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ARTICLE INFO ABSTRACT

Keywords: The present investigation studied the effect of process parameters on the extraction of phytochemicals from red
Red cabbage cabbage by the application of ultrasonication and temperature. The solvent selected for the study was deep
ANFIS o eutectic solvent (DES) prepared by choline chloride and citric acid. The ultrasound assisted extraction process
gizzs::;;amn was modeled using adaptive neuro-fuzzy inference system (ANFIS) algorithm and integrated with the genetic

algorithm for optimization purposes. The independent variables that influenced the responses (total phenolic
content, antioxidant activity, total anthocyanin activity, and total flavonoid content) were ultrasonication power,
temperature, molar ratio of DES, and water content of DES. Each ANFIS model was formed by the training of
three Gaussian-type membership functions (MF) for each input, trained by a hybrid algorithm with 500 epochs
and linear type MF for output MF. The ANFIS model predicted each response close to the experimental data
which is evident by the statistical parameters (R* > 0.953 and RMSE < 1.165). The integrated hybrid ANFIS-GA
algorithm predicted the optimized condition for the process parameters of ultrasound assisted extraction of
phytochemicals from red cabbage was found to be 252.114 W for ultrasonication power, 52.715 °C of tem-
perature, 2.0677:1 of molar ratio of DES and 25.947 % of water content in DES solvent with maximum extraction
content of responses, with fitness value 3.352. The relative deviation between the experimental and ANFIS
predicted values for total phenolic content, antioxidant activity, total anthocyanin activity, and total flavonoid
content was found to be 1.849 %, 3.495 %, 2.801 %, and 4.661 % respectively.

Genetic algorithm

1. Introduction

Red cabbage (Brassica oleracea L.) is a dark purple colored vegetable
(heads) that originated from Europe and belongs to the family Brassi-
caceae which includes radish (roots), cauliflower (inflorescence), and
kale (leaves) [55]. Red cabbage is also identified as purple cabbage and
gained popularity all over the world due to easy cultivation and low
commercialization cost [58]. The vegetable is a rich source of various
bioactive compounds such as dietary fiber, vitamin C and K, minerals,
and phenolic compounds like anthocyanins, flavonols, and glucosino-
lates which are responsible for health benefits [20], [53], [68]. Red
cabbage exhibits higher antioxidant activity due to the phytocompounds
and was used for therapeutic purposes [50]. Red cabbage has numerous
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positive health effects especially on the cardiovascular system as it im-
proves capillary blood vessel tightness and prevents the aggregation of
thrombocytes in the blood vessel, decreasing the risk of cardiovascular
diseases [64]. The red—purple color of red cabbage was due to the
presence of water soluble, vacuolar natural pigment anthocyanin which
holds more antioxidant activity than the anthocyanin present in
different agricultural produce due to its molecular structure and hy-
droxyl groups are acyl protected provide higher stability to heat and
light [28,78].

Color of the processed foods is one of the main quality attributes
which play a vital role in the acceptance of food products by consumers
and generally synthetic colorants were used in various food products
due to their high stability to different processing conditions [51]. In the
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present scenario, the consumer’s preference toward healthy foods
growing day by day and the utilization of synthetic colorants were found
to have a negative impact on health therefore this generated the need for
the replacement of synthetic colorants with natural colors extracted
from plant sources [24]. The anthocyanin from the red cabbage has the
potential to be used as a replacement for one of the harmful red azo dye
Allura red (E 129) [63]. Anthocyanin dye is very useful as it gives red,
pink, or magenta color in acidic solutions, purple in neutral solutions,
and varies from blue to green to yellow in basic solutions [37]. Red
cabbage processing generates a vast amount of agro-industry waste
which has potential for the extraction of anthocyanin [67].

The phytochemicals from the red cabbage can be obtained by the
process of extraction. Choosing the appropriate extraction technique
along with process conditions plays an important phase in extracting
heat and light sensible chemical compounds from plant sources with the
least possible loss to their properties [4]). Different extraction methods
that are currently being used in food industry for extraction of various
bioactive compounds from agricultural produce were subcritical water
extraction method for phenolic compounds from waste onion skin [5];
microwave-assisted extraction method for anthocyanin recovery from
blueberry bagasse [25]; ultrasound assisted extraction process for
betacyanin from dragon fruit ([7]; polyphenols from olive leaf by su-
percritical extraction [14].

Among these extraction techniques, ultrasound-assisted extraction
(UAE) produces a higher yield of extraction with minimal loss of
phytochemical properties [61]). Moreover, the UAE process is eco-
friendly and requires less quantity of solvent, easy operation due to
less instrumentation, producing higher yields at short extraction time
and less temperature [69]. Ultrasound assisted extraction is based on the
principle of acoustic cavitation or hydrodynamic cavitation, which is
produced by collapsing of microscopic gas bubbles produced during the
simultaneous fluctuation of high pressure and low pressure on the so-
lution [41]. This phenomenon increases the mass transfer rate and
penetration capability of the solvent which induces the release of
intracellular phytocompounds into the solvent [57]. UAE method has
been adopted by many researchers in the recent past to extract phyto-
compounds from different plant based sources such as purple potato
[13]; black jamun [70]; mango peel [34]; and grapes [77]. Various
factors that influence the extraction yield of phytochemicals during the
UAE process include ultrasonication power, ultrasonication frequency,
solvent ratio, extraction temperature, extraction time, and type of sol-
vent. Deep eutectic solvent (DES) has emerged as a novel class of green
solvents that are widely used in the food industry in recent years due to
their eco-friendly non-toxic nature and are effective solvents compared
to conventional organic solvents (ethanol, methanol, chloroform, glyc-
erol) for extracting of bioactive compounds from fruits and vegetables
[17], [27]. DES is a solvent made of two components at a particular
temperature and the two components mainly consist of a quaternary salt
as a hydrogen bond acceptor and a hydrogen bond donor [75]. DES have
high selectivity for specific compounds, allowing for targeted extraction
without co-extracting unwanted substances. Because of their distinct
chemical characteristics, DES can increase solubility and hence extrac-
tion efficiency.

Adaptive Neuro Fuzzy Interference System is a hybrid data learning
technique which was first introduced by Jang, by compiling two ma-
chine learning techniques neural network (NN) and fuzzy interference
system (FIS) [31,73]. Neural networks are advanced learning method
tools for establishing an interconnection between input-output vari-
ables with precision and fuzzy interference system is based on fuzzy IF-
THEN rules for predicting complex uncertainties more accurately [54].
Neural networks have the capability of self-learning from the available
data whereas fuzzy interference systems are incapable of learning the
rules by themselves and require an optimization process of the param-
eters. Adaptive neuro-fuzzy inference system (ANFIS) integrates the
data learning approach of neural networks and heuristic reasoning
attribute of fuzzy interference system to apply human like thinking in
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soft computing. This combination eliminates the disadvantages of both
neural networks and fuzzy rules. ANFIS was implemented by many re-
searchers due to its high accuracy in predicting the experimental data
[36]. The main objective of the present investigation is to study the
effect of ultrasonication power, temperature, molar ratio of dep eutectic
solvent, and water content of DES on the total phenolic content, anti-
oxidant activity, total anthocyanin content, and total flavonoid content
of the red cabbage extract during UAE extraction of phytochemicals
from red cabbage. The UAE process was modeled using an adaptive
neuro-fuzzy interference system (ANFIS) and optimized by integrating
ANFIS with genetic algorithm (GA).

2. Materials and methods
2.1. Raw materials

Fresh red cabbage (Brassica oleracea L.) was collected from the local
market of Malda, West Bengal, India. The whole red cabbage was
cleaned and chopped into pieces in a dirt-free environment. The chop-
ped red cabbage was dried in a freeze drier (Lyolab Freeze Lab,
Lyophilization Systems Inc., USA) for 24 hr and then ground into pow-
der using a laboratory mixer grinder, sieved through a screen with a
mesh size of 250y and stored in polyethylene bags in a dark place at 4 °C.
The chemicals used in the study were analytical grade and procured
from Himedia, India. The chemicals used were ethanol (99 % purity),
sodium carbonate (NaxCOs), Folin—Ciocalteu (FC) reagent, gallic acid,
DPPH (2,2-diphenyl-1-picrylhydrazyl, Potassium chloride (KCl), So-
dium acetate (CH3COONa).

2.2. Preparation of deep eutectic solvent (DES)

The DES prepared by choline chloride as the hydrogen acceptor and
citric acid as the hydrogen bond donor was reported to be effective for
the extraction of anthocyanin rich extract [32]. The DES solvent was
prepared according to the procedure described by [72] with little
modification [72]. Briefly, all the chemicals were dried in a hot air oven
at 45 °C for 1 hr and then mixed according to the molar ratio presented
in Table 1.

2.3. Ultrasound assisted extraction of phytochemicals from red cabbage

Ultrasound assisted extraction method of phytochemicals from red
cabbage was carried out in an ultrasonic homogenizer with a probe
(U500, Takashi, Japan) using a deep eutectic solvent. Freeze-dried red
cabbage powder was dissolved in DES solvent in a ratio of 25:1 ml/g in a
60 ml beaker. The extraction was carried out at different conditions of
ultrasonication power and temperature for 20 min of extraction time

[7].

2.4. Experimental design

The independent variables selected for the extraction of phyto-
chemicals from red cabbage during the UAE process were ultra-
sonication power (100 to 300 W) extraction temperature (30 — 60 °C),
molar ratio of the DES solvent (0.5—2.5), and water content in the DES

Table 1

Evaluated factors, factor notation, and their levels in CCD design.
Parameter  Ultrasonication Temperature  Molar Water

power ratio content

Unit w °C - %
Symbol Xup X1E XMr Xwc
Maximum 300 70 2.5 35
Mean 200 50 1.5 25
Minimum 100 30 0.5 15
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solvent (15 — 30 %). The power range of 100—300 W was considered
effective for extraction because the power within this range is sufficient
to generate and sustain cavitation, facilitating efficient extraction.
Within this power range, the ultrasonic waves can be evenly dispersed
throughout the sample, ensuring a constant and comprehensive
extraction process across the substance being processed. From the pre-
liminary experiments it was also observed that within the 100 to 300 W
range, there is a balance between effective extraction and beyond a
power level of 300 W there is risk of degradation of bioactive com-
pounds due to excessive energy. Similarly, it was observed that the risk
of degrading heat-sensitive compounds in the sample was minimized
within the temperature range of 30-60 °C. Each independent variable
was varied for 5 levels and designed using central composite design
CCD) to study their effect on the total phenolic content (Ypc), antioxi-
dant activity (Y aa), total anthocyanin content (Y oc), and total flavonoid
content (Ygrc) of the UAE red cabbage extract by ANFIS modelling
(Table 1). The CCD design yielded a total of 30 experiments with
different combinations of independent variables.

