids 63

22. Isorhamnetin-O-hexoside 
(isomer I) 17.44 477.1043 – 357.0813; 

314.0433; 153.0186 C22H22O12 2.05 Flavonoids 62,63

23. Kaempferol-3-O-feruloyldiglu-
coside-7-O-glucoside 17.62 947.2475 – 771.2000; 

489.1023; 284.0327 C43H48O24 2.26 Flavonoids 63

24.
Kaempferol-3-O-coumaroyl-
diglucoside-7-O-glucoside 
(isomer I)

17.73 917.2368 – 771.1994; 
591.1359; 284.0328 C42H46O23 2.27 Flavonoids 63

25. Kaempferol-3-O-feruloyldiglu-
coside-7-O-glucoside (isomer I) 18.03 947.2476 – 771.1990; 284.0327 C43H48O24 2.19 Flavonoids 63

26. Saponin 3-IV4-1 
(447 + dHex + 2 Hex + FA) 19.42 963.4808 – 917.4761; 

771.4178; 609.3665 C46H75O21 1.35 Saponins 65

27.
Neohecogenin-3- 
Oβ-Dglucopyranosyl 
(1 → 2)-β-d-glucopyranosyl 
(1 → 4)-β-d-galactopy-ranoside

19.54 – 901.4769
269.1896; 
287.2003; 
413.3043; 595.3106

C45H72O18  − 1.78 Steroidal glyco-
sides

66

28. Saponin 3-IV4-1 (isomer I) 
(447 + dHex + 2 Hex + FA) 19.71 963.4818 – 917.4764; 

771.4146; 609.3652 C46H75O21 2.30 Saponins 65

29.
Neohecogenin-3-Oβ-
Dglucopyranosyl (1 → 2)-β-d-
glucopyranosyl (1 → 4)-β-d-
galactopy-ranoside (isomer I)

19.79 – 901.4769
269.1896; 
287.2003; 
413.3046; 595.3112

C45H72O18  − 1.85 Steroidal glyco-
sides

66

30. 7-Hydroxy-2’,4’,5-trimethoxy-
flavanone 19.92 329.1031 – 135.0440; 193.0498 C18H18O6 3.14 Flavonoids 67

31. Saponin 3-IV4-2 
(447 + Pen + dHex + Hex + FA) 20.14 933.4701 –

887.4649; 
741.4050; 
609.3657; 447.3091

C45H73O20 1.20 Saponins 65

32.
Pennogenin-3-O-α-L-
arabinofuranosyl(1 → 4)[α-l-
rhamnopyranosyl(1 → 2)]-β-d-
glucopyranoside

20.25 – 871.4655
269.1895; 
287.2003; 
709.4147; 413.3044

C44H70O17  − 2.11 Steroidal glyco-
sides

66

33. Quercetin-3-O-feruloyl-
sophoroside 22.15 801.1894 – 625.1414; 

300.0276; 445.0790 C37H38O20 1.66 Flavonoids 63

34. Kaempferol (isomer II) 23.31 285.0406 – – C15H10O6 3.44 Flavonoids 62

Continued
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identified as sapogenin IV4  (C27H43O5, m/z 447), along with an additional hexosyl moiety. Based on these find-
ings, these peaks were identified as Saponin 3-IV4-1.

Saponin 2-III3 (compound 49) showed a precursor ion at m/z 753  (C39H61O14) and generated MS/MS base 
fragment ions at m/z 707 and m/z 561 through the loss of formic acid (46 Da) and deoxyhexosyl (146 Da), 
respectively. Furthermore, a sequential cleavage of a pentosyl moiety (132 Da) resulted in a putative identifica-
tion as sapogenin III3  (C27H41O4, m/z 429)65.

Phytosphingosine (peak 47) and Dehydrophytosphingosine (peak 44, 46) were detected in the samples ana-
lyzed using positive ionization mode. Peak 47 showed a precursor ion at m/z 318 [M +  H]+. The most common 
fragments associated with this molecule were observed after the loss of a water molecule, resulting in the fragment 
ion at m/z 300 [M + H–H2O]+. Subsequently, the loss of another water molecule, led to the formation of the m/z 
282 fragment [M + H–H2O–H2O]+. A similar fragmentation pattern was observed for Dehydrophytosphingosine 

Peak Compound Rt (min) [M −  H]− [M +  H]+ MS/MS Chemical formula Error (ppm) Class References

35. Oxo-dihydroxy-octadecenoic 
acid (oxoDiHODE) 24.43 327.2177 –

309.2067; 
229.1442; 
211.1334; 183.1386

C18H32O5 3.12 Fatty acids 68

36. 9,12,13-Trihydroxy octadeca-
7-enoic acid (TriHODE) 26.46 329.2233 – 311.2212; 

229.1442; 211.1333 C18H34O5 2.93 Fatty acids 62,68

37.
9,12,13-Trihydroxy octadeca-
7-enoic acid (TriHODE) 
(isomer II)