2.5. Total phenolic content

The total Phenolic content of red cabbage extract was estimated
using Folin—Ciocalteu (FC) reagent and spectrophotometric method [1].
Briefly, UAE red cabbage extract of 0.5 ml was mixed with 2.5 ml 10 %
FC reagent and incubated for 5-7 min. Then 7.5 %(w/v) sodium car-
bonate (Na;CO3) solution of 2.5 ml was added to the mixture, the so-
lution volume was made up to 10 ml with distilled water and incubated
for 30 min at room temperature. After incubation absorbance was
measured at 765 nm against the blank in a spectrophotometer. The
calibration curve was prepared by different concentrations of gallic acid
and a similar procedure was followed for the determination of absor-
bance. Total phenolic content (Ypc) was expressed in terms of gallic acid
equivalents (mg GAE/g d.w.) and calculated using the equation pre-
sented in Eq. (1). Each experiment is performed three times and average
data was taken to represent total phenolic content.

cxV

Total phenolic content(Ypc) = (€8]
where, ¢ = concentration of gallic acid obtained from calibration curve
in mg/mL, V = volume of red cabbage extract in mL, and w = mass of
extract in gram.

2.6. Antioxidant activity

The antioxidant activity of the UAE red cabbage extract was quan-
tified using DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scav-
enging activity method [62]. This method is based on the principle of the
ability of the antioxidant to scavenge free radicals from the solution
which causes discoloration of the DPPH solution from purple to pale
yellow. UAE red cabbage extract of 0.5 ml was mixed with 3 ml of DPPH
solution and incubated for 30 min in a dark place. After 30 min,
absorbance was measured at 517 nm against a blank using UV-
spectrophotometer. Antioxidant activity was expressed in terms of the
inhibition percentage of DPPH scavenging and calculated according to
the equation Eq. (2).

Abiank — Asample
Antioxidant activity (Yas) = (%) x 100 @)
blank

where, A = absorbance of the blank sample, Agqmpe = absorbance of
the sample with red cabbage extract.

2.7. Total anthocyanin content

Anthocyanin Content was measured using spectrophotometric pH
differential method [74]. Red cabbage extract was adjusted to a buffer of
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pH 1 and pH 4.5 with potassium chloride (0.025 molL ') and sodium
acetate (0.5 molL 1) respectively. Buffer solution was incubated for 15
min in a dark place at room temperature. The absorbance was recorded
at 510 nm and 700 nm. Total Anthocyanin content (Y 5c) was calculated
using the equation Eq. (3) and Eq. (4), expressed as mgg~! dry matter.

A= (Asy — A700),,H1 — (Asoo —A700),,H4A5 3

A x m, X DF

x 1000 @
exl

Anthocyanin content (Yc) =

where, A = absorbance obtained from equation, m,, = molecular weight
of anthocyanin (449.2 g mol™1), DF = dilution factor, & = extraction
coefficient (26,900 L cm'lmol’l), [ = path length (1 cm).

2.8. Total flavonoid content

The total phenolic content of UAE red cabbage extract was quantified
using spectrophotometry method according to the procedure described
with little modifications [85]. Briefly, UAE red cabbage extract of 0.5 ml
was mixed with 0.1 ml of 5 % NaNO, and incubated for 5 min, thereafter
0.1 ml of 10 % AICl; was added to the mixture. The mixture was mixed
well for 1 min and then 1 ml of NaOH was added quickly. The mixture
absorbance was measured at 510 nm using UV-Spectrophotometer. For
the calibration cure different concentrations of quercetin (QE) standard
solution was prepared and a similar procedure was followed for mixing
and measuring the absorbance. The total flavonoid content of red cab-
bage extract was expressed in mg of QE/g red cabbage dry weight.

2.9. ANFIS modeling

The ultrasound assisted extraction of phytochemicals from red cab-
bage was modeled using ANFIS according to the procedure described by
Ogaga Ighose et al., [56]. The ANFIS model was designed by MATLAB
(MATLAB 2018) with Fuzzy Logic Toolbox and the proposed ANFIS
architecture was presented in Fig. 1, where it consists of five layers. The
obtained 30 experimental sets of data consisting of input and output
variables were divided into two parts containing 70 % and 30 % used for
the training and checking of the ANFIS model respectively. Each data set
consisted of four independent variables as inputs and one dependent
variable was used in output at a time. Three membership function nodes
were assigned for each of the independent variables. The experimental
data were fitted into a first order Takagi-Sugeno model to train the
ANFIS model. The input and output membership functions (MFs) were
selected based on the lower RMSE value during training of the ANFIS
and two methods were implemented namely backpropagation and
hybrid (a forward pass and a backward pass) approach for training.

The first layer is known as the fuzzy layer where each node is an
adaptive node with node function or membership functions (MFs) that
allow fuzzification of the input parameter, second layer is the product
layer where each node (non-adaptive) displays the firing strength of a
rule by multiplication, third layer is the normalized or rule layer here
every node signifies the normalized firing strength of each rule, the de-
fuzzy layer is the fourth layer each node at this layer are adaptive and
represents the product of the first-order Sugeno-type polynomial and the
normalized firing strength, and fifth layer is the overall summation
layers that consist of a single node which is the sum of all the incoming
signals [40]. The relative influence of process parameters on the
response was calculated according to the procedure described by Dash
et al., [19].

2.10. Multi-objective genetic algorithm

The output of the ANFIS model was integrated with genetic algo-
rithm (GA) for the optimization of the model. GA is based on the ‘sur-
vival of the fittest’ strategy by means of selection, reproduction,
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Output MFs Output

5

Fig. 1. ANFIS architecture proposed for the ultrasound assisted extraction process.

crossover, and mutation of the initial population ([6]. The fitness
function (FF) used for the optimization of the UAE process was presented
in Eq. (5)

maxYpc (Xup, Xre; Xmr, Xwe)
max¥aa(Xue, X1, Xmr, Xwc)
max ¥ ac(Xup, Xre; Xur, Xwe)
maxYrc (Xup, X1, Xmr Xwe)
100W < Xyp < 300W
30°C < X <70°C
051§XMR§251
15% < Xwe < 35%

FF = %)

2.11. Statistical analysis

The statistical analysis used in the present study for validating the
adequacy of the ANFIS model was the coefficient of determination (R?)
using Eq. (6), root mean square error (RMSE) using Eq. (7), and relative
deviation percentage using Eq. (8) [8].

RP=1-— Z?:I(YP — Ye)

o 6
S (Ve Y ©

()
R, = 1005 [Y. - Y, ®

n— 14«1 Y,

where Y, is the predicted value from the model, Y. is the observed value
or experimental value, Y, is the average response value, and n is the
number of experiments conducted.

3. Results and discussion
3.1. ANFIS modeling of UAE of red cabbage

The ultrasound assisted extraction of phytochemicals from red cab-
bage using deep eutectic solvent was successfully modeled by the ANFIS
method and the best architecture of ANFIS with four independent var-
iables ultrasonication power (W), temperature (°C), molar ratio, water
content (%) for predicting the responses total phenolic content (mg
GAE/g d.w.), total anthocyanin content (mg/g d.w.), antioxidant ac-

tivity (% DPPH inhibition) and total flavonoid content (mg QE/g d.w.)
was illustrated in Fig. 1. ANFIS formed by the training of three Gaussian
type membership function for each input, trained by hybrid algorithm
with 500 epochs and linear type MF for output MF found to have lower
root mean square error (RMSE) and higher R2. The formed ANFIS con-
sists of 81 rules resulted high accurate predictions for all of the four
responses. The RMSE values for the ANFIS model formed for response
total phenolic content (Ypc), antioxidant activity (Yaa), total anthocy-
anin content (Y sc), and total flavonoid content (Yrc) was found to be
0.131, 1.165, 0.009, and 0.003 respectively. For the same sequence of
response, the R? value was found to be 0.954, 0.953, 0.964, and 0.992
respectively. Similar results of higher R? value and a lower MAE value
was reported for predicting moisture ratio by ANFIS formed by Gaussian
as input MF, linear as output MF, hybrid type of learning algorithm,
1000 epoch, and three MF for the three independent variables in input
during hot air-rotary drum drying of green pea for predicting moisture
ratio [35].

3.2. Effect of independent variables on total phenolic content of red
cabbage extract

The total phenolic content of red cabbage extract was in between
4.154—8.163 mg GAE/g d.w. The relative effect of process parameters
on the response total phenolic content predicted by the ANFIS model
was presented in Table 2. According to Table 2, the three process pa-
rameters ultrasonication power, molar ratio, and water content were
found to have a positive influence while the temperature had a negative
effect. The positive effect signifies the increase of process parameters
increased the response while the negative effect implies a decrease in
response with an increase of process parameters. Among these process
variables molar ratio (0.740) showed a higher effect followed by ultra-
sonication power (0.630), temperature (0.380), and water content
(0.351). The actual Ypc values at different combinations of process pa-
rameters and predicted values by the formed ANFIS for Ypc at respective

Table 2

Relative effect of process parameters on responses of UAE red cabbage extract.
Process variable Y Yac Yaa Yrc
Xup 0.630 1.021 0.701 1.144
XTE —0.380 —0.399 —0.867 0.476
XMR 0.740 0.925 0.649 0.255
xwc 0.351 —0.678 0.204 —1.647
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combinations of process parameters presented in Fig. 1(i) and found to
have a close agreement between them indicated by a correlation value
close to unity.