26.59 329.2234 –
311.2224; 
293.2100; 
229.1442; 211.1333

C18H34O5 3.02 Fatty acids 62,68

38. Saponin 2-III4 
(445 + dHex + Pen + FA) 26.85 769.4023 – 723.3962; 

577.3372; 445.2929 C39H61O15 4.30 Saponins 65

39.
9,12,13-Trihydroxy octadeca-
7-enoic acid (TriHODE) (isomer 
III)

27.06 329.2235 –
311.2211; 
293.2118; 
229.1448; 221.1335

C18H34O5 3.30 Fatty acids 62,68

40. Palmitoylglycine 27.33 – 314.2688 240.2318; 296.2585 C18H35O3N  − 0.84 Fatty acids 61

41. Palmitoylglycine (isomer I) 27.70 – 314.2686 296.2583; 72.0450 C18H35O3N  − 1.13 Fatty acids 61

42. 2′-Hydroxy-4,4′,6′-
trimethoxychalcone 27.77 313.1083 – 193.0499 C18H18O5 4.11 Flavonoids 67

43. 5,6,7,4′-Tetramethoxyflavanone 28.01 343.1189 – 193.0499 C19H20O6 2.94 Flavonoids 69

44. Dehydrophytosphingosine 28.15 – 316.2839 298.2740; 280.2636 C18H37O3N  − 1.39 Sphingolipids 61

45. Palmitoylglycine (isomer II) 28.53 – 314.2686 296.2584; 72.0449 C18H35O3N  − 1.03 Fatty acids 61

46. Dehydrophytosphingosine 
(isomer I) 28.60 – 316.2844 298.2738; 280.2632 C18H37O3N  − 1.59 Sphingolipids 61

47. Phytosphingosine 29.03 – 318.2998 60.0450; 300.2896; 
282.2790 C18H39O3N  − 1.18 Sphingolipids 69

48. Tigogenin 30.23 415.3178 – 311.3078; 371.3276 C27H44O3  − 6.52 Sapogenin 70

49. Saponin 2-III3 
(429 + dHex + Pen + FA) 30.39 753.4067 – 707.4014; 

561.3437; 429.3004 C39H61O14 0.80 Saponins 65

50. Hydroxyoctadecatrienoic acid 
(HOTrE) 31.15 293.2124 – 275.2017; 195.1385 C18H30O3 3.85 Fatty acids 67,71

51. LysoPC(16:0) 31.64 – 496.3390 184.0732; 
104.1072; 86.0968 C24H50O7NP  − 1.26 Glycerophospho-

lipids
72,73

52. 13-Hydroxyoctadecadienoic 
acid (13-HODE) 31.65 295.2278 – 277.2173; 195.1383 C18H32O3 3.12 Fatty acids 74

53. 13-Hydroxyoctadecadienoic 
acid (isomer I) 31.84 295.2276 – 277.2172; 195.1376 C18H32O3 2.91 Fatty acids 74

54. α-Linolenoyl ethanolamide 32.14 – 322.2743 62.0607; 305.2481 C20H34O2N  − 0.97 Fatty amide 69

55. Linoleoyl ethanolamide 32.86 – 324.2894 62.0607; 307.2631; 
263.2371; 245.2260 C20H37O2N  − 0.85 Fatty amide 69

56. Hydroxy-hexadecanoic acid 33.42 271.2279 – 225.2219 C16H32O3 3.73 Fatty acids 62,67

57. 3-Dehydrosphinganine (C20) 33.58 – 326.3048 62.0606; 309.2787 C20H39O2N  − 1.30 Sphingolipids 67

58. Hexadecanamide 33.74 – 256.2631 – C16H33ON  − 1.80 Fatty amide 67

59. Sphingosine 34.02 – 282.2790 
[M + H-H2O] 265.2523 C18H37O2N  − 0.75 Sphingolipids 67,69

60. Pheophorbide a 34.63 – 593.2750 533.2538 C35H36O5N4  − 1.49 Chlorophylls 75

61. Octadecanamide 34.91 – 284.2944 C18H37ON  − 0.08 Fatty amide 67

62. 1,3-Dilinolenoylglycerol 
(DG(18:3n6/0:0/18:3n6)) 35.23 – 613.4813 595.4719 C39H64O5  − 0.97 Glycerolipids 67,69

63.
1,3-Dilinolenoylglycerol 
(DG(18:3n6/0:0/18:3n6)) 
(isomer I)

35.65 – 613.4821 595.4711 C39H64O5  − 1.07 Glycerolipids 67,69

Table 5.  Complete list of tentatively compounds identified in CN extract. Hex hexosyl, dHex deoxyhexosyl, 
Pen pentosyl, FA formic acid.
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(m/z 316, [M +  H]+), where two consecutive losses of water molecules were observed, resulting in the formation 
of two fragments at m/z 298 [M + H–H2O]+ and m/z 280 [M + H–H2O–H2O]+.61.