The rise of ultrasonication power caused an increase in the Ypc of the
red cabbage extract, which is evident in Fig. 2(i). Higher power levels
contribute to increased movement and agitation within the liquid,
which enhances mass transfer. This movement facilitates the dispersion
of solutes from the solid matrix into the solvent, hence enhancing the
efficiency of extraction ([87]. The higher ultrasonication power might
be adequate to overcome the static pressure at the tip of the ultra-
sonication probe and this further elevates the turbulent tremor capable
of rising the ultrasound effect for higher yield during extraction [60].

Total phenolic content
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Comparable results of an increase in total phenolic content from 4.48 +
0.12 mg GAE/ml to 8.52 + 0.19 mg GAE/mL with the rise in ultra-
sonication power from 200 to 600 W during ultrasound assisted
extraction from blueberry juice operated at ultrasonication frequency of
20 kHz, 60 °C temperature for 15 min of extraction time [80]. Similar
result of an increase in phenolic acids like caffeic from 36.9 to 57.0 ug/g
of d.w., sinapic from 124.0 to 155.6 ug/g of d.w., p-cinnamic from 79.6
to 106.8 pg/g of d.w., vanillic from, 28.8 to 32.6 pg/g of d.w., with an
increase of ultrasonication power from 3.2 to 30 W was reported during
ultrasound assisted extraction of phenolic compounds from citrus peel
operated at a frequency of 60 kHz and temperature of 15 °C for 20 min of
extraction time ([45]. The negative influence of temperature on

Antioxidant activity

Predicted values

50 55 60 65 70 75 80 85
Experimental values

Total flavonoid content

0.45F
04F

035}

Predicted values

03F

0.25F

0.2t/

02 025 03 035 04 045 05
Experimental values

Fig. 2. Experimental Vs ANFIS model predicted values for (i) Total phenolic content; (ii) Antioxidant activity; (iii) Total anthocyanin content; and (iv) Total
flavonoid content of UAE red cabbage extract. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)



K. Pusty et al.

phenolic content may be due to the heat lability of the polyphenols
where these compounds get denatured at higher temperatures[23,39].
Another reason for the decrease in Ypc at higher temperatures might be
due to the fact of decrease in vapor pressure of the solution which results
in a lower sonication effect [15]. So, the results, suggest that the phe-
nolics content present in the red cabbage was unstable at higher tem-
peratures and the decrement of total phenolic content can be visualized
by the single factor analysis presented in Fig. 3(ii) This is in agreement
with [3], where a decrease in Ypc from 30.33 + 0.27 to 18.74 + 0.13 mg
GAE/g d.m. was reported in response to rise in temperature from 20 to
60 °C during ultrasound-assisted extraction of phenolics from blueberry
pomace [3]. Similarly, [86] also observed of 6 % decrease in extraction
yield with an increase in temperature from 30 to 50 °C during
ultrasound-assisted extraction of oil from flaxseed [86].

A positive relative influence on total phenolic content of the red
cabbage extract was displayed by the molar ratio of DES demonstrated
by the single factor analysis presented in Fig. 3(iii). This increment in
Ypc can be attributed to the fact that phenolics of plant materials were
found to be highly connected with H bonding, ionic charge, and polarity
that are intrinsic to DES nanostructure, which is influenced by the molar
ratio [21]. A strong hydrogen bond network formed between DES
components and solute as the availability of H-bond donors increased
with the increment of molar ratio which induces the dissolution of
phenolic compounds in DES which results in the improvement of
extraction efficiency of phenolic compounds from the extract [83-84].

Yaa Yec Y

Y PC
8070.757 -6.3
1
@ L 0.40
J - 6.0
7670.70 4
- 0.35
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L 0.30}
. 5.4
0.60 -
L 5.1
644 - 0.25
0.55 - -4.8
60 - r T T r - 0.20
100 150 200 250 300
Ultrasonication power, W
Yan Yac Yee  Yec
.. L 7.2
40.60 -
70 (i) L 0.34
0.59 - L 6.8
65 -
0.58 - - 0.32
60 L 6.4
0.57 -
- 0.30F 6.0
5540.56 -
- 5.6
40.55
50 L 0.28
0.54 - L 5.2
45 -
0.53 4 T T T - 0.26
30 40 50 60 70

Temperature, °C

Ultrasonics Sonochemistry 102 (2024) 106762

Identical trends of increase of phenolic compounds from 70 to 100 %
with an increase of molar ratio from 1:1 to 2:1 of DES formed by
chloride-oxalic acid and oxalic acid were reported during ultrasonic
assisted extraction of polyphenols from Aegle marmelos choline [66]. The
negative influence of water content in DES (Fig. 3(iv)) may be possibly
due to the highly hydrophobic nature of red cabbage phenolic com-
pounds resulted in the lower solubility at higher water content. In order
to dissolve and extract compounds, DES usually depends on hydrogen
bonding interactions between its components. Higher water content can
disrupt these interactions, reducing the ability of the DES to solubilize
target compounds, especially those that might be more soluble in the
less polar environment of the pure DES. Another viable reason might be
associated with the viscosity of DES solvent where water content is
incapable to reduce the viscosity of the solvent that in turn caused a
decrease in mass transfer [12]. Comparable trends of decrease in total
phenolic content (mg GAE/g d.w.) from 61.21 to 50.41 was reported
with an increase of water content (%) in DES from 10 to 50 during
extraction of phenolics from rosemary leaves at a temperature of 25 °C
and liquid to solid ratio of 40:1 ml/g by using DES formed by choline
chloride and 1,2-propanediol in the molar ratio 1:2 [79].

3.3. Effect of independent variables on antioxidant activity of red cabbage
extract

The maximum and minimum antioxidant activity (%DPPH inhibi-
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Fig. 3. Single factor effect of process variables (i) Ultrasonication power; (ii) Temperature; (iii) Molar ratio of DES; and (iv) Water content in DES on the responses of
UAE red cabbage extract. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tion) of the red cabbage extract under different combinations of process
parameters was found to be 88.639 and 45.588, illustrated in Fig. 2(ii)
As per the ANFIS established relative effect (Table 2), the least effected
process parameter was found to be the water content of the DES with the
value 0.204 and found to have positive impact on the antioxidant ac-
tivity of the red cabbage extract. The process parameter ultrasonication
power (0.701) and the molar ratio of DES (0.649) were also found to
have a positive influence while the temperature (-0.867) was found to
have a negative effect on the antioxidant activity of the red cabbage
extract, supported by the Table 2. The most prominent process factor
affecting the antioxidant activity was temperature followed by ultra-
sonication power and molar ratio, which can be visualized by the
magnitude of the relative effect values. The proposed ANFIS model
predicted the antioxidant activity of experiment data with higher ac-
curacy, which was supported by the statistical parameter correlation
coefficient and the plot between the actual and predicted values was
illustrated in Fig. 2(ii). Influence of ultrasonication power on antioxi-
dant activity has a positive impact as predicted by the ANFIS model and
supported by the single factor analysis shown in Fig. 3(i). Polyphenolic
compounds are known for their high antioxidant potential as the reso-
nance effect of localized phenolic rings causes various oxidation
reduction reactions [22]. As previously mentioned, ultrasonication
power increased the extraction rate of polyphenolic compounds from
the red cabbage into the DES solvent which might result in higher
antioxidant properties of the extract. Similar results of direct relation to
phenolic compounds in the extract and antioxidant activity of the
extract were reported during ultrasound assisted extraction of phyto-
chemicals from the skin of the grapes [47]. Predicted values of the
ANFIS model showed that the influence of temperature on the antioxi-
dant activity of the red cabbage extract has an inverse effect and found
to be the have highest influence among other independent process
variables. Antioxidant activity decreased with a rise in temperature
because of the thermolabile properties of the polyphenolic compounds
present in the red cabbage extract. The results were in agreement with
Dadi et al., [18] where the antioxidant activity reduced from 336.5 + 1.8
to 220.7 + 1.4 mg/g in response to the rise in temperature from 40 to
50 °C during ultrasound assisted extraction of bioactive compounds of
Moringa stenopetala leaves [18]. The increase in the molar ratio of DES
solvent improved the antioxidant activity of the UAE red cabbage
extract evidenced by Fig. 3(iii). The improved antioxidant activity with
the rise of the molar ratio of DES solvent may be due to the reduction of
the viscosity and surface tension of the mixture, resulting in enhancing
the mass transfer rate and dissolution of bioactive compounds [82].
Modifying the molar ratio of DES solvent also leads to changes in the
hydrogen bonding network and interactions within the solvent, which in
turn affects its ability to interact with antioxidant molecules. This
alteration facilitates improved extraction or stabilization of antioxidant
compounds. Comparable results of enhanced antioxidant activity were
reported with an increase of molar ratio of DES solvent prepared using
sodium acetate and lactic acid during ultrasound assisted extraction of
bioactive compounds from alkanet [83-84]. Results of relative effect
according to the ANFIS model, revealed that the water content of DES
influenced antioxidant activity positively and moreover similar trend
was followed in Fig. 3(iv). This may be due to the fact that increasing the
polarity of the solvent suitable for the solubility of the compounds
responsible for antioxidant activity [59]. An increase in antioxidant
activity with an increase in water content can also be associated with the
reduction of solvent viscosity which might result in less interaction be-
tween the solvent and the antioxidant exhibiting compounds (N. [88,42]
observed the antioxidant activity of Mangifera pajang fruit was 11 mg
AEAC/g during the solvent extraction method by DES solvent prepared
by choline chloride and glycerol in the molar 1:2 with 10 % water
content and increase of water content to 20 % at similar conditions of
extraction resulted in approximately 4.2 % increase in antioxidant ac-
tivity [42].
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3.4. Effect of independent variables on total anthocyanin content of red
cabbage extract

The maximum total anthocyanin content under different experi-
mental conditions during ultrasound assisted extraction of red cabbage
was found to be 0.750 mg/g d.w. while the minimum total anthocyanin
content was 39.71 % lower than the maximum total anthocyanin con-
tent of red cabbage extract. According to the relative influence of the
independent variable predicted by the formed ANFIS model on the total
anthocyanin content of red cabbage extract during the UAE process,
ultrasonication power and molar ratio were found to have a positive
impact while extraction temperature and water content had a negative
effect. The experimental Y ¢ along with ANFIS predicted values of Y ¢
were plotted against each other presented in Fig. 2(iii) From the corre-
lation coefficient, which is close to unity it is evident that there is a close
agreement between observed and predicted values of Yac. Out of four
independent variables, ultrasonication power (1.021) had the most
impact on the extraction of anthocyanins from red cabbage while tem-
perature (-0.399) had a lesser impact which is noticeable by the
magnitude, presented in Table 2.

The higher anthocyanin content in red cabbage extract obtained at
higher ultrasonication power can be attributed to the enhanced move-
ment of the solvent into the intercellular matrix due to the destruction of
the cell membrane. High ultrasonication power boosts the effect of
thermal, cavitation, and mechanical that causes shorten time for the
collapse of bubbles and improves the intensity of cavitation resulting in
the destruction of cell membrane which enhance the mass transfer rate
for rapid extraction of anthocyanins[4,52]. These phenomena of ultra-
sonication power on the solution improve the movement of the mole-
cules and enhance the penetration capability of the solvent into the
solute matrix that results in the higher dissolubility of bioactive com-
pounds into the solvent [81]. Identical results of increased total antho-
cyanin content from 18 to 24.1 C3GE/g d.w. with the rise of
ultrasonication power from 60 to 300 W were reported during the ul-
trasound extraction of anthocyanin from blueberry pomace [26]. Tem-
perature showed a negative effect on Yac of the red cabbage extract as
anthocyanins are heat-labile compounds. Higher temperature activates
the coupling effect of oxygen molecules to the solvent which causes the
degradation of anthocyanin [29]. Moreover, the rise in temperature also
has a negative influence on the cavitation intensity of the ultra-
sonication process [65]. Hu et al., [30] observed a significant reduction
of anthocyanin content from 10.12 mg/g to less than 9 mg/g with an
increase of temperature from 50 to 70 °C during ultrasound assisted
extraction of anthocyanin from blueberry pomace with ultrasonication
frequency of 80 kHz [30]. A similar effect of temperature on the yield of
total anthocyanin content was also reported by Liu et al., [43] where the
rise in temperature from 25 to 80 °C reduced the extraction yield of total
anthocyanin content during the extraction of anthocyanin from blue-
berry at different combinations of pH and temperature [43].

The molar ratio influences the diffusion rate, mass transfer, polarity
and pH and other properties of the DES which in turn affect the
extraction yield of anthocyanin from fruits and vegetables [10]. After
the ultrasonication power, the molar ratio (0.925) was found to have a
higher impact on the total anthocyanin content of red cabbage extract.
In the present study, the total anthocyanin content of the red cabbage
extract was improved by increasing the molar ratio of the DES. Com-
parable trends of increase in total anthocyanin content from 39.11 to
42.55 mg/g were reported with an increase of the molar ratio of DES
prepared with citric acid and maltose increased from 2:1 to 4:1 during
DES extraction of anthocyanin from grape skin [32]. The water content
of DES was found to have a negative effect on the extraction yield of
anthocyanins from red cabbage during the UAE process which was
supported by the relative influence predicted by the proposed ANFIS
model with a value of —0.678 and this parameter was found to have
lower influence compared with ultrasonication power and molar ratio of
DES. Excessive water content can sometimes lead to phase separation in
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the DES system, forming separate aqueous and DES phases. This phase
separation can hinder the extraction process, making it less efficient and
reducing the overall yield of anthocyanin. A comparable influence of
molar ratio and water content of DES was reported during phytochem-
ical extraction from roselle using DES solvent formed by the combina-
tion of sodium acetate and formic acid [84,83]. The negative effect of
the water content of DES might be due to the fact that adding too much
water to the eutectic solvent excessively increases the polarity of the
solvent and sever hydrogen bonds between the solvent and the antho-
cyanin compounds [38]. Anthocyanin content decreased after a 25 %
increase of water content was observed by Bosiljkov et al., [11] during
the extraction of anthocyanin from wine lees by DES and ultrasound
assisted extraction [11].

3.5. Effect of independent variables on total flavonoid content of red
cabbage extract

Total flavonoid content extracted from the red cabbage during ul-
trasound assisted extraction process on varying different independent
variables ranged from 0.218 to 0.492 mg QE/g d.w. Fig. 2(iv). The
relative influence calculated by the proposed ANFIS model for total
flavonoid extraction was presented in Table 2. According to Table 2, the
water content in DES was the most influent parameter when compared
with the other process parameters and influenced total flavonoid con-
tent in a negative way evidenced by the value —1.647. Whereas the rest
of the three process parameters showed positive influence in the
descending order as follows ultrasonication power (1.144), temperature
(0.476), and molar ratio (0.255). The experimental data was plotted
against the ANFIS predicted total flavonoid content data and found to
have a close agreement with each other, illustrated in Fig. 2(iv).

The effect of ultrasonication power on the total flavonoid content of
the red cabbage was positive as high ultrasonication power resulted in
higher flavonoid content due to higher extraction of flavonoids from the
matrix due to the positive effect of power. Total flavonoid content was
increased with an increase of ultrasonication power as ultrasonic waves
of high amplitude are generated by higher ultrasonication power which
induces the cavitation process in the ultrasound assisted extraction,
resulting in an improvement of extraction efficiency of flavonoids pre-
sent in the plant materials [46]. This effect has also been confirmed by
Wang et al., [76] during ultrasound assisted extraction of flavonoids
from olive (Olea europaea) leaves as flavonoid content has increased
from 71.52 to 79.03 mg/g in response to the increasing ultrasonication
power from 180 to 270 W [76]. The positive effect of temperature on the
total flavonoid content of the UAE extract may be due to the heat sta-
bility of flavonoids present in the red cabbage extract at higher tem-
peratures. Moreover, molecular movement and solubility of the solvent
also increased due to the rise in temperature which influenced the
dissolution of flavonoids into solvent [33]. A similar tendency of tem-
perature on flavonoid content was also reported by Ciric et al., [16]
during ultrasound-assisted extraction of flavonoids from garlic [16] and
during ultrasound assisted extraction of flavonoids from cocoa shell
[48].

The molar ratio of DES interacted positively with the total flavonoid
content of the red cabbage extract due to the change in density and
viscosity of the solvent. Increasing the molar ratio resulted in an increase
in extraction efficiency as the changes in viscosity within the solvent
increased the mass transfer rate [44]. Identical results of an increase in
the molar ratio of DES formed by acetylcholine chloride and lactic acid
from 1:1 to 2:1 improved the extraction yield of quercetin (flavonoid)
from 75.9 % to 90.1 % in the onion sample [2]. Water content in DES
showed a negative influence on the total flavonoid content of the red
cabbage extract which can be attributed to the change in the polarity of
the solvent which is not a suitable environment for the less polar
flavonoid in the extraction. Excessive water content might have
decreased the interaction between DES and flavonoid compounds
resulted in lower flavonoid efficiency [9]. Hydrogen bonds present in
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DES also get denatured by higher water concentration in the solvent
which results in the degradation of the DES structure and the solubility
of the flavonoid compounds is reduced[49].

3.6. Optimization by genetic algorithm

The output of the ANFIS model was fed to genetic algorithm and
integrated algorithm yielded 18 sets of solutions according to the fitness
function given in Eq. (4) The optimum condition was selected based on
the fitness value. The optimized condition for the process parameters of
ultrasound assisted extraction of phytochemicals from red cabbage was
found to be 252.114 W for ultrasonication power, 52.715 °C of tem-
perature, 2.0677:1 of molar ratio of DES, and 25.947 % of water content
in DES solvent, with fitness value 3.352. The predicted values of re-
sponses’ total phenolic content (Ypc), antioxidant activity (Yaa), total
anthocyanin content (Y ac), and total flavonoid content (Ygc) of the UAE
red cabbage at the optimum condition was found to be 7.388 mg GAE/g
d.w., 92.286 % DPPH inhibition, 0.757 mg/g d.w., 0.466 mg QE/g d.w.
respectively. For the validation of the hybrid ANFIS-GA algorithm, ex-
periments were conducted in triplets at the optimum condition and the
responses as the above-mentioned sequence was observed to be 7.527
mg GAE/g d.w., 89.169 %DPPH inhibition, 0.736 mg/g d.w. and 0.489
mg QE/g d.w. respectively, presented in Table 3. The relative deviation
between the experimental and predicted values at the optimum condi-
tion was found to be less than 5 % which signifies that there was a good
agreement between the experimental and predicted values. Comparable
findings were obtained in the genetic algorithm optimization of UAE of
phenolic compounds from cashew apple bagasse as well as in the UAE of
pomegranate peel [89,90].

4. Conclusion

The phytocompounds from the red cabbage was successfully
extracted by the application of ultrasonication. The total phenolic con-
tent, antioxidant activity, total anthocyanin content, and total flavonoid
content were found to be in the range of 4.154—8.163 mg GAE/g d.w.,
45.588 — 88.639 %DPPH inhibition, 0.452 - 0.750 mg/g d.w., and 0.213
— 0.545 mg QE/g d.w. respectively under different combinations of
process parameters ultrasonication power (100 to 300 W) extraction
temperature (30 — 60 °C), molar ratio of the DES solvent (0.5—2.5),
and water content in the DES solvent (15 — 30 %). The extraction process
was modeled by using ANFIS and optimized by integrating ANFIS and
genetic algorithm. The ANFIS algorithm was found to successfully model
the extraction process with higher accuracy and lower error evident by
the R2(> 0.953) and RMSE (< 1.165) values. The integrated ANFIS-GA
model predicted the optimum values of process parameters at 252.114
W for ultrasonication power, 52.715 °C of temperature, 2.0677:1 of
molar ration of DES, and 25.947 % of water content in DES solvent, with
fitness value 3.352. The practical importance of UAE is based in its
ability to maximize extraction processes, improve yield and quality and
provide a more sustainable and effective technique of extracting
bioactive compounds. Therefore, the research would pave the way for
improving ultrasound-assisted bioactive component extraction from a
variety of natural resources, increasing the potential uses of these
compounds in the food, cosmetics, and pharmaceutical industries.