Optimal CN extract protects HepG2 cells from oxidative stress induced by hydrogen per‑
oxide. The antioxidant properties of CN extracts were assessed using two different cell-free assay, DPPH 
(Table S1) and FRAP tests. DPPH assay is the most used antioxidant assay for plant extracts. In this assay, a mole-
cule or antioxidant with weak A-H bonding will react with a stable free radical DPPH· causing its  discoloration76.

FRAP test is a chemical method used to assess the antioxidant activity of a sample in vitro. It is based on the 
sample’s ability to reduce a  Fe3+ complex of tripyridyltriazine (Fe(TPTZ)3+) to Fe(TPTZ)2+ which is intensely in 
blue color at low  pH77. Although these antioxidant assay are based upon well-known chemical reactions, this 
probably do not reflect the cellular physiological  conditions78. Indeed, an antioxidant is not only a substance 
able to prevent another substrate from oxidation, but a molecule that protects the whole biological system from 
damages coming from oxidizing  stressors79,80.

For these reasons, we evaluated the antioxidant activity of CN in hepatocarcinoma cell line Hep G2 treated 
with hydrogen peroxide. Firstly, in vitro cytotoxicity of CN extract by measuring the cell viability of Hep G2 using 
MTT assay was evaluated. Hep G2 is a popular hepatic cell line used in a broad range of biochemical applications, 
including cytotoxic studies since it is widely employed as in vitro model to study liver  functions81. Hep G2 cells 
were incubated with CN extract for 24 h at different concentrations (1.56–200 µg/mL) followed by morphology 
evaluation and determination of cell mortality.

As shown in Fig. 4, the viability of cells treated without CN extract was defined as 100% (control group). 
10% DMSO was used as positive control of mortality showing 12.54% of viability. The relative cell viabilities 
were always very high (viability > 90.64%) showing no cytotoxicity of CN extract compared to positive control.

Once the cell safety of optimal CN extract had been demonstrated, we proceeded to evaluate its ability to 
reduce intracellular release of ROS, induced by hydrogen peroxide. Our data highlighted that CN optimal extract 
(50–25 µg/mL) significantly inhibited ROS release in a concentration dependent manner in Hep G2 cells treated 
with  H2O2.

Based on the obtained results, it can be concluded that spring onion leaves, which are considered an agricul-
tural by-product, are a valuable source of antioxidant compounds. This finding suggests that they hold potential 
as functional ingredients for the production of new value-added products, such as functional foods and dietary 
supplements.

Conclusion
In the present study, we investigated, for first time, the nutraceutical potential of green onion stalks, a by-product 
of Cipollotto Nocerino PDO, a typical Allium cepa cultivar from Campania Region, Italy.

MAE platform was employed, leading to the valorisation of these residues, and enhancing the circular econ-
omy through improved waste management. For this purpose, BBD approach was effectively useful to maximize 
the extraction of TPC and FRAP from onion leaves.

Optimal MAE conditions to extract antioxidant compounds from CN leaves were determined using RSM 
(60 °C, 22 min, ethanol proportion of 51% (v/v), and solvent volume of 11 mL). These conditions provided 
a TPC value of 1.351 ± 0.07 mg GAE  g−1 dw and an antioxidant capacity as measured by the FRAP assay of 
14.016 ± 0.24 mmol Fe(II)E  g−1 dw.

Figure 4.  (Left) Cell safety evaluation of CN extract. Cell viability was performed using MTT assay. 10% 
DMSO was used as positive control. (Right) Measurement of intracellular ROS detected with DCFH-DA.  H2O2 
(800 μM, 1 h) was used as positive control. Data are showed as the mean ± SD of three different experiments 
performed in triplicate. **p < 0.01 vs. Ctrl; ***p < 0.001 vs. Ctrl; ##p < 0.01 vs.  H2O2; ###p < 0.01 vs. 10% DMSO.
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3D response curves showed that a moderate increase in ethanol concentration and higher extraction volume, 
coupled with extended extraction time and lower temperature, led to an enhanced yield of phenolic compounds 
and antioxidant activity in the final extracts.

A total of 63 compounds from various classes, including flavonoids, saponins, fatty acids, and lipids, were 
tentatively identified in the optimal CN extract using UHPLC-ESI-HR-MS/MS. Furthermore, we assessed the 
antioxidant potential of the CN extract on Hep G2 cells treated with  H2O2. The results demonstrated a significant 
concentration-dependent inhibition of ROS release.

In conclusion, our study highlighted that spring onion leaves, often overlooked as agricultural by-products, 
are indeed a valuable source of antioxidant compounds. They could be used as functional ingredients for value-
added products like functional foods and dietary supplements, thus providing innovative solutions for health 
and nutrition, while also contributing to the mitigation of environmental issues.

Data availability
The data and materials for this study are available from the corresponding author upon reasonable request.
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