Table 3
Integrated ANFIS-GA model predicted responses and experimental values at the
optimum condition.

Response Yec, Yac, Yaa, Yrc,
mg GAE/g d. mg/g d. %DPPH mg QE/g d.
w. w. inhibition w.
Predicted 7.388 0.757 92.286 0.466
Experimental 7.527 0.736 89.169 0.489
Rd, % 1.849 2.801 3.495 4.661




K. Pusty et al.
Funding

Project No. TKP2021-NKTA-32 has been implemented with support
from the National Research, Development, and Innovation Fund of
Hungary, financed under the TKP2021-NKTA funding scheme.

CRediT authorship contribution statement

Kasturi Pusty: Data curation, Formal analysis, Investigation,
Methodology, Software, Validation, Visualization, Writing — original
draft. Kshirod Kumar Dash: Conceptualization, Funding acquisition,
Investigation, Methodology, Project administration, Resources, Soft-
ware, Supervision, Validation, Visualization, Writing — original draft,
Writing — review & editing. Souvik Giri: Data curation, Formal analysis,
Investigation, Methodology, Software, Validation, Visualization,
Writing — original draft. G.V.S. Bhagya Raj: Data curation, Formal
analysis, Investigation, Methodology, Software, Validation, Visualiza-
tion, Writing — original draft. Ajita Tiwari: Funding acquisition, Project
administration, Validation, Writing — review & editing. Ayaz Mukar-
ram Shaikh: Funding acquisition, Project administration, Resources,
Validation, Writing — review & editing. Kovacs Béla: Funding acquisi-
tion, Project administration, Validation, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] E.A. Ainsworth, K.M. Gillespie, Estimation of total phenolic content and other
oxidation substrates in plant tissues using Folin-Ciocalteu reagent, Nat. Protoc. 2
(4) (2007) 875-877, https://doi.org/10.1038/nprot.2007.102.

[2] S. Bajkacz, J. Adamek, Development of a method based on natural deep eutectic
solvents for extraction of flavonoids from food samples, Food Anal. Methods 11 (5)
(2018) 1330-1344, https://doi.org/10.1007/s12161-017-1118-5.

[3] Bamba, B. S. B., Shi, J., Tranchant, C. C., Xue, S. J., Forney, C. F., & Lim, L. T.

(2018). Influence of extraction conditions on ultrasound-assisted recovery of

bioactive phenolics from blueberry pomace and their antioxidant activity. In

Molecules (Vol. 23, Issue 7, pp. 1-17). https://doi.org/10.3390/

molecules23071685.

T. Belwal, H. Huang, L. Li, Z. Duan, X. Zhang, H. Aalim, Z. Luo, Optimization model

for ultrasonic-assisted and scale-up extraction of anthocyanins from Pyrus

communis ‘Starkrimson’ fruit peel, Food Chem. 297 (2019) 124993, https://doi.
0rg/10.1016/j.foodchem.2019.124993.

[5] O. Benito-roman, B. Blanco, M.T. Sanz, S. Beltran, Subcritical water extraction of
phenolic compounds from onion skin wastes (Allium cepa cv. horcal): effect of
temperature and solvent properties, Antioxidants 9 (12) (2020) 1-20, https://doi.
org/10.3390/antiox9121233.

[6] G.V.S. Bhagya Raj, K.K. Dash, Microwave vacuum drying of dragon fruit slice:
artificial neural network modeling, genetic algorithm optimization, and kinetics
study, Comput. Electron. Agric. 178 (2020), https://doi.org/10.1016/j.
compag.2020.105814.

[7] G.V.S. Bhagya Raj, K.K. Dash, Ultrasound-assisted extraction of phytocompounds
from dragon fruit peel: Optimization, kinetics, and thermodynamic studies,
Ultrason. Sonochem. 68 (2020), https://doi.org/10.1016/j.ultsonch.2020.105180.

[8] B. Raj, V.S. Gurajala, K.K. Dash, Heat transfer analysis of convective and
microwave drying of dragon fruit, J. Food Process Eng 44 (9) (2021), https://doi.
org/10.1111/jfpe.13775.

[9] W. Bi, M. Tian, K.H. Row, Evaluation of alcohol-based deep eutectic solvent in
extraction and determination of flavonoids with response surface methodology
optimization, J. Chromatogr. A 1285 (2013) 22-30, https://doi.org/10.1016/j.
chroma.2013.02.041.

[10] Y. Bi, X. Chi, R. Zhang, Y. Lu, Z. Wang, Q. Dong, C. Ding, R. Yang, L. Jiang, Highly
efficient extraction of mulberry anthocyanins in deep eutectic solvents: Insights of
degradation kinetics and stability evaluation, Innov. Food Sci. Emerg. Technol. 66
(2020) 102512, https://doi.org/10.1016/j.ifset.2020.102512.

[11] T. Bosiljkov, F. Dujmi¢, M. Cvjetko Bubalo, J. Hribar, R. Vidrih, M. Brn¢i¢, E. Zlatic,
1. Radojci¢ Redovnikovi¢, S. Joki¢, Natural deep eutectic solvents and ultrasound-
assisted extraction: Green approaches for the extraction of wine lees anthocyanins,
Food Bioprod. Process. 102 (2017) 195-203, https://doi.org/10.1016/j.
fbp.2016.12.005.

[12] Cao, Q., Li, J., Xia, Y., Li, W., Luo, S., Ma, C., & Liu, S. (2019). Green extraction of
six phenolic compounds from rattan (Calamoideae fabric) with deep eutectic
solvent by homogenate-assisted vacuum-cavitation method. In Molecules (Vol. 24,
Issue 1). https://doi.org/10.3390/molecules24010113.

[4

=

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Ultrasonics Sonochemistry 102 (2024) 106762

C. Carrera, M.J. Aliano-Gonzalez, M. Valaityte, M. Ferreiro-Gonzélez, G.F. Barbero,
M. Palma, A novel ultrasound-assisted extraction method for the analysis of
anthocyanins in potatoes (Solanum tuberosum 1.), Antioxidants 10 (9) (2021)
1375, https://doi.org/10.3390/antiox10091375.

C. Cejudo Bastante, L. Casas Cardoso, M.T. Fernandez Ponce, C. Mantell Serrano, E.
J. Martinez de la Ossa-Fernandez, Characterization of olive leaf extract
polyphenols loaded by supercritical solvent impregnation into PET/PP food
packaging films, J. Supercrit. Fluids 140 (2018) 196-206, https://doi.org/
10.1016/j.supflu.2018.06.008.

Chemat, F., Rombaut, N., Sicaire, A. G., Meullemiestre, A., Fabiano-Tixier, A. S., &
Abert-Vian, M. (2017). Ultrasound assisted extraction of food and natural products.
Mechanisms, techniques, combinations, protocols, and applications. A review. In
Ultrasonics Sonochemistry (Vol. 34, pp. 540-560). https://doi.org/10.1016/j.
ultsonch.2016.06.035.

A. Ciric, B. Krajnc, D. Heath, N. Ogrinc, Response surface methodology and
artificial neural network approach for the optimization of ultrasound-assisted
extraction of polyphenols from garlic, Food Chem. Toxicol. 135 (2020) 110976,
https://doi.org/10.1016/j.fct.2019.110976.

S.C. Cunha, J.O. Fernandes, Extraction techniques with deep eutectic solvents,
TrAC - Trends Anal. Chem. 105 (2018) 225-239, https://doi.org/10.1016/].
trac.2018.05.001.

D.W. Dadi, S.A. Emire, A.D. Hagos, J.B. Eun, Effect of ultrasound-assisted
extraction of Moringa stenopetala leaves on bioactive compounds and their
antioxidant activity, Food Technol. Biotechnol. 57 (1) (2019) 77-86, https://doi.
org/10.17113/ftb.57.01.19.5877.

Dash, K., Bhagya Raj, G., & Gayary, M. (2020). Application of Neural Networks in
Optimizing Different Food Processes Case Study. In Mathematical and Statistical
Applications in Food Engineering (pp. 346-362). https://doi.org/10.1201/
9780429436963-22.

M. Drozdowska, T. Leszczyniska, A. Koronowicz, E. Piasna-Stupecka, D. Domagata,
B. Kusznierewicz, Young shoots of red cabbage are a better source of selected
nutrients and glucosinolates in comparison to the vegetable at full maturity, Eur.
Food Res. Technol. 246 (12) (2020) 2505-2515, https://doi.org/10.1007/s00217-
020-03593-x.

L. Duan, L.L. Dou, L. Guo, P. Li, E.H. Liu, Comprehensive evaluation of deep
eutectic solvents in extraction of bioactive natural products, ACS Sustain. Chem.
Eng. 4 (4) (2016) 2405-2411, https://doi.org/10.1021/acssuschemeng.6b00091.
C.S. Dzah, Y. Duan, H. Zhang, C. Wen, J. Zhang, G. Chen, H. Ma, The effects of
ultrasound assisted extraction on yield, antioxidant, anticancer and antimicrobial
activity of polyphenol extracts: a review, Food Biosci. 35 (2020) 100547, https://
doi.org/10.1016/j.fbi0.2020.100547.

M.D. Esclapez, J.V. Garcia-Pérez, A. Mulet, J.A. Cércel, Ultrasound-assisted
extraction of natural products, Food Eng. Rev. 3 (2) (2011) 108-120, https://doi.
org/10.1007/512393-011-9036-6.

S. Farooq, M.A. Shah, M.W. Siddiqui, B.N. Dar, S.A. Mir, A. Ali, Recent trends in
extraction techniques of anthocyanins from plant materials, J. Food Measurement
Characterization 14 (6) (2020) 3508-3519, https://doi.org/10.1007/s11694-020-
00598-8.

L.F. Ferreira, N.M. Minuzzi, R.F. Rodrigues, R. Pauletto, E. Rodrigues,

T. Emanuelli, V.C. Bochi, Citric acid water-based solution for blueberry bagasse
anthocyanins recovery: Optimization and comparisons with microwave-assisted
extraction (MAE), Lwt 133 (2020), https://doi.org/10.1016/j.1wt.2020.110064.
X. Fu, D. Wang, T. Belwal, J. Xie, Y. Xu, L. Li, L. Zou, L. Zhang, Z. Luo, Natural deep
eutectic solvent enhanced pulse-ultrasonication assisted extraction as a multi-
stability protective and efficient green strategy to extract anthocyanin from
blueberry pomace, Lwt 144 (2021) 111220, https://doi.org/10.1016/j.
1wt.2021.111220.

M.Z. Gao, Q. Cui, L.T. Wang, Y. Meng, L. Yu, Y.Y. Li, Y.J. Fu, A green and
integrated strategy for enhanced phenolic compounds extraction from mulberry
(Morus alba L.) leaves by deep eutectic solvent, Microchem. J. (2020), https://doi.
org/10.1016/j.microc.2020.104598.

Ghareaghajlou, N., Hallaj-Nezhadi, S., & Ghasempour, Z. (2021). Red cabbage
anthocyanins: Stability, extraction, biological activities and applications in food
systems. In Food Chemistry (Vol. 365). https://doi.org/10.1016/j.
foodchem.2021.130482.

A. Golmohamadi, G. Méller, J. Powers, C. Nindo, Effect of ultrasound frequency on
antioxidant activity, total phenolic and anthocyanin content of red raspberry
puree, Ultrason. Sonochem. 20 (5) (2013) 1316-1323, https://doi.org/10.1016/j.
ultsonch.2013.01.020.

A.J. Hu, S.T. Hao, J. Zheng, L. Chen, P.P. Sun, Multi-frequency ultrasonic
extraction of anthocyanins from blueberry pomace and evaluation of its
antioxidant activity, J. AOAC Int. 104 (3) (2021) 811-817, https://doi.org/
10.1093/jaoacint/qsaal50.

J.S.R. Jang, ANFIS: adaptive-network-based fuzzy inference system, IEEE Trans.
Syst. Man Cybern. 23 (3) (1993) 665-685, https://doi.org/10.1109/21.256541.
K.M. Jeong, J. Zhao, Y. Jin, S.R. Heo, S.Y. Han, D.E. Yoo, J. Lee, Highly efficient
extraction of anthocyanins from grape skin using deep eutectic solvents as green
and tunable media, Arch. Pharm. Res. 38 (12) (2015) 2143-2152, https://doi.org/
10.1007/s12272-015-0678-4.

C.L. Jing, X.F. Dong, J.M. Tong, Optimization of ultrasonic-assisted extraction of
flavonoid compounds and antioxidants from alfalfa using response surface method,
In Molecules (vol. 20 (9) (2015) 15550-15571, https://doi.org/10.3390/
molecules200915550.

B. Kaur, P.S. Panesar, A.K. Anal, Standardization of ultrasound assisted extraction
for the recovery of phenolic compounds from mango peels, J. Food Sci. Technol. 59
(7) (2021) 2813-2820, https://doi.org/10.1007/s13197-021-05304-0.


https://doi.org/10.1038/nprot.2007.102
https://doi.org/10.1007/s12161-017-1118-5
https://doi.org/10.1016/j.foodchem.2019.124993
https://doi.org/10.1016/j.foodchem.2019.124993
https://doi.org/10.3390/antiox9121233
https://doi.org/10.3390/antiox9121233
https://doi.org/10.1016/j.compag.2020.105814
https://doi.org/10.1016/j.compag.2020.105814
https://doi.org/10.1016/j.ultsonch.2020.105180
https://doi.org/10.1111/jfpe.13775
https://doi.org/10.1111/jfpe.13775
https://doi.org/10.1016/j.chroma.2013.02.041
https://doi.org/10.1016/j.chroma.2013.02.041
https://doi.org/10.1016/j.ifset.2020.102512
https://doi.org/10.1016/j.fbp.2016.12.005
https://doi.org/10.1016/j.fbp.2016.12.005
https://doi.org/10.3390/antiox10091375
https://doi.org/10.1016/j.supflu.2018.06.008
https://doi.org/10.1016/j.supflu.2018.06.008
https://doi.org/10.1016/j.fct.2019.110976
https://doi.org/10.1016/j.trac.2018.05.001
https://doi.org/10.1016/j.trac.2018.05.001
https://doi.org/10.17113/ftb.57.01.19.5877
https://doi.org/10.17113/ftb.57.01.19.5877
https://doi.org/10.1007/s00217-020-03593-x
https://doi.org/10.1007/s00217-020-03593-x
https://doi.org/10.1021/acssuschemeng.6b00091
https://doi.org/10.1016/j.fbio.2020.100547
https://doi.org/10.1016/j.fbio.2020.100547
https://doi.org/10.1007/s12393-011-9036-6
https://doi.org/10.1007/s12393-011-9036-6
https://doi.org/10.1007/s11694-020-00598-8
https://doi.org/10.1007/s11694-020-00598-8
https://doi.org/10.1016/j.lwt.2020.110064
https://doi.org/10.1016/j.lwt.2021.111220
https://doi.org/10.1016/j.lwt.2021.111220
https://doi.org/10.1016/j.microc.2020.104598
https://doi.org/10.1016/j.microc.2020.104598
https://doi.org/10.1016/j.ultsonch.2013.01.020
https://doi.org/10.1016/j.ultsonch.2013.01.020
https://doi.org/10.1093/jaoacint/qsaa150
https://doi.org/10.1093/jaoacint/qsaa150
https://doi.org/10.1109/21.256541
https://doi.org/10.1007/s12272-015-0678-4
https://doi.org/10.1007/s12272-015-0678-4
https://doi.org/10.3390/molecules200915550
https://doi.org/10.3390/molecules200915550
https://doi.org/10.1007/s13197-021-05304-0

K. Pusty et al.

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

M. Kaveh, Y. Abbaspour-Gilandeh, G. Chen, Drying kinetic, quality, energy, and
exergy performance of hot air-rotary drum drying of green peas using adaptive
neuro-fuzzy inference system, Food Bioprod. Process. 124 (2020) 168-183,
https://doi.org/10.1016/j.fbp.2020.08.011.

M. Kaveh, V. Rasooli Sharabiani, R. Amiri Chayjan, E. Taghinezhad, Y. Abbaspour-
Gilandeh, 1. Golpour, ANFIS and ANNs model for prediction of moisture diffusivity
and specific energy consumption potato, garlic, and cantaloupe drying under a
convective hot air dryer, Information Processing in Agriculture 5 (3) (2018)
372-387, https://doi.org/10.1016/j.inpa.2018.05.003.

H.E. Khoo, A. Azlan, S.T. Tang, S.M. Lim, Anthocyanidins and anthocyanins:
Colored pigments as food, pharmaceutical ingredients, and the potential health
benefits, Food Nutr. Res. 61 (1) (2017) 1361779, https://doi.org/10.1080/
16546628.2017.1361779.

P. Kou, Y.F. Kang, L.T. Wang, L.J. Niu, Y. Xiao, N. Guo, Q. Cui, Y.Y. Li, Y.J. Fu, An
integrated strategy for the production of four anthocyanin compounds from Ribes
nigrum L. by deep eutectic solvents and flash chromatography, J. Ind. Eng. Chem.
80 (2019) 614-625, https://doi.org/10.1016/j.jiec.2019.08.053.

D. Krishnaiah, A. Bono, R. Sarbatly, S.M. Anisuzzaman, Antioxidant activity and
total phenolic content of an isolated Morinda citrifolia L. methanolic extract from
Poly-ethersulphone (PES) membrane separator, J. King Saud Univ. - Eng. Sci. 27
(1) (2015) 63-67, https://doi.org/10.1016/j jksues.2013.01.002.

Kurtgoz, Y., & Deniz, E. (2018). Comparison of ANN, Regression Analysis, and
ANFIS Models in Estimation of Global Solar Radiation for Different Climatological
Locations. In Exergetic, Energetic and Environmental Dimensions (pp. 133-148).
https://doi.org/10.1016/B978-0-12-813734-5.00008-1.

G. Linares, M.L. Rojas, Ultrasound-assisted extraction of natural pigments from
food processing by-products: a review, Front. Nutr. 9 (2022), https://doi.org/
10.3389/fnut.2022.891462.

J.K.U. Ling, Y.S. Chan, J. Nandong, Extraction of antioxidant compounds from the
wastes of Mangifera pajang fruit: a comparative study using aqueous ethanol and
deep eutectic solvent, SN Applied Sciences 2 (8) (2020) 1365, https://doi.org/
10.1007/542452-020-3153-x.

Y. Liu, Y. Liu, C. Tao, M. Liu, Y. Pan, Z. Lv, Effect of temperature and pH on
stability of anthocyanin obtained from blueberry, J. Food Meas. Charact. 12 (3)
(2018) 1744-1753, https://doi.org/10.1007/s11694-018-9789-1.

Y. Ma, M. Liu, T. Tan, A. Yan, L. Guo, K. Jiang, C. Tan, Y. Wan, Deep eutectic
solvents are used as extraction solvents for the determination of flavonoids from
Camellia oleifera flowers by high-performance liquid chromatography, Phytochem.
Anal 29 (6) (2018) 639-648, https://doi.org/10.1002/pca.2777.

Y.Q. Ma, J.C. Chen, D.H. Liu, X.Q. Ye, Simultaneous extraction of phenolic
compounds of citrus peel extracts: effect of ultrasound, Ultrason. Sonochem. 16 (1)
(2009) 57-62, https://doi.org/10.1016/j.ultsonch.2008.04.012.

K.V. Mahindrakar, V.K. Rathod, Ultrasonic assisted aqueous extraction of catechin
and gallic acid from Syzygium cumini seed kernel and evaluation of total phenolic,
flavonoid contents and antioxidant activity, Chem. Eng. Process. - Process Intesif.
149 (2020) 107841, https://doi.org/10.1016/j.cep.2020.107841.

Mazza, K. E. L., Santiago, M. C. P. A., do Nascimento, L. S. M., Godoy, R. L. O.,
Souza, E. F., Brigida, A. I. S., Borguini, R. G., & Tonon, R. V. (2019). Syrah grape
skin valorization using ultrasound-assisted extraction: Phenolic compounds
recovery, antioxidant capacity, and phenolic profile. International Journal of Food
Science and Technology, 54(3), 641-650. https://doi.org/10.1111/ijfs.13883.

A.H. Md Yusof, S.S. Abd Gani, U.H. Zaidan, M.L.LE. Halmi, B.H. Zainudin,
Optimization of an Ultrasound-Assisted Extraction Condition for Flavonoid
Compounds from Cocoa Shells (theobroma Cacao) Using Response Surface
Methodology Vol. 24, Issue 4 (2019), https://doi.org/10.3390/
molecules24040711.

Z. Meng, J. Zhao, H. Duan, Y. Guan, L. Zhao, Green and efficient extraction of four
bioactive flavonoids from Pollen Typhae by ultrasound-assisted deep eutectic
solvent extraction, J. Pharm. Biomed. Anal. 161 (2018) 246-253, https://doi.org/
10.1016/j.jpba.2018.08.048.

P. Mizgier, A.Z. Kucharska, A. Sokét-Letowska, J. Kolniak-Ostek, M. Kidon,

1. Fecka, Characterization of phenolic compounds and antioxidant and anti-
inflammatory properties of red cabbage and purple carrot extracts, J. Funct. Foods
21 (2016) 133-146, https://doi.org/10.1016/}.jff.2015.12.004.

E. Moghaddas Kia, S. Ghaderzadeh, A. Mojaddar Langroodi, Z. Ghasempour,

A. Ehsani, Red beet extract usage in gelatin/gellan based gummy candy
formulation introducing Salix aegyptiaca distillate as a flavoring agent, J. Food Sci.
Technol. 57 (9) (2020) 3355-3362, https://doi.org/10.1007/513197-020-04368-
8.

P.R. More, S.S. Arya, Intensification of bio-actives extraction from pomegranate
peel using pulsed ultrasound: Effect of factors, correlation, optimization, and
antioxidant bioactivities, Ultrason. Sonochem. 72 (2021) 105423, https://doi.org/
10.1016/j.ultsonch.2020.105423.

J. Miiller-Maatsch, K. Gurtner, R. Carle, C. Bjorn Steingass, Investigation into the
removal of glucosinolates and volatiles from anthocyanin-rich extracts of red
cabbage, Food Chem. 278 (2019) 406-414, https://doi.org/10.1016/j.
foodchem.2018.10.126.

A. Najah Ahmed, F. Binti Othman, H. Abdulmohsin Afan, R. Khaleel Ibrahim,

C. Ming Fai, M. Shabbir Hossain, M. Ehteram, A. Elshafie, Machine learning
methods for better water quality prediction, J. Hydrol. 578 (2019), https://doi.
org/10.1016/j.jhydrol.2019.124084.

S. Neugart, S. Baldermann, F.S. Hanschen, R. Klopsch, M. Wiesner-Reinhold,

M. Schreiner, The intrinsic quality of brassicaceous vegetables: How secondary
plant metabolites are affected by genetic, environmental, and agronomic factors,
Sci. Hortic. 233 (2018) 460-478, https://doi.org/10.1016/j.scienta.2017.12.038.

10

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

Ultrasonics Sonochemistry 102 (2024) 106762

B. Ogaga Ighose, I.A. Adeleke, M. Damos, H. Adeola Junaid, K. Ernest Okpalaeke,
E. Betiku, Optimization of biodiesel production from Thevetia peruviana seed oil
by adaptive neuro-fuzzy inference system coupled with genetic algorithm and
response surface methodology, Energ. Conver. Manage. 132 (2017) 231-240,
https://doi.org/10.1016/j.enconman.2016.11.030.

N. Oliyaei, M. Moosavi-Nasab, Ultrasound-assisted extraction of fucoxanthin from
Sargassum angustifolium and Cystoseira indica brown algae, J. Food Process.
Preserv. 45 (11) (2021) e15929.

A. Patras, Stability and color evaluation of red cabbage waste hydroethanolic
extract in the presence of different food additives or ingredients, Food Chem. 275
(2019) 539-548, https://doi.org/10.1016/j.foodchem.2018.09.100.

F. Peng, P. Xu, B.Y. Zhao, M.H. Zong, W.Y. Lou, The application of deep eutectic
solvent on the extraction and in vitro antioxidant activity of rutin from Sophora
japonica bud, J. Food Sci. Technol. 55 (6) (2018) 2326-2333, https://doi.org/
10.1007/513197-018-3151-9.

D.T.V. Pereira, G.L. Zabot, F.G.R. Reyes, A.H. Iglesias, J. Martinez, Integration of
pressurized liquids and ultrasound in the extraction of bioactive compounds from
passion fruit rinds: Impact on phenolic yield, extraction kinetics, and technical-
economic evaluation, Innov. Food Sci. Emerg. Technol. 67 (2021) 102549, https://
doi.org/10.1016/j.ifset.2020.102549.

M.M. Rahman, B.P. Lamsal, Ultrasound-assisted extraction and modification of
plant-based proteins: Impact on physicochemical, functional, and nutritional
properties, Compr. Rev. Food Sci. Food Saf. 20 (2) (2021) 1457-1480, https://doi.
org/10.1111/1541-4337.12709.

Raj, G. V. S. B. (2022). Microencapsulation of Dragon Fruit Peel Extract by Freeze-
Drying Using Hydrocolloids : Optimization by Hybrid Artificial Neural Network and
Genetic Algorithm. 1-17.

M. Ramesh, A. Muthuraman, Flavoring and Coloring Agents: Health Risks and
Potential Problems, in: In Natural and Artificial Flavoring Agents and Food Dyes,
2018, pp. 1-28, https://doi.org/10.1016,/b978-0-12-811518-3.00001-6.

Rani, S., Singh, A., Kumar, P., & College, G. S. S. D. G. S. K. (2021). Evaluation of
nutritional facts and health benefits of red cabbage (Brassica oleracea var . capitata f .
rubra). 21(1), 37-39.

Sabino, L. B. de S, Filho, E. G. A., Fernandes, F. A. N., de Brito, E. S., & Jtnior, L. J.
daS. (2021). Optimization of pressurized liquid extraction and ultrasound methods
for recovery of anthocyanins present in jambolan fruit (Syzygium cumini L.). Food
and Bioproducts Processing, 127, 77-89. https://doi.org/10.1016/j.
fbp.2021.02.012.

S.K. Saha, S. Dey, R. Chakraborty, Effect of choline chloride-oxalic acid based deep
eutectic solvent on the ultrasonic assisted extraction of polyphenols from Aegle
marmelos, J. Mol. Liq. 287 (2019) 110956, https://doi.org/10.1016/j.
molliq.2019.110956.

K. Sakulnarmrat, D. Wongsrikaew, I. Konczak, Microencapsulation of red cabbage
anthocyanin-rich extract by drum drying technique, Lwt 137 (2021) 110473,
https://doi.org/10.1016/j.1wt.2020.110473.

D. Sarkar, A. Rakshit, Bio-priming in combination with mineral fertilizer improves
the nutritional quality and yield of red cabbage in Middle Gangetic Plains, India,
Scientia Horticulturae 283 (2021), https://doi.org/10.1016/j.
scienta.2021.110075.

P. Sharayei, E. Azarpazhooh, S. Zomorodi, H.S. Ramaswamy, Ultrasound assisted
extraction of bioactive compounds from pomegranate (Punica granatum L.) peel,
Lwt 101 (2019) 342-350, https://doi.org/10.1016/j.lwt.2018.11.031.

M. Sharma, K.K. Dash, Microwave and ultrasound assisted extraction of
phytocompounds from black jamun pulp: Kinetic and thermodynamics
characteristics, Innov. Food Sci. Emerg. Technol. 75 (2022) 102913, https://doi.
org/10.1016/j.ifset.2021.102913.

Silva, D. T. da, Pauletto, R., Cavalheiro, S. da S., Bochi, V. C., Rodrigues, E., Weber,
J., Silva, C. de B. da, Morisso, F. D. P., Barcia, M. T., & Emanuelli, T. (2020).
Natural deep eutectic solvents as a biocompatible tool for the extraction of
blueberry anthocyanins. Journal of Food Composition and Analysis, 89. https://doi.
org/10.1016/j.jfca.2020.103470.

R. Tabbussum, A.Q. Dar, Performance evaluation of artificial intelligence
paradigms—artificial neural networks, fuzzy logic, and adaptive neuro-fuzzy
inference system for flood prediction, Environ. Sci. Pollut. Res. 28 (20) (2021)
25265-25282, https://doi.org/10.1007/s11356-021-12410-1.

C. Tan, D. Li, H. Wang, Y. Tong, Y. Zhao, H. Deng, Y. Kong, C. Shu, T. Yan, X. Meng,
Effects of high hydrostatic pressure on the binding capacity, interaction, and
antioxidant activity of the binding products of cyanidin-3-glucoside and blueberry
pectin, Food Chem. 344 (2021) 128731, https://doi.org/10.1016/j.
foodchem.2020.128731.

B. Tang, H. Zhang, K.H. Row, Application of deep eutectic solvents in the
extraction and separation of target compounds from various samples, J. Sep. Sci.
38 (6) (2015) 1053-1064, https://doi.org/10.1002/jssc.201401347.

B. Wang, J. Qu, S. Luo, S. Feng, T. Li, M. Yuan, Y. Huang, J. Liao, R. Yang, C. Ding,
Optimization of ultrasound-assisted extraction of flavonoids from olive (Olea
europaea) leaves, and evaluation of their antioxidant and anticancer activities. In,
Molecules Vol. 23, Issue 10 (2018), https://doi.org/10.3390/molecules23102513.
A.A. Watrelot, L. Bouska, Optimization of the ultrasound-assisted extraction of
polyphenols from Aronia and grapes, Food Chem. 386 (2022) 132703, https://doi.
org/10.1016/j.foodchem.2022.132703.

W. Wiczkowski, D. Szawara-Nowak, J. Topolska, Red cabbage anthocyanins:
Profile, isolation, identification, and antioxidant activity, Food Res. Int. 51 (1)
(2013) 303-309, https://doi.org/10.1016/j.foodres.2012.12.015.

J.P. Wojeicchowski, C. Marques, L. Igarashi-Mafra, J.A.P. Coutinho, M.R. Mafra,
Extraction of phenolic compounds from rosemary using choline chloride-based


https://doi.org/10.1016/j.fbp.2020.08.011
https://doi.org/10.1016/j.inpa.2018.05.003
https://doi.org/10.1080/16546628.2017.1361779
https://doi.org/10.1080/16546628.2017.1361779
https://doi.org/10.1016/j.jiec.2019.08.053
https://doi.org/10.1016/j.jksues.2013.01.002
https://doi.org/10.3389/fnut.2022.891462
https://doi.org/10.3389/fnut.2022.891462
https://doi.org/10.1007/s42452-020-3153-x
https://doi.org/10.1007/s42452-020-3153-x
https://doi.org/10.1007/s11694-018-9789-1
https://doi.org/10.1002/pca.2777
https://doi.org/10.1016/j.ultsonch.2008.04.012
https://doi.org/10.1016/j.cep.2020.107841
https://doi.org/10.3390/molecules24040711
https://doi.org/10.3390/molecules24040711
https://doi.org/10.1016/j.jpba.2018.08.048
https://doi.org/10.1016/j.jpba.2018.08.048
https://doi.org/10.1016/j.jff.2015.12.004
https://doi.org/10.1007/s13197-020-04368-8
https://doi.org/10.1007/s13197-020-04368-8
https://doi.org/10.1016/j.ultsonch.2020.105423
https://doi.org/10.1016/j.ultsonch.2020.105423
https://doi.org/10.1016/j.foodchem.2018.10.126
https://doi.org/10.1016/j.foodchem.2018.10.126
https://doi.org/10.1016/j.jhydrol.2019.124084
https://doi.org/10.1016/j.jhydrol.2019.124084
https://doi.org/10.1016/j.scienta.2017.12.038
https://doi.org/10.1016/j.enconman.2016.11.030
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0285
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0285
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0285
https://doi.org/10.1016/j.foodchem.2018.09.100
https://doi.org/10.1007/s13197-018-3151-9
https://doi.org/10.1007/s13197-018-3151-9
https://doi.org/10.1016/j.ifset.2020.102549
https://doi.org/10.1016/j.ifset.2020.102549
https://doi.org/10.1111/1541-4337.12709
https://doi.org/10.1111/1541-4337.12709
https://doi.org/10.1016/b978-0-12-811518-3.00001-6
https://doi.org/10.1016/j.molliq.2019.110956
https://doi.org/10.1016/j.molliq.2019.110956
https://doi.org/10.1016/j.lwt.2020.110473
https://doi.org/10.1016/j.scienta.2021.110075
https://doi.org/10.1016/j.scienta.2021.110075
https://doi.org/10.1016/j.lwt.2018.11.031
https://doi.org/10.1016/j.ifset.2021.102913
https://doi.org/10.1016/j.ifset.2021.102913
https://doi.org/10.1007/s11356-021-12410-1
https://doi.org/10.1016/j.foodchem.2020.128731
https://doi.org/10.1016/j.foodchem.2020.128731
https://doi.org/10.1002/jssc.201401347
https://doi.org/10.3390/molecules23102513
https://doi.org/10.1016/j.foodchem.2022.132703
https://doi.org/10.1016/j.foodchem.2022.132703
https://doi.org/10.1016/j.foodres.2012.12.015

K. Pusty et al.

[80]

[81]

[82]

[83]

[84]

Deep Eutectic Solvent, Sep. Purif. Technol. 258 (2021), https://doi.org/10.1016/j.
seppur.2020.117975.

Y. Wu, L. Xu, X. Liu, KM.F. Hasan, H. Li, S. Zhou, Q. Zhang, Y. Zhou, Effect of
thermosonication treatment on blueberry juice quality: Total phenolics, flavonoids,
anthocyanin, and antioxidant activity, Lwt 150 (2021) 112021, https://doi.org/
10.1016/j.1wt.2021.112021.

H. Xue, J. Tan, Q. Li, J. Tang, X. Cai, Ultrasound-Assisted Enzymatic Extraction of
Anthocyanins from Raspberry Wine Residues: Process Optimization, Isolation,
Purification, and Bioactivity Determination, Food Anal. Methods 14 (7) (2021)
1369-1386, https://doi.org/10.1007/s12161-021-01976-8.

M.H. Zainal-Abidin, M. Hayyan, A. Hayyan, N.S. Jayakumar, New horizons in the
extraction of bioactive compounds using deep eutectic solvents: A review. In, Anal.
Chim. Acta 979 (2017) 1-23, https://doi.org/10.1016/j.aca.2017.05.012.

0. Zannou, I. Koca, Optimization and stabilization of the antioxidant properties
from Alkanet (Alkanna tinctoria) with natural deep eutectic solvents, Arab. J.
Chem. 13 (8) (2020) 6437-6450, https://doi.org/10.1016/j.arabjc.2020.06.002.
0. Zannou, I. Koca, T.M.S. Aldawoud, C.M. Galanakis, Recovery and stabilization
of anthocyanins and phenolic antioxidants of roselle (Hibiscus sabdariffa L.) with
Hydrophilic Deep Eutectic Solvents. In, Molecules Vol. 25, Issue 16 (2020), https://
doi.org/10.3390/molecules25163715.

11

[85]

[86]

[87]

[88]

[89]

[90]

Ultrasonics Sonochemistry 102 (2024) 106762

J. Zeng, Y. Dou, N. Yan, N. Li, H. Zhang, J.N. Tan, Optimizing ultrasound-assisted
deep eutectic solvent extraction of bioactive compounds from Chinese wild rice,
Molecules 24 (15) (2019), https://doi.org/10.3390/molecules24152718.

Z.-S. Zhang, L.-J. Wang, D. Li, S.-S. Jiao, X.D. Chen, Z.-H. Mao, Ultrasound-assisted
extraction of oil from flaxseed, Sep. Purif. Technol. 62 (1) (2008) 192-198.

B. Zheng, Y. Yuan, J. Xiang, W. Jin, J.B. Johnson, Z. Li, C. Wang, D. Luo, Green
extraction of phenolic compounds from foxtail millet bran by ultrasonic-assisted
deep eutectic solvent extraction: Optimization, comparison, and bioactivities, Lwt
154 (2022) 112740, https://doi.org/10.1016/j.1wt.2021.112740.

N. Zheng, Y. Ming, J. Chu, S. Yang, G. Wu, W. Li, R. Zhang, X. Cheng, Optimization
of the extraction process and the antioxidant activity of phenolics from
Sanghuangporus baumii. In, Molecules Vol. 26, Issue 13 (2021), https://doi.org/
10.3390/molecules26133850.

A. Patra, S. Abdullah, R.C. Pradhan, Application of artificial neural network-
genetic algorithm and response surface methodology for optimization of
ultrasound-assisted extraction of phenolic compounds from cashew apple bagasse,
J. Food Process Eng 44 (10) (2021) e13828.

M. Rakshit, P.P. Srivastav, Optimization of pulsed ultrasonic-assisted extraction of
punicalagin from pomegranate (Punica granatum) peel: A comparison between
response surface methodology and artificial neural network-multiobjective genetic
algorithm, J. Food Process. Preserv. 45 (1) (2021) e15078.


https://doi.org/10.1016/j.seppur.2020.117975
https://doi.org/10.1016/j.seppur.2020.117975
https://doi.org/10.1016/j.lwt.2021.112021
https://doi.org/10.1016/j.lwt.2021.112021
https://doi.org/10.1007/s12161-021-01976-8
https://doi.org/10.1016/j.aca.2017.05.012
https://doi.org/10.1016/j.arabjc.2020.06.002
https://doi.org/10.3390/molecules25163715
https://doi.org/10.3390/molecules25163715
https://doi.org/10.3390/molecules24152718
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0430
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0430
https://doi.org/10.1016/j.lwt.2021.112740
https://doi.org/10.3390/molecules26133850
https://doi.org/10.3390/molecules26133850
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0445
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0445
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0445
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0445
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0450
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0450
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0450
http://refhub.elsevier.com/S1350-4177(24)00010-5/h0450

	Ultrasound assisted phytochemical extraction of red cabbage by using deep eutectic solvent: Modelling using ANFIS and optim ...
	1 Introduction
	2 Materials and methods
	2.1 Raw materials
	2.2 Preparation of deep eutectic solvent (DES)
	2.3 Ultrasound assisted extraction of phytochemicals from red cabbage
	2.4 Experimental design
	2.5 Total phenolic content
	2.6 Antioxidant activity
	2.7 Total anthocyanin content
	2.8 Total flavonoid content
	2.9 ANFIS modeling
	2.10 Multi-objective genetic algorithm
	2.11 Statistical analysis

	3 Results and discussion
	3.1 ANFIS modeling of UAE of red cabbage
	3.2 Effect of independent variables on total phenolic content of red cabbage extract
	3.3 Effect of independent variables on antioxidant activity of red cabbage extract
	3.4 Effect of independent variables on total anthocyanin content of red cabbage extract
	3.5 Effect of independent variables on total flavonoid content of red cabbage extract
	3.6 Optimization by genetic algorithm

	4 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	References